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ABSTRACT

The neutral polymorphism pattern in the vicinity of a selective sweep can be altered by both stochastic and
deterministic factors. Here, we focus on the impact of another selective sweep in the region of influence of a
first one. We study the signature left on neutral polymorphism by positive selection at two closely linked loci,
when both beneficial mutations reach fixation. We show that, depending on the timing of selective sweeps
and on their selection coefficients, the two hitchhiking effects can interfere with each other, leading to less
reduction in heterozygosity than a single selective sweep of the same magnitude and more importantly to an
excess of intermediate-frequency variants relative to neutrality under some parameter values. This pattern
can be sustained and potentially alter the detection of positive selection, including by provoking spurious
detection of balancing selection. In situations where positive selection is suspected a priori at several closely
linked loci, the polymorphism pattern in the region may also be informative about their selective histories.

HE search for molecular signatures of positive
selection has been a matter of intense research and
applications in the recent years, motivated by the hope
to better understand the genetic bases of adaptation
and the recent history of populations (BAMSHAD and
WoobING 2003; NIELSEN e al. 2007). The footprints of
positive selection on neutral polymorphism are the con-
sequence of the hitchhiking effect (MAYNARD SMITH and
Ha1rcH 1974), and currentmethods to detect them encom-
pass two main approaches. The first one is genome scans
of neutral variation and is a top-down process. It con-
sists of gathering polymorphism data widely distributed
throughout the genome and summarizing them with
a particular measure, be it the nucleotide diversity, the
frequency spectrum of mutations (NIELSEN et al. 2005),
or the length and frequency of haplotypes [for ongoing
selective sweeps (SABETI et al. 2002; VOIGHT et al. 2006) ].
The loci exhibiting extreme values in the distribution of
the measure are then considered as putative targets
of positive selection (but see TESHIMA et al. 2006 for
caveats of this method). The second approach, the
candidate-gene approach, is a bottom-up process in
which one wishes to test some evolutionary scenarios, for
instance, foragene (or QTL) of known function (see, for
instance, EDELIST et al. 2006). It consists of analyzing
neutral polymorphism atafinerscale (of the order of the
megabase or lower), to test if positive selection occurred,
and to infer some parameters of the selective sweep such
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as the target and strength of selection. This fine-scale
analysis can also be carried outin regions identified after
agenome scan (a good example of this kind is PooL et al.
2006; for a more comprehensive review see THORNTON
et al. 2007). Here, we focus on this finer-scale analysis of
polymorphism.

The most popular method for the fine-scale analysis
of selective sweeps uses the information at several
markers distributed in the small region of interest, to
perform a composite likelihood-ratio test on the fre-
quency spectrum (Kim and STEPHAN 2002), to jointly
estimate the parameters of the selective sweep and the
relative likelihood of selection vs. neutrality. This can be
followed by a goodness-of-fit test to confirm the robust-
ness of the estimated parameters against several de-
mographic scenarios (JENSEN et al. 2005). Though
efficient, this method can be affected by ascertainment
biases (THORNTON and JENSEN 2007). Moreover, some
factors—e.g., differences in recombination or mutation
rates between the two sides of a selective sweep—can
modify the fine-scale polymorphism pattern around the
selective sweep in a systematic way (¢.e., nonstochasti-
cally). Here, we focus on one particular modifying
factor, namely the presence of another locus under
positive selection in the region of influence of a selective
sweep. We wish to understand how the effect of a focal
selective sweep is modified by the presence of another
selective sweep in its vicinity.

Simultaneous positive selection at several linked loci
was repeatedly reported for asexuals (NOTLEY-MCROBB
and FEreNcI 2000; PERFEITO et al. 2007), where it was
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termed “clonal interference.” The effect of such inter-
ference on probabilities of fixation in asexuals was de-
scribed theoretically by GERRISH and LENSKI (1998). In
sexuals, positive selection at two closely linked loci not
only decreases their probabilities of fixation (BARTON
1995), but also builds up negative linkage disequilibrium
between them (HiLL and ROBERTSON 1966; FELSENSTEIN
1974) and slows down their dynamics, which altogether
is called the Hill-Robertson effect. Notably, the overlap
in time of positive selection at partially linked loci, with
(BArRTON 1995) or without (RozeE and BarTON 2006)
epistasis, is invoked in all population genetic models
of the evolution of sex. This phenomenon is difficult to
characterize empirically in natural populations. One of
the reasons is that selection at two closely linked loci may
be difficult to detect through its signature on neutral
polymorphism without a priori information, since the
signatures of both loci may be confounded. Moreover,
the lack of knowledge about the effect of two interfering
selective sweeps on neutral polymorphism makes it dif-
ficult to look for such signatures. Yet, in cases where one
a priori suspects recent selection at two closely linked
loci, signatures of selection can be found. This was done
in two recent studies. The first one concerns two genes
involved in sex-ratio distortion in Drosophila simulans
(DEROME et al. 2008). The second one deals with the do-
mestication gene 751 and the early-flowering gene dwarf§
in maize (CAMUS-KULANDAIVELU ¢f al. 2008). These two
studies at least suggest that successful selective sweeps at
two tightly linked loci can occur in natural populations.
Some models where several selective forces interact
on neutral polymorphism were published in the last
decade. KiM and STEPHAN (2000) investigated the joint
effects of positive and negative selection on neutral
polymorphism and showed that the hitchhiking effect
dominates in regions of low recombination, whereas
background selection primarily explains the levels of
neutral heterozygosity in regions with higher recombi-
nation. Kim and STEPHAN (2003) studied the hitchhik-
ing effects of two selective sweeps that overlap in time,
that is, the interplay of positive selection at two loci.
Their aim was mainly to assess whether predictions made
under the assumption that selective sweeps do not over-
lap still hold when there is at least partial overlap. They
showed that because of the selective interference be-
tween the loci under selection, (i) their time to fixation
increases, which leaves more time for recombination
with the neutral locus to occur, and (ii) the probability
of fixation is decreased for each beneficial mutation.
The net effect is an overall decrease of the effect of se-
lective sweeps relative to the case without interference.
Here, we further study the interplay of positive se-
lection at two closely linked loci, with a different per-
spective. We focus on cases in which both beneficial
mutations escape stochastic loss and get fixed and ask
what the resulting pattern of neutral polymorphism
is in the region. We want to know how a successful se-

lective sweep at a linked locus alters the signature of a
focal selective sweep on heterozygosity and on the site-
frequency spectrum. We also investigate whether or not
there is a particular signature of the action of two close
selective sweeps and whether neutral polymorphism can
carry information about the history of adaptive selection
at two loci. We show that the interference of two se-
lective sweeps can dramatically affect the signatures of
positive selection, in particular by inducing an excess of
intermediate-frequency variants in the frequency spec-
trum. This may paradoxically hinder our ability to de-
tect adaptive selection in regions of the genome where it
was most experienced.

