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The understanding of the central mechanisms favoring sex and recombination in real populations is one of
the fundamental issues in evolutionary biology. Based on a previous stochastic formulation for the study of sex,
here we aim to investigate the conditions under which epistasis favors the fixation of the sexual mode of
reproduction in a given population. In addition, we try to identify the evolutionary forces which contribute to
this process. One considers a finite population model which assumes the existence of a recombination modifier
allele that can activate the recombination mechanism. We have found that sex is very little favored in a
scenario of antagonistic epistasis, and this advantage only occurs in a narrow range of values of the selection
coefficient sd. On the other hand, synergistic epistasis favors recombination in a very broad domain. However,
the major mechanism contributing to the spreading of the modifier allele depends on the range of values of sd.
At large sd, background selection favors recombination since it increases the efficacy of selection, while at low
sd Muller’s ratchet is the leading mechanism.
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I. INTRODUCTION

Several issues remain unsolved in evolutionary biology.
Of the greatest open questions in evolutionary biology, we
could mention the maintainance of genetic diversity �1–3�,
the origin of life �4–8�, and the evolution of sex, recombina-
tion, and epistasis �9–15�. In the current work we address the
last point. Several theories have been formulated to under-
stand the evolution of sex and recombination �16�. One of
the intriguing challenges in this issue is to understand how
sexual replication became the predominant mode of repro-
duction, despite the current theories not ensuring selective
advantage of sexual reproduction in all evolutionary sce-
narios.

One of the theories invoked to explain the evolution of
sex and recombination is based on Muller’s ratchet hypoth-
esis �17,18�. Muller’s ratchet is an evolutionary process that
has been implicated in the extinction of asexual species, the
evolution of mitochondria, the degeneration of the Y chro-
mosome, and the evolution of microbes. The accumulation of
deleterious mutations by the loss of the fittest individuals in
an asexual population is known as Muller’s ratchet �18�. In
an infinitely large population that is subjected to natural se-
lection and deleterious mutations, the fraction of individuals
which are mutation-free is given by exp�−Ud /sd� �19�, when
a multiplicative fitness landscape is assumed, where Ud is the
deleterious mutation rate and sd is the selective parameter. In
a finite population, stochastic events become relevant in de-
termining population evolution, and their intensities are pro-
portional to 1 /N, where N is the population size. In a sce-
nario where back mutations are negligible, which is expected

to hold on large genomes, and for small population sizes, a
continuous influx of deleterious mutations will first lead to
the loss of the mutation-free individuals, and subsequently to
a continuous extinction of the most adapted individuals in
the population. In this way, recombination is expected to
have a crucial role in adaptation since it enables that indi-
viduals carrying segregating deleterious mutations can re-
combine to form a better adapted one. This latter feature
manifests even more intensely when advantageous mutations
occur, because recombination can bring together those ben-
eficial mutations arising in distinct lineages, thus reducing
clonal interference �18,20–22�.

Recently, some models have been proposed to investigate
the circumstances that enable the sexual mode of replication
to bring an evolutionary profit. Interesting stochastic ap-
proaches have been formulated �11,12�. These formulations
propose finite population models to identify the mechanisms
which favor the fixation of a modifier recombination allele in
a given population. Starting from a completely asexual popu-
lation, these models assume that a single recombination
modifier allele, which increases the rate of recombination or
activates recombination, invades the asexual population, and
then the number of events at which the modifier allele has
become successful is counted. By “successful” one means
that the modifier allele has spread through the whole popu-
lation. Gordo and Campos have demonstrated that Muller’s
ratchet is the major evolutionary force dictating the advan-
tage of recombination �11�, whereas Keightley and Otto �12�
argue that it is Hill-Robertson interference �23� that favors
sex. The Hill-Robertson effect describes that the linkage be-
tween selected sites reduces the efficacy of selection in finite
populations. Regardless of the framework, both works have
found an appreciable advantage for recombination relative to
a neutral allele, and this gain becomes larger as one consid-
ers larger population sizes.
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Based on the model proposed by Gordo and Campos, we
will study how epistatic interactions between genes can af-
fect the scenarios established by these previous investiga-
tions. The assumption that genes have independent effects on
adaptation is very simplifying �24,25�. Actually, many muta-
tions interact with one another in complex ways. For in-
stance, the combined effects of two or more mutations on
fitness can be much greater or much smaller than predicted
from their individual effects. These deviations from the ex-
pectation based on the assumption of independent effects are
called epistasis.

