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ABSTRACT
The adaptive value of recombination remains something of a puzzle. One of the basic problems is that

recombination not only creates new and advantageous genetic combinations, but also breaks down existing
good ones. A negative correlation between the fitness of an individual and its recombination rate would
result in prolonged integrity of fitter genetic combinations while enabling less fit ones to produce new
combinations. Such a correlation could be mediated by various factors, including stress responses, age,
or direct DNA damage. For haploid population models, we show that an allele for such fitness-associated
recombination (FAR) can spread both in asexual populations and in populations reproducing sexually
at any uniform recombination rate. FAR also carries an advantage for the population as a whole, resulting
in a higher average fitness at mutation-selection balance. These results are demonstrated in populations
adapting to new environments as well as in well-adapted populations coping with deleterious mutations.
Current experimental results providing evidence for the existence of FAR in nature are discussed.

THE evolutionary function of recombination has not Hamilton 1980), there are also counter-examples where
this effect is disadvantageous. Under certain fitness land-yet been fully understood, despite more than seven
scapes and initial conditions, recombination tends todecades of theoretical research in the field (Maynard
break fitter combinations more than it acts to createSmith 1978; Bell 1982). The models put forward to
new ones (Eshel and Feldman 1970). It thus seemsexplain its possible adaptive benefits can be divided into
that an ideal form of recombination (in terms of thetwo classes. One class of models dealt with the long-
whole population) is one that breaks down unfit combi-term effects of recombination at the population level.
nations with a higher probability than it breaks fitterUnder a constant environment and no mutations, mean
ones. In other words, recombination that is negativelyfitness tends to decrease with recombination (Kimura
correlated with fitness (Zhuchenko and Korol 1983;1956; Lewontin 1971). Muller (1964) suggested dele-
Redfield 1988) gains the benefit of bringing togetherterious mutation and finite population effects to explain
beneficial alleles without breaking apart good combina-the advantage of recombination. His “ratchet” argu-
tions. Hereafter we term such a form of recombinationment is based on the fact that in a small population
“fitness-associated recombination” (FAR) to distinguishsubject to deleterious mutations the superior type pres-
it from the classical model of recombination at a uni-ent in the population at any given time is bound to
form rate (UR).eventually be lost to drift. Kondrashov (1988) sug-

Another approach to the dynamic effects of recombi-gested a similar argument that is not restricted to small
nation, initiated by Nei (1967), studies selectively neu-populations. Under an assumption of synergistic epista-
tral modifier genes that control the rate of recombi-sis between deleterious mutations, recombination can
nation. This approach is oriented at the level of theincrease average fitness even in an infinite population.
individual, studying the evolution of recombination asRecombination has an identical effect in both situations,
the change in the frequencies of modifier genes. Inbreaking the linkage disequilibrium and recreating indi-
the absence of deleterious mutations or environmentalviduals with a low number of deleterious mutations.
changes, a recombination modifier would tend to in-Fisher (1930) suggested that recombination might
crease from rarity only if it reduces the recombinationaccelerate adaptation to a changing environment, since
rate between selected loci (Liberman and Feldmanit allows different beneficial mutations to appear to-
1986). If deleterious mutations are assumed, it was showngether in the same individual more frequently. While
by Feldman et al. (1980) that in a two-locus modelthis is true in some cases (Crow and Kimura 1965;
uniform recombination might evolve only if there is
negative epistasis between the selected loci. Negative
epistasis is also necessary for recombination to be fa-
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result can be obtained by relaxing the assumption of stein and Johns 1989; Wojciechowski et al. 1989;
Kupiec 2000). When the source of the recombininguniform recombination. If recombination is negatively

associated with fitness, the gene controlling recombina- DNA is two different individuals (i.e., transformation in
bacteria or meiotic recombination in eukaryotes) thesetion would tend to appear more frequently together

with advantageous genomic backgrounds (Gessler and data are supportive of FAR: massive DNA damage of
the kind usually studied in these works is well correlatedXu 2000). As a result, FAR could spread in the popula-

