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We have investigated the rate of substitution of advantageous mutations in populations of haploid organisms
where the rate of recombination can be controlled. We have verified that in all the situations recombination
speeds up adaptation through recombination of beneficial mutations from distinct lineages in a single indi-
vidual, and so reducing the intensity of clonal interference. The advantage of sex for adaptation is even
stronger when deleterious mutations occur since now recombination can also restore genetic background free
of deleterious mutations. However, our simulation results demonstrate that evidence of clonal interference, as
increased mean selective effect of fixed mutations and reduced likelihood of fixation of small-effect mutations,
are also present in sexual populations. What we see is that this evidence is delayed when compared to asexual
populations.
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I. INTRODUCTION

The rate at which natural populations evolve has been a
matter of intense study in the recent evolutionary biology
literature �1–7�. The gradual development of this issue has
enabled us to acquire the knowledge of the several processes
driving the evolution of these populations. From these recent
achievements in experimental evolutionary biology, today
we know that the rate of production of new beneficial vari-
ants in natural populations is much larger than previously
supposed �2,6,8�.

This fact has several important consequences, especially
for asexual populations, where this large supply of beneficial
mutations can actually slow down the rate at which these
advantageous mutations fix in the populations, a process
which is known as clonal interference �1,9�. On the other
hand, if the rate of beneficial mutations is extremely large
then clonal interference can be alleviated �6�, giving rise to
the multiple-mutation regime, where now more than one seg-
regating beneficial mutation can reach fixation simulta-
neously. Empirical evidence of this regime has been demon-
strated in yeast �8� and bacteriophage �6�.

Most of the recent analysis of speed of adaptation in
populations has considered asexual populations. All these
previous works have helped us to understand how different
mechanisms contribute to increase or decrease the strength of
clonal interference. Among these mechanisms we mention
deleterious mutations �3,10,11�, population structure
�12–14�, environmental heterogeneity �15,16� and population
bottlenecks �4�.

Here we want to quantify how sex and recombination can
alter the strength of clonal interference and the occurrence of

the multiple-mutation regime. Sex and recombination is one
of the evolutionary mechanisms pointed out to speed up ad-
aptation by combining beneficial mutations on different
backgrounds to form better adapted organisms. This is one of
the possible explanations for the spreading of the sexual
mode of reproduction. In addition, sex has also a crucial role
on eliminating deleterious mutations and restoring best
adapted classes of organisms, and in a broad range of param-
eters can even stop Muller’s ratchet �17,18�, which is the
continuous loss of the most adapted organisms and that can
even lead the population to extinction �19,20�.

Our main goal is to understand this transition, in terms of
rate of adaptation, from a completely asexual population to
one where the mode of reproduction is sexual. Additionally,
we want to check whether signatures of clonal interference
persist in a population where recombination occurs. In order
to do that, we perform a statistical analysis on the rate of
fixation of advantageous mutations as well as on the distri-
bution and mean values of selective effects of mutations that
have reached fixation.

Our paper is organized as follows. In the next section we
describe the computer simulation model we employ in our
investigation. In Sec. III we present our simulation results
together with some analytical predictions. And finally, in the
last section we discuss our conclusions.

II. MODEL

We consider a sexual population of haploid organisms of
constant size N. The population evolves with nonoverlapping
generations and those individuals which are most adapted are
most likely to contribute with more offsprings to the next
generation �Wright-Fisher model�. Every individual is repre-
sented by a genome consisting of L genes, where each gene
is assumed to be infinitely long, i.e., it behaves as an infinite

*viviane@deinfo.ufrpe.br
†paulo.campos@df.ufrpe.br

PHYSICAL REVIEW E 79, 061915 �2009�

1539-3755/2009/79�6�/061915�5� ©2009 The American Physical Society061915-1

http://dx.doi.org/10.1103/PhysRevE.79.061915


sites model. The model assumes the occurrence of both ben-
eficial and deleterious mutations. There are on average Ub
beneficial and Ud deleterious mutations per genome per re-
production. Thus during replication, the offspring inherits the
mutations �beneficial and deleterious� carried on by its parent
genome plus additional mutations taken from a Poisson dis-
tribution of mean Ub �beneficial mutations� and Ud �delete-
rious mutations�. Each mutation changes a new site in a ran-
domly chosen locus. The effect on fitness of each deleterious
mutations is assumed to be constant with value sd, whereas
beneficial mutations have their effects drawn from an expo-
nential distribution of mean 1 /�,