Our paper is organized as follows. Section II describes the
model we use in our simulations. Section III presents our
simulation results, and finally in Sec. IV we present our con-
clusions.

II. THE MODEL

Our computer simulations follow the standard Wright-
Fisher model, i.e., most adapted individuals have a higher
chance of producing offspring. The model assumes a popu-
lation of constant size N that evolves according to the fol-
lowing life cycle: mutation, selection, and recombination.
Each organism is represented by an infinitely large genome
S= �s1 ,s2 , . . . ,s��, where each site s� can take two possible
values s�=0 �original state� or 1 �a mutation has occurred�.
This situation corresponds to the classical infinite-site model
introduced by Watterson �26�. The assumption of the infinite-
site model is very appropriate when the genome size is large.
For instance, the HIV genome has 9749 nucleotides—about
the same size as other retroviruses. For Escherichia Coli, the
genome size is about 5 Mega base pairs, and it contains
about 4000 genes, and so this approximation seems quite
reasonable.

The adaptation value of any individual is solely a function
of the number of deleterious mutations, k, and it has the
simple form

�k = �1 − sd�k�
, �1�

where � is the epistasis parameter, and sd is the selection
coefficient. The case �=1 corresponds to a multiplicative

fitness landscape, where each mutation has an independent
effect on the adaptation of the organism. When ��1 �syn-
ergistic epistasis� or ��1 �antagonistic epistasis�, the effect
of each new mutation on adaptation depends on the previous
number of mutations. For ��1 each newly added mutation
has an even stronger effect, while for ��1, each newly
added mutation has its effect attenuated. Of course, Eq. �1� is
a rather simplified way to estimate fitness when taking into
account interactions among genes. Actually, quantitative ef-
fects of epistasis have been difficult to discern because they
are difficult to estimate �27�. In some environments there is a
trade-off between sd and �, so that one can only be optimized
at the expense of the other �28�. So, when one estimates
fitness as in Eq. �1�, one basically means that there is a bias
toward antagonistic or synergistic epistasis.

During reproduction, an offspring inherits all the muta-
tions from its parent plus an additional amount n which is
obtained from a Poisson distribution of the mean Ud, i.e.,

P�n� =
e−UdUd

n

n!
. �2�

Ud is the rate of deleterious mutations. When a new mutation
is generated its position in the genome is taken from a uni-
form distribution in the interval �0, 1�.

After reproduction and mutation, recombination takes
place. Recombination proceeds as follows. We form N /2
pairs of individuals and then check for each pair whether
they have the modifier allele of recombination. If only one
individual carries the modifier allele then they recombine
with probability r /2. In the case that both organisms share
the modifier allele then they recombine with probability r.
Once recombination occurs, we randomly determine the po-
sition for the genetic exchange from a uniform distribution in
the interval �0, 1�. In Fig. 1 we show a snapshot of the
recombination scheme.

III. RESULTS

In the following we will present our simulation results.
The main quantity of interest in our study is the relative
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FIG. 1. Snapshot of how recombination works. In this instance, the individual 1 �upper� has three deleterious mutations and individual
2 �lower� has two deleterious mutations. The positions of these five mutations are completely distinct. Remember that the position of each
mutation is a real number in the interval �0,1�. The position of the genetic exchange is indicated by the vertical dashed line. Those mutations
apart from that line will be swapped between the two individuals. Hence, after recombination individual 1 receives one deleterious mutation
from individual 2 and transfers two mutations to individual 2.
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probability of fixation of the recombination modifier allele.
The modifier allele reaches fixation when it is inherited by
every organism in the population. We find the relative prob-
ability of fixation of the modifier allele, Pfix, by calculating
the fraction of runs in which the modifier allele has become
fixed divided by the probability of fixation of a neutral allele,
which for a population of constant size N is 1 /N.

Before introducing the single modifier allele, we let the
population evolve for 1000 generations. At generation t
=1000 a randomly chosen individual receives the modifier
allele, and then the population evolves up to fixation or com-
plete loss of the modifier allele.

Figure 2 shows the relative probability of fixation of the
modifier allele as a function of the selective parameter sd. In
this figure, we present the results for the multiplicative fit-
ness landscape, �=1, and for fixed value of mutation rate
Ud=1.0 �this value of mutation rate is compatible with esti-
mated genomic mutation rates for Drosophila melanogaster
�29� and RNA viruses �30��. The different curves denote dis-
tinct population sizes N. Because the probability of fixation
of a neutral mutation is 1 /N, a larger population size requires
a more extensive statistical analysis and consequently a
larger computational cost. For each population of size N, we
have simulated 50N independent runs. As we can observe,
the advantage of recombination is prominent at intermediate
values of the selection coefficient. At large values of sd
�strong selection regime�, the loss of the most adapted indi-
viduals is very unlikely. In this regime Muller’s ratchet does
not act. For instance, when sd�0.3 no advantage for recom-
bination is obtained. At intermediate and very small values
of sd, Muller’s ratchet is effective, resulting in a continuous
accumulation of deleterious mutations. Although the advan-
tage of the recombination modifier allele vanishes in the very
weak selection regime. Gordo and Campos �11� have shown
that the benefit of recombination disappears around sd=1 /N,
where selection ceases to be effective. Furthermore, they
have demonstrated that the range in which recombination

brings an evolutionary profit coincides with the interval in
which recombination can stop the ratchet, and the position of
the maximum value of Pfix occurs at the point at which
d� /dt is maximized in the corresponding asexual popula-
tion.

From now on, we are going to investigate how epistasis
alters the previous scenario. Figure 3 shows the relative
probability of fixation, Pfix, for some values of epistasis �. At
a first glance, the results suggest that epistasis strongly
changes the previous scenario for the multiplicative fitness
landscape, both qualitatively and quantitatively. One may
distinguish two situations: synergistic epistasis ���1� and
antagonistic epistasis ���1�. For antagonistic epistasis, we
see that the modifier allele is favored in a very narrow inter-
val of sd, where selection is very strong. In addition, the
maximum advantage reached by the allele is also reduced
compared to the multiplicative case ��=1�. In contrast, syn-
ergistic epistasis displays a different scenario, where the
modifier recombination allele is favored for almost all the
range of sd considered in the figure. The relative probability
Pfix is now a double-peaked function, being more pro-
nounced at very large values and also at small values of the
selective parameter. The size of the peak placed at high sd is
bigger than in the multiplicative case, whereas the size of the
peak located at small values of sd has about the same ampli-
tude as for �=1.

In order to better comprehend how epistasis alters the fate
of the modifier alleles, we next compare how mean popula-
tion fitness evolves. The mean population fitness is estimated
as

�̄ =
1

N
�
i=1

N

�i. �3�

The mean population fitness as a function of time is shown in
Figs. 4 and 5. In these plots, we compare the trajectory of the
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FIG. 2. Relative probability of fixation of the recombination
modifier allele as a function of the selective parameter sd. The dis-
tinct curves correspond to different population sizes N. The param-
eter values are N=500 �solid circles�, 1000 �empty circles�, and
2000 �triangles�, Ud=1.0, r=0.5, and �=1.0 �multiplicative fitness
landscape�. The data points are the results for 50N simulations.
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FIG. 3. Relative probability of fixation of the recombination
modifier allele as a function of the selective parameter sd. The dis-
tinct curves correspond to different values of epistasis �: �=0.5
�empty triangles�, 1.0 �filled circles�, and 2.0 �empty circles�. The
other parameters are N=1000, Ud=1.0, and r=0.5. The data points
are the results for 50N simulations.
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mean fitness of an asexual population with one in which the
sexual mode of reproduction is activated at generation t
=1000, i.e., every individual receives the modifier allele. The
aim is to check the change in fitness produced by the change
of the mode of reproduction. In Fig. 4 we have considered
�=0.5, which corresponds to antagonistic epistasis. In the
inset of the figure the parameters are N=1000, Ud=1.0, sd
=10−3, and r=0.5, and in this case we cannot distinguish the
fitness trajectories, which means that the gain in fitness
brought about by recombination is negligible. In the main

plot, we show simulation results for sd=0.1 and 0.5, keeping
all other parameters constant. One observes that, when sd
=0.1, the increase of fitness due to recombination is small,
and the ratchet still continues to click, sustaining the accu-
mulation of deleterious mutations. In a small region of sd
�sd=0.1–0.4� there is a slight increase of fitness due to re-
combination, which promotes the fixation of the modifier
allele more frequently than expected for a neutral allele.
Strikingly, when the population is subjected to very strong
selection, for instance sd=0.5 �as shown in the figure�, re-
combination has a deleterious effect, since it produces less
adapted individuals. This can be understood by looking at the
distribution of the number of mutations, P�k�, at generation
t=1000, which is the moment at which recombination is ac-
tivated �see the inset on the right of Fig. 4�. Although most
individuals have one deleterious mutation, the distribution is
very broad, and so individuals carrying two, three, or even
more mutations can coexist in the population at high fre-
quencies. When those individuals in the less adapted classes
recombine with those in the one-mutation class, from this
exchange results individuals with an intermediate number of
mutations. For antagonistic epistasis this is wasteful, since
the deleterious effect of each new mutation is larger when
the individual has fewer mutations.

A more complex scenario emerges for synergistic epista-
sis. In order to perceive the double-peaked shape for Pfix, we
investigate how �̄ evolves at the two distinct regions of the
selective parameter sd where a noticeable advantage for re-
combination was observed. Figure 5 shows �̄ as a function
of time for five values of sd: sd=1�10−5 and 1�10−4 �left
panel�, and 1�10−2, 0.1, and 0.5 �right panel�. Once more,
we compare fitness evolution for the situations in which re-
combination is acting with the ones where recombination is
inactive. Viewing the left panel, one clearly notices the con-
tinuous decline of fitness in the absence of recombination
�dotted lines�, the drop in fitness being faster for sd=10−4.
From the same plot, we also observe that recombination pre-
vents Muller’s ratchet when sd=1�10−4, while for sd=10−5

it has the effect of slowing down the ratchet but not ulti-
mately stopping it. The point sd=1�10−4 is around the po-
sition of the maximum advantage enjoyed by the modifier
allele, as seen from Fig. 3, and coincides with the fastest
fitness decline �data not shown�, which supports the argu-
ment given by Gordo and Campos �11� that Muller’s ratchet
is the major mechanism favoring recombination in this re-
gime of selection. On the other hand, the success of recom-
bination in reaching fixation at large values of sd cannot be
attributed to Muller’s ratchet, since in this regime the ratchet
does not click even in the absence of recombination �right
panel of Fig.5�. Nevertheless, an evolutionary advantage is
gathered by the recombination allele in this second regime
since it increases the efficacy of background selection, i.e.,
the rate at which deleterious mutations are eliminated from
the population. This is clear when we plot together the mean
population fitness when recombination is active and when it
is not. In these examples, recombination increases the fitness
immediately after its activation.

For the sake of completeness, now we will assume that
beneficial mutations can also take place at a constant rate Ub
during reproduction. The selective effect sb of each beneficial
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FIG. 4. Mean population fitness as a function of time. The solid
line is the mean fitness for an asexual population and the dashed
line corresponds to a population subjected to recombination. The
parameters are N=1000, Ud=1.0, r=0.5, and sd=0.1 �lower
curves�, 0.5 �upper curves�, and 1�10−3 �left inset�. The inset in
the right of the figure shows the distribution of deleterious muta-
tions in the population at generation t=1000.

0 500 1000 1500 2000
time

10
-12

10
-9

10
-6

10
-3

10
0

ω

0 500 1000 1500 2000
time

0

0.2

0.4

0.6

0.8

1

ω

FIG. 5. Mean population fitness as a function of time. The
dashed line is the mean fitness for an asexual population and the
solid line corresponds to a population subjected to recombination.
The parameters are N=1000, Ud=1.0, and r=0.5. Left panel shows
�̄ for the weak selection regime, where sd=1�10−5 �upper curves�
and 1�10−4 �lower curves�. In the right panel, we have considered
sd=0.01 �bottom curves�, 0.1 �intermediate curves�, and 0.5 �top
curves�.
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mutation is kept constant. As before, Fig. 6 displays the
probability of fixation of the recombination modifier allele as
a function of sd, but now considering three distinct values of
mutation rate Ub. One can perceive that the advantage
brought about by the influx of advantageous mutations is not
comparable to those promoted by Muller’s ratchet and/or the
Hill-Robertson effect.

IV. CONCLUSIONS

In this work we have surveyed the role of epistatic inter-
actions in the evolution of sex and recombination. We have
performed extensive simulations of a recently proposed
model �11� to investigate the circumstances under which re-
combination brings an evolutionary advantage, assuming in-
dependent effects of mutations. Conversely, our study as-
sumes that mutations interact and so their effects are no
longer independent. The statistical analysis relies on deter-
mining how the nature of these interactions, antagonistic or
synergistic, changes the scenario presented for the multipli-
cative fitness landscape.

By studying the relative probability of fixation of the
modifier allele of recombination, we have seen that the se-
lective advantage of recombination for antagonistic epistasis
is very small and restricted to a narrow region of large values
of the selective parameter sd, where recombination confers a
slight increase of fitness. On the other hand, synergistic
epistasis extends the evolutionary advantage of recombina-
tion to a very broad domain, when compared to the non-

epistasis situation. Depending on the value of sd, the advan-
tage of recombination is brought about by different
evolutionary mechanisms. For small values of sd, Muller’s
ratchet is the leading mechanism providing fixation of the
modifier allele, since in this regime the recombination is very
effective in stopping the ratchet, or even slowing down the
fitness decline. This phase corresponds to the one observed
favoring recombination in the multiplicative fitness land-
scape. The great difference is that under synergistic epistasis
this phase is shifted toward lower values of the selection
coefficient. However, another phase emerges in which a
broad and large peak appears at intermediate and large values
of sd. In this region it is not Muller’s ratchet that contributes
to promote fixation of the recombination allele, but back-
ground selection, which becomes more efficient due to re-
combination by breaking the linkage between deleterious
mutations and reducing the strength of the Hill-Robertson
interference. The maximum advantage reached by the recom-
bination allele is even higher than that seen in the Muller’s
ratchet phase. So far, in synergistic epistasis we can conclude
that actually both Muller’s ratchet and Hill-Robertson inter-
ference are mechanisms responsible for the advantage of sex.

The main message of our work is to show that epistasis
affects the success of recombination in becoming fixed in
populations, by the action of different evolutionary mecha-
nisms which determine its advantage: Muller’s ratchet and
background selection. This finding gives a contribution in
showing directions in which recombination could have
emerged. Of course, we still need to identify whether other
evolutionary mechanisms can display similar roles in pro-
moting recombination, and also the conditions under which
all these evolutionary mechanisms can be manifest. In this
context, investigations on more complex models which in-
corporate population structure and variable effects of muta-
tions are welcome. Recent studies show that the ratchet
clicks faster in subdivided populations �31�. Another impor-
tant feature of natural populations is that the environments
they inhabit are not homogeneous but fluctuate in time and
space. Empirical evidence shows that several organisms en-
gage in a sexual model of reproduction when the environ-
mental conditions are stressful �32,33�.
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