tion. with reduced fitness. Moreover, DNA damage can in-
duce recombination not only close to the damaged site,In this article we study the evolvability of FAR using

a series of haploid models, showing that an allele for but also up to 30 kbp away from it (Golub and Low
1983; Smith 2001; Young et al. 2002). In a classicalFAR will tend to increase from rarity to fixation in any

population with a uniform recombination rate. This experiment, Fabre and Roman (1977) showed elevated
levels of recombination in diploid yeast that was crossedincludes both sexual populations with a uniform recom-

bination rate and asexual populations, regarded as hav- with an irradiated chromosome. The effect was present
even when fusion between the two nuclei was inhibited,ing a recombination rate zero. Furthermore, FAR is

stable against back mutations to UR. In addition, we suggesting that it was mediated by cytoplasmic proteins.
Elevated recombination levels in response to variousstudy the effect of FAR on the average population fit-

ness. We show that populations with fitness-associated types of stress have been observed in many organisms,
from simple prokaryotes to mammals (see Bell 1982recombination tend to have a higher average fitness

than populations with a uniform recombination rate. and Parsons 1988 for extensive reviews and Hoffman
and Hercus 2000 for a more recent treatment of theThese results do not require negative epistasis between

the selected loci or a small population size—fitness- subject). In the bacteria Haemophilus influenza and Bacil-
lus subtilis, starvation has been shown to increase compe-associated recombination can evolve even from an ini-

tial linkage equilibrium in an infinite population. tence for DNA uptake (Dubnau 1991; Redfield 1993;
Jarmer et al. 2002). Induction of a sexual cycle due to
nitrogen starvation has been observed also in the hap-

THE ASSOCIATION BETWEEN FITNESS loid unicellular chlorophyte Chlamydomonas reinhardtii
AND RECOMBINATION

(Harris 1989).
In yeast, regulation of recombination can be achievedFor an association between fitness and recombination

to occur, it is sufficient that some correlating factor s at two levels. The first level is regulation of the switch
from mitotic growth to meiosis and gametogenesis. Star-exist, which is associated with fitness f and affects the

recombination rate r. The association between s and r vation, heat stress, and DNA damage all increase the
tendency for that switch (Kassir et al. 1988; Bernsteincould be a consequence of the properties of s itself.

For example, high temperatures may lead to increased and Johns 1989; Mai and Breeden 2000). The actual
mechanism by which stress and starvation regulate therecombination by directly affecting enzymes involved in

the meiotic process. However, it is also possible that r entry to meiosis is beginning to be revealed: in Schizosac-
charomyces pombe, the stress-induced Wis1-Spc1 proteinhas evolved to be correlated with s partly due to the

correlation between s and f. For instance, recombina- kinase cascade phosphorylates the transcription factor
Atf-Pcr1, which is necessary for meiosis (Davis and Smithtion may have evolved to increase with indications of

starvation, as this would lead to less fit individuals per- 2001). In Saccharomyces cerevisiae, transcription factor
IME1 is required for the initiation of meiosis and isforming more recombination than fitter ones. In this

section we review the evidence for existence of negative activated by starvation (Kassir et al. 1988; Davis and
Smith 2001). At a second level, nutritional stress hascorrelations between recombination rates and fitness in

biological systems, suggesting various possible factors been shown to increase meiotic recombination frequen-
cies (Abdullah and Borts 2001). Various transcriptionfor the role of s.

Results that show a negative correlation between re- factors are known to activate recombination hotspots
(White et al. 1993; Kon et al. 1997; Nicolas 1998), andcombination rates and fitness can be divided into four

categories: evidence for recombination induced by DNA at least two of these factors are also related to stress
responses. Production of transcription factor Gcn4p isdamage, evidence for recombination induced by various

types of stress, correlations between age and recombina- induced by glucose, purine, or amino acid starvation.
This factor induces increased recombination at thetion, and direct estimates of the correlation between

recombination and fitness within and between popula- HIS4 hotspot (Abdullah and Borts 2001). Similarly,
transcription factor Mts1/Mts2, which activates the re-tions. Of particular interest are results that suggest a

regulation mechanism behind this correlation. As pre- combination hotspot M26 (Kon et al. 1997), is involved
in a variety of stress responses (Takeda et al. 1995;viously mentioned, such regulation can have a selective

advantage regardless of other functions it may serve. Watanabe and Yamamoto 1996).
An increase in recombination rate due to heat stressDamage-induced recombination has been found in

both prokaryotes and eukaryotes (Bernstein 1987; Bern- has been observed in plants and nematodes (see Grell
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1978; Zhuchenko et al. 1986; Hoffman and Parsons recombination rates—either zero or a fixed positive
rate. When FAR occurs, the actual recombination rate1991, and references therein). Drosophila melanogaster

also shows an increase in recombination rate following used is negatively correlated with the organism’s fitness.
This assumption is a natural one for modeling of FARstress induced by either extreme temperatures (Plough

1917; Chandley 1968; Grell 1978; Tracey and Demp- in facultative sexual haploids and a simplification in the
case of obligatory sexual haploids.sey 1981) or starvation (Bergner 1928; Neel 1941;

Parsons 1988). Finally, behavioral stress has been FAR spreads in a UR population: To study the evolva-
bility of FAR, let us first consider the simplest possibleshown to increase recombination rates in the house

mouse, Mus musculus (Belyaev and Borodin 1982). model. In this model there are only two loci. The first
locus, with alleles A and a, determines fitness (fA * � 1,Age is another factor correlated with recombination

rates. Negative correlations between recombination rates fa * � 1 � s). The second locus determines the recombi-
nation strategy. Allele C determines recombination atand age (at least at the early stages of life) fit well within

the framework of FAR, since age is obviously correlated a fixed rate rc (UR strategy) between the two loci, regard-
less of the allele at the other locus. Allele V determineswith survivorship. On the other hand, the correlation

between age and fitness can be weakened by trade-offs fitness-associated recombination (FAR strategy): the su-
perior haplotype AV has probability � � 0.5 to repro-between life span and fertility and/or young-age viability

(Kokko 1998). Moreover, accumulation of germ-line duce asexually and probability 1 � � to make the wrong
choice and reproduce sexually, with a positive recombi-mutations means that old individuals are likely to pass

lower-quality genes to their offspring (Crow 1993). Com- nation rate rv � rc . The inferior haplotype aV has proba-
bility � to reproduce sexually with recombination rate rvbining these considerations with the idea of FAR, one

would expect recombination rates to decrease with time and probability 1 � � to reproduce asexually. A negative
correlation between fitness and recombination existsat early stages of life, but possibly start increasing again

at older age. A significant decrease in recombination for any � � 0.5, and the correlation coefficient ap-
proaches �1 as � approaches 1. To make the modelrates associated with age has indeed been demonstrated

in plants (Griffing and Langridge 1963) as well as in more tractable, we assume that if two individuals with
different recombination rates meet, the rate of recombi-Drosophila (Neel 1941; Hayman and Parsons 1960).

In mammals, a fall in recombination with maternal age nation between them would be the average of their
recombination rates (additive modifier). The latter as-has been found in M. musculus, although correlation

with paternal age has been inconsistent (Wallace 1957; sumption can be relaxed, and simulations have proven
that the model is robust to other types of interactionsBodmer 1961; Reid and Parsons 1963). An increase in

recombination rates at older age has been consistently re- between the recombination rates of the two partners.
Note that in this model there is only one selected locus,ported in Drosophila (Redfield 1966; Ashburner 1989).

Direct examination of intrapopulation variation in and therefore recombination cannot have any effect on
average population fitness. The situation is different infitness and its correlation with recombination rates

could provide more evidence supporting the existence other models discussed below.
For the simplicity of the analytical treatment let usof FAR in nature. Few works have studied this correla-

tion directly. Those who did study it indeed found a first assume unidirectional mutation at rate m from A
to a. After mutation, the frequencies P* becomenegative correlation between the two variables (see

Marinković et al. 1980; Tucić et al. 1981; Cvetković
P*Ai � (1 � m)PAi (1)and Tucić 1986; several references within Korol et al.

