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ABSTRACT

In finite populations, genetic drift generates interference between selected loci, causing advantageous
alleles to be found more often on different chromosomes than on the same chromosome, which reduces the
rate of adaptation. This “Hill-Robertson effect” generates indirect selection to increase recombination
rates. We present a new method to quantify the strength of this selection. Our model represents a new
beneficial allele (A) entering a population as a single copy, while another beneficial allele (B) is sweeping at
another locus. A third locus affects the recombination rate between selected loci. Using a branching process
model, we calculate the probability distribution of the number of copies of A on the different genetic
backgrounds, after it is established but while it is still rare. Then, we use a deterministic model to express the
change in frequency of the recombination modifier, due to hitchhiking, as A goes to fixation. We show that
this method can give good estimates of selection for recombination. Moreover, it shows that recombination is
selected through two different effects: it increases the fixation probability of new alleles, and it accelerates
selective sweeps. The relative importance of these two effects depends on the relative times of occurrence of

the beneficial alleles.

NE of the first general hypotheses proposed to
explain the maintenance of sex and recombina-

tion states that sex increases the rate of adaptation, by
allowing beneficial mutations initially present on dif-
ferent chromosomes to be combined onto the same
chromosome (MorGAN 1913; FisHer 1930; MULLER
1932). The first analytical treatment of the question was
done in the 1960s and led to some debate: using a
simple calculation, CRow and KiMUra (1965) showed
that the rate of incorporation of beneficial mutations is
indeed higher in sexual than in asexual populations,
whereas a deterministic model made by MAYNARD SMITH
(1968) showed no difference between sexual and asexual
populations. FELSENSTEIN (1974) pointed out that this
disagreement stemmed from the different assumptions
made by these models: Crow and Kimura represented a
finite population in which advantageous alleles first arise
as single copies, while Maynard Smith considered the case
of an infinite population, in which deleterious alleles at
two loci are maintained at mutation—selection equilib-
rium and become advantageous after a change in the en-
vironment. Because the model assumes no epistasis, the
two loci always stay in linkage equilibrium, and recombi-
nation has no effect on the change in genotype fre-
quencies. By contrast, in a finite population such as the
one modeled by Crow and Kimura, selection and random
drift combine to generate some linkage disequilibrium
even in the absence of epistasis. For example, consider
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the case where a new beneficial allele enters the pop-
ulation while another beneficial allele at a second locus is
already present. The new mutation can occur either on
the good background at the second locus, in which case
the linkage disequilibrium (LD) is positive, or on the bad
background, in which case the linkage disequilibrium is
negative. A simple calculation shows that, on average, this
initial linkage disequilibrium is zero. However, when both
advantageous alleles arise in coupling (LD > 0) they tend
to increase in frequency rapidly, while when they are in
repulsion (LD < 0) they compete against each other,
which slows their rate of increase. Because situations in
which LD < 0 tend to last longer, the initial variance in
linkage disequilibrium generates, on average, negative
linkage disequilibrium. The same “Hill-Robertson effect”
occurs when the variance in LD is generated by drift due
to finite population size in a single population (HiLL and
ROBERTSON 1966; FELSENSTEIN 1974) or in an arbitrary
number of interconnected populations (MARTIN et al
2006). The negative linkage disequilibrium generated by
the Hill-Robertson effect reduces the rate of incorpora-
tion of advantageous alleles and limits the speed of
adaptation. BARTON (1995b) quantified this effect by
calculating the reduction in fixation probability of an
advantageous allele when selection occurs simultaneously
at another linked locus.

Increasing the recombination rate between loci de-
creases the strength of the Hill-Robertson effect and
thus increases the rate of fixation of beneficial alleles.
Simulation and analytical models have shown that this
generates indirect selection on modifier genes that in-
crease recombination rates (FELSENSTEIN and YOKOHAMA
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1976; OTTo and BArRTON 1997, 2001; ILES et al. 2003;
BarTON and O1T1O 2005; MARTIN ¢f al. 2006). Recom-
bination modifiers are not mere theoretical constructs,
but have been identified in a number of experimental
studies. In particular, selection experiments have shown
that it is possible to artificially increase recombina-
tion within genomes, either by direct selection on re-
combination rates or as a by-product of selection for
another trait (e.g., KIDwELL 1972; CHARLESWORTH and
CHARLESWORTH 1985a,b; KoroL and Ivriapr 1994;
KoroL ¢t al. 1994; and references in OTTO and BARTON
2001). In some cases, genetic factors affecting recombi-
nation rates have been mapped, revealing a variety of
effects: some factors have a local effect, increasing
recombination only over a small region of the genome
(which can be located on the same or on a different
chromosome), while others affect the overall recombi-
nation rate of whole chromosomes. Recombination
rates are also known to evolve in nature: for example,
TRUE et al. (1996) found that the genetic map of the
island endemic Drosophila mauritianais 1.8 times longer
than the map of its sister species D. melanogaster, with a
higher frequency of crossovers along each chromo-
some. Rapid adaptation to a new environment may
have selected for a higher recombination rate, but a
broader survey is needed to establish whether there is a
correlation between adaptation and recombination
rate.

The first analytical study on the evolution of re-
combination due to the Hill-Robertson effect was by
OtTOo and BarRTON (1997). Their model represents two
loci under directional selection: at the first locus, a new
beneficial allele arises as a single copy, while at the
second locus another beneficial allele is already estab-
lished and sweeps through the population; finally, a
third locus affects the recombination rate between the
selected loci. Because recombination decreases inter-
ference between the selected loci, the new beneficial
allele has a higher fixation probability when it occurs on
the high-recombination background. The frequency of
the modifier allele coding for higher recombination is
then expected to increase by hitchhiking, on average, as
the new beneficial allele goes to fixation. Otto and
Barton’s analysis proceeds in two steps: first, they derive
the probability of fixation of the new advantageous
allele, arising on each of the four possible backgrounds
at the two other loci; then, they use a deterministic
calculation to obtain the change in frequency of the
recombination modifier, given that the new beneficial
allele reaches fixation. This approach, however, has
several limitations. In particular, although interference
between selected loci due to the Hill-Robertson effect
is taken into account in the calculation of fixation
probabilities, it does not enter the deterministic calcu-
lation of the hitch given by the new beneficial allele to
the modifier, given that it fixes. This last calculation
indeed assumes linkage equilibrium between the se-

lected loci. There are, however, three possible sources
of LD, which, as discussed by Otto and Barton, are
probably the cause of the quantitative differences they
observe between analytical and simulation results.
The first is the initial disequilibrium generated by the
mutation event producing the new beneficial allele;
although this disequilibrium is zero on average, it is
sometimes positive (when the new allele arises in
coupling with the other beneficial allele) and some-
times negative (when it arises in repulsion), and the
effect of this disequilibrium on the change in frequency
of the modifier does not cancel out. This initial dis-
equilibrium is taken into account in some of the
numerical calculations of Otto and Barton (dotted lines
in Figures 4-9 of OTTO and BARTON 1997), but this still
leaves important departures from simulation results in
several cases. The second source of disequilibrium is
random drift, which can have strong effects while the
new allele is still rare. The effect of this disequilibrium is
analyzed in a more recent model (BARTON and OTTO
2005), by considering small fluctuations around the
deterministic increase of the new allele. This analysis,
however, does not apply while the allele is present in just
afew copies (in which case drift can generate important
departures from the deterministic trajectory), which is
just when the effect on the modifier is strongest. Finally,
a third source of disequilibrium comes from the fact
that when the new beneficial allele happens to reach
fixation, it is more likely to be in coupling with the
beneficial allele at the other selected locus. Therefore,
the disequilibrium on the paths that lead to fixation
of the new allele tends to be more positive than the
disequilibrium observed on the paths leading to loss of
the allele.