P�sb� = � exp�− �sb� . �1�

The choice of this particular distribution for beneficial effects
of advantageous mutations is supported on empirical evi-
dence �21–24�, and also based on theoretical grounds which
makes use of extreme value theory arguments �25,26,29�,
though other distributions must not be rejected �24,27,28�.
Actually, this is a current issue of great importance in the
population genetics and evolutionary biology literature with
consequences on several adaptive scenarios. The great chal-
lenge in inferring directly the distribution of effects of newly
arising mutations is that most of the mutations appear in very
low frequency in the populations and are rapidly lost due to
drift or interference with other mutations. So, the idea is to
infer P�sb� from the distribution of fixed mutations, which is
usually bell shaped.

Since we assume that each gene behaves as an infinite site
model and in this case we neglect the occurrence of back
mutations, an individual’s genome is represented as a se-
quence of size L, where each site is characterized by the
number of deleterious and beneficial mutations it carries S
= �nb

1 ,nd
1 ;nb

2 ,nd
2 ; . . . ;nb

L ,nd
L�, where nb

i and nd
i correspond to

the numbers of beneficial and deleterious mutations in site i,
respectively. For a multiplicative fitness landscape, as con-
sidered here, the fitness value of each individual is estimated
as

� = ��
i=1

L

�1 − sd�nd
i	��

i=1

L

�
j=1

nb
i

�1 + sb
j �	 , �2�

where sb
j is the selective advantage conferred by the j-nth

mutation in gene i.
We consider the following life cycle: recombination,

mutation, and selection. During recombination, N /2 pairs
of individuals are randomly formed and then they recom-
bine with probability r. If they recombine the position
for the genetic exchange, Lexc, is randomly deter-
mined. Whether we represent the given pair of
individuals as S1= �n1b

1 ,n1d
1 ;n1b

2 ,n1d
2 ; . . . ;n1b

L ,n1d
L � and

S2= �n2b
1 ,n2d

1 ;n2b
2 ,n2d

2 ; . . . ;n2b
L ,n2d

L �, then after the re-
combination event individuals 1 and 2 become
S1= �n1b

1 ,n1d
1 ;n1b

2 ,n1d
2 ; . . . ;n2b

Lexc ,n2d
Lexc ; . . . ;n2b

L ,n2d
L � and

S2= �n2b
1 ,n2d

1 ;n2b
2 ,n2d

2 ; . . . ;n1b
Lexc ,n1d

Lexc ; . . . ;n1b
L ,n1d

L �, respec-
tively, and of course their adaptation values are re-evaluated.
Our model is closely related to that proposed by Keightley
and Otto �30�, except that they do not assume the occurrence

of advantageous mutations. Additionally, in their model the
number of recombination events for each mating pair is not
necessarily equal to one as assumed here, but it is taken from
a Poisson distribution.

In our simulations we first let the population evolve in
such way to reach an equilibrium regime, and after that we
start to track the fate of all newly arisen beneficial mutations.
The time to achieve an equilibrium distribution of deleteri-
ous mutations is proportional to 1 /sd �14�. In most of our
simulations the time to equilibrium was set to 1000 genera-
tions. For all the simulations, we have considered a much
longer time in order to ensure equilibrium was reached. Fixa-
tion of a particular mutation at a site corresponds to its pres-
ence in every individual in the population. One measures the
rate of fixation of advantageous mutations as the number of
fixation events in a given time interval divided by its length.
In most of our simulations, the population evolved until 50
fixation events were found, except for very small rates of
beneficial mutations where the time required for such thresh-
old was extremely large.

III. RESULTS AND DISCUSSIONS

From now, we will present our results from extensive
computer simulations together with some theoretical predic-
tions. In Fig. 1 we show the rate of substitution of beneficial
mutations, Kfix, as a function of the rate of beneficial muta-
tions Ub. As expected, Kfix is a monotonically increasingly
function of Ub in all situations. Part �a� displays Kfix for
different rates of recombination in the simplest scenario
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FIG. 1. Rate of fixation of advantageous mutations, Kfix, as a
function of the rate of beneficial mutations, Ub. In this plot we have
considered population size N=10 000, �=20, and rates of recom-
bination r=0 �filled circles�, r=0.5 �empty circles� and r=1.0 �tri-
angles up�. The rate and selective effects of deleterious mutations
are: part �a� Ud=0; part �b� Ud=0.2 and sd=0.1. The solid line in
part �a� denotes the strong-selection weak-mutation approximation
according to Eq. �3�, whereas the dashed-line refers to the theoret-
ical prediction according to Eq. �4�. In part �b� the solid line refers
to the numerical solution of Eq. �6�, whereas the dashed-lines rep-
resent an upper bound for the rate of fixation when recombination
occurs, Kfix

upper=2NUbfr /�.
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where there are no deleterious mutations �Ud=0�. In the plot
we already perceive that the sexual mode of reproduction
provides a higher rate of adaptation for Ub
1�10−5. From
this point, coexistence of segregating beneficial mutations is
possible, and so in an asexual population �r=0� this coexist-
ence leads to the competition among beneficial mutations in
a way to reach fixation. This process, named clonal interfer-
ence, slows down the rate of fixation of advantageous muta-
tions �3,4,9,10,14�. For small Ub values, Kfix is well pre-
dicted by

Kfix = NUb�
0

�

2sb�e−�sbdsb = 2NUb/� , �3�

where NUb is the expected number of newly arising benefi-
cial mutations per generation, and 2sb is the probability of
fixation of a given mutation of selective effect sb �31�. This
approximation is expected to work in the strong-selection
weak-mutation regime, where the rate of adaptation is
bounded by the availability of beneficial mutations �25�. For
sexual reproduction, Eq. �3� fits well the simulation results
for a wider range of Ub, and deviations from theoretical ex-
pectations starts to occur only when NUb is close to one,
which corresponds to a regime of very strong competition,
involving several segregating beneficial mutations in the
same lineage.

In order to predict the rate of fixation of mutations in the
clonal interference regime, Gerrish and Lenski �1� have pro-
posed that the rate Kfix can be estimated by

Kfix = NUb�
0

�

2sb�e−�sbe−I�sb�dsb, �4�

where

I�sb� =
1

2
TfixNUb�

sb

�

2s�e−�sds . �5�

I�sb� corresponds to the expected number of interfering mu-
tations that a beneficial mutation of selective effect sb finds
en route for fixation. Assuming that the number of interfering
mutations is Poisson distributed, the term e−I is just the prob-
ability of not finding any interfering mutation during the pro-
cess. According to the theory, interfering mutations are mu-
tations that have escaped drift and also confer a larger benefit
effect than that provided by the focal mutation. As soon as
such mutation appears the focal mutation is outcompeted by
clonal interference. In Eq. �5� Tfix refers to the time of fixa-
tion of beneficial mutations of effect sb, which according to
Kimura is Tfix=2 /sb ln N �32�. In Fig. 1�a�, we compare the
theoretical prediction in Eq. �4� to the simulation results for
the asexual population. We see that agreement is quite satis-
factory for small and intermediate values of Ub, failing only
in the regime of very large Ub�NUb�1�, where the theory
underestimates Kfix. In this phase, named multiple-mutation
regime �8,27�, more than one segregating beneficial mutation
can simultaneously take place in the same individual, a fact
that is neglected in Gerrish-Lenski’s theory.

In part �b� of Fig. 1 we again present Kfix as a function of
Ub but now additionally considering the occurrence of del-
eterious mutations at rate Ud=0.1 and selective effect sd
=0.1. Qualitatively the scenario is similar to that shown in
part �a�, where an increased rate of recombination provides
larger rates of substitution of advantageous mutations. How-
ever, the ratio between the rates of fixation for sexual and
asexual populations is considerably large already for very
small of Ub. In this case, recombination has two distinct
consequences: combining beneficial mutations from distinct
lineages and restoring genetic background free of deleterious
mutations.

Since deleterious mutations promote a reduction in the
effective population size, its occurrence is expected to reduce
severely the rate of adaptation �3,5,10,14�. When sd is larger
than the benefit effects of beneficial mutations, as considered
in Fig. 1�b�, one can simply assume that only beneficial mu-
tations arising in a genetic background free of deleterious
mutations contribute to adaptation. Therefore, in order to ac-
count for the presence of deleterious mutations we estimate
the expected rate of fixation for the asexual population
replacing N by f0N in Eqs. �4� and �5�, where f0
=exp�−Ud /sd� is the frequency of mutation-free individuals
�33,34�. Thus, for an asexual population Kfix equals

Kfix = Nf0Ub�
0

�

2sb�e−�sbe−I�sb�dsb, �6�

where

I�sb� =
1

2
TfixNf0Ub�

sb

�

2s�e−�sds . �7�

For sexual populations, one can find an upper bound for
the rate of adaptation by disregarding the competition among
the beneficial mutations. The combined effects of back-
ground deleterious mutations and recombination promotes a
reduction in the population effective size which is given by
fr=exp�−U /r� �34–37�, when r�sd. In this case we write
the rate of fixation of advantageous mutations as Kfix

upper

=2NUbfr /�. We observe from Fig. 1�b� that there is an
agreement between simulations and the predicted Kfix

upper for a
broad range of Ub. As expected for very large Ub, the theory
overestimates the expected rate since it neglects competition
among distinct mutations.

An important measurement to identify signatures of
clonal interference is the mean selective effect of those ben-
eficial mutations that have reached fixation, which here we
denote by sfix. So far, the most important evidence of clonal
interference is that it slows down the rate of substitution of
advantageous mutations together with the occurrence of
larger selective effects of the fixed mutations.

Figure 2 displays our computer simulations data for sfix as
a function of the mutation rate Ub. The two panels in the
figure correspond to the same set of parameters used in the
corresponding panels of Fig. 1. For null rate of deleterious
mutation �panel �a��, the asexual population experiences a
continuous growth of sfix as we augment Ub. When Ub=1
�10−6 we obtain sfix
0.1, which is the expected value of
benefit effects of mutations when there is no clonal interfer-
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ence and also assuming the exponential form of the probabil-
ity density of newly arising beneficial mutations �5�. From
this point, sfix grows with the increment of Ub, meaning that
the strength of clonal interference becomes more intense.
When Ub=1�10−3, sfix reaches a maximum and then drops
with a further increase of Ub. This comes to corroborate our
previous finding that in this regime mutations of small-effect
hitchhike to big-effect mutations in order to reach fixation.
This corresponds to the multiple-mutation regime �8�. For
non-null rate of recombination, we see that the increase in
sfix with Ub also occurs, although this growth phase is shifted
toward higher values of Ub. This is evidence that even with
recombination competition among advantageous mutations is
present. Though in this case competition takes place not only
among single mutations in distinct lineages, but competition
among multiple beneficial mutations in distinct segregating
lineages.

The picture for non-null rate of deleterious mutations is
qualitatively similar to that shown in part �a�, however as
deleterious mutations have a severe effect on the probability
of fixation of advantageous mutations, only big-effect muta-
tions have a reasonable likelihood of being successful, and
this is perceived for small and intermediate values of Ub. For
very high Ub, we notice that sfix becomes independent of
both the recombination rate r and the deleterious mutation
rate Ud.

In Fig. 3 we plot the distribution of selective effects of the
beneficial mutations that have reached fixation, P�sfix�. From
the plot we can notice the role of recombination on the adap-
tive process. All the results correspond to Ud=0. In panel �a�,
where a small mutation rate Ub=1�10−5 has been consid-
ered, small-effect mutations in sexual population �r�0� have
a slightly higher chance of fixing compared to the asexual
case. On the other hand, when Ub=0.001 we clearly notice
that the peak of the distribution P�sfix� in the asexual popu-
lation is shifted toward larger values of sfix, whereas for the

sexual case no prominent change is observed. For sexual
populations, the displacement of the position of the peak of
P�sfix� is tightly related to clonal interference since it reduces
the chance of success of small-effect mutations. For instance,
we see that mutations with effect smaller than 5% �sfix
�0.05� have almost no chance of fixating, whereas muta-
tions of large effect become overrepresented. In panel �c� we
show the simulation results for Ub=0.01, and now the popu-
lation has evolved in the multiple-mutation regime. From
this panel, we can really ascertain that the drop of sfix in this
regime is clearly associated with the fixation of mutation of
very small effect. As explained before, these mutations are
promoted for fixation by hitchhiking with mutations of large
effect.

Surprisingly, we see that in this regime recombination
prevents the fixation of small-effect mutations, and at the
same time enhances the likelihood of fixation of mutations
with intermediate and large effects. This means that during
the adaptive process the linkage between small-effect and
large-effect mutations is broken in such way to enable the
combination of large-effect mutations in the same lineage.

Two restrictive assumptions made in our model deserve
special attention: �1� that all deleterious mutations have the
same effect and �2� that the number of recombination events
is set to one for each mating pair. The first assumption will
most likely be incorrect, although we are still far from hav-
ing a correct description on the distribution of selective ef-
fects sd in natural populations �38�. Nevertheless, we can tell
from direct observation of computer simulations �results not
shown here� that the effect of variable sd on the estimates of
Kfix is pretty small. We have tried different shapes for the
distribution of selective effects sd. More specifically, we have
considered a gamma distribution, where we can tune its
shape by tuning the shape parameter. In any case, we have
not observed any noticeable deviation from the results ob-
tained when assuming constant sd. Regarding the second as-
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FIG. 2. Mean selective effect of beneficial mutations that have
reached fixation, sfix, as a function of the rate of beneficial muta-
tions, Ub. In this plot we have considered population size
N=10 000, �=20, and rates of recombination r=0 �filled circles�,
r=0.5 �empty circles�, and r=1.0 �triangles up�. The rate and selec-
tive effects of deleterious mutations are: part �a� Ud=0; part �b�
Ud=0.2, and sd=0.1.
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and triangles up denote r=1.
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sumption, our previous investigation on the advantage of sex
and recombination �17� does not present any qualitative dif-
ference between this model and the model proposed by
Keightley and Otto �30�, where multiple recombination
events are allowed. So, we do not expect that the possibility
of multiple recombination events will change the scenarios
we show here.

IV. CONCLUSIONS

In the current work we have examined the rate of adapta-
tion in populations subjected to sex and recombination. For
such purpose, we have proposed a finite population model of
haploid individuals which are allowed to recombine at a
given rate r, which tunes the amount of sex in the model.

The comparison between sexual and asexual populations
demonstrates that sexual populations always adapt faster
since recombination permits the combination of beneficial
mutations originally from distinct lineages in the population.
The advantage of sexual populations over the asexual ones is
even larger when deleterious mutations occur, since now re-

combination has an important role in restoring the least
loaded classes of deleterious mutations.

However, we were able to identify clear signatures of
clonal interference phenomenon in sexual populations. What
we have observed is that compared to asexual populations, in
sexual populations clonal interference is delayed to higher
values of mutation rate Ub. A clear drop on the slope of Kfix
together with augment of Sfix as Ub increases is noticed.
More surprising is the observation of a bell-shaped distribu-
tion for the distribution of beneficial effects of those muta-
tions that have reached fixation. As in strictly asexual popu-
lations, clonal interference also reduces the chance of
fixation of small-effect mutations.

ACKNOWLEDGMENTS

This work was supported by Conselho Nacional de De-
senvolvimento Científico e Tecnológico �CNPq�, program
PRONEX/MCT-CNPq-FACEPE and Fundação de Amparo à
Ciência e Tecnologia do Estado de Pernambuco. J.F.G. is
supported by Coordenação de Aperfeiçoamento de Pessoal
de Nível Superior �CAPES�. The authors acknowledge Isabel
Gordo for helpful suggestions.

�1� P. J. Gerrish and R. E. Lenski, Genetica 102-103, 127 �1998�.
�2� L. Perfeito, L. Fernandes, C. Mota, and I. Gordo, Science 317,

813 �2007�.
�3� H. A. Orr, Genetics 155, 961 �2000�.
�4� P. R. A. Campos and L. Wahl, Evolution �Lawrence, Kans.�

63, 950 �2009�.
�5� V. M. de Oliveira and P. R. A. Campos, Physica A 337, 546

�2004�.
�6� J. P. Bollback and P. J. Huelsenbeck, Mol. Biol. Evol. 24,

1397 �2007�.
�7� P. R. A. Campos, C. Adami, and C. O. Wilke, Physica A 304,

495 �2002�.
�8� M. M. Desai, D. S. Fisher, and A. W. Murray, Curr. Biol. 17,

385 �2007�.
�9� W. G. Hill and A. Robertson, Genet. Res. 8, 269 �1966�.

�10� P. R. A. Campos and V. M. de Oliveira, Evolution 58, 932
�2004�.

�11� C. O. Wilke, Genetics 167, 2045 �2004�.
�12� E. A. Gonçalves, V. M. de Oliveira, A. Rosas, and P. R. A.

Campos, Eur. Phys. J. B 59, 127 �2007�.
�13� M. G. Habets, T. Czaran, R. F. Hoekstra, and J. A. de Visser,

Proc. R. Soc. London, Ser. B 274, 2139 �2007�.
�14� I. Gordo and P. R. A. Campos, Genetica 127, 217 �2006�.
�15� P. R. A. Campos, P. S. C. A. Neto, V. M. de Oliveira, and I.

Gordo, Evolution 62, 1390 �2008�.
�16� K. M. Pepin and H. A. Wichman, BMC Evol. Biol. 8, 85

�2008�.
�17� I. Gordo and P. R. A. Campos, Genetics 179, 621 �2008�.
�18� V. M. de Oliveira, J. K. da Silva, and P. R. A. Campos, Phys.

Rev. E 78, 031905 �2008�.

�19� I. Gordo and F. Dionisio, Phys. Rev. E 71, 031907 �2005�.
�20� P. R. A. Campos, J. Combadão, F. Dionisio, and I. Gordo,

Phys. Rev. E 74, 042901 �2006�.
�21� M. A. De Pristo, D. M. Weinreich, and D. Hartl, Nat. Rev.

Genet. 6, 678 �2005�.
�22� M. Imhof and C. Schlotterer, Proc. Natl. Acad. Sci. U.S.A. 98,

1113 �2001�.
�23� D. E. Rozen, J. de Visser, and P. J. Gerrish, Curr. Biol. 12,

1040 �2002�.
�24� R. Kassen and T. Bataillon, Nat. Genet. 38, 484 �2006�.
�25� J. H. Gillespie, Theor. Popul. Biol. 23, 202 �1983�.
�26� H. A. Orr, Genetics 163, 1519 �2003�.
�27� C. A. Fogle, J. L. Nagle, and M. M. Desai, Genetics 180, 2163

�2008�.
�28� R. D. H. Barrett, L. K. M’Conigle, and S. P. Otto, Genetics

174, 2071 �2006�.
�29� J. H. Gillespie The Causes of Molecular Evolution �Oxford

University Press, New York, 1991�.
�30� P. D. Keightley and S. P. Otto, Nature �London� 443, 89

�2006�.
�31� J. B. S. Haldane, Proc. Cambridge Philos. Soc. 26, 220 �1930�.
�32� M. Kimura, J. Appl. Probab. 1, 177 �1964�.
�33� J. Haigh, Theor Popul. Biol. 14, 251 �1978�.
�34� B. Charlesworth, Proc. Natl. Acad. Sci. U.S.A. 75, 5618

�1978�.
�35� R. R. Hudson and N. L. Kaplan, Genetics 141, 1605 �1995�.
�36� N. H. Barton, Genetics 140, 821 �1995�.
�37� M. Nordborg, B. Charlesworth, and D. Charlesworth, Genet.

Res. 67, 159 �1996�.
�38� T. Bataillon, Heredity 84, 497 �2000�.

RATE OF FIXATION OF BENEFICIAL MUTATIONS IN … PHYSICAL REVIEW E 79, 061915 �2009�

061915-5