1994; and to some extent Nevo 1997). P*ai � Pai � mPAi (i � {C,V }). (2)

The next generation frequencies are then given by
DETERMINISTIC MODELS

�·P �j � fj(P*j � 	) (j � {AV, aC }) (3)
Modeling the correlation between fitness and recom-

bination: A given factor s can affect the recombination �·P �k � fk(P*k � 	) (k � {aV, AC }), (4)
rate r through a change in the number of chiasmata

where fi are the fitnesses of the corresponding geno-occurring during meiosis. In facultative sexual haploids,
types, � is the average fitness in that generation (equalthe transition between sexual and clonal modes of re-
to the sum of the right-hand sides in Equations 3 andproduction can also be regarded as a regulation of re-
4), andcombination rate, switching it between a positive rate

and rate zero. This form of regulation is of particular
	 �

rc � (1 � �)rv

2
P*AV P*aC �

rc � � · rv

2
P*aV P*AC . (5)interest in modeling the appearance and spread of re-

combination in an asexual population.
In this article we study a series of FAR models sharing We limit the discussion to two cases. In both cases

the allele V acts as described above, coding for AV toa basic modeling assumption, corresponding to the sim-
plest form of FAR. In all of them, there are two possible reproduce asexually and for aV to recombine at the rate
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rv (with error probability 1 � �). In the first case allele tional mutation (no matter what the recombination
strategy is) is given byC codes for asexual reproduction; i.e., rc � 0. In the

second case, allele C codes for sexual reproduction with
P*hk � (1 � m)2Phk � m(1 � m)(Phk � Phk)uniform recombination rate rc � rv . In the two cases,

the dynamical system resulting from mutation and re- � m2Phk (h � {A, a}, k � {B, b}). (6)
combination according to Equations 1–4 has the same

In the case of the UR population, the frequenciesequilibrium points. One group of equilibria entails ex-
after recombination follow the equationstinction of the superior allele, i.e., PAV � PAC � 0, and

is unstable as long as m 
 s, which we assume. The two �P �i � fi(P*i � rcD) (i � {AB, ab}) (7)
other equilibrium points describe a mutation-selection
balance between a and A with either allele C or V and �P �i � fi(P*i � rcD) (i � {Ab, aB}) (8)
extinction of the allele for the alternative reproduction

wherein � is again the average fitness, andstrategy. Analyzing the equilibria of the system leads to
the following result: D � P*AB P*ab � P*Ab P*aB . (9)

Result 1: For any � � 0.5 (i.e., for any negative correla-
In the case of the FAR population the frequencies aftertion between fitness and recombination), the equilib-
recombination are given by the same equations, replac-rium {PAC � 1 � m/s, Pa C � m/s} is unstable. The only
ing rcD by rv	, wherestable equilibrium of the system for 0 
 m 
 s is {PAV �

1 � m/s, PaV � m/s}, meaning that the FAR allele is
	 �

1
2

P*AB P*ab � �P*AbP*aB . (10)bound to eventually fix in the population (note that
because there are no internal equilibria, cycling can be

Note that (10) is not an expression for the linkage dis-ruled out). The opposite is true when � 
 0.5, i.e., when
equilibrium in this system. Linkage disequilibrium isthe correlation between recombination and fitness is
expressed by D (Equation 9) in both cases.positive.

Numerically solving Equations 6–10, we examined theA model with bidirectional mutation between alleles
average population fitness � � �i�{AB,aB,Ab,ab} fiPi at mu-A and a (i.e., probability m for a mutation in either
tation-selection-recombination balance, starting fromdirection) would result in two equilibria only: {PAC � 1 �
various starting points and for different values of the�, PaC � �} and {PAV � 1 � �, PaV � �}, wherein
parameters m, rc, rv, s1, and s2. Compared to a UR popula-
tion with either rc � 0 or rc � rv, the FAR population