DETERMINISTIC MODEL

Let us first use a deterministic argument to introduce
the problem. We want to calculate the change in allelic
frequencies at a neutral locus neu under the influence of
hitchhiking effects from two loci under positive selection,
sel; and sely, with selection coefficients s; and so, respec-
tively. We assume that all loci are biallelic. The frequen-
cies of the beneficial alleles at sel; and sels are denoted
pser,and Py, respectively, and we denote ppe, the fre-
quency of an arbitrarily chosen neutral allele at neu. The
recombination rate between any pair of loci {/, m} is
denoted 7, The fitness of an individual carrying X,
copies of the beneficial allele atsel; (X, =0,1,0r2) and
Xeet, (Xse, =0, 1, or 2) copies of the beneficial allele at
sely is

W(X56117XS€12) = (1 + Xsellsl)(l + XSC]QS2); (1)

that is, we assume that fitness is additive within each
locus and multiplicative between loci. The changes in
frequencies at all loci due to selection at both sel; and
sely, as well as other relevant parameters, were derived
by exact recursions (see APPENDIX A).

We denote Cy the linkage disequilibrium between a
locus set U, defined as the covariance of their allelic states
asin BArRTON and TURELLI (1991) (see APPENDIX A). The
changes in frequencies at the selected loci can be written
in a general form as

Sipsel, Gsel; + Sj Csel,,selj + Sisj(CSCl,.S€17 + 2175611 qsel,pselj)
Aj)sel, = e ’
w

(2a)
where sel;stands for the focal selected locus (sel; or sely)
and sel; stands for the other selected locus (sely or sely,
respectively), and ¢se, = 1 — pser,- The change in fre-
quency at the neutral locus is

51 Giely meu T 52 Gely meu T 5152 (2sel; Greusels + 2psely Coeusel, T Gaeussel, sely)

Apnew = W

(2b)
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with
W =1+ 231[75611 + 252[75612 + 251 82<C5611~5612 + 2[75611[75612)-
(20)

Assuming s; <1 and s, <1, such that the terms involving
products of the selection coefficients can be neglected,
Equation 2 can be rewritten:

{1,7} ={1,2} or{2,1}
(3a)

Al'bseli = Sipsel,'qseli + «sjcsel,,selia

APneu ~ 8 Csell,neu + 52 Cselg.,neu~ (Sb)

The approximate Equation 3a shows that when
selection is weak, the frequency of the beneficial allele
at a selected locus sel; changes not only because of its
own effect on fitness (s;pser, ¢se1,), as if it was alone, but
also because of the hitchhiking with the other selected
locus sel; (sjCe,se1,), which depends on the other
selection coefficient and the linkage disequilibrium, as
if sel; was neutral. This latter term captures the inter-
ference between the selected loci. At the neutral locus,
when selection is weak the change in frequency is simply
the sum of the effects of hitchhiking with both selected
loci, each of which depends on the respective selection
coefficient and on the linkage disequilibrium between
the neutral locus and the locus under selection (3b).

At this stage, we can get a first feeling of the dynamics
of the neutral allele frequency based on Equation 3b. If
Csel, new aNd Ceel, new have the same sign, then the two
selective sweeps have cumulative effects on the change
in frequency at the neutral locus: the hitchhiking effects
are synergistic, and the neutral allele frequency will
evolve faster than if it was hitchhiking with only one
selected allele (“single selective sweep”). In contrast, if
Csel, neu a0d Cye1, new have opposite signs, the hitchhiking
effects are antagonistic and will tend to compensate
each other. In such cases, the frequency of a neutral
allele exposed to a “double” selective sweep may evolve
slower than that under a “single” selective sweep.

The intensity of the interaction (synergy or antago-
nism) of hitchhiking effects depends on the selection
coefficients as well as on the magnitudes of the linkage
disequilibria Cie), new and Gy, neu, S0 in the long run, the
change in frequency at the neutral locus also depends
on the dynamics of G, new and Ceel, new- The initial
values of those linkage disequilibria vary with the
starting conditions. Their exact dynamics during the
sweeps are too complicated to give here (see APPENDIX
A). However, to a first-order approximation with small s;
and sy, the recursions for two- and three-locus linkage
disequilibria read

C;cll‘sclg =~ (1 - ﬁcll.sclg)Cscll.sclg (1 + (1 - stcll)sl + (1 - 2j7sclg)s2)

(4a)

C;cl,‘ncu =~ (1 - ’rsc],.,ncu)(csc]l.ncu(l + (1 - 2?5(‘11)51') + Sstch‘sclg,ncu)
({17]} = {17 2} 01"{2, 1})
(4b)

C;eh,sclz.neu ~ (1 - 'y)(Csely,selg.neu(l + (1 - 2pscl| )Sl + (1 - QIJselz)SQ)
- 2Cscl. Jsely (Sl Cscl. ,neu + 52 Cselg,neu))
(4¢)

with (1 —+) = (1 — 74.3)(1 — 75.¢), where loci A, B, and
Crepresent the previously defined loci (neu, sel;, sels)
ordered along the chromosome (see APPENDIX A). In
other words, (1 —v) is the probability that there is no
recombination between the “first” and the “second”
locus, and no recombination between the second and the
“third” locus, where first, second, and third refer to the
position of the loci on the chromosome, regardless of
their status (neutral or selected). The linkage disequilib-
rium between the selected loci, G, se1,, €ither increases
or decreases as a result of selection, depending on the
sign of (1 — 2pger, )1 T (1 — 2pser, ) S2, and systematically
decreases (in absolute value) with increasing recombi-
nation. Our main focus in our examination of the
hitchhiking effect is the linkage disequilibria between
the neutral locus and each of the selected loci, G, neu
and G, new> as shown in Equation 3b. For each selected
locus sel;, Ceel, new i1s modified because of selection at sel;
and also because of selection at the other selected locus
sel;, by the means of the three-way linkage disequilibrium
Csel, selynen (Equation 4b).

Hence, the selective interference between sel; and
sely affects the variation of the neutral allele frequency
through the higher-order interaction, i.e., the three-
locus linkage disequilibrium (Equation 4b). This makes
sense and gives an illustration of the often difficult to
understand meaning of three-locus linkage disequilib-
rium. When there is selective interference between sel;
and sely, the linkage disequilibrium between these two
selected loci does not directly affect the neutral allele
frequency. However, regardless of the association be-
tween sel; and sely, a nonequilibrium repartition of
neutral alleles among two-locus haplotypes at sel;—sely
does affect the dynamics of linkage disequilibria Ce, neu
and Cgel, new (Equation 4b), which in turn influences the
hitchhiking effects; three-locus linkage disequilibrium is
indeed a measure of this repartition. Note that the
influence of selective interference through the three-
locus linkage disequilibrium is directly apparent from
the change in frequency at the neutral locus (Equation
2b) but should have an effect only when selection is
strong. Again, recombination always decreases (in abso-
lute value) the association between neu and sel;
therefore the location of neu is critical to the outcome
of the double selective sweeps. If neu is inside the
interval delimited by sel; and sels, the difference
between %y, neu and %, neu 18 always smaller than if neu
were outside of the interval. The difference between the
rates of variation of G, new and Gy, neu 18 then larger
when the neutral locus is outside the interval. Moreover,
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for a given distance between sel; and sely,
(1 — ) is always smaller when the neutral locus is out-
side of the interval than when it is inside. Hence, when
neu is inside the interval, the interplay of hitchhikings
from both selected loci (whether synergy or antagonism,
depending on the starting conditions) is more likely
to be sustained. In contrast, if neu is outside this interval,
in the long run the hitchhiking effect by the closest
selected locus dominates, and there is less opportunity
for either antagonism or synergy of hitchhikings effects.

For the rest of this article, we define neu,, as the
neutral locuslocated exactlyin the middle of the interval
delimited by sel; and selys and neu; as the neutral locus
located at the same distance from sel;as neu,,,, but on the
other side of sel;, outside of the interval. The recombi-
nation rates with the loci under selection are thus, for
N€Uy,, %el, neu, = Tselyneu,, = 7 (by definition), and for
neu; (2 = 1 or 2), %ep,new, =7 (by definition) and
Telneu, = 37(1 — 7)2 + 7% ~ 87 + o(r). Hence, for neu,,,
the linkage disequilibrium with the two loci under se-
lection is similarly affected by recombination, whereas,
for neu; and neuy, the linkage disequilibrium with the
farthest selected locus is three times more affected by
recombination as the one with the closest selected locus.
As a consequence, under similar strength of selection at
both loci, we expect the neutral polymorphism at neu,,
to reflect the interplay of selection at the two loci,
whereas the polymorphism at neu; and neug will carry
mainly the signature of selection at the closest selected
locus.

Apart from the dynamics of the selected loci and the
changes in linkage disequilibria, the type of interaction
between the selective sweeps (antagonism or synergy)
strongly depends on the initial conditions. In the sim-
plest case where both beneficial mutations enter the
population at the same generation, they are most likely
in negative linkage disequilibrium, and the probability
that they are associated with differentalleles at a neutral
locus equals the heterozygosity at that generation (i.e.,
the probability of drawing two different alleles at a
locus). Ina given fragment of sequence, there are several
polymorphic sites, for which the frequency distribution
of mutant alleles is well known (Ewens 2004). Thus,
during one occurrence of a double selective sweep,
several initial conditions regarding the initial linkage
disequilibria Cy, ney are encountered among the various
polymorphic sites. As a consequence, the double selec-
tive sweep affects not only the global neutral diversity (as
measured by the heterozygosity or nucleotide diversity),
but also the repartition of this diversity among sites (as
measured by the frequency spectrum of mutations).
Moreover, the initial frequencies of the neutral muta-
tions dramatically influence their evolutionary dynamics
and their final frequency at the end of the sweep. The
frequency spectrum is then a key indicator here, and we
wish to describe its evolution under the influence of two
interfering selective sweeps, by following small sequence

fragments located in the vicinity of the selected loci.
Moreover, we wish to know if the general processes that
we described using the deterministic model still matter
when starting from a realistic initial distribution of
neutral allelic frequencies.

Since the changes in frequencies at many tightly
linked polymorphic sites are not analytically tractable,
we used Monte Carlo simulations to address this ques-
tion. This also allowed us to take into account the
stochasticity inherent to every actual population, which
may have important consequences in several aspects of
the process. For instance, in a finite population, the two
selected mutations need to end up on the same
haplotype (by recombination) to both get fixed (HiLL
and ROBERTSON 1966). This represents a qualitative shift
that cannot appear in an analytical treatment and yet
strongly influences the outcome of the selective sweeps.
Moreover, forward Monte Carlo simulations allowed us
to stochastically introduce new polymorphic sites
through mutation during the selective sweep [infinite-
site model (EweNns 2004)]. Finally, by simulating the
sampling of gametes by the experimenter, we could
include the sampling variance in our analysis. In the
following, we present the approach and results of our
forward simulations of interfering selective sweeps.

METHODS

Forward simulations: We used forward individual-
based Monte Carlo simulations to investigate the effects
of selection at two closely linked loci on neighbor
neutral polymorphism. We simulated polymorphism at
several sequence fragments along a chromosome region
encompassing two sites under positive selection. Each
fragment evolved under the infinite-site model of mu-
tation. Recombination was allowed within and between
fragments. The actual number of sites in each fragment
was not explicitly defined; instead, a continuous model
was used, in which the mutation parameter 6 = 4N.
and the recombination parameter p = 4N.r (where N, is
the effective population size) were defined at the level of
the entire fragment.

At the beginning of each simulation, the initial
conditions were settled for each fragment by generating
the whole population by coalescence using the program
“ms” (Hubpson 2002). This provided realistic initial
conditions regarding the distribution of polymorphism
in each fragment, without having to simulate the com-
plex genealogical relationships between the fragments,
since we did not wish to measure the linkage disequi-
librium between fragments. Although coalescence the-
oryis generally used for samples that are small relative to
the population size, WAKELEY and TAKAHASHI (2003)
showed that when the sample size equals the effective
population size, the error induced by using the co-
alescent is minute. Indeed, by neglecting multiple
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coalescence events, the standard coalescent expectation
underestimates by ~12% the expected number of
alleles present in a single copy in the entire population,
all other frequency classes remaining essentially un-
changed. We checked that this approximation did not
affect our results by artificially increasing the propor-
tion of singletons by 12% in the initial population
generated with ms and then running the forward
simulations. The outcome was equivalent to that with-
outincreasing the number of singletons, thus validating
the accuracy of our method (results not shown). We
used 6 = 5 and p = 10 as parameters, such that the ratio
p/6 was similar to that documented for Drosophila
(KLIMAN et al. 2000; PRZEWORSKI et al. 2001).

We considered two selected loci: sel; and sels. The
selective phase was simulated forward in time. It started
with the introduction of the beneficial allele at sel; and
ended when the beneficial alleles at sel; and sely, were
both fixed. If any of the beneficial alleles was lost before
fixation, the run was discarded and a new simulation was
started again with the same initial conditions. For each
locus under selection, the haplotype carrying the ben-
eficial allele was introduced in five copies. This reduced
computing time by lowering the risk that a beneficial
allele was lost by drift in the early generations. This
procedure is justified since our observations are condi-
tioned on the final fixation of both mutations. Indeed,
according to BARTON (1998), conditional on its final
fixation, a beneficial mutation rises quickly in frequency
in early generations, and thus there is negligible oppor-
tunity for mutation or recombination to occur on the
haplotype that carries it. In practice, for each selected
locus, a single haplotype from ms was copied five times
and the beneficial mutation was placed on it. Hence this
approach was meant to model the rapid increase in
frequency of the beneficial mutation in the early gener-
ations (conditional on fixation). It should not be con-
fused with a selective sweep from the standing variation,
where a mutation first drifts neutrally for several gener-
ations and then becomes selected when it is at a fre-
quency >1/(2N). In such a “soft” selective sweep, the
beneficial mutation may initially be present on several
distinct haplotypes. The neutral signature of such a soft
sweep may be very different from that of a hard selective
sweep, as PRZEWORSKI et al. (2005) showed, but this is
not the topic of this article.

During the selective phase, mutation and recombina-
tion rates were defined at the individual rather than the
population level, using the same w and ras in the neu-
tral phase. For each fragment, when mutation occurred in
a gamete, it was simulated by randomly drawing a posi-
tion inside the fragment out of a continuous uniform
distribution and introducing a derived allele at this posi-
tion. Recombination was simulated in the same manner
between the neutral fragments and the sites under se-
lection, as well as inside the fragments, using Haldane’s
mapping function assuming no interference.

Signatures of selection: At the end of the simulation,
several measures were made. First, we computed the
reduction of heterozygosity in the entire population.
This was expressed as the ratio w/m, of the observed
nucleotide diversity per fragment over its value at the
beginning of the selective phase. We also simulated the
sampling of a small number of individuals (2n = 50
gametes) to assess the properties of the frequency
spectrum and to perform some tests of selection. The
samples were drawn conditionally on the presence of
polymorphism in at least one fragment. The frequency
spectrum was calculated as in Kim (2006). We computed
the proportions of sites belonging to each frequency
class (i.e., from 1 to 2n — 1) for each repeat and then
averaged these proportions over all the repeats. For each
simulation run, we also calculated several summary
statistics for the frequency spectrum of mutations. The
first one, Tajima’s D (TajiMa 1989), is the normalized
difference between WATTERSON’s (1975) estimator of 6
based on the number of polymorphic sites and TAJIMA’s
(1983) estimator w based on the heterozygosity of sites.
A negative value denotes an excess of low-frequency
variants, indicative of positive selection or of population
expansion, whereas a positive value denotes an excess of
intermediate frequencies as can be caused by balancing
selection. When necessary, we also calculated the H
statistics defined by FAy and Wu (2000), in the stan-
dardized version proposed by ZENG et al. (2006). A
negative value is indicative of an excess of very-high-
frequency variants, which is a signature of positive se-
lection. Finally, we used ZENG et al.’s (2006) E statistics,
which contrast the abundance of low- vs. high-frequency
variants. We report the mean values of these statistics
over 500-1000 runs of simulations. We also assessed
their respective powers to reject neutrality. This was
calculated as the proportion of simulations for which the
value of the statistics led to rejecting neutrality at the 5%
significance level. Significance was assessed by running
10,000 coalescence simulations with ms (Hupson 2002)
with the same sample size and the same number of
polymorphic sites as the mean of selection simulations.
We used the subset of ms samples in which at least one
polymorphic site was present, as in PRZEWORSKI (2002).
All statistics were used in one-sided tests, including
Tajima’s D, again as in PRzeworski (2002). This means
that we considered that positive and negative values of
Tajima’s D bear distinct information and lead to differ-
ent evolutionary interpretations. As such they can be
treated as different statistical tests instead of just being
pooled as a global rejection of neutrality.

RESULTS

The symmetric case: We first consider the case in
which mutations at sel; and sely appear simultaneously
in the population and have the same selection coeffi-
cients (s; = s = s = 0.1). Though this is likely not the
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FIGURE 1.—Polymorphism patterns along the chromo-
some. (A) Reduction of heterozygosity (m/m,) in the whole
population; (B) Tajima’s D in a sample of size 2n = 50 chro-
mosomes, as a function of the distance to sel;. Solid line: se-
lective sweeps at two close loci, with s; = s, = s = 0.1 and
Teel, sely /$ = 0.05. Dashed line: single selective sweep with s =
0.1 and /s = 0.05. Results are averaged over 500 simulations
with population size 2N = 20,000. sel, is at position 0 in both
cases. In the case of two selective sweeps, sels is located at 0.50
cM, so the rest of the pattern (not shown) would be symmet-
rical over x = 0.25.

most realistic situation, we use it as a case study to better
understand and illustrate the various forces in action. As
this situation is completely symmetric, we can consider
only one-half of the chromosome segment, namely the
sel; side from neu; to neuy,. In the following, neu; and
neu,, do not refer to specific polymorphic sites, but
rather to small chromosomal regions centered on the
position described earlier for these loci.

Reduction of heterozygosity: Figure 1A shows the re-
duction of heterozygosity (quantified by m/m,) at neu-
tral markers along the chromosome. One selected locus
(sely) isat position 0, and the other selected locus (sely) is
on the right-hand side at +0.5 cM from sel; (notshown).
The neutral locus at the right end of the graph is neu,,,
located in the very middle of the interval [sel;—sels].
Hence, the right side of the graph (positive abscissa
values) gives the pattern for “inside” neutral markers
located in the interval [sel;—neu,,], and the left side of
the graph (negative abscissa values) gives the pattern for
“outside” neutral markers located in the interval [telo-
mere-sel;]. In the symmetrical case, the pattern on the

right of neu,, is symmetrical (not shown). The solid line
in Figure 1A gives the pattern of heterozygosity when
selection acts at both loci sel; and sely (hereafter we refer
to this case as “double selective sweep”). As a compari-
son, the dashed line gives the pattern when there is
selection at only one locus, here at sel; (“single selective
sweep”). On the graph, the neutral loci on the left side
(neu;) and the rightside (neu,,) are at the same distance
from sel;. This is used to compare inside and outside loci
for the same recombination rate with the selected locus
and also to compare single and double selective sweeps
(see below).

The pattern observed in Figure 1A for a single sweep
(dashed line) is the well-known classical picture (MAYNARD
SMmiTH and HA1GH 1974; STEPHAN et al. 1992; Kim and
STEPHAN 2002) except that here the diversity is not zero
for a marker located at position zero (¢.e., on the selected
locus sel;), because mutation takes place during the
course of the selective sweep in our forward simulation
model. For a double selective sweep (solid line), the pat-
tern on the left of sely, i.e., outside the selected bracket, is
very similar to that obtained for a single selective sweep at
sel; of the same intensity. In contrast, between sel; and
sely, i.e., inside the selected bracket, the neutral poly-
morphism is substantially higher than outside the bracket
or than the case of a single selective sweep.

This is the first main result of the simulations, con-
sistent with the deterministic explanation above. In the
case where there is interference between selective sweeps
of similar intensities at two linked mutations, the pattern
of polymorphism outside the selected bracket resembles
that of a single selective sweep; i.e., even when there is
selection at both sel; and sely, neutral loci on the left of
sel; are mostly affected by selection at sel;, not at sels. In
contrast, for neutral markers lying between the selected
loci, the diversity at the end of the selective sweeps is the
result of the combined effects of both hitchhikings. In
particular, in the case of antagonistic selective sweeps that
start at the same generation at sel; and sely, more poly-
morphism is maintained than in the case of a single se-
lective sweep of the same intensity.

Frequency spectrum and Tajima’s D: The frequency
spectra at neu; and neu,, in a sample of size 2n = 50
are shown in Figure 2. At neuy, the spectrum is char-
acterized by an excess of high-frequency derived var-
iants, a lack of intermediate-frequency variants, and an
excess of low-frequency variants relative to the neutral
expectation. Taken together, these features are typical of
a neutral locus partially linked to a locus under positive
selection (Tajima 1989; FAy and Wu 2000; PRZEWORSKI
2002). At neu,,, there is an excess of high-frequency
variants, consistent with positive selection, but a lack of
low-frequency variants. More importantly, there is an
excess of variants at intermediate frequencies (from
15 to 35) relative to the standard neutral case. Taken
alone, this latter feature is commonly interpreted as the
outcome of selective forces maintaining diversity, i.e.,
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FIGURE 2.—Frequency spectrum of mutations in a sample
of size n = 25 diploid individuals (2n = 50 chromosomes).
Solid line, expectation under standard neutrality; open bars,
neu; (outer locus); shaded bars, neu,, (inner locus). Results
are averaged over 500 simulation runs. Parameters are as in
Figure 1.

balancing selection (CHARLESWORTH 2006). However,
taken together the features of the frequency spectrum at
neu,,—excess of high-frequency derived variants, excess
of intermediate-frequency variants, and lack of low-
frequency variants relative to the neutral expectation—
appear as a distinctive pattern of a double selective
sweep.

To understand how the neutralfrequency spectrum
changes along the chromosome in the case of a double
selective sweep, we used Tajima’s D as a summary sta-
tistic because it is the most sensitive to perturbations
of intermediate-frequency classes (TAjiMA 1989; PRZE-
WwORSKI 2002). Figure 1B shows the pattern of Tajima’s D
along the chromosome, with the same formalism as in
Figure 1A. For the single selective sweep (dashed line),
Tajima’s Dis negative in the entire region considered, as
a consequence of the lack of intermediate-frequency
variants generated by the strong positive selection. Note
that the values are higher for the marker that includes
the target of selection than for markers in the close
flanking regions, as a consequence of the smaller
number of polymorphic sites in the former than in the
latter. In the case of a double sweep (solid line), Tajima’s
Dis globally higher than forasingle selective sweep, even
though the selection coefficient at sel, is the same.
Moreover, the pattern is strongly asymmetric: Tajima’s D
inside the selected interval is higher than outside the
interval. In the case of Figure 1B, Tajima’s D is even
positivein the middle of the selected interval. This is the
second important result of this article, which was not
directly predictable from the deterministic model
above: the interference of two selective sweeps has more
impact on the frequency spectrum than on the re-
duction of heterozygosity. In our illustrative example,
neu,, exhibits a reduced heterozygosity, which is consis-
tent with positive selection in the region (Figure 1A,
right edge of the solid line), whereas Tajima’s D, which

TABLE 1

Variation pattern of Tajima’s D

Standard

deviation P(D < 0%  P(D > 0%
Neutral equilibrium. 0.720 0.05 0.05
Single sweep 0.882 0.565 0.020
neu, 1.079 0.45 0.044
neu,, 1.311 0.106 0.274

Standard deviation and proportion of significantly positive
and negative values of Tajima’s D in a sample of size 2n = 50
chromosomes are shown. The neutral equilibrium values are
from simulations of the standard coalescent. For the single
selective sweep, the values are from forward simulations of
a neutral locus located at a recombination distance r from
a locus under positive selection such that /s = 0.05, s =
0.1. For the case of two selective sweeps, neu; and neu,, are
such that fey, sel, /$1 = Tely men, /51 = 0.05 and s; = sp = 0.1.

“Significance at the 5% level was assessed using standard
coalescent simulations (10,000 runs).

summarizes the frequency spectrum, does not carry any
signature of positive selection and is even positive
(Figure 1B, right edge of the solid line).

The frequency spectrum is obviously affected by the
stochasticity inherent to the finite population size and to
the sampling, so there is variation in Tajima’s D between
repeats, which we report in Table 1. For the sake of sim-
plicity we show only results for neu,, and neuy, as well as
for a neutral locus equivalent to neu; in the case of a sin-
gle selective sweep. The standard deviation of Tajima’s D
in case of a double selective sweep is larger than that
for a single sweep of the same intensity. Moreover, the
standard deviation at neu,, is much larger than that at
neu,. Indeed, neu,, is more directly under the com-
bined effects of two hitchhikings than neu,, so slight
changes in the starting conditions can lead to more
variation in the final state at neu,, than at neu;.

We also reportin Table 1 (columns 3 and 4) the power
to reject neutrality in our simulations, using Tajima’s D
in one-sided tests (see METHODS). Interestingly, at neu,,
it is substantially more probable to reject neutrality
through a significantly positive value (>27% of the
simulations) than through a significantly negative value.
This is not true for neuy, for which the powers of the tests
on the right side and on the left side are comparable to
those for a single selective sweep of the same intensity.

Area of influence: We explored the range of recombi-
nation values between the selected loci for which the
selective sweep at sely had an influence on the poly-
morphism pattern generated by the selective sweep at
sel;. This was done by increasing the distance between
sel; and sely, while keeping the selection coefficients
constant, and relocating the neutral markers such that
neu,, remained in the middle of the interval and neu;
lay outside the interval at the same distance from sel;.
The results are shown in Figure 3, where the reduction in
heterozygosity (m/mw,) at neu,, and neu, is plotted as a
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FicUre 3.—Influence of the distance between selected loci.
(A) Reduction of heterozygosity in the whole population; (B)
Tajima’s Datneu,, (solidline) orneu, (dashedline), inasample
of'size 2n= 50, plotted against the distance between the selected
loci expressed as a ratio %, se,/ s between recombination and
theselection coefficient. Mean results are over 1000 repeats, with
all the parameters as in Figure 1 except for %, sel,-

function of the ratio 7, s,/ between recombination
and the selection coefficient. Interestingly, neu,, re-
mains more polymorphic than neu; for values of
Teel, sel,/ § Spanning more than two orders of magnitude
(Figure 3A). This range corresponds to that usually
documented for the region of influence of a selective
sweep (FAy and Wu 2005). Again, the frequency spec-
trum is more sensitive than the polymorphism level to
the interference between selective sweeps (Figure 3B).
Forinstance, at %ey, se1, /s = 0.2, neu,, and neu; have sim-
ilar reduction in heterozygosity but different Tajima’s D
values, with a slightly positive value at neu,,. The stron-
gest asymmetry in Tajima’s D between neu; and neuy,
occurs at rel, set, /s = 0.02 (i.e., when the recombination
rate between the neutral locus and the locus under
selection is such that r/s = 0.01). At this point, the
difference between Tajima’s Dfor neu,, and neu, is 1.83.
Note that as ., s,/ increases, Tajima’s Dat the middle
of the interval has reduced positive values, but those
extend over a larger chromosomal region.

Duration of the signature: The footprints left by
selective sweeps on neutral variation are obviously tran-

sient, since mutation and drift eventually restore the
heterozygosity and the frequency spectrum to their
neutral equilibria. The duration of such a signature is
a key issue in the detection of selection in natural
populations and has been recently a subject of much
interest (PRZEWORSKI 2002, 2003; JENSEN et al. 2005). In
our case, we wished to know how the particular pattern
of polymorphism induced by a double selective sweep
evolved after the end of the sweeps. Figure 4 shows the
power to reject neutrality after the fixation of both
beneficial mutations, using three summary statistics for
the frequency spectrum: Tajima’s D, Fay and Wu’s H,
and Zeng’s E (see METHODS). After the end of the
selective sweeps, the power of Fay and Wu’s H decreases
much faster than that of Tajima’s D (Figure 4, A and B), as
was already discussed in PRZEwORSKI (2002). For all three
summary statistics, the power to reject neutrality outside
the sel;—sely interval remains higher than inside the
interval, over the entire period considered. ZENG et al.
(2006) emphasized that the power of their new statistic
E increased after the end of the selective sweep (or
bottleneck), coinciding with the decrease of H, so that
these two statistics had somehow antagonistic behaviors
because they both depended on high-frequency variants.
Our simulation results show that after two simultaneous
selective sweeps, the power of E increases more slowly
for neu,, than for neu;. Thus E relays the information
contained in A, including the differences between the
powers to reject neutrality at loci located inside or
outside the selected interval. Altogether, our results
indicate that the signature left by antagonistic hitchhik-
ing effects may persist for a long time after fixation of
the beneficial mutations.

Relaxing the symmetry: Until now, we have focused
on an illustrative, completely symmetric case, in which
selective sweeps at sel; and sels occurred simultaneously
and where both mutations had the same selection
coefficient. In practice, it is unlikely that two beneficial
mutations arise at the same generation at two closely
linked loci. Also, selection coefficients may vary impor-
tantly between beneficial mutations. The interaction
between selective sweeps is expected to depend on the
synchronicity of the beneficial mutation events at sel;
and sely, as well as on their relative selection coefficients,
which determine how long in time the sweeps will
overlap. To assess the influence of these parameters on
the final pattern of polymorphism, we ran simulations
where the beneficial allele atsel; appeared firstand then
was allowed to reach a threshold frequency p, before the
beneficial allele at sely was introduced. The threshold
frequency p, was transformed into a scaled time 7 to
account for the fact that the trajectory of a beneficial
allele is not linear in time (see APPENDIX B). The
selection coefficient s; was kept constant, while s, was
varied such that sy /s; = %, 1, or 2.

Figure 5 shows the resulting Tajima’s D at neu,,, neuy,
and neus. Atoutside loci, neu; and neus (Figure 5, Aand
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F1GURE 4.—Power to reject neutrality after the sweeps: pro-
portion of simulations (of 500-1000 repeats) that reject neu-
trality at the 5%-significance level using (A) D, (B) H, or (C) E
as summary statistics, plotted against the time 7 (in genera-
tions) since fixation of the last beneficial mutation. Signifi-
cance was assessed with standard coalescent simulations
(10,000 runs), and all statistics were used in a one-sided test
for negative values. Cross, neu,,; box, neu;.

C), the delay between selective sweeps has little in-
fluence on Tajima’s D at fixation. At neu;, the impact of
the hitchhiking by sel, was substantial only when s, > s,
and T was close to 0, i.e., when the selective sweeps had
little delay (Figure 5A, dashed line). At neuy (Figure
5C), the final Tajima’s D obviously depends on s, as it is
the selection coefficient of the closest selected locus,
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Ficure 5.—Delayed selective sweeps with varying selection
coefficients: final Tajima’s D at (A) neu;, (B) neu,,, and (C)
neuy as a function of the scaled delay T between the introduc-
tion of the beneficial mutations at sel; and at sels (see APPEN-
pIxX B). Thin line, so = s;; thick line, s = s;/2; dashed line,
so = 2s1. All other parameters are as in Figure 1.

but the influence of selection at sel; is weak except when
so < s1. In contrast, at neu,, (Figure 5B), the frequency
spectrum is under strong influence of both hitchhiking
effects, and the outcome is highly dependent on the
timing of the sweeps and on the ratio of the selection
coefficients. When s = s; (Figure 5B, thin and thick
lines), Tajima’s D is maximal at T = 0, ¢.e,, when the
sweeps tend to be simultaneous, and decreases rapidly
with increasing 7. When so > s;, there is a nonzero value
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of T that maximizes Tajima’s D (Figure 5B, dashed line).
This is because the dynamics of the selected allele
frequencies are different from each other; hence a delay
can enhance the antagonism of hitchhiking effects by
allowing the beneficial alleles at sel; and sels (i) to enter
synchronously in the critical phase of a hitchhiking
effect, in which the dynamics of the beneficial allele is
quasi-deterministic, while this allele remains at a low
frequency (BarTOoN 1998), and (ii) to reach nonnegli-
gible frequencies at similar times, so that several recom-
bination events can produce haplotypes hosting the two
favorable alleles in coupling. Note that for this to hap-
pen, the weaker mutation must start increasing in fre-
quency earlier, so it has more chances to escape loss by
drift due to the interference with the stronger mutation
(BArTON 1995). Therefore, this scenario is also the most
likely to be encountered in real data exhibiting fixation
at both selected loci. As expected, in all three situations
there is a value of T for which Tajima’s D becomes lower
at neu,, than at outer loci, indicating that hitchhiking
effects in the middle of the interval switch from antag-
onism to synergy. This occurs all the earlier (in time)
when the second selective sweep has a lower selection
coefficient, because selective interference between the
beneficial mutations is then reduced.

Note that in nonsymmetric cases, we always kept neu,,
at the middle of the selected interval, although antag-
onism between hitchhiking effects is not necessarily
maximal at this pointin the case of selective sweeps of dif-
ferent intensities. Hence, our simulation results at neu,,
are conservative regarding the antagonism of hitchhik-
ing effects.

DISCUSSION AND CONCLUSIONS

Two selective sweeps of comparable intensities that
arise close to each other tend to interfere in their effects
on neutral variation. They can maintain globally higher
levels of polymorphism than a single selective sweep of
the same intensity, because selective interferences can
slow down the dynamics of each mutation, allowing for
more recombination (KiM and StepHAN 2003). Here,
we further show that, regardless of the trajectories of
beneficial mutations in time, two interfering selective
sweeps can compete in their hitchhiking effects simply
by dragging along different neutral alleles. The result-
ing polymorphism pattern (as quantified by the nucle-
otide diversity ) is highly asymmetric, the region
between the selected loci being the most subject to the
interplay of the two hitchhiking effects. More impor-
tantly, we show that the interference of selective sweeps
can distort the frequency spectrum in the direction of
an excess of intermediate frequencies at neutral sites
between the two selected loci, which is often interpreted
as a signature of balancing selection (CHARLESWORTH
2006).

Here, we conditioned the simulations on the fixation
of both beneficial mutations. The actual fixation prob-
ability of beneficial mutations cannot be calculated dir-
ectly from our simulations, since these mutations were
introduced in several copies to decrease simulation
time. The decrease in the probability of fixation as a
consequence of selective interference was studied in
detail in BARTON (1995) and can be substantial. The
conclusions of this study are thus more accurately ap-
plicable to cases where selection coefficients are large
and of the same order of magnitude, for which the
probability of joint fixation of both mutations is not
negligible. Note that generally theoretical studies of
selective sweeps based on coalescent simulations assume
fixation of the beneficial mutation. Most of these studies
also rely on the assumption that the product Nsis of the
order of 500-1000 while the population size is very large
(of order 10°), such that the selection coefficient and
the fixation probability are of order 107° (see, e.g., FAY
and Wu 2000, 2005; PrzEwORSKI 2002). Also, interfer-
ence of selective sweeps could well occur between
beneficial mutations already present in the population
and initially neutral, for instance, following a rapid en-
vironmental shift, which greatly decreases the risk of
stochastic loss (HERMISSON and PENNINGS 2005). Such
selective sweeps from the standing variation are ex-
pected to leave a footprint different from that of a hard
sweep (INNAN and KiMm 2004; PRZEWORSKI et al. 2005).
Yet, since most neutral mutations are expected to be in
low frequency in a natural population (EweNs 2004), it
is quite possible that very few copies (if nota single one)
of the beneficial mutation actually sweep through the
population, hence turning the soft sweep into a quasi-
hard sweep.

Itmay be argued that asymmetry in the polymorphism
pattern may well arise by chance in a single selective
sweep. Indeed, Figure 1 shows the mean of several sim-
ulations corresponding to an expected pattern, while
obviously there is variation between repeats. Hence,
some single-sweep simulations could exhibit a pattern
similar to the one expected under interfering selective
sweeps. Nevertheless, in the context of a candidate re-
gion where selection is searched for, the current practice
is to use several markers distributed throughout the
region. As the number of markers increases, it is less
and less likely that an asymmetric pattern will be ob-
served by chance for all the markers. For instance, in
Figure 1, there are five markers on each side of sel;.
Using [log (w(left side) /(right side))| > 0.5 (where | |
denotes absolute value) as a criterion for asymmetry for
each couple of markers equally distant from sel;, the
probability that asymmetry is in the same direction for
all markers is 2.5 times higher under interfering se-
lective sweeps than in the case of a single selective sweep.
Pavaisa et al. (2004) observed marked asymmetry at
multiple markers in a genetic region. In such cases, a
deterministic explanation might be involved rather than
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just chance variation, and the occurrence of a second
interfering selective sweep should be considered to-
gether with other possible causes of asymmetry, such as
differences in recombination or mutation rates between
both sides of the selective sweep.

SANTIAGO and CABALLERO (2005) showed that in a
highly subdivided population, a selective sweep can
induce an increase of heterozygosity and an excess of
intermediate-frequency variants in demes other than
that where the beneficial mutation originated. This is
because the selective sweep can force the introduction of
neutral alleles that were previously absent or in negligi-
ble frequency in those demes because of low migration.
Our study of interfering selective sweeps can be un-
derstood in the light of their results by using an analogy
in which the alleles at one selected locus define demes
for the other selected locus, and recombination is
viewed as “migration” from one genetic background to
the other. This analogy is the rationale for the so-called
“structured coalescent” approach of selective sweeps
(KAPLAN et al. 1989). In our context, the case where both
beneficial mutations are initially in strong negative link-
age disequilibrium and carry different neutral alleles is
similar to that in SANTIAGO and CABALLERO (2005),
where a selective sweep starting in one deme hitchhikes
an allele absent in another deme. Indeed, the focal se-
lective sweep introduces neutral polymorphism in the
other selected background, thus reducing the effect of
the other selective sweep, and reciprocally. This illustra-
tive analogy is not a mere equivalence, though, since in
the case of interfering selective sweeps, the sizes of the
“demes” change with selection. There is also selective
interference between the selected loci, which alters the
process by slowing down the dynamics at each locus, so
our results are not redundant with those of SANTIAGO
and CABALLERO (2005).

We focused on interference between sweeps at reason-
ably distant selected loci, which results in the asymmetric
pattern described in Figure 1, when the initial linkage
disequilibrium is negative. In contrast, in cases where the
beneficial mutations are too closely linked to recombine
in a reasonable time (for instance, when they are inside
the same gene), and yet have similar enough selection
coefficients to be maintained at high frequencies for a
long time, positive selection can contribute to maintain-
ing high levels of nucleotide diversity very close to the
target of selection. This situation is what was termed
trafficking by Kirey and SteEPHAN (1996). At the most
extreme, several beneficial mutations could arise at the
same site and several copies of the same allele, identical in
state but not by descent, could provoke interfering
selective sweeps. This was studied as a particular case of
“soft sweeps” by PENNINGS and HERMISSON (2006), who
focused on the signatures left by selection ata site where a
beneficial mutation was introduced recurrently by muta-
tion during the course of the sweep. We believe that this
study could contribute to generalizing the somehow

extreme (though very enlightening) cases of soft sweeps
with recurrent mutation and of “trafficking” to arbitrarily
distant interfering sweeps, including by attempting to
assess the physical scale of the interaction between two
selective sweeps (Figure 3). Though limited by the se-
lective interference that decreases the fixation probabil-
ities at each locus, sweep interference may be more likely
to happen than soft sweeps with recurrent mutations or
trafficking, because it involves larger chromosomal re-
gions, which increases the probability of occurrence of
two beneficial mutations.

Beneficial substitutions may not be evenly distributed
over time, but rather concentrated in short time periods
following environmental changes, when a previously well-
adapted population needs to climb a new adaptive peak
(as, for instance, in OrRRr 1998). If so, the simultaneous
occurrence of several beneficial mutations may not be
unlikely, and interference of selective sweeps may alter to
some extent our ability to detect positive selection in
genome scans, adding a new confounding factor to
demography (JENSEN et al. 2005) or variable genomic
features (mutation, recombination). Perhaps more read-
ily, the search for interfering selective sweeps could be
helpful in specific studies focusing on smaller candidate
regions, in which several putative targets of selection have
already been identified. In such cases, the analysis of
the polymorphism pattern could provide information
not only about the presence of selection, but also about
the synchronicity of selective sweeps or the origin (mi-
gration vs. mutation) of beneficial alleles This could yield
valuable insights into the adaptive history of a species
(CamUs-KULANDAIVELU et al. 2008).

We assumed here that selective sweeps had indepen-
dent (multiplicative) effects on fitness. Epistasis be-
tween loci contributing to adaptive traits has already
been shown to generate linkage disequilibrium between
those loci (CAICEDO et al. 2004). Epistasis between
selected loci may also influence the neutral polymor-
phism pattern of interfering sweeps in a specific man-
ner, so that it could be possible to identify selective
interactions a posteriori. For instance, a recent article
revealed a double selective sweep at two closely linked
chromosomal regions involved in the sex-ratio distor-
tion of D. simulans (DEROME et al. 2008). Though both
regions are compulsory for meiotic drive to occur in
the lab (MONTCHAMP-MOREAU et al. 2006), the func-
tional relationship between these two regions is still
questioned in natural populations (C. MONTCHAMP-
MoOREAU, personal communication). It may be possible
to use the polymorphism pattern in this region to try
to elucidate how those loci interact in natural popula-
tions. More work is needed to investigate if there can
actually be a molecular signature of the interaction
between loci.
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APPENDIX A

Here, we want to describe the interactions between two selected loci and their neutral background. This can be
tackled using the methodology of BARTON and TURELLI (1991) and KIRKPATRICK et al. (2002), as done by STEPHAN
et al. (2006). However, this is not fully necessary here, as the problem can be studied with a simple three-locus model:
the two selected loci, plus a neutral locus. Different situations are investigated by changing the location of the neutral
locus relative to the selected loci. In this APPENDIX, we derive recursion for the gene frequencies at the three loci, the
two- and three-locus linkage disequilibrium, and mean fitness.

For the sake of generality, let us consider three loci A, B, and C, located in that order on a chromosome, with r; (resp.
73) the recombination rate between loci Aand B (resp. Band C). The recombination rate between extreme loci Aand C
is then

R = n +Tg—21’11‘2. (Al)

Assume that each locus has two alleles denoted by upper- and lowercase letters (4, a, B, b, C, and ¢). There are K= 8
possible gametic haplotypes:

Gamete abc abC aBc aBC Abc AbC ABc ABC

k 1 2 3 4 5 6 7 8 (42)

Let x; be the frequency of gamete haplotype k. We have
K
Z xp =1 (A3)
k=1

and from basic genetic definitions, we can write expressions for the frequencies of the uppercase genotype at one, two,
and three loci:

pA:DC5+x6+X7+X8 pAB:x7+xg
pp=x3t x4t xtx3 pac =%t X pasc = xs.
pC:x2+x4+x6+xg pBC:x4+x8 (A4)

The two-locus linkage disequilibrium between loci A and B writes

Ca = pap — paps. (A5)

The linkage disequilibria C4cand Cpcfor the two other pairs of loci are obtained seemingly by replacement, and finally
the three-locus linkage disequilibrium is

Cac = pasc — Cpepa — Cacps — Capc — papcps- (A6)

There are 36 possible diploid genotypes {(3, j); i <} to consider. The probabilities P(3, j, k) that a parent formed by
the gametes ¢ and j produces the gamete k after meiosis are given in Table Al. This table was derived using the
Mathematica notebooks defined in HosPITAL ef al. (1996).

Each locus may be selected or neutral depending on the case considered. This does not change the probabilities in
Table Al, but simply the selection coefficient attributed to each locus.

The fitness of a diploid genotype composed of two gametic haplotypes i and jis

w(la]) = (1 + XSCll(Z'J)Sl)(l + Xselz(ivj)32)7 (A7)

where X, (7, j) is the number of copies of the favorable allele at selected locus sel;, and similarly for sely, and where s
and s, are the corresponding selection coefficients. Note that in the text, we rather define the fitness (written with
uppercase W) directly from X, and X, without reference to the haplotypes for the sake of clarity, so
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TABLE Al

Offspring gametes

aBC

Probabilities of recombination at three loci during meiosis (¢ =1 - 1)
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The frequencies x’ of the gametes at the next generation are obtained by

W(&Cll ) &612)

(A9)

with

(A10)
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and

1 ifi=j
8ij = {2 ifi# j, (A11)
where P(i, j, k) is taken from Table A1, w(3, j) is the fitness of diploid genotype (i, j) computed as in (A7), and wis the
mean fitness in the population.

Now, we can use (A9) to compute the various quantities defined in (A4)—(A6) from one generation to the next. We
use a prime (') to denote the quantity at the next generation. It turns out that for all these quantities, with the notable
exception of the three-locus linkage disequilibrium (A6), the expression does not depend on the respective positions
of the loci (i.e., whether the neutral locus is “between” or “outside” the selected loci). Hence, without loss of generality
we can write these quantities in terms of loci neu, sel;, and sely without taking account of their order on the
chromosome. We get for the variation of gene frequency at any of the selected loci

Apse]; = p;eli = Psel
Sijbsel,(l - pseli) + Sstel,ﬁselj + Sisj(cselﬂsel] + Qf?sel;(l - pseli)psell)

= . , (A12)
w
where ¢indicates the selected locus considered and j the other selected locus.
For the variation of gene frequency at the neutral locus we get
Apneu = prlleu - pneu
_ 51 Cseh ,neu + 52 Cselg,neu + S1 52(2Psell Cneu,5612 + 2pselg Cneu.sell + Cneu.sell ,selg) (Al?))
= .
And for the mean fitness,
W =1+ 2s1pse1, + 252psely + 25152 ( Geely sely, T 2psel Prels ) - (Al4)

For the linkage disequilibrium at the next generation between the neutral locus and one selected locus, we get

(Cneu,seli CSC]1,5612 + Cneuﬁsell-(l - psel;)pseli)sl 59
w
+ (1 - Vneu,sel,)(Cneu.sell,selg sj + Cneu,se]i(steLSj + 1))(S7 + 1)
w

- ApneuApseli - (A15)

! —
neusel; —

And for the linkage disequilibrium at the next generation between the two selected loci,

’ (Cscll,scl«z(sl + 1)(32 + 1))(1 - Rcll,sclg)

selysely —

w

. (Cfeh sely T (Bsety = 1) ety (Prely — 1)p5612> 5152

w

- Apsell Apsel2 . (Al 6)

Finally, the expression for the linkage disequilibrium at the next generation between three loci is too long to display.
Instead, we give the frequency of the three-locus haplotype at the next generation,

(Vneu,sell (1 + S1 )52(Cneu,5612 Csell,sel2 - Cneu,sell,selgpselg)

+ Teusely 11+ 52) (Creugsel, Gsely sels — Cneusel, sels Psel; )
— Tely sely Goely sely Pren(s1 + 1) (52 + 1)

— (1 =) Gaeusel, selo (51 + 1)(s2 + 1)

— Theu,sel, Cneu,se12llsell (([15@11 +1)s + 1)( s+ 1)

— Theu,sel, Clleu,sellpselg(sl + 1)<(pse12 + 1)52 + 1)

1
+ § (pneu,selhselg(l +w+ S1 + 59 + (1 + psell + pselg - pselgpsell)sl S?)))a (A17)

S

’ _
p neu,selysely
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where

(=) = (1-n)(1 - n): (A18)

i.e., (1 — ) is the probability that there is no recombination either between the first and second locus or between the
second and third locus on the chromosome. Note that (1 — ) is the only term that depends on the positions of the loci
on the chromosome, whereas all other terms depend only on the status of the loci (neutral or selected).

One can then plug (A17), as well as the recursion for two-locus linkage disequilibrium, and gene frequencies into
(A6).

APPENDIX B

This appendix explains the calculation of the scaled delay time between the beneficial mutations at sel; and sels.
This scaled time is used to account for the dynamics of the beneficial allele at sel;, which spends more time at low and
high frequencies than at intermediate frequencies. Taking advantage of the fact that

pSCIJ/(l - [75611) = 8<1 - 8)exp(sl t);

where ¢ is the beginning of the deterministic phase, the expected trajectory of the first beneficial mutation is

Pt = (1 —¢)exp(—sit)’

which coincides with STEPHAN et al’s (1992) Equation 3a. By reversing this equation, the expected time before
reaching a frequency pi, is

() = 2Lt L= pen)) — og(e/( = 2))

The threshold frequency of the beneficial mutation at sel; when the beneficial mutation at sely is introduced is . We
define the scaled delay time between the selected mutations as

((pr) _log(pe/(1 = p)) —log(e/(1 —¢))

TTi(1—¢) 21og(e/(1 — ¢))

It is the proportion of the expected total duration of the deterministic phase reached by the selective sweep at sel;,
when the beneficial mutation occurs at sels. T has meaning only for frequencies at which the dynamics of the selected
locus are nearly deterministic; therefore 1 = 0 corresponds to p, = eand 7= 1to p, = 1 — € (¢ was set to 40,/20,000 on
the basis of the observed course of the simulations). Note that the actual “simultaneous” case treated above
(p. = 1/(2N)) is not strictly equivalent to T = 0, as it includes the frequencies at which the dynamics are governed by
the stochastic process.