In this article, we show that these restrictions can be
overcome by finding the distribution of numbers of the
new mutation across the four backgrounds, after it has
become established but while it is still rare. Since this
initial stage involves the independent replication of rare
mutants, it can be described by a branching process; the
solution can then be taken forward deterministically, to
find the net expected increase of the modifier allele.
This assumes that population size is sufficiently large
that the effects of drift can be neglected once alleles are
established within the population. As we will see, this
method involves solving numerically a set of differential
equations; therefore, one has to resort to a computer to
evaluate the strength of selection on the modifier, as
with simulation methods. However, our method has two
main advantages over simulations: first, it can stand in
place of the millions of replicate simulations needed to
get accurate estimates of the change in frequency of the
modifier; second (and more importantly), it provides
us with an understanding of the scaling relationships
among the parameters. We will see that our method
provides accurate predictions over a wide range of pa-
rameter values. It also captures two different effects of
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recombination modifiers: they affect the fixation prob-
ability of new advantageous alleles and also the speed of
selective sweeps. These two effects both generate in-
direct selection at the modifier locus; we will see that
their relative importance depends on the relative times
of occurrence of beneficial alleles. Finally, we use our
method to estimate the overall strength of selection
on a modifier affecting recombination over the whole
genome, when recurrent beneficial mutations occur
throughout the genome. This shows that the rate of
adaptive substitutions has to be relatively high for in-
teractions between selected alleles to generate a sub-
stantial force on recombination modifiers. Although
the estimated rates of adaptive amino acid substitutions
for the Drosophila and the human lineages do not seem
compatible with such high values, it is still possible that
most adaptive changes occurred in relatively short
periods, during which indirect selection on recombina-
tion may have been important. Despite this require-
ment for a high substitution rate, stochastic forces
may still appear as a more likely candidate to explain
the widespread occurrence of recombination than de-
terministic forces generated by epistasis among loci.
Indeed, epistasis can select for increased recombina-
tion rates only when it is negative and not too variable
among loci (BARTON 1995a; OTTO and FELDMAN 1997),
whereas available data do not show any clear tendency
for epistasis to follow this pattern. Finally, we will see that
our model does not give accurate results for all possible
parameter values and initial conditions: it best describes
the case where a new, relatively weakly selected allele
occurs when a more strongly selected allele is already
sweeping through the population. We have also worked
on another method that better describes the case where
a relatively strongly selected allele occurs while a more
weakly selected one is already established and the case
where two beneficial alleles occur at about the same
time (N. H. BARTON and D. RozE, unpublished results).
In these cases, recombination has little influence on
fixation probabilities, but still has an effect in acceler-
ating selective sweeps. Finally, the method of BARTON
and O1TO (2005) deals with the effects of small fluctua-
tions due to drift, once alleles are abundant. Together,
these methods thus give us a complete understanding of
the different regimes under which recombination can
be favored.

GENERAL METHOD

The general setting is the same as in OTTO and BARTON
(1997). We consider a haploid population of size N; mating
is random, and generations are discrete and nonoverlap-
ping. We assume that selection occurs at two loci, favoring
allele A over allele aat the firstlocus and allele Bover allele
b at the second locus. We call s, and sp the selective ad-
vantages of A and B and assume no epistasis, so that the
fitnesses of the different genotypes are given by

Wop =1
WaB:1+SB

Wiy =1+ 54
WAB:(1+SA)(1+SB)- (l)

We assume that N> 1/s,, and N> 1/s3, so that the fate
of alleles A and Bis decided while they are still rare. We
then assume that a third locus, with two alleles M
and m, affects the recombination rate between the two
selected loci (recombination modifier). The recombi-
nation rate between loci (A, @) and (B, ) equals 745(1 —
87), rap, and ryg(1 + 37) in mm, Mm, and MM individuals,
respectively; 87 thus measures the modifier effect, and
for simplicity we suppose that this effect is additive. The
recombination rate between loci (M, m) and (A, a) is
denoted 7374. We present the model in the case where
loci are in order (M, m)—(A, a)—(B, b); the method ap-
plies more generally, however, and we also give results
for different orderings of the three loci.

We call ¢ the time at which allele A enters the pop-
ulation (as a single copy). We suppose that, at this time,
allele B is already established (although it can still be
rare). We see later that this assumption is not crucial and
that in many cases we can still obtain accurate results
even if Bis not established at . We also assume that allele
Mis frequent enough that stochastic fluctuations can be
neglected at the (M, m) locus and suppose that, at time ¢,
the (M, m) and (B, b) loci are in linkage equilibrium
(thus, we neglect any associations between M and B that
may have been generated by previous sweeps at yet
other loci).

We decompose the spread of allele A into two phases:
during the first phase, between times ¢tand ¢*, A either is
lost from the population by drift or becomes established
(2.e., reaches a high enough number of copies so that it
will almost certainly fix). In the following we assume
that Ais still rare in the population at t*, so that between
t and ¢*, the replication of each copy of A does not
depend on the presence of other A alleles in the pop-
ulation, in which case the change in number of A’s can
be described by a branching process. After ¢* we assume
that A, if not lost, increases in frequency on a deter-
ministic trajectory. As we said before, allele B at the
other selected locus is supposed to be already estab-
lished at ¢, and we assume that the frequency of B stays
on a deterministic trajectory all the time. We suppose
that ¢* is sufficiently far that Bwill have reached fixation
at t*. We assume that the frequency of the modifier
allele Mis not too small, so that M changes in frequency
solely due to its effect on the spread of allele A: when M
helps A to recombine onto the good B background, it
then tends to be carried along during the spread of A
after time ¢*, by hitchhiking. Before ¢*, the effect of Aon
the frequency of the modifier is very small (because A
remains at low frequency). Thus, we assume that the
frequency of M remains constant between ¢ and t*.

In summary, the only stochastic process in our model
concerns the change in number of copies of A between
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times tand ¢*. During this time, the frequency of M does
not change, while B increases in frequency on a de-
terministic trajectory, until fixation. After ¢*, Bis fixed,
A increases on a deterministic trajectory if it is still
present, and M changes in frequency due to the linkage
disequilibrium established with A during the first phase.
Note that these different assumptions all stem from the
assumption that population size is large and that M and
B are common enough at ¢ that the effects of drift at
these loci can be neglected.

In APPENDIX A, we show that the expected total
change in frequency of the recombination modifier
after time ¢* is given by

E[Apy] =~ N°T(1 — p)I(1 + p)E[S"' D], (2)

where p = 14/ 54, Sis the total number of A alleles at t*,
and Dis the linkage disequilibrium between loci (M, m)
and (A, @) at ¢*, multiplied by population size N. To
express the expected change in frequency of the mod-
ifier, we thus need to calculate the expectation of $*~'D
over the probability distribution of the number of
copies of A on the different possible backgrounds at
t*. We now present a method to derive this distribution.
In the following, we use index j to denote a possible
genetic background on which allele A may be found (in
our three-locus model, the possible backgrounds are
thus mb, mB, Mb, and MB). As we said before, we assume
that A is present as a single copy at time £ however, let us
assume for the moment that the initial number of copies
of Ais arbitrary and call n;, the number of copies of A on
background j at &. We denote by n the vector of all n;,
We then call n; the number of copies of A on back-
ground jat time ¢* and n the vector of all n;. Finally, ¢ (n)
is the probability that the number of copies of A on the
different backgrounds at ¢* is equal to n. Although it is
difficult to derive the distribution ¢ directly, we show
below thatitis possible to obtain its Fourier transform s,
defined using the vector of dummy variables ®

b(w) = J dln)e™ 2" dn, (3)

n

where v is the imaginary number v/—1, and where the
integral is a multiple integral over all possible values of
n. Note that although n takes only discrete values, we
treat it here as a continuous variable (since we integrate
over n, rather than summing); this will later allow us to
use a diffusion approximation. The Fourier transform s
is thus a function of variables w;, and @ is the vector of all
o;’'s (which has the same dlmensmn asn). Considering s
rather than ¢ proves useful, because we can make use of
the convolution theorem, which states that the Fourier
transform of the distribution of a sum of independent
random variables is equal to the product of the Fourier
transforms of the individual distributions of these var-
iables. Because we assume that copies of allele A rep-
licate independently between tand t*, the distributions

of the number of copies originating from each initial A
allele are independent. Since n is the sum of these
numbers, { must take the form

(o) = ] [ (@), (4)

where {5;(w) is the Fourier transform of the distribution
of the number of copies of A at * originating from a
single copy, present on background jat ¢ (the functions
y;thus do not depend on the n;y’s). Equation 4 can also
be written

lew) = ¢ 27, (5)

where each P; equals —In[is;(w)]. Note that instead of
the Fourier transform, we could also use the Laplace
transform or the generating function of ¢, which also
satisfies the convolution theorem. However, in the fol-
lowing we need to invert the transform, and for this the
Fourier transform proves more convenient.

When ¢ = t*, the distribution ¢ is reduced to a single
point at n = ny. The Fourier transform of such a dis-
tribution is given by yi(e) = exp(—1 Y, n;ow;), giving at
t=t*

P =

J Lw

j (6)
for all . We then use a diffusion approximation to
express the Ps as a function of ¢, for a given value of #*.
A backward diffusion on s is given by

84] - Z [(Z O ji Tk o) Inyo + néo gnlﬂ (7)

The term ), 0;m0 in Equation 7 represents the ex-
pected increase in n; at £, assuming that all n;, are small
relative to N (the term o represents the expected
change in n; accounting for possible movement from
background % and can be expressed in terms of re-
combination rates and selection coefficients). Assuming
a Poisson number of offspring per parent, the variance
in the change of n; at ¢ is approximately n; (for
nj,o < N), while the covariance between the changes in
n;and ny is negligible for all j # k. Substituting Equation
5 into Equation 7 then yields

2
= — (Z 0';¢]'Pk> + P?] (8)

(e.g, HARRIS 1963, chap. V.15). Equation 8, together
with the boundary condition (6), can be used to express
the P/’s, and thus s, for arbitrary ¢. In general, Equation 8
will have to be solved numerically. One can then recover
the distribution ¢ by taking an inverse Fourier transform
or derive directly moments of ¢ from its Fourier trans-
form s; this is illustrated in the next two-locus example.
Because we use the diffusion approximation, we have to
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assume that selection and recombination are weak (so
that the n/'s change slowly over time). However, we will
see that this is not a major restriction of our model.
Finally, we note that Equation 8 is identical to the equa-
tion giving fixation probabilities of mutations occurring
on different backgrounds in BARTON (1995b) and OTTO
and BARTON (1997), except that boundary conditions
differ. As we will see later, fixation probabilities can be
recovered from the limit of the Fourier transform {s as »
tends to infinity (this is because the distribution ¢ has a
spike at zero, corresponding to the loss of the A allele,
which is described by the limit of { for large w). In the
next section, we illustrate our method by considering
the case of two selected loci (without a recombination
modifier).

TWO-LOCUS CASE

We consider here the effect of selection at the (B, b)
locus on the distribution of the number of copies of A at
t*,in the absence of a recombination modifier. Because
we assume that Bis fixed at ¢¥, allele A can be found only
on background Bat that time. The distribution ¢ is thus
afunction of a single variable (the number of A alleles at
t*, which will be on background B), which we simply
denote n. The Fourier transform of ¢ (%) is given by

() =j b(n)e " dn. (9)

0

We also know from the convolution theorem that ¢ must
take the form

lll((x)) = o Prmo—Pimo (10)

(Equation 5), where Pp and P, are functions of w, and
where ng and 7, are the number of copies of A on the
Band bbackgrounds at time ¢, respectively. At ¢t = ¢¥, the
distribution ¢ is reduced to a single point at n = ng,,
and its Fourier transform is thus given by §i(w) = ¢~ *"#o,
This, with Equation 10, gives the boundary conditions

PB:L(L), P[, =0 (11)

at ¢ = t* (Equation 11 is a special case of Equation 6,
constrained so that allele A is present only on the B
background at ¢*). From now on, we assume that A
enters the population as a single copy at ¢ This copy will
be on background B with probability pg (which is the
frequency of Bat ¢) or on background b with probability
p» (which is the frequency of ). Equation 10 can thus be
written

Plw) = [JBe’PB(‘”) +pbe’P"(‘”). (12)

Indeed, ¢ () is the Fourier transform {s(w) condi-
tional on the initial copy of A being on background B (in
which case ngo = 1 and n;, = 0 in Equation 10), while

¢~ () is s (w) conditional on the initial copy of A being
on background b. Assuming that selection is relatively
weak at the (B, b) locus, pgand p, are given by the logistic
equations

et 1
L T O T (13)
where ¢ = 0 is at the midpoint of the sweep of allele B.
The o-coefficients that appear in Equation 8 are easily
obtained. The expected number of offspring copies
produced by an A allele present on a b background at
time tis (1 + 54) /(1 + sppg) =1 + 54 — sp pp. Of these, a
proportion 145 pp moves to the B background, while a
proportion 1 — 745 pp stays on the b background. The
expected number of copies produced by an A allele
present on a Bbackground at ¢is (1 + s4) (1 + sp) /(1 +
sppp) = 1 + s4 + sgp;; of these, a proportion r4gp, moves
to the b background, while a proportion 1 — 745p, stays
on the B background. This gives (using Equation 8)

oP, P?
aitb = —(S,)Pb + TABPB<Pb — PB) + ?b
OP, P}
—B: 7(S+)PB+TABP[,(P37P1))+—B (14)
ot 2
with
S_ = sa — Sgpp, S+ = sa+ sppy. (15)

These are the same as Equations 5a and 5b in BARTON
(1995b). Equation 14, with boundary condition (11),
can be solved numerically using the NDSolve routine of
Mathematica (notebook available on request), giving s
(Equation 12).

To recover the distribution ¢(n) from the Fourier
transform §(w), it is useful to decompose ¢ into two
parts: a distribution that is different from zero only
when n = 0 (loss of allele A) and that is equal to ¢ (0) at
this point [this distribution is thus given by ¢(0)8(n),
where 9 is Dirac’s “delta function”) and the rest of the
distribution ¢ for » > 0 that we approximate by a
continuous function on the range n = 1. The Fourier
transform of the first part (which we call ) is a
constant: p(w) = $»(0) for all o [because the Fourier
transform of 8(n) is 1], while the Fourier transform of
the second part (which we call {~() tends to zero as w
tends to infinity (because the Fourier transform of a
piecewise continuous function tends to zero as o tends
to infinity, e.g., LIGHTHILL 1958). Because { is the sum of
Py and P, its limit as w tends to infinity is thus ¢ (0):
therefore, we can obtain the probability that allele A is
extinctat time ¢* from the value of s for large w. The rest
of the distribution ¢ (for n > 0) can be recovered by
inverting the Fourier transform {~(. In APPENDIX B, we
show that this can be done for each value of n by cal-
culating a sum of 7,5 terms, where 7, is an arbitrary
value such that the probability that allele A is present in
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F1GURE 1.—Two-locus model: probability distribution of the
number of copies of allele A at time ¢* (n), in the absence of
recombination modifier, from the analytical model (using
Equation B6 with 7,,,x = 5000, solid curve) and from simula-
tions (shaded points). Parameter values are s4 = 0.01, sz =
0.1, r4p = 0.02, t = —100, ¢* = 100, and N = 10° In the sim-
ulations, the distribution is obtained from 10° replications.

a number of copies greater than n,,,, at time ¢* can
safely be ignored (remember that we assume that A is
still rare at ¢*). One obtains

1 Tmax /21

. k
d(n) = [W(wg) — P(o)]e”,  with g = 2
Mmax ,_ © /2 Tmax

(16)

and where () is the limit of { as w tends to infinity
(which can be determined by evaluating { for a very
large value of w or from Equation 6 in BARTON 1995b,
giving fixation probabilities). The number of terms to
be evaluated can then be reduced by using some sym-
metries of § (see APPENDIX B). In Figure 1 we compare
this solution with simulation results, for s, = 0.01, sz =
0.1, r4p = 0.02, t = =100, t* = 100, and N = 10° (and
where pp is given by Equation 13). Note that the
population size N does not appear in the derivation,
but appears in the simulation program, which repre-
sents a Wright-Fisher model with multinomial sampling
in each generation (our simulation program is written
in C++ and is available on request). Figure 1 shows that
Equation 16 accurately describes the probability distri-
bution ¢ (n).

Moments of the distribution ¢ can be obtained
directly from s, without having to invert the Fourier
transform (in essence, the method is similar to Ohta
and Kimura’s method for deriving moments using the
diffusion approximation, e.g., OHTA and KiMUuRra 1969,
1971). For example, we show in APPENDIX B that the
variance of ¢ is obtained by solving numerically a system
of three differential equations, derived from Equation
14. Figure 2 shows the logarithm of the variance at time
t* =100, as a function of the time ¢at which allele A first
entered the population for s, = 0.01, s5=0.1, 745 = 0.02
(solid line), and r43 = 0.04 (dashed line). The dotted
line shows the logarithm of the variance in the absence

log (V)
4
— r,;=0.02
-=-r,=0.04 >
----- single locus
-100 =50 0 50 100

FiGUre 2.—Logarithm of the variance of the number of
copies of allele A at time ¢* = 100, as a function of the time
t when allele A first appeared. Curves correspond to the
model predictions, circles and squares to simulation results
(variance observed among 107 replications). Solid curve,
filled circles: two-locus model, s4 = 0.01, sz = 0.1, 145 =
0.02, N = 10° Dashed curve, squares: two-locus model, sy =
0.01, sy = 0.1, 745 = 0.04, N = 10°. Dotted curve: single se-
lected locus (no interference), s, = 0.01, N = 10°,

of interference (in the one-locus model), given by
e (e9A — 1) /54, with At = t* — { (e.g., FELLER 1951).
Figure 2 illustrates the fact that increasing recombi-
nation between the selected loci decreases stochastic
effects at the (A, a) locus (the variance is lower with
rap = 0.04 than with 745 = 0.02); this generates an
indirect selective pressure to increase recombination
rates, which we quantify in the next section.

CHANGE IN FREQUENCY AT THE
MODIFIER LOCUS

We now introduce the recombination modifier locus
(M, m). As we said before, because N is large we can
assume that the frequency of allele M does not change
between times ¢ and ¢*; we denote this frequency pyy,
while p,, is the frequency of allele m. Furthermore, since
we suppose that allele B is fixed at ¢*, allele A can be
found only on backgrounds MB and mB at ¢t*. Calling
nyp and n,p the numbers of copies of A on these two
backgrounds at ¢*, the Fourier transform of the prob-
ability distribution ¢ (nag, n,s) is given by

ll’((l)MB, me) — JJ (b(nMB7 nt)e*LU)MBW«MB*L(OmBnt dnl\/IB dnt.
(17)

From the convolution theorem, we also know that s
must take the form

lb((’)A/IBa (-omB) - 67 Z]Pjnm (18)
(Equation 5), where the sum is over all possible initial
backgrounds j = mb, mB, Mb, and MB, and where the
Pjs are functions of wyp and o,z At ¢ = ¥, we have
boundary conditions
P, = 0.
(19)

Pyp = wpyp, Pup = wwup, Py =0,
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From Equation 8, one then obtains the system

oP,,
atb = _(S—)Pmb - VAB(l - PmST)l)B(PmB - Pmb)
P2
— rvapm (Pay — Pop) + 7"’17
oP,
82‘“ = —(s_)Pap — rap(1 + pudr) ps(Pris — Pany)
P2
- nmpm(Pmb - PMb) + %
oP,,
8tB = _(s+)PmB - TAB(l - PmST)f)b(Pmb - PmB)
P2
— rvapm (P — Pug) + %B
oP,
a]tWB = —(s+)Pup — rap(1 + pudr) po(Pasy — Pup)
P2
- NIApm(PmB - R\/IB) + %7 (20)

where s_ and s, are given by Equation 15, while pzand p,
are given by Equation 13. For example, the expected
number of copies produced by an allele A present on
background MB at tis 1 + s4 + sgp, (to the first order
in selection coefficients). Of these, a proportion r45(1 +
or X pag) pp will move to the Mb background—since the
expected recombination rate between selected loci,
experienced by a chromosome carrying the M allele, is
1ap(1 + 8r X pp)—a proportion rypup, will move to
the mB background, and the rest will stay on the MB
background (note that because we need to express the
o-coefficients of Equation 8 only to first order in selec-
tion coefficients and recombination rates, we can neglect
double-recombination events). Allowing the modifier to
affect the recombination rate 7,4 would not affect the
equations above. Specifically, we may denote the re-
combination rates between loci (M, m) and (A, a) in mm,
Mm, and MM individuals by 7ya(1 — 87y4), 74, and
Tpma(l + dry4), respectively. However, because recombi-
nation between (M, m) and (A, a) would affect genotype
frequencies only when it occurs in Mm heterozygotes,
d7ry4 would not enter into the equations.

The system (20), with boundary conditions (19), can
be solved numerically to obtain the P;s for arbitrary ¢ In
the case where A is present as a single copy at ¢, and
assuming linkage equilibrium between the (M, m) and
(B, b) loci at ¢, the expression for the Fourier transform s
becomes (from Equation 18)

U= pp(pae ™ + pue ") + py(pre” ™ + pre ).
(21)

Using Equations 19-21, one can express s for any time ¢
of occurrence of the A mutation.

In the following, we use scaled parameters and var-
iables; this allows us to factor out selection coefficients
and obtain more general results, in terms of the ratio of
selection coefficients at both loci. In the diffusion limit,

w;and P;are of order s, for all backgrounds j. We define
the scaled variables ®; and }5] as
w 5_5

P =—
/ QSA (22)

7 QSA’
We then use the scaled parameters

SA TMA TAB

— %k — k j— — _
T =spt, T*=spt*, O6=—, pyy= y  Pap = :
B SB B

(23)

The frequency of allele B as a function of time thus
becomes pp = 1/(1 + ¢ 7). Using these scaled parame-
ters and variables, Equations 20 become

S = (0 pu)Pos = a1~ P31 n(Pa — i)
— Pt (Pany — Pr) + 20P2,

8(5%@ = —(0 — pB) Py — pag(1 + padr) pu(Prp — Pasy)
— paabn(Pos — Pan) + 20Py,

Ol (04 PP — a1~ pudr)(Prs — Pr)
— parstu(Pup — Pp) + 20P,

8({;#8 = —(0+ ps)Pys — pap(1 + pardr) po (P — Puip)

- pMAPm(PmB - PMB) + 26PE/[B (24)

From Equation 2, the change in frequency of the
modifier after 7% can be obtained from E[S?~! D], where
p = "ma/Sa = pma/ 0, Sis the total number of A alleles
at 7% and D is the linkage disequilibrium between loci
(M, m) and (A, a) at T* multiplied by population size N
(see APPENDIX A). The variables S and D are given by

S = nymp + NmB
D= pmnl\/lB - pMnt' (25)

In APPENDIX C, we present a method to derive E[SP™! D]
from the Fourier transform ¢, in the case of a modifier
of small effect (8rsmall), and when linkage between the
modifier and the (A, a) locus is sufficiently tight (p <1).
We then calculate the selection gradient on the modifier
allele M, defined as

1 OE[Apy]

= oot T oer (26)

SMm

The expected change in frequency of the modifier over
the whole process is given by

E[APM] = STSMle’bm + 0(87). (27)

Interestingly, APPENDIX C shows that sy,is independent of
the initial frequency of the modifier (p)) and can be
written in the form s,; = 2545y, where $y, is a function of
T, 0, pap pma and Nss. A measure of the strength of
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F1GURE 3.—(Top) Deterministic increase in frequency of
allele B (solid curve) and probability of fixation of B (dashed
curve, from Equation 28) from initial frequency pp (given by
Equation 13) as a function of time 7. (Bottom) Scaled selec-
tion gradient on the modifier $y; = sp/(2s4), as a function of
T The dashed curve shows the results obtained from Equa-
tion C23, and the solid curve shows the results obtained
from (C23) multiplied by the probability of fixation of B
(from Equation 28). Dots show simulation results (average
over 107 replications); error bars measure =1.96 SE. Param-
eter values are: 6 = 0.1, ppy = 0.01, pyp = 0.2, and Nsy =
10% in the simulations sz = 0.1, 8 = 0.5, with N = 10°
and py; = 0.5, while in the analytical model the splice point
T* is set to 50.

selection at the modifier locus, generated by the Hill-
Robertson effect at the selected loci, is thus given by
254078y. As shown in APPENDIX C, obtaining §y, for a
given set of parameter values involves solving numerically
a system of differential equations (Equations C15-C22)
and performing a numerical integration (Equation C23).
These operations have been implemented in a Mathe-
matica notebook, which is available on request. Modi-
fying our model to represent different orderings of the
three loci is straightforward and leads to minor changes
to our equations (see end of APPENDIX C).

Figure 3 shows a test of our method against simu-
lations, for 6 = 0.1, pya = 0.01, p4sp= 0.2, and Ns, = 10*
(in the simulations sz = 0.1, 3r = 0.5, N= 10°, and the
initial frequency of the modifier is py; = 0.5). In the
simulation program, we start from a population where
allele B is at frequency pp = 1/(1 + ¢7) (the deter-
ministic frequency of B at time 7)), allele M is at fre-
quency py, and B and M are in linkage equilibrium.

Allele A is introduced as a single copy in a random
background; then for each generation we calculate the
expected change in genotype frequencies and sample
the new frequencies according to a multinomial distri-
bution. We stop when allele A has disappeared or has
reached fixation and measure the change in frequency
of M over the whole process. Figure 3 shows that our
method provides a good prediction of selection on the
modifier, as long as T is not too negative (bottom,
dashed curve). The discrepancy for 7" < ~—10 comes
from the fact that the model assumes that allele B is
established at 7. However, when T is too negative, the
initial frequency of B is too low for the allele to be
established; this is shown in Figure 3, top, which plots
the deterministic trajectory of allele B (solid curve) and
its probability of fixation as a function of T (dashed
curve), where we calculate the fixation probability from
the standard one-locus diffusion formula

1 _ 6721\’33]78 1 _ 6720'/\[)3/9

Pﬁx(B) = (28)

1 — o 2N = 1 — g 204/07
where 04 = Nsu (e.g., CRow and KimUura 1970). When
T < ~—15, Figure 3 shows that allele Bhas a high chance
of being lost from the population, in which case
selection on the modifier disappears. If we multiply
the expression for the change in frequency of the
modifier given by Equation C23 with the probability of
fixation of B (given by Equation 28), we obtain a result
that matches the simulations very well (Figure 3,
bottom, solid curve). To generate the curves of Figure
3, we set the value of time T* to 50; however, other
values of T* between 30 and 350 lead to indistinguish-
able curves. When 7% < 30, allele A can be still present
in the population but not established (which leads to an
overestimation of the change in frequency of the
modifier), while when T* > 350, allele A, when still
present in the population, has already reached a sub-
stantial frequency (which may lead either to an un-
derestimation or to an overestimation of the change in
frequency of the modifier, depending on the parameter
values, as the model ignores changes in modifier
frequency before T%* but tends to overestimate the
change after 7%). The fact that the results are in-
sensitive to T* over a large range of values shows that
the method is consistent. In Figure 4, we show that our
model also gives very good results for different values of
the selection coefficients s4 and sg. Finally, Figure 5
compares results obtained using our method and Otto
and Barton’s method for s, = sz = 0.1, 4 = 0.001
(Figure 4A), and 74 = 0.01 (Figure 4B), corresponding
to the values used in Figures 7 and 9 of OTTOo and
BARTON (1997). Figure 5 shows that the present method
provides a better prediction of the change in frequency
of the modifier. In Figure 5A, it can be seen that both the
model and simulations give a bimodal curve; this effect
is explained in the next section.
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pm = 0.5, while in the analytical model the splice point T* is set to 50.