� �
s � 3sm � 2m � √4m2 � 4m2s � m2s2 � 2ms2 � s2

2s(1 � 2m) had a higher average fitness for the entire parameter
range where selection is stronger than mutation (i.e., m 


for any m � 0.5, and � � (1 � s)/(2 � s) in the singular s1). Figure 1 plots the differences between the average
case m � 0.5. population fitness of a FAR population (with � � 1) and

In accordance with the result for unidirectional muta- that of the two UR populations. In the entire parameter
tion, the second equilibrium is stable while the first is range, the average fitness of the FAR population is
not for any � � 0.5 and for any value of m and s. higher than that of either sexual or asexual UR. The

In the above model, the initial increase of the V allele greatest differences are obtained for relatively low selec-
is driven only by its ability to hitchhike on the superior tion values—s1 of the order of 10�3–10�4, namely in the
allele A and break off from the inferior allele a (May- range of slightly deleterious mutations.
nard Smith and Haigh 1974). There is no possible Comparing a FAR population to a sexual UR popula-
effect of alleles V or C on the fitness in this model. tion with rc � rv, the latter performs more recombination

FAR populations tend to have a higher average fitness: on average per generation. Some of the difference in
The effect of FAR on the average population fitness average fitness could have been attributed to this effect.
in the presence of mutations can be studied using an As a control eliminating it, we ran a simulation in which
infinite-population two-locus model with alleles A/a each generation the average recombination rate of the
and B/b. FAR population was calculated, and the recombination

We consider all unimodal fitness landscapes with AB rate of the UR population was set to the same value.
as the superior type and equal fitness for the two single The resulting difference in fitness between the two pop-
mutants. The relative fitnesses are thus given by fAB � ulations remained positive throughout the parameter
1, fAb � faB � 1 � s1, fab � 1 � s2, where 0 
 s1 
 s2 
 range and very close to the values of Figure 1A.
1. Bidirectional mutation occurs at rate m at the two fit- Of special interest is the case of multiplicative fitness
ness-determining loci. We compare populations that are landscape. In an infinite population under multiplica-
homogeneous with respect to the recombination mode— tive fitness, uniform recombination has no fitness effect
FAR or UR. (D � 0 at mutation-selection balance). This is not the

Denoting the alternative allele (at the same locus) case for FAR: due to its inherent asymmetry, FAR creates
a positive linkage disequilibrium between fitness-deter-for allele i byi , so that A � a, etc., the effect of bidirec-



2171Fitness-Associated Recombination

Figure 1.—FAR performs better in terms of average population fitness. (A) The difference between the average fitness of a
population employing FAR with rv � 0.5 and one employing UR with rc � 0.5. (B) The difference between the average fitness
of a population employing FAR with rv � 0.5 and one employing UR with rc � 0. The correlation between recombination and
fitness is perfect (� � 1). The mutation rate is m � 10�5. The difference between equilibrium values is plotted for the range
m 
 s1 � s2 
 0.2. The equilibrium values do not depend on the initial conditions. In the range s1, s2 � 0.2 the difference is
lower but still positive.

mining loci. Figure 2A plots the linkage disequilibrium disequilibrium appears in the two UR populations due
to the effect of mutation. In both cases, positive linkageD as a function of time for the multiplicative selection

case. Starting from linkage equilibrium, both the sexual disequilibrium appears in the FAR population for any
� � 0.5. Figure 2B demonstrates the case � � 1.and the asexual UR populations stay in linkage equilib-

rium. In the FAR population, on the other hand, posi- The creation of positive linkage disequilibrium in the
FAR population results in a higher average fitness com-tive linkage disequilibrium between the fitness-deter-

mining loci is gradually created. The latter is true also pared with the UR populations, for any � � 0.5. This is
demonstrated in Figure 3, which presents the differencefor the additive case (Figure 2B), where negative linkage

Figure 2.—The effect of FAR on linkage disequilibrium. (A) Multiplicative fitness, f4 � f 2
2. (B) Additive fitness, f2 � f3 � 1 � s1,

f4 � 1 � 2s1. Linkage disequilibrium is plotted as a function of time, starting from fixation of AB, for s1 � 0.1, � � 1. Under
multiplicative fitness (A), linkage disequilibrium remains zero for both sexual and asexual UR. In the FAR population, on the
other hand, positive disequilibrium is gradually produced. Under additive fitness (B) the difference is even more noticeable:
negative disequilibrium appears in the two UR populations, whereas a positive disequilibrium is created in the FAR population,
leading to an increased fitness. The result is robust to changes in s1 and �.
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Figure 3.—Population-level advantage as a function of selection intensity and error probability. The difference between the
average fitness of a population employing FAR and that of a population employing UR in a multiplicative fitness landscape is
shown. The advantage in an additive fitness landscape, relative to either asexual or sexual UR (see text for details), is also reliably
illustrated. (A) The fitness difference is plotted as a function of the selection parameter s1, for three levels of correlation strength:
� � 1 (perfect correlation), � � 0.6 (weak correlation), and � � 0.5 (zero correlation, random choice). As expected, for � �
0.5 no difference in fitness appears between the FAR and the UR populations. For the higher values of � the difference is positive
and is highest for low values of s1, of the order of 10�4. (B) The fitness difference is plotted as a function of � for three values
of s1. FAR is advantageous whenever � � 0.5 (i.e., whenever there is a negative correlation between recombination and fitness),
and the difference is an increasing function of �. Note that a larger difference is attained for the lower selection values.

between the average fitness of a FAR population and change between generations. To make the comparison
between the FAR and sexual UR populations more accu-that of a sexual UR population, in a multiplicative fitness

landscape: f1 � 1, f3 � f2 � 1 � s1, and f4 � (1 � s1)2. rate, we used rc � (1 � 
)rv, so that the average recombi-
nation rates in the two populations were exactly theAs demonstrated in Figure 3A, the effect is strongest

for relatively low selection parameters, of the order of same.
Figure 4 shows the advantage of FAR (in this relative10�4 (in accordance with Figure 1). Figure 3B shows

how the difference in fitness depends on the error prob- fitness implementation) relative to a sexual UR popula-
tion with the same average recombination rate, for threeability 1 � �. As can be seen, FAR maintains an advan-

tage for any � � 0.5. Naturally, the advantage increases values of the mutation rate. Similar to the result shown
in Figure 3 for the absolute fitness implementation, thewith �. We also studied a corresponding additive fitness

model, with f1 � 1, f3 � f2 � 1 � s1, and f4 � 1 � 2s1. relative fitness model of FAR also maintains a popula-
tion-level advantage relative to UR.The differences between the multiplicative case and the

additive one, and between the sexual and asexual UR
populations in the additive fitness landscape, are all too

SIMULATION MODELSsmall to show on the scale of the figure, being of the
order of 10�10. In the multiplicative case, the average The deterministic models presented above provide
fitness of the asexual UR populations is identical to that the basic intuition as to the dynamics behind the advan-
of the sexual UR one. Thus, Figure 3 reliably depicts tage of FAR. To establish this potential advantage in a
the situation in these scenarios as well. wider context, we use several different multilocus simu-

To complement the analytical treatment, we examine lations, comparing recombination strategies in two dif-
a three-locus model where recombination is associated ferent evolutionary scenarios and at two different levels.
with the relative rather than with the absolute fitness. The two scenarios examined are coping with deleterious
In this model, a proportion 
 of the FAR population, mutations and adaptation to environmental changes.
composed of the best individuals, would have the lower For each of these scenarios, separate simulations were
recombination rate, and the rest would have the higher performed to study the dynamics of rare FAR mutants
rate. The equations for this model are detailed in the within a UR population and vice versa and to compare
appendix. In this model, the average frequency of re- the dynamics of homogeneous FAR populations to those

of homogeneous UR populations.combination events in the FAR population does not
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with biallelic haploid genomes. Each simulation trial
lasts 10,000 generations, if not terminated earlier by
one of the termination conditions detailed below. Each
generation, pairs of parents are randomly chosen and
mated, producing 1 offspring, until 1000 viable off-
spring are produced. Offspring survive with probability
equal to their genotypