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Begun and Aquadro have demonstrated that levels of nucleotide variation correlate
with recombination rate among 20 gene regions from across the genome of Dro-
sophila melanogaster. It has been suggested that this correlation results from genetic
hitchhiking associated with the fixation of strongly selected mutants. The hitchhiking
process can be described as a series of two-step events. The first step consists of a
strongly selected substitution wiping out linked variation in a population; this is
followed by a recovery period in which polymorphism can build up via neutral
mutations and random genetic drift. Genetic hitchhiking has previously been mod-
eled as a steady-state process driven by recurring selected substitutions. We show
here that the characteristic parameter of this steady-state model is av, the product
of selection intensity (a = 2/Ns) and the frequency of beneficial mutations v (where
N is population size and s is the selective advantage of the favored allele). We also
demonstrate that the steady-state model describes the hitchhiking process adequately,
unless the recombination rate is very low. To estimate av, we use the data of DNA
sequence variation from 17 D. melanogaster loci from regions of intermediate to
high recombination rates. We find that av is likely to be >1.3 X 107, Additional
data are needed to estimate this parameter more precisely. The estimation of av is
important, as this parameter determines the shape of the frequency distribution of
strongly selected substitutions.

Introduction

When a selectively favored mutation occurs in a population and is subsequently
fixed, the frequencies of polymorphisms at linked loci will be altered. This phenomenon,
which is commonly referred to as the “hitchhiking effect,” was first analyzed by May-
nard Smith and Haigh (1974). Aguadé et al. (1989) and Stephan and Langley (1989)
used this effect as an indirect means of detecting the action of directional selection at
the DNA level. They observed reduced levels of molecular variation in chromosomal
regions in which the rate of meiotic recombination is severely restricted, i.e., near
centromeres and telomeres. Their results are in qualitative agreement with hitchhiking
models (Kaplan et al. 1989; Stephan et al. 1992) which have been developed on the
basis of Maynard Smith and Haigh’s (1974) suggestion.

In the past 5 years, many studies of DNA sequence variation in Drosophila have
focused on the detection of natural selection at the DNA level by using the hitchhiking
effect. The basic observation of reduced polymorphism in regions of restricted recom-
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bination, such as y-ac-sc, has been contested by several authors (Beech and Leigh
Brown 1989; Eanes et al. 1989; Macpherson et al. 1990), mainly because the estimates
of average nucleotide heterozygosity vary greatly between population samples. How-
ever, using newly developed statistical techniques and larger data sets, recent population
surveys have confirmed the original observation of reduced variation in regions of
restricted recombination in three Drosophila species— D. melanogaster (Berry et al.
1991; Martin-Campos et al. 1992; Langley et al. 1993), D. simulans (Begun and
Aquadro 1991; Langley et al. 1993) and D. ananassae (Stephan and Mitchell 1992).
Furthermore, Begun and Aquadro (1992), using 20 gene regions from across the
genome of D. melanogaster, have demonstrated that levels of variation correlate wi
recombination rate, suggesting that hitchhiking occurs over a large fraction of t@
Drosophila genome. Q
Crucial questions concern the strength and frequency with which selective suﬁi
stitutions have to be postulated in order to explain the observations. In this study, we
examine whether these questions can be addressed on the basis of our previous hitch:
hiking model.

Modeling the Hitchhiking Process

Iwepeoe//:sd

The hitchhiking process can be described as a series of two-step events, whefe
each two-step event consists of (1) a strongly selected substitution wiping out standirg
linked variation in a population and (2) a neutral recovery period in which polp
morphism can build up via drift and mutation. Both Kaplan et al. (1989) and Steph@
et al. (1992) modeled the hitchhiking process as a steady-state process with recurring
selected substitutions, neutral mutation, random genetic drift, and recombination. ]3
this section, we study some properties of this model. Furthermore, by mtroducmgsa
very simple model of the transient recovery period, we demonstrate the 11m1tat101§
of the steady-state approach for regions of very low recombination rates.

LLOL/CY8/

Effect of a Single Hitchhiking Event

We begin by describing the effect of a single hitchhiking event on neutral polﬁ»
morphism. We consider a two-locus model consisting of a selected locus and a linked
neutral locus. Suppose, in a randomly mating diploid population of size N, a stronggf
selected allele, which is destined to go to fixation, is introduced at time 0. If it 5
assumed that there is no dominance, the effect of the selected allele on existing hets
erozygosity at the neutral locus is then given by equation ( 19) of Stephan et al. (19923,

as «§
2
H, = Hyh, (1ay
where
2 2¢ 1
h=—£a‘2”/sl“(——£,—>. (1b)
K s a

H, is the expected heterozygosity at the neutral locus at time zero, when the selected
allele occurs in the population, and H) is the expected heterozygosity at the time when
the selected allele reaches fixation. s is the selective advantage of the favored allele per
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generation, c is the rate of crossing-over between the neutral and selected locus, and
a = 2Ns. I denotes the incomplete gamma function.

In the report by Stephan et al. (1992), equation (1b) was derived by analyzing
the diffusion process in a population directly, rather than a sample of genes. For
further analysis, it is convenient to relate /2 to a sample quantity. Since nucleotide
heterozygosity is given by the number of differences between two randomly sampled
genes, it is sufficient to consider a sample of size 2. The genealogy of a sample is
commonly described such that the time is running backward. Using this approach,
Kaplan et al. (1989) have shown that the reduction in expected heterozygosity (in a
population), A, that is due to a single hitchhiking event can be related to a sample
quantity as follows [see the arguments leading up to equation (16) of Kaplan et al.
(1989)]: Since the duration of the selective phase is very short, two genes sampled
just after fixation of the selected allele can only be heterozygous [the probability of
this event is H;; see eq. (1a)] if they do not have a common ancestor during the
selective phase and if their ancestral genes at time 0 (defined above) are different (the
probability of this event is Hy). The latter two events are independent. Thus, it follows
from equation (1b) that the reduction in expected heterozygosity 4 is equal to the
probability of entering the selected phase with two ancestral genes and exiting it with
two ancestral genes. In other words, / is equal to the probability that the neutral locus
escapes hitchhiking by recombining away from the favored allele, while the favored S
allele is on its way to fixation. For a given value of s, this probability depends critically 3
on the amount of recombination between the neutral and selected locus. If ¢ is large,
then the probability of escape is close to 1. On the other hand, if linkage is tight, then
the neutral locus undergoes hitchhiking with high probability. In the case of complete
linkage, 2 becomes O (see Stephan et al. 1992, table 1). Equations ( 1) are fundamental
to the formulation of genetic hitchhiking as a steady-state process.

0"oIWapeoR//:Sd)y Wol) papeojumoq

Steady-State Model of Recurring Substitutions

We assume that selected substitutions occur randomly along a chromosome ac-
cording to a time-homogeneous Poisson process at a rate v per nucleotide site (i.e., v
is the expected number of strongly selected substitutions per nucleotide site per gen-
eration). We consider the effect of these substitutions on polymorphism at a given
neutral nucleotide site. Let the rate of crossing-over per nucleotide in the region, in &
which this neutral site is located, be p. Furthermore, let &, be the expected number 2
of selected substitutions (per 2N generations) that drag the neutral locus to fixation. 3
The subscript indicates that this quantity depends on 4, the probability that the neutral «iz
locus escapes a hitchhiking event, defined in equation (1b). If it is assumed that the E;
chromosome is continuous, k; can be calculated as follows: Consider selected substi- §
tutions that occur between m and m + dm nucleotides away from the neutral site
under study. Their expected number per generation is vdm. Furthermore, write ¢ as
a function of the recombination rate p per nucleotide and the distance m, i.e., ¢ =
pm, and write 4 as h(pm). Then the rate at which a neutral polymorphism undergoes
hitchhiking caused by selected substitutions between m and m + dm nucleotides away
is given by v[1 — A(pm)]dm. Since selected substitutions can occur on both sides of
the neutral reference site, this expression has to be multiplied by a factor 2. To calculate
ks, we have to sum up these infinitesimal contributions over the entire chromosome.
Scaling back to the original variable ¢ and taking into account that k, is measured in
units of 2NV generations, we find [see Stephan et al. 1992, eq. (20)]

01s0n6 Aq 291 LOL/ZY8/¥/0L/81o1e/aqw/w
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M*
k,,=4NYf [1 - h(e)lde . (2)
p Jo

Thus, kj is inversely proportional to the recombination rate p in the region where the
neutral site under consideration is located. The integral is independent of p. The
integration goes over the entire neighborhood of the neutral locus up to a maximal
recombinational distance, M*, from the neutral site, which corresponds to a maximum
physical distance of M*/p nucleotldes (Kaplan et al. 1989). The cutoff of the mte-
gration interval at M* accounts for the assumption that, at any one time, at mog
only one substitution is on its way to fixation. We have to make this assumption fog
technical reasons, because we are considering a two-locus model. The consequenc@
of this assumption have been examined in detail by Kaplan et al. (1989). We us&
their method to calculate M* (see Appendix). 3

Now we ask what is the amount by which the level of neutral heterozygosity %
reduced by recurring substitution events, assuming that the selected substitutions ars
sufficiently infrequent. The coalescent for a sample of two genes can be described @
a simple stochastic process (jump process) with two states, consisting of two ancestraj
genes (state 2) or one ancestral gene (state 1). As the process goes back in time, I;t
can change from state 2 to state 1 in two ways: either by the occurrence of a commo$
ancestor or by the occurrence of a selected substitution that drags along the neutrdl
locus to fixation. For two randomly sampled genes, the expected time to the mos}
recent common ancestor is 2/N generations. Therefore, on the time scale of 2NV geng
erations, the rate of occurrence of a coalescent event is 1, and the rate of occurrencé
of a hitchhiking event is k,. Furthermore, the rate of occurrence of a coalescent or g
hitchhiking event is 1 + kj,, and the time back until one of these events occurs is 12
(1 + kj,). That means that the expected time of the coalescent, given by the sum of
the two branch lengths, is 2/(1 + k;). The expected time E(T'), measured in gener§
ations, is then given by 4N /(1 + k;,). To obtain the expected nucleotide heterozygosny:
we have to multiply the expected time of the coalescent by the neutral nucleotldg

mutation rate p (Kaplan et al. 1989). Hence, g
«Q

H=H, ! (33

1+ ky, >

&

@

N

where H,., = 4N is the expected heterozygosity per nucleotide under neutralit@

(Kimura 1983, chap. 8.6). Equation (3) is equivalent to the first formula of equation
(18) in Kaplan et al. (1989).

Equation (3) leads to an explicit functional relationship between average nu-
cleotide heterozygosity and recombination rate p, as follows: Substituting u for —2¢/s
in equation (1b) and M for 2NM* in equation (2) gives

vV —2M/a 1
kn = —a—f [1 + ua"F(u, —)]du. (4)
pJo o
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Then, denoting the integral on the right-hand side as — I, leads from equation (3) to

[y
H: neu b 5
h, p + valy )

where p > v/ Apax, and A, is a constant. The technical details regarding the domain
of the right-hand side of this equation are given in the Appendix. Equation (5) does
not hold for very low recombination rates, because we assume that, at any one time,
at most one strongly selected mutation is going to fixation.

In the Appendix, we also establish the result that the right-hand side of equation cé?
(5) depends only on @, other than the obvious parameters v and H,e,. Moreover, we =
demonstrate in figure 1 that o, is more or less linear over a wide range of a. Therefore, §
we obtain the important result that the reduction of heterozygosity below the neutral =,
level as a function of the recombination rate p is essentially determined by a single S
parameter, av.

Transient Neutral Recovery Period

To describe the recovery of neutral polymorphism after a selective sweep under @
mutation pressure and drift, several approaches can be taken (Crow and Kimuras
1970, chap. 8.5; Li 1977; Tajima 1989). For example, the expectation of the averageg
number of nucleotide differences, S,, among two sequences randomly sampled from 3

wapeoe//:sdny

a population is given by Tajima’s (1989) equation (8), as %
8

Sy(1) = 8+ [S,(0) — 8]exp[—2/(2N)], (6a)§_

o

where ¢ is time measured in generations since the last selective sweep and 6 = 4Nv, ©

s
where v is the neutral mutation rate per sequence. On a per-nucleotide basis, this
equation reads N

o

3

R

o

Log (ol ) s
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o
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>
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o
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FiG. 1.—Rate of selected sweeps, which increases approximately linearly as a function of selection intensity.
As eq. (4) shows, this rate is given by —v/p(al,), where — I, denotes the integral in eq. (4), v is the frequency
of selected mutations per base pair per generation, and p is the recombination rate per base pair per generation.
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H(t) = Hypey + [H(0) — Hpeu]exp[—1/(2N)] . (6b)

Equation (6b) requires knowledge of H(0), the level of average nucleotide het-
erozygosity after a hitchhiking event took place. According to equations (1), this value
is generally not known, unless heterozygosity before the selective sweep is known. An
important exception is the case of 0 recombination. In regions of 0 recombination,
hitchhiking reduces the level of nucleotide heterozygosity to 0, independently of the
level of variation before the selective sweep. In this case, the recovery of average
nucleotide heterozygosity can be described as

H() 1
~— 6
H. ~ 2N’ (6c

1y wouly papeojumoq

as long as ¢ < 2N, which we assume throughout this paper. =

The case of 0 recombination is important for the following reasons: As mentioned
above, we have to exclude chromosomal regions of very small recombination rate§
from the steady-state analysis, because we allow only one selected substitution at %
time. However, a more important reason is that the recovery of neutral polymorphisrrg.
changes the value of nucleotide heterozygosity existing immediately after a selective
sweep most dramatically in regions of very low recombination rates. This can bé&
demonstrated by using the simple model of the recovery phase shown in equatiorg

(6b). When ¢ < 2N, this equation can be rewritten as el
@

o

H()—H Hipe, ! S

(1) = HO) _ 0L a5

H(0) H(0) 2N S

@

N

The left-hand side denotes the relative departure of nucleotide heterozygosity, after &
recovery period of ¢ generations, from its initial value, i.e., the level of heterozygosity3
immediately after a hitchhiking event has occurred. The right-hand side shows thaf>
this deviation increases with increasing H,.,/H(0). The ratio H,.,/H(0) is expectec(g
to be larger in regions of low recombination rates. We illustrate this with two examples5
Suppose that H,., = 0.008 and that ¢, the time back to the last hitchhiking event, i%’
0.05N. These numbers may be appropriate for Drosophila melanogaster (see next,
section). In the first example, we assume that at time ¢ a nucleotide heterozygosity:i
level of H(t) = 0.004 is observed in a population. Then, according to equation (6b )‘é
H(0) = 0.0039, and the relative deviation of H(¢) from H(0), according to equatiorf;
(7), is only 2.6%. In the second example, we assume that a value H(t) = 0.0005 i§
observed in a region of very low recombination. Then H(0) = 0.00031, and the

relative deviation is 61.3%. Since H(0) is expected to be smaller than the steady-state

level for a given recombination value, the relative deviation of H(¢) from the steady-

state level may be somewhat smaller. Nonetheless, these considerations suggest that

the steady-state approach to hitchhiking is justified only for chromosomal regions with

sufficiently high recombination rates, because, the relative deviation of the level of
variation, at any point in time, from its steady-state value is then expected to be small.

However, in regions of very low recombination, levels of variation may be rather

different from their equilibrium values or their levels immediately after a hitchhiking

event, as they depend more strongly on the time elapsed since the last sweep.
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Time Scales

We consider here two asymptotic approaches to the hitchhiking process, one for
regions of very low recombination rates and one for intermediate to high recombination
rates. These are based on several assumptions about time scales. In the steady-state
model, we assume that only one selected substitution is happening at a time. For the
recovery period, we make the seemingly conflicting assumption that the time back to
the last hitchhiking event is short—or, in other words, that the frequency of selected
substitutions is high. As Kaplan et al. (1989) have emphasized, selective sweeps are
virtually instantaneous, when time is measured in units of 2N generations. Therefore,
our assumption of only one selective sweep at a time appears to apply to many systems,
even if the frequency of selected substitutions is high. We illustrate this with the fol-
lowing example, which may be appropriate for D. melanogaster. Assume a moderate
value of a = 10*. Then the expected time between the introduction and fixation of
the favored allele is ~0.0042N generations (see Kaplan et al. 1989, table 1). This is
much shorter than the average time between the occurrence of successive selective
substitutions, which we calculate as ~0.14N generations for D. melanogaster (see
next section).

An Application

In this section, we use the data compiled by Begun and Aquadro (1992) to
estimate the parameter av of the steady-state hitchhiking model. Begun and Aquadro
presented for each of 20 gene regions in Drosophila melanogaster a value for average
nucleotide heterozygosity (n) and a coefficient of exchange. We identify © with H of
equation (5). The coefficient of exchange for a gene region was obtained by selecting
genetically defined loci that flank the region of interest and by calculating the difference
quotient of the distance, in map units, between the flanking loci and the number of
polytene bands. To a first approximation, the coefficient of exchange should therefore
be proportional to the recombination rate per nucleotide, p, in the gene region of
interest. A proportionality constant can be calculated by assuming that the coefficient
of exchange for white corresponds to the average rate of intragenic recombination in
this gene region. The latter is ~2 X 1078/bp (Judd 1987). Using this number, we
find a proportionality factor of 1.43 X 1077, by which the coefficient of exchange has
to be multiplied to obtain p. To make X-linked and autosomal gene regions comparable
with respect to recombination rate and nucleotide diversity, the estimates of these
quantities have to be transformed, as described in the legend to figure 2.

To estimate the parameter av from Begun and Aquadro’s (1992) data, we partition
the 20 loci into two groups. This is suggested by the analysis in the previous section.
Group I comprises the 17 loci from regions of intermediate to high recombination
rates and low to high &t values, and group II consists of loci in regions of unmeasurably
low recombination rates and very low 7 values (su(f), y-ac-sc, ci®). This classification
into two groups may not be appropriate for all loci. First, we examine this classification
with respect to levels of heterozygosity. The metallothionein gene region (Mtn) has a
low coefficient of exchange (0.0083) and also a low level of nucleotide diversity (0.001).
However, the level of nucleotide polymorphism in Mt is not significantly reduced
relative to that of the Adh 5’ flanking region, which was used as a standard (Lange et
al. 1990). Thus, Mtn does certainly not belong to the group of loci that exhibit extremely
low levels of heterozygosity, such as ¢i® and su(f). Based on DNA sequencing and
four-cutter restriction mapping, the following estimates of average nucleotide diversity

220z ¥snbny oz uo 3senb Ad 29/ 1 LOL/Z¥8/¥/0 L /2101e/equi/wod dnoojwepede//:sdiy wody pepeojumoq



Frequency Spectrum of Beneficial Mutations 849

*

0.012;

+
®
[ ]

*
" 0.008

4=

0.004;

4 N
s + r

-9 -9 -
4.x10 8.x10 1.2x10

*

p

FiG. 2.—Nucleotide diversity vs. recombmatlon rate. The data for 17 group I gene regions are fronﬁ
Begun and Aquadro (1992); the loci ci?, su(f), and y-ac from their table 1 are excluded, for reasons:-
described in the text. The curve represents the best fit of eq. (5) to these data when the geometric meauu—
method is used. p* = Transformed recombination coefficient. To make gene regions comparable, p valueg
of X-linked loci are multiplied by %, and those of autosomal loci are multiplied by Y. n* = Transformeds
nucleotide heterozygosity. © Values of X-linked loci are multiplied by ¥; (see Begun and Aquadro 1992). ®
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have been found for the latter two group II loci: 0 for ci” (Berry et al. 1991) andy
0.0002 for su(f) (Langley et al. 1993). Another interesting case is the y-ac-sc regiong
While some analyses using six-cutter restriction enzymes showed that variation in thi§g
region is significantly reduced (Aguadé et al. 1989), other six-cutter studies did not2
find statistically significant reduction ( Beech and Leigh Brown 1989; Eanes et al. 19893
Begun and Aquadro 1991). However, in a more recent study, Martin-Campos et alS
>
(1992) reported statistical significance, on the basis of four-cutter analysis and a verys
large sample size of 245 lines. They found an average nucleotide diversity level oﬁ
0.00043 for y-ac-sc. o
Second, we ask whether the above classification is justified with respect to recom—
bination rate. The difference-quotient method for calculating the coefficient of exchange
rests on a number of assumptions—that flanking loci exist, that the genetic map is
sufficiently smooth around the region of interest, and that the polytene bands are
spaced in a regular way and are clearly visible. For su( /), which is located at the base
of the X chromosome at the junction between f heterochromatin and euchromatin,
the latter three assumptions are not met very well. The coeflicient of exchange is likely
to be lower than the value of 0.005 provided by Begun and Aquadro. For y-ac-sc,
which is at the tip of the X chromosome, the first assumption is not met. If we apply
the difference-quotient method to the very tip of the X chromosome and to su(w?),
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the first locus that has a genetic map position >0 and that is cytologically well defined
at position 1E1-1E2 (Lindsley and Zimm 1992, p. 1118), we find a coefficient of
exchange of 0.0033. This appears to be an overestimate for the coefficient of exchange
in the y-ac-sc region, which is located at 1B1-1B4. It implies that Begun and Aquadro’s
value of 0.0045 for y-ac would also be too large. A lower value of the coefficient of
exchange for y-ac-sc may be in better accordance with the observation of extensive
linkage disequilibrium in this region, spanning distances of <80 kb (Macpherson et
al. 1990; Martin-Campos et al. 1992).

For parameter estimation, equation (5) suggests a Lineweaver-Burk transfor-

mation of the group I data. The transformed model then becomes linear in 1/p: g
o

1 1 1 val 1 2

—=—+-—H =B, +-p, (8)=

T Hpen p Hyey P %

d

The parameters f3; and B, are determined from fitting equation (8) to the transformed?.
data. Estimates of the parameters H,., and va/,, can be obtained from estimates of‘f’g
B; and B,. According to equation (5), Hpe, = 4N is the high recombination limit of&
average nucleotide heterozygosity. In the following estimation procedure, it is assumedz
that H,., characterizes the whole genome of D. melanogaster, not individual genec
regions, and that deviations from H,., are exclusively due to hitchhiking. 3

For regression analysis, we used the geometric mean (GM) method, a model II3
regression procedure, because both variables are random (Sokal and Rohlf 1981, chap%
14.13). The measurements of 7 and the coefficient of exchange are subject to intrinsic2
measurement errors, as well as to stochastic fluctuations due to the evolutionary process. :D
Therefore, it seems to be adequate to regress both variables on each other and too
determine a mean value of both regression coefficients. For the GM method, this meanZ
value is the GM. GM regression yields B; = 125.54 and B, = 5.04 X 1077, The 95%
confidence limits for B, are L, = 2.51 X 1077 and L, = 7.57 X 10~7. From these2
estimates, we calculate Hye, = 0.008 and valy, = 4.03 X 107°. A value for I, = 0.0753
can be obtained from figure 1 by interpolation between o = 10* and a = 10°. With)
these values, we estimate av = 5.37 X 1078, Figure 2 shows the data and the fitteds
regression curve, when Hy., = 0.008 and val,, = 4.03 X 1077 are used as parameters.fc(,,D
Finally, note that the condition for this analysis, p > v/ Anax, is met for § = 0.05 but§
not for & = 0.01 (see table 1). N

Confidence intervals of H,, and av are not provided by this method. However,Z
it is possible to obtain a lower bound of av by the following arguments. H,., is likelyg
to be larger than the level of nucleotide heterozygosity, H’, obtained by averaging overg
all 20 gene regions, because these include also regions of reduced levels of heterozy-8
gosity. Therefore, we have L, H’ < L{He., and L, H' is likely to be a lower bound of
valy,. Using the data set of Begun and Aquadro (1992) and correcting the hetero-
zygosity values of the X-linked loci appropriately (see the legend to fig. 2), we find

= (0.004. Therefore, av is likely to be >1.34 X 1078,

To estimate this parameter more precisely, we need additional data. Data in high-
recombination regions would help us to obtain a more reliable estimate of H,,. This
estimate could be then used to obtain also an upper bound for av. Furthermore,
additional data in regions of low to intermediate coefficients of exchange (~ =0.001)
would reduce the error in the observed & values, which is introduced by the recovery
process, as described above. It would also be helpful to redo some of the measurements
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of genetic variation in regions of intermediate to high recombination rates, to examine
whether the large scatter of the data is due to sampling errors. Together, this additional
work may narrow the confidence interval of av considerably.

Finally, we make a crude calculation of the expected time back to the last hitch-
hiking event and of the expected duration of the recovery period. This calculation is
to support the arguments about time scales given above. We use equation (6¢) and
the estimates of nucleotide diversity of the group II loci: 0 for ¢i? (Berry et al. 1991),
0.0002 for su(f) (Langley et al. 1993), and 0.00043 for y-ac-sc (Martin-Campos et
al. 1992). The arithmetic mean of these loci, which takes into account the correction
for X-linked and autosomal genes, is 0.00028. Therefore, when H,,, = 0.008 is used,
the expected time back to the last selective sweep can be obtained from equation (6
as ¢t = 0.07N. Since the time between successive hitchhiking events is, on avera@
twice as long as the time back to the last hitchhiking event, we find that, on avera@
selective sweeps occur in regions of 0 recombination, such as the fourth chromosomg
about every 0.14N generations. This result was obtained by considering only average
nucleotide heterozygosity. To put confidence limits on this value, it is certainly worﬂﬁ-
while to develop more sophisticated techniques, as more data become available.

"olwspeoe)/

Discussion

The hitchhiking process can be considered as a series of two-step events, wh@e
a strongly selected substitution wiping out linked variation in a population altemates
with a neutral recovery period in which polymorphism can build up via drift aﬁ!d
mutation. The hitchhiking process has previously been modeled as a steady-state pl%
cess with recurring selected substitutions, neutral mutation, random genetic drift, aﬁd
recombination (Kaplan et al. 1989; Stephan et al. 1992). Here we analyze some pro%)
erties of this model and demonstrate that the steady-state model describes the hitch-
hiking effect adequately, unless recombination rate is too low. The main result of oﬂr
analysis of the steady-state model is that, given recombination rate, the reduction @f
neutral heterozygosity below the neutral level is characterized by a single paﬁ-
meter, av. 3

This result implies that substitutions, satisfying av = constant, have the same
long-term effect on genetic variation. If the proposed hitchhiking model is adequge
and this constant can be determined, some information on the upper tail of the fﬁ:-
quency spectrum of selected substitutions can be obtained. Our analysis appears 3’0
imply that the frequency distribution of selection coefficients for strongly se]ected
substitutions follows ( perhaps only partially, up to a certain value of s) a power law
of the form v o« s~!. This would mean that the frequency distribution of beneﬁé§al
mutations is asymptotically of the form 52, since the probability of fixation for q“@-
vantageous mutations is approximately 2s. Such power laws are interesting, as tl@y
indicate a long-range behavior of a system, as opposed to the usual short-range ex-
ponential decay. Two fitness distributions have been commonly used in the literature.
Both are for deleterious mutations, and both are of the exponential type: Ohta’s (1977)
purely exponential distribution of selection coefficients and Kimura’s (1983, chap.
8.7) gamma distribution. They have been introduced mainly for theoretical reasons.
It remains an open question to what extent they are confirmed empirically.

The steady-state hitchhiking model is used to analyze the data on DNA sequence
variation in genomic regions of D. melanogaster compiled by Begun and Aquadro
(1992). Our analysis suggests a partitioning of the loci into two groups: group I, which
contains 17 loci from regions of intermediate to high recombination rates, and group



852  Wiehe and Stephan

I1, consisting of three genes located in regions of zero or very low recombination rates.
Using the group I data, we estimate that the characteristic parameter of the steady-
state model, av, is likely to be >1.3 X 10~%. We conclude that more data are needed
to determine the value of av more precisely and hence the tail of the frequency spectrum
of selected substitutions.

While the basic assumption of the steady-state hitchhiking model that at most
only one selected substitution is on its way to fixation at a time does not seem to be
a problem (at least not for D. melanogaster), our results suggest that this model has
limitations in regions of very low recombination rates. However, this problem is not
serious, when data from regions with sufficiently high recombination rates can be usedS
to determine av, as for Drosophila. 1t is more important at this point to consider§_
alternative models, which predict a reduction of nucleotide diversity as a function of2
recombination rate. Such models may be used to explain some of the scatter in the%
data seen in D. melanogaster, especially in regions of intermediate recombinationg
rates (see fig. 2). Furthermore, the estimate of av may be influenced considerably ifz
the reduction in nucleotide heterozygosity is partly due to other forces, such as dele-m
terious mutations. Charlesworth et al. (submitted ) have demonstrated that selectlonm
against deleterious alleles may have a similar effect on linked neutral polymorphlsma
as directional selection. If hitchhiking with deleterious alleles plays a role, fewer selected_
sweeps, caused by advantageous mutations, and smaller selection coefficients are re-o
quired to explain the observations.
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APPENDIX
Properties of Equation (5)
We start from equation (4). For evaluating the integral on the right-hand 51de@

of equation (4), M needs to be defined. We used equation (20) of Kaplan et al. (1989 )U
and determined M = 2NM* such that

LLLOL/ICY8IVIOL]

6 A

M* 1 My
fo [1——h(c)]dc=l—;-5£ [1 — h(c))de (A1)

Bny 0z UO }san

is satisfied. d is a small positive constant, and Mf 2NM'} is chosen large (see below);c ¥
the other parameters are as defined in the main text. The idea behind this procedurem
is to choose M as large as possxble in order to take into account, around the neutralw
site, the entire neighborhood in which selected substitutions can occur and cause a
hitchhiking effect. On the other hand, one has to restrict this region. Otherwise, the
assumption that at most only one substitution is on its way to fixation might be
violated. This choice seems to be arbitrary, but it guarantees that the integral on the
left-hand side of equation (A1) will change only by a small amount & when M* is
increased to M} . Using equation (1b) for 4(c) and substituting # for —2¢/s and M
for 2NM*, equation (A1) becomes

—2M/a 1 1 —2Mjyq 1
f [l + ua“F(u,—)]du=——f [1 + ua“F(u,—)]du. (A2)
0 a 1+38J a
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Table A1l
Numerical Values of g*, M, al,;, and A,.. for Different Values of o and 8
Mb a]Mc /\maxcl

o g*e & =0.01 6 = 0.05 4 =0.01 8 = 0.05 8 = 0.01 8 = 0.05
103 ... 1.6 X 1072 301 235 160.5 154.4 0.00146 0.0050
104 ... 2.1 %X 1073 2,396 1,756 1,164.0 1,119.7 0.00059 0.0028
105 ... 2.6 X 1074 18,696 13,594 9,103.2 8,756.4 0.00033 0.0024
100 ... 3.0 X 1073 152,350 110,845 74,806.3 71,956.5 0.00028 0.002%

2 The time (in 2N generations) to fixation of a selected mutation, calculated by integrating formulas (5.51) and (5.55)
of Ewens (1979).

b Determined as described in the text.

¢ —Ir = the integral in eq. (4).

4 Upper bound for v/p; it is computed by using equation (22) of Kaplan et al. (1989).

;sdpy woly papeo

M ¢is chosen as the point where the integrand function in equation (A2), g(1)
=1+ uaI'(u, 1/a), is 1% away from its asymptotic limit, g*, with respect to &
(Kaplan et al. 1989). Because /(c¢) is a good approximation (within 0.2%) of t TS
exact function only as long as 2M/a < 1, we cannot use the limit of the integrand
in equation (A2) as u approaches — o [see the remarks after eq. (23b) in Stephan 8t
al. 1992]. The exact asymptotic limit of g is equal to the fixation time of the selected
mutant (in units of 2N generations). We calculated this limit, g*, by using Ewenss
(1979) diffusion approximation formulas (5.51) and (5.52). It follows from thest
formulas that g* depends on o but not on N and s separately. Kaplan et al. (198%)
showed that the diffusion approach is sufficiently accurate in this case. The results ag
listed in table Al, for & values of 0.01 and 0.05. The assumption of at most ore
substitution event at any given time requires us also to specify a maximal value, Ama}g
for v/p. We used equation (22) of Kaplan et al. ( 1989) to determine numerical valu%
for Ap.x (table Al). Q

The above discussion reveals an important property of the steady-state modek
Because the function defining M depends only on a, equation (A2) shows that A4
depends only on a as well, but not explicitly on N and s. It follows from equation (
that &, is only dependent on @, other than v and p, and the same holds for H/ H,,,
equation (5).
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