NET SELECTION GRADIENT OVER
RECURRENT SWEEPS

What will be the net selection gradient for a modifier
increasing the total map length of a genome, under a
constant input of beneficial mutations? We assume
here that the modifier increases the recombination rate
uniformly over the genome and that adaptive sweeps are
sufficiently rare that we can neglect interactions among
more than two beneficial alleles. More specifically, we
derive an expression for the netselection gradient to the
order A% where A is the rate of adaptive substitutions,
and neglect terms of higher order in A. Our model
allows us to consider two classes of mutations. One can
assume, for example, that some strongly selected alleles
enter the population at a given rate (sufficiently low that
the effect of interactions among these mutations can be
neglected), while weakly selected mutations occur at a
higher rate and have a reduced fixation probability due
to the recurrent sweeps of strongly selected alleles. The
interaction between strongly and weakly selected alleles
will select for higher recombination rates. Interactions
among weakly selected alleles will also select for more
recombination, but as the effect of these interactions is
weaker (e.g, BARTON 1995b), they may be neglected
(this should be checked, however, as this depends on
how much more numerous weakly selected alleles are).
To obtain the average effect of strong substitutions on

strongly selected and allele A weakly selected. Equation
(23 then gives the rate of increase of the modifier, given
that Bfixes, and for given positions of the (A, a) and (B,
b) loci. The selection gradient, conditional on fixing
both alleles, is then given by s/ Psx(A), where Py (A)
is the fixation probability of allele A, which can be
obtained from Equation 6 in BARTON (1995b). Because
Pix(A) can be written as 25, Pqy(A), where Py (A) is a
function of 7, 8, and p 45, while sy; = 2548y, the selection
gradient given the fixation of both alleles is $y;/Ps (A),
which dependson 7,0, ppa, pap, and Ns,. Averaging over
time gives the net selection gradient, for given positions
of alleles A and B:

. AR 1 (" su
S (Parar Pap) = 7dt=§ =—~dT. (29)

— ~ﬁx(A) — ~ﬁx(A)

The net selection gradient, under constant rates of
substitutions A 4 and A g for weakly and strongly selected
alleles, and for all possible positions of selected loci, is
then obtained by integrating over the genetic map,

AAA e
= 2 £ JJ SM(Paas Pap) drva drap
R 0
QAAAB

+oo
(sB) JL 31 (Patas Pap)APaa dpap,  (30)

. . 2

weak ones, we can consider the case where allele B is R
A B 0.25 FIGURE 5.—Scaled selection gradi-
_ - ent on the modifier sy = sy /(2s4)
Su o (B) 0.08 Suls (B) 0.2 times the probability of fixation of
B as a function of T. Solid curves, re-
y 006 0.15 sults obtained from Equation C23;
dotted curves, results obtained from
e 0.1 Equations 7-10 and 19 in OTTO and
BARTON (1997); dashed lines, results
092 0.05 obtained by the method of OtTO
R and BarTon (1997), taking into ac-
5 5 T s 0 s 0 s =10 _5 0 - cpunt the initial linkage dis'equilib-
T T rium between selected loci. Dots:

simulations results (average over 2 X

107 replications), error bars measure +=1.96 SE (in B, the error bars are smaller than the size of dots). Parameter values: s4 =
0.1, sp = 0.1, ny5 = 0.02, N = 10°, and 7y, = 0.001 (A) and 0.01 (B). In the simulations, 8r = 0.5 and py; = 0.5.
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where Ris the total map length (because only selected
loci that are sufficiently tightly linked to the modifier
contribute significantly to its increase in frequency, we
can take + as the integration limit when integrating
over the genetic map). Equations 29 and 30 finally give

S AAAB“MJM M do d (31)
SM=S = ,
M B R2 0 . PﬁX(A) Paa @PAB

where the triple integral depends on 0 and on Nsy,.
Moreover, we expect that 53, should scale roughly with
1/log(Nsa). Indeed, from Equation C23, §y takes the
form (2Ns,) * = ¢ P1°8(N) multiplied by a function of
Patas Pap and 0, say f(pyu, Pas, 0)- Expanding fusing a
Taylor series and integrating over p = pa4/0 gives

J e7p10g<2NS/‘>f<pMA7 Pap> e)dp
0

= J fplog(?NsA)[f(Oy Pap, 0) + Pf/(oa Pap, 0) +--Jdp
0

_S(0:p45,0) | 70,045, 0)
- log(2Nsa) " [log(2Nsy)]? te (32)

which is dominated by the first term when log(2Ns,) is
large. This slow decrease in the strength of selection on
the modifier as population size increases probably reflects
the fact that what matters most in a large population are
stochastic effects occurring when selected alleles are
present in small numbers of copies, which are not
affected much by population size. Finally, it is important
to note that the calculation of 557 given above considers
only pairwise interactions among selected loci and thus
cannot be applied to the case where more than two
selective sweeps overlap in time. However, as is discussed
later, rates of amino acid substitutions in the human and
Drosophila lineages are rather low, suggesting thatinter-
actions between more than two sweeps may be quite rare.

Equation 31 involves the selection gradient for the
modifier, conditional upon the fixation of allele B ($y).
Moreover, the integral over T'includes cases where allele
A enters the population before allele B. In the previous
section, we compared simulation results with the model’s
predictions for the unconditional selection gradient for
the modifier, Sy Ps<(B). If we now condition upon the
fixation of B, selection on the modifier can be substantial
even when allele A occurs before allele B, but is still
segregating at the time where B occurs. This is shown, for
example, in Figure 6, which plots the selection gradient
for the modifier, conditional upon the fixation of allele B
($am). The solid and dashed curves give the model pre-
dictions for pyu = 0.01 and ppy = 0.005 (respectively),
obtained from Equation C23; dots represent simulation
results, for sz = 0.1. In the simulation program, allele B
appears as a single copy at the time where pg = 1/N
according to the deterministic expression (13); this time
is ~ —13.8 for the parameter values used in Figure 6. For
values of T'<< —13.8, allele A enters the population before
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FIGURE 6.—Scaled selection gradient for the modifier
(Sv = s/ (2s4)) as a function of the time of appearance of
allele A (T), conditional on the fixation of allele B. Curves:
results obtained from Equation C23, with p,y = 0.01 (solid
line) and py4 = 0.005 (dashed line). Dotted curve: result ob-
tained from Equations 7-10 and 19 in OtTOo and BARTON
(1997), with py = 0.01. Dots: simulation results (average
over 6 X 107 replications), with py4 = 0.01 (solid circles) and
pma = 0.005 (open circles); error bars measure *1.96 SE.
In the simulations, allele B enters the population as a single
copy (on a random background) at time 7'= —13.8. Other
parameters: § = 0.1, pyp = 0.2, Ns4 = 10% in the simulations,
sp= 0.1, 8 = 0.5, N = 10° and py = 0.5. In the analytical
model the splice point T* is set to 50.

allele B and appears on a random background at the
modifier locus. Then, at time —13.8, allele B enters the
population on a random background. The program
stops when both selected loci are fixed, and the change
in frequency of the modifier is measured among those
cases where B has reached fixation. For values of T >
—13.8, allele B enters the population before allele A;
again, the program runs until both loci are fixed, and the
change in frequency of the modifier is measured only
among cases where B is fixed.

Several aspects of Figure 6 deserve attention. First, the
model does not provide a good prediction of the change
in frequency of the modifier for very negative values of
T; thatis, when allele Aappears long before allele B. This
is due to the fact that the model assumes that, at a time
T* after the sweep of allele B, allele A is either lost or
established, but still at low frequency in the population.
However, for very negative values of 7, A may have
reached a high frequency at time 7* or even be fixed.
For example, for T'= —125, simulations indicate that
the frequency of A at time 7% = 50, given that A will fix,
is ~0.99. In that case, the branching process approxi-
mation (independentreplication of the different copies
of A) has ceased to apply long before 7* and probably
even before the sweep of B. In this case, most of the
change at the modifier locus occurs before 7%, while
the model assumes no change before T* However, the
model greatly overestimates the change after T% be-
cause it overestimates E[SP~' D] at T* (this is confirmed
by simulations), and also because Equation A7 assumes
that allele A is still in low frequency at 7% Another
potential problem is that the model allows pg > 0 before
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allele B actually appears in the population (that is,
before time —13.8). However, this does not seem to
cause problems when A appears at time —50, for ex-
ample. In any case, it appears unlikely that these prob-
lems can be solved by simple adjustments of our model:
indeed, the discrepancy occurs when the sweeps of A
and B overlap, which requires using the full three-locus
recursions for describing the deterministic phase. We
are currently working on an alternative method to treat
this case, as is discussed next.

A second important result shown by Figure 6 is that
the curves giving the selection gradient on the modifier
as a function of Tare bimodal (this can also be seen in
Figure HA and is confirmed by the simulations). This is
due to the fact that the modifier has two different effects
on the spread of allele A, whose relative importance
depends on the time of appearance of A relative to B.
When allele A appears after or shortly before allele B, its
probability of fixation is reduced by the sweep of B. By
reducing this interference, the recombination modifier
increases the fixation probability of A and then benefits
from the sweep of A (by hitchhiking). However, for
values of T"< ~ —40, the sweep of allele B has very little
effect on the probability of fixation of A (this can be
seen, for example, in Figure 4 of OTTO and BARTON
1997): A is either lost or already established when B
enters the population. In this case, the modifier does
not affect the probability of fixation of A, but still has an
effect in accelerating the sweep of A, by helping it to
recombine onto the B background. This effect also
generates an indirect selective force on the modifier
and explains the leftmost maxima of the curves of
Figure 6. Because the two peaks are separated by a time
~(1/sa)log(N) (which is the time needed for allele A
to become established, in the absence of allele B), they
will move apart as N increases (this is confirmed by
simulations—not shown). It is possible in principle to
calculate the advantage of the modifier via accelerating
sweeps (left peak) using a deterministic calculation;
indeed, one can relatively easily describe changes in
genotype frequencies when A and B are rare and then
solve for the change when they become common using
eight coupled differential equations, describing evolu-
tion at the three loci. Such a calculation is presently
being assembled (N. H. BarTton and D. Rozk, un-
published data).

Finally, Figure 6 shows that increasing the recombi-
nation rate ps can have different qualitative effects on
the rate of increase of the modifier, depending on the
time of appearance of A relative to B (this can also be
seen by comparing Figure 5A and 5B). When A appears
after or shortly before B, increasing py4 decreases the
rate of increase of the modifier, by decreasing the effect
of hitchhiking. When A appears long before B, how-
ever, increasing py4 has the opposite effect. Before the
time when B enters the population, the only effect of
recombination between loci (M, m) and (A, a) is to

decrease the variance in linkage disequilibrium Dj;4. By
using the method of BArRTON and OtTO (2005), we
found that the only effect of an initial variance in Dy, is
to reduce the genetic variance at the modifier locus,
paipm- Indeed, in the absence of selection at locus (B, b),
the expected change in genetic variance at the modifier
locus, over one generation, is given by

E[ phapi] = Elprpn] — 4(s4)E[(Dya)?] + o[ (s4)%].
(33)

This corresponds to the classical result that selection
tends to reduce genetic diversity at linked loci. Because
the expected change in frequency of the modifier, at any
generation, is proportional to the genetic variance at
the modifier locus (at this generation), the variance in
Dy4 tends to reduce the rate of increase of the modifier.
Increasing the recombination rate ppyy decreases the
variance in Dy, and thus decreases this effect.

Because the present method does not deal well with
the case where allele A occurs along time before allele B
(as shown by Figure 6), it has to be coupled to another
method describing this case better before we can use
Equation 31 to obtain the net selection gradient for the
modifier under recurrent sweeps (N. H. BARTON and
D. Rozr, unpublished data). Nevertheless, we can still
obtain some results for the case where 8 =1 (s4 = sp).
Indeed, simulations indicate that the method gives
accurate predictions as long as A occurs after B (e.g,
Figure 5). However, in the opposite case (when A occurs
before B), and when s, = sp, we can simply swap A and B
and continue to use the same method. However, to do so
we need to incorporate the fact that allele B starts from
frequency 1/N; we thus need to specify the values of N
and s4, while Equation 31 depends only on the product
Ns,. We performed numerically the triple integration of
Equation 31 for the case where s, = sg = 0.05 and
obtained s,; R2/A?~0.151, 0.126, and 0.102 for N=10°,
N=10°% and N= 107, respectively. These results confirm
the fact that the selection gradient roughly scales with
1/1og(Nsy4) for large log(Ns,); indeed, sy X log(Ns,) -
RQ/A2 gives 1.29,1.36, and 1.34 for N=10°,10°, and 107,
respectively. The values given above lead to exceedingly
small selection gradients, using current estimates for A
and R for Drosophila and humans. From comparisons
between D. simulans and D. yakuba, the rate of adaptive
amino acid substitutions has been estimated at one
every 450 generations (SMITH and EYRE-WALKER 2002).
This estimate has since been decreased to one every 800
generations (BIERNE and EYRE-WALKER 2004). The total
map length R is estimated to be ~3.6 for D. simulans
(TRUE et al. 1996). For humans, the rate of adaptive
amino acid substitution is estimated to be one every 200
years since the divergence with old-world monkeys (Fay
et al. 2001), which, using a generation time of 25 years
(EYRE-WALKER and KEIGHTLEY 1999) gives A = % per
generation. The total map length is ~R = 34 for
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humans. In both cases, the ratio A*/ R is very small
(of order 107 for humans and 1077 for Drosophila).
Combining the present method with the method of
N. H. BarTON and D. RozE (unpublished data) that studies
the effect of recombination modifiers in accelerating
sweeps and the method of BArRTON and OTTO (2005)
that deals with the effects of small departures from
deterministic trajectories once alleles are common, we
should be able to obtain estimates over a range of
selection coefficients and population sizes. However, it
appears unlikely that the selection gradient for recom-
bination modifiers will be large, except during periods
of frequent selective sweeps or in genomes with very
tight linkage.

DISCUSSION

Apart from the idea that recombination brings a
mechanistic advantage to individuals in terms of DNA
repair (e.g., BERNSTEIN ef al. 1988), the different hypoth-
eses proposed to explain the maintenance of high rates
of recombination in higher organisms state that re-
combination is advantageous because it reduces LD
among selected loci (KONDRASHOV 1993; BARTON and
CHARLESWORTH 1998; OTtTOo and LENORMAND 2002).
Different possible sources of LD have been identified.
First, LD may be generated by epistatic interactions
among loci. In this case, increased recombination is
selected when epistasis is weakly negative (FELDMAN et al.
1980; KonpDrASHOV 1982, 1988; BARTON 1995a) and not
too variable among pairs of loci (OTTO and FELDMAN
1997) or when epistasis fluctuates over short periods of
time (CHARLESWORTH 1976; BARTON 19952a). However,
experimental evidence does not indicate any strong
trend for epistasis to follow this pattern, and it seems
likely that the variance in epistasis is high in most cases
(e.g., SEAGER and AvALA 1982; SEAGER et al. 1982; DE
VISSER ¢t al 1996, 1997a,b; ELENA and LENskr 1997;
ELENA 1999; DE LA PENA et al. 2000; WLOCH et al. 2001). A
second possible source of LD is environmental hetero-
geneity, in which case recombination is selected when
directional selection at different loci covaries negatively
between habitats (LENORMAND and OT1TO 2000). Finally,
LD may be generated by drift and directional selection:
in a finite population, some negative disequilibrium does
develop, on average, between selected loci, even in
the absence of epistasis (HiLL and ROBERTSON 1966;
FELSENSTEIN 1974). By decreasing the effect of these
interactions among loci, recombination increases the
rate of fixation of advantageous alleles (BArRTON 1995b).
In this article, we presented a new method to quantify the
strength of selection acting on a recombination modifier,
due to this last effect.

Although the idea that sex and recombination in-
crease the rate of adaptation has a long history in
population genetics, theoretical models addressing the

question of the effect of interference among loci on the
evolution of recombination have been developed rela-
tively late. OTTO and BarTON (1997) calculated the
expected change in frequency of a modifier allele
affecting the recombination rate between two selected
loci in a finite population, using a method derived from
branching processes. This model has led to important
insights, butit does not always provide good quantitative
estimates of the strength of selection at the modifier
locus. This is due to the fact that interference among
selected loci is neglected in part of the analysis: the
linkage disequilibrium generated by the Hill-Robertson
effect is taken into account in the calculation of prob-
abilities of fixation of selected alleles, but not in the
calculation of the hitch given by a selected allele to the
recombination modifier, given that it fixes. In a more
recent work, BARTON and OTTO (2005) used a different
method to calculate the effect of linkage disequilibrium
generated by drift on the change in frequency of a
recombination modifier; however, their analysis as-
sumes small departures from deterministic trajectories
and thus does not apply when selected alleles start from
a small number of copies (which is the case where drift
will have the strongest effect, when population size is
large).

In this article, we have presented a new method that
overcomes these difficulties, in the case where popula-
tion size is sufficiently large. The essence of the method
lies in the calculation of the probability distribution of
the number of copies of a new selected allele on
different genetic backgrounds, once it is established
butwhile itis still rare. Assuming a large population size,
one can then neglect further stochastic fluctuations
and express the change in frequency of the recombina-
tion modifier in terms of this probability distribution.
Because the new allele remains rare during the estab-
lishment phase, the change in number of its copies
on the different backgrounds can be described by a
branching process, which generates a system of differ-
ential equations that can be solved numerically to
obtain the Fourier transform of the probability distri-
bution. This method fully takes into account the linkage
disequilibrium between selected loci generated by the
initial mutation event, by genetic drift during the estab-
lishment phase, and by the fact that the allele tends to
be found more often in coupling with the other selected
allele on the paths leading to its fixation than on the
paths leading to its loss. We used this method to cal-
culate the full probability distribution of the number
of copies of a new selected allele when selection also
occurs at a linked locus and found a good match
with simulation results (Figure 1). To obtain an expres-
sion for the change in frequency of the recombina-
tion modifier, we coupled this stochastic approach to
a deterministic calculation of the hitch given to the
modifier by the new selected allele, after establishment.
By comparing our results with simulations, we found



Interference and Recombination 1805

that this method provides very accurate predictions as
long as the basic assumptions of the model are satisfied,
that is, when allele A appears once allele B is already
established.

As illustrated by Figure 6, our method also provides
good results when the weakly selected allele A enters the
population before the strongly selected allele B (both
alleles being initially present as single copies), as long as
A occurs not too long before B. Furthermore, Figure 6
shows that the modifier increases in frequency through
two different mechanisms, whose relative importance
depends on the relative times of occurrence of the two
favored alleles: the modifier increases the probability of
fixation of allele A (this effect being marked mostly
when A occurs around the time of appearance of B), and
it also accelerates the sweep of A (this effect being
marked mostly when allele Ais already established when
allele B occurs). These two effects generate an indirect
pressure selecting for the modifier. We have also seen
that in some cases (when allele A occurs before allele B)
increasing the recombination rate 1y, can lead to a
greater expected increase in frequency of the modifier.
This is due to the fact that increasing 7,14 decreases the
variance in linkage disequilibrium Dy. Indeed, the
variance in Dy, tends to reduce the genetic variance at
the modifier locus, which in turn reduces the expected
change in frequency of the modifier.

Finally, we have seen that the net selection gradient
for a modifier affecting recombination over a whole
genome, during recurrent selective sweeps, takes the
form spA Ap/R? (where A, and Ay are rates of sub-
stitutions and R is the map length of the genome),
multiplied by a function of 6 = s4/sp and of Nsy; this
function has to be obtained by integrating numerically
over time and over the possible locations of selected
loci. Because our method does not describe accurately
the case where allele A occurs a long time before allele
B, however, we could perform this integration only for
the case where s4 = sp. For s4 = s = 0.05, we obtained
that the net selection gradient for the modifier is given
by sy R?/A* ~ 0.151, 0.126, and 0.102 for N = 10°, 10°,
and 107, respectively. Combining the present method
with the method of N. H. BArRTON and D. Roze (un-
published data), however, we should be able to obtain
more results for different values of 6 and of Nsy.

According to current estimates of rates of amino acid
substitutions for Drosophila and humans, the opportu-
nity for indirect selection on recombination rates is
rather small. A much higher estimate for the rate of adap-
tive substitution (of about one every 10 generations) has
been advanced for Drosophila from a study of differ-
ences in genetic variability across loci (SCHLOTTERER
et al. 1997; NurMminsky 2001). While other factors than
selective sweeps may also account for these differences,
it remains possible that a proportion of advantageous
mutations do not cause any change in protein com-
position (mutations in regulatory sequences, for ex-

ample). In a multilocus simulation study, OTTO and
BarTON (2001) obtained substantial changes in re-
combination rates due to Hill-Robertson effects be-
tween selected loci (in particular, Figure 4 in OTTO and
BarToN 2001); similar results were obtained in much
larger populations that are spatially structured (MARTIN
et al. 2006). These results are not incompatible with the
present results, however, as sweeps were occurring at
several loci at the same time (high A), in a small-sized
genome (small R), while population size was relatively
small (N = 1000). Such conditions (high A, small N)
may explain increases in recombination rates obtained
after selection experiments. Similarly, ILEs et al. (2003)
found substantial increases in recombination when
selective sweeps occur simultaneously at more than
two loci. However, such a situation may appear unlikely
given the current estimates of rates of amino acid
substitutions. Still, this does not mean that Hill-
Robertson interactions have little effect on the evolu-
tion of sex and recombination. First, it is possible that
adaptation occurs mostly during relatively short time
periods, during which substitution rates are higher.
Also, the direction of selection may fluctuate over time,
in which case rates of substitutions may not be a good
indicator of the frequency of sweeps occurring within
populations. Second, population structure increases the
effects of Hill-Robertson interference among loci
(MARTIN et al. 2006). Third, the effect of deleterious
alleles at mutation—selection balance may be far greater
than the effect of beneficial alleles sweeping through
populations: indeed, given the high rates of deleterious
mutation that have been estimated for several species,
populations should be polymorphic for deleterious
mutations at many loci. The Hill-Robertson effect will
also generate negative linkage disequilibria among these
loci, reducing the efficiency of selection against deleteri-
ous alleles. More analytical and simulation work is thus
needed before we can assess the plausibility of the hy-
pothesis that stochastic interactions among loci play an
important role in the evolution of sex and recombination.
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APPENDIX A

We express here the total change in frequency of the modifier after ¢*, for given numbers of A alleles present on the
Mand mbackgrounds at t*. We assume that the change in genotype frequencies is deterministic after ¢*; in this case,
the change in pyrand p, (the frequencies of alleles M and A) over one generation can be written in the form

Apy = aaDya, Apa = aapaqa (A1)
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(e.g., BARTON and TURELLI 1991), where Dy is the linkage disequilibrium between the two loci, a4 is a function of s,4
and p,, and g4 = 1 — p,. We thus have

DMA

Aby = A .
pm ‘bApAqA

(A2)

Furthermore, it can be shown that Dy./ (paga) decays at a rate 1 — 74 per generation, so that
D, « (D oD
<—m> = (1= )" <—m> SRR (A3)
Pagqa/ Paqa) S

where Dis the linkage disequilibrium D, at time ¢* multiplied by population size N, and Sis the number of copies of
allele A in the population at time ¢*. Furthermore, the dynamics of selection give

% % S
<7’A> i ><[’A) e (A4)
qa/ qa/ N
giving
_ s S\°P pA —-pP
mat=t%) _ [ 2 re Ab
= () (), )
with p = 734/ 4. We thus have
D —p
M _ N—PSP-‘D(@> . (A6)
Paqa qa

The total change in frequency of allele M is then obtained by integrating over p,4 (going from 0 to 1):

1 -p

Apy = N*pSP*IDJ (”") dpa = N°T(1 — p)T'(1+p)S*~'D (A7)
0 \q4

(BarTON 1998). For small p, I'(1 + p)I'(1 — p) is close to 1. The average change in frequency of the modifier over all

possible realizations at ¢* is thus obtained by averaging the quantity $°~'D over the probability distribution ¢ at ¢*.

APPENDIX B

Inverting the Fourier transform: We explain here how to derive the probability distribution of the number of A
alleles (n) at t* from the Fourier transform {i(w), in the two-locus model. Because »n can take only discrete values, the
true probability distribution of n is discrete. We explained in the text how one can obtain the probability of loss of
allele A (n=0) from the value of {s for large w. Here we denote 2, (n) the true (and discrete) probability distribution
of nat time ¥, for n > 0. Because we assume that allele A s still rare at time ¢*, we can choose an integer n,,, such that
$2,(n) becomes vanishingly small for 7 > 7., (this allows us to reduce computation time). In the following we
assume that n,,,, is an even number.

The discrete Fourier transform (DFT) of d)l;) is given by

Tmax
P2 (k) = Z D (m)e 2/ (B1)
n=1
The DFT 11120 takes 7. distinct values (for k = 0,..., 7, — 1) and is periodic: for any integer j, we have

Do (B + jimax) = U2, (k) (periodicity comes from the fact that e = cos x + vsin x). The sum in Equation B1 can also be
written

Tmax k
Z &2y (n)e ", with oy = 2m , (B2)
n=1 %ax

and can be approximated by the integral

J Imax ¢>O(n)e—tmk"dn = lL’>O((‘\)k)- (BS)

1
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The function - is the continuous transform of the distribution ¢ (n) for n > 0 and is given by §i(w) — (), where
P5() is the limit of Y (w) as w tends to infinity (see text). The distribution d>r>)0 can be recovered from 1[120 by the inverse
DFT:

1 Tinax —1 . ’
2o(n) = 2 () 2kl s (B4)
nmax k=0
Because 11120 is periodic, this is also
1 Mimax/2—1 1 Timax/2—1
20(71) _ dj[;()(k)ezq'ruk"/’ﬂmax ~ ll»‘>0(‘l)k)etmkn~ (B5)
oy [ S——

The number of terms to be evaluated can then be reduced by noting that the real parts of Y, (w;) and Y- ,(—w,) are
equal, while their imaginary parts cancel out (this can be seen from Equation B3). Thus, to invert the transform it is
sufficient to calculate the real part of {_,(w;)e“*” for nya./2 + 1 values of w;, between 0 and ,

/21

l]r,>()(0) + (_l)nll‘>0 ("T) +2 Z ‘1’>0(wk)ewkn ’ (BG)
k=1

1
Re

ax

20(”) ~

where Re[x] stands for the real part of x. Computations could in principle be made more efficient by using Fast Fourier
algorithms, although we did not explore this possibility here.

Calculating moments of ¢: Moments of the probability distribution ¢ (7) can be obtained directly from its Fourier
transform . For example, the expected number of copies of allele A at time ¢* is given by

dp
M=E[n| =1— . B7
[ = o (B7)
Using Equation 12, and noting that Pz and P, = 0 when o = 0, we obtain
dPpg dP,
M= — — + B
L(pB d(,l) pb d(l)) ’ ( 8)

the derivatives being evaluated at w = 0. Differential equations of the derivatives of Pz and P, with respect to w are
obtained by differentiating Equations 14, giving

e O <‘fl’:j’ - fl’:f>
B = (5 ranpy (% - ‘g;”). (B9)
From this, and noting that 0,pg = sppgp,, one obtains
OM = —suM (B10)

and thus M = ¢4("~% corresponding to the deterministic increase of allele A. Our method thus does not detect the
effect of interference on the expected number of copies of Aat ¢ (because changes in frequencies are expressed only to
first order); however, it shows an effect on higher moments of the distribution ¢. For example, the variance of the
number of copies of A at ¢* is given by
dQI.lJ dl]) 2
V=En?] —EnP?=——5+—), B11
] - Bl =~ b+ (9 (B11)

the derivatives being evaluated at w = 0. After differentiating Equations 14 twice with respect to w and simplifying, one
obtains

drp\ 2 apr,)\ 2 drg  dP)\? arg\? [dP,)\?
aprB(d—uf) -I—pb(d—(j) +(SA+27AB)po,,(d—ufd—(j> +sBpob[( B) (_b> } — s, V. (B12)

dw
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Equations B9 and B12 can be solved numerically to express Vas a function of ¢ Figure 2 illustrates that selection at the
(B, b) locus increases the variance of the number of copies of A at ¢*.

APPENDIX C

Here we develop a method to obtain the expected change in frequency of the recombination modifier, in the three-
locus model. Equation 2 expresses this change in frequency in terms of the expectation of $""'Dat time ¢*, where Sand
D are given by

S = nyMmB + NymB
D = punyp — pymms- (c1)

Changing variables in Equation 17 (by expressing nyp and n,p in terms of S and D), we can express the Fourier
transform of the probability distribution ¢ (S, D) as

U(ws, wp) = J J &(S, D)eros5onl g dp (C2)

with
Ws = pmMOMB T Pr®mp
Wp = OMB — OpB. (C?’)

Using these new variables, the boundary conditions (19) become

Py = (wg + ppop)
P, = (ws — pyop)
Pyy =Py =0 (C4)

at = t*. To evaluate E[S*~! D], we then proceed as follows. The derivative of {s with respect to wj, evaluated at w;, = 0, is
given by

N _

80.)D

(-0 | [pos. oy esasan = (- [s)eevas, (c5)

where
1(8) = jD¢<s, D)dD = E[D| 5], (C6)

Equation C5 thus shows that the Fourier transform of E[D|S] is given by i(0¢/Jwp). Inversion of this Fourier
transform gives

L i 84’ iwgS
We then have (for p < 1)
E[S*™'D] = r SPTUF(S)dS = era—"’ r 5916955 45| dog — LP) Jm a—d’(—m ) Pdos (C8)
0 2w ) ., Owp | )y $ 21 ) o Owp § 5

Combining Equation C8 with Equation 2 leads to an expression for the expected increase of the modifier, in terms of
. This allows us to calculate the selection gradient, s, acting on the modifier, as defined by (26),

ro1r 9
pMpmao)D%r

_ 1 OE[ApM] _ . - B
= or om0 P)F(l-f-p)XJ

Sm

} (—vs) P daos, (co)

—®

where the derivative of { is evaluated at wp = 0, 3r= 0.
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The derivative of {s that appears in Equation C9 can then be expressed in terms of partial derivatives of the P;’s, using
Equation 21. Using the fact that P, variables are of order s,4, one obtains to first order in s,

1 9%

Drtpm OwpdST ~(psYs + p¥s) (C10)
with
% 1 O Pup 0P,z
= pMpm [plwa(z)l)asr m&ﬁg&ﬁr] (Cl 1)
% 1 82PM1) 82Pmb
= +
" b [f’Ma@Daar maapaar] : (C12)

where &p = wp/(2s4).

Using transformed variables, it can be shown that Yz and Y, do not depend on the initial frequency of the modifier,
P From Equation 24, one can show that the pairs (9P,,.3/06p, 0Pyp/06p), (OP,;) 06y, 0Py, /0ép) remain in the ratio
—pai/ pm for all T (the derivatives being evaluated at ®;, = 0, 8r = 0). We can thus define the quantities

~ 1 8?,,,3 1 8I5MB ~ 1 apmb 1 815,\/”,
Bwp — T, ~ = ~ bwp — = ~ (Clg)
pm O®p Py Odp pm O®p Py, Odp
We then define
. 0Py 0P, 0Py, 0P,
Ipsr = — T — . 14
B2 odr 0dr b2 odr Odr (C14)

Using these variables, and after differentiating Equations 24 with respect to ®, and 81, one obtains the following
differential equations for Yz and Y,

oY, I L . L
677? =[=0+ (pap — D)pp +20Ps] Y5 — papps(Ys — Zpwy + Zpwy) + 2070, Zp oy (C15)
oY, . S o
87 = [—6 + (pAB + I)PB + QGP[,] Y, — pAB[)B(YB — Zb,wD + ZB,wD) + QGZb,wDZb,Br (C16)

with boundary conditions (Yj, ¥;) = (0,0) at 7= T*. Equations C15 and C16 use the fact that P,z = Py = Pg, and
P,, = Py, = P,when &) = 0 and 8r= 0. Differential equations for the Zwvariables are also obtained from Equation 24,

giving

075 L 5

81; b= [—6 + (pAB - 1>Pb tpma T 2GPB] ZBwy = Pasbo Loy (C17)
aZl),w“ 515 =

oT = [0+ (papt 1)173 + P + 207 Zywp = PaBPBZB o) (C18)

with boundary conditions (Zg..,, Zw,) = (1,0) at T= T*, and

0Zpsr . 5 . -

a’*T’S = [0+ (pag — D)p + ppa + 20P3) Znsy — panps(Zose — Ps + Py) (C19)
0735, s " S

5T = [0+ (pap + 1)ps + papa + 20P) Zy5r — pappn(Zsr — Py + Pp) (C20)

with boundary conditions (Z~B,3r7 Zbya,.) = (0,0) at T= T* Finally, differential equations for Py and P, are given by

oP, - L -
8711 = —(6 - pB)Pb + pABpB(Pb — PB) + QGPE (CQI)
Py i - ,
ﬁ: 7(6+p;,)PB+pApr(PBfPI,) +26PB (C22)

with boundary conditions (Pg, P,) = (1@, 0) at T= T*, with &5 = ws/(2s4).
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In practice, to evaluate the strength of selection on the modifier (sy;) when allele A appears in the population ata
given time 7, we solve numerically the system of differential Equations C15-C22 for a large array of values of ws. The
selection gradient s,;is then given by (from Equation C9)

~+ oo
— ; 3 o
SM = (QSA)(QNSA)_pF(p)F(l — p)F(l + p) X 2_1TJ (pB YB + pbe)(fl.(us) pd(x)g, (C23)
where the integral is calculated using the NIntegratelnterpolatingFunction routine of Mathematica (notebook
available on request). Finally, itis important to note thatas Equations C15-C22 do not depend on the initial frequency
of the modifier (par), sy is also independent of py,.
In the case where loci are in order A—-M-B, Equations C17-C20 are changed to

aZB@n

G = 10— po e+ 20P5) 70, (C24)
Y/ A
8% = [—9 + be + Pya + 29Pb] Zb,w,) (C25)
6Z~B.Br ~ 5 ~ o~

8T =[—0—p+paa +20Pp] Zps, + papps(Ps — Py) (C26)
8Z~b,57 ~ o~ . ~

o = 78T bnt oy + 26012, + panps(Ps + Pa), (C27)

while in the case where loci are in order M-B-A, they become

% = [0+ (pas — D)ps + pasa + 20P5] Zp o, — Pripts 2o (C28)
% = [0+ (pps + s + pasa + 2089 Z) — Prinhs Zb.on (C29)
agBT,m (=0 + (pas — D)o + pasa + 20P5) Zusr — pombs Zoor + panpo(Ps — Py) (C30)
aaz*,;?r = [0+ (pp + 1)ps + pasa + 205 Zo5r — prippsZse + papps(Py — Pp) (C31)

with pyp = s/ sg Differential equations on Yy, Y,, Py, P, remain the same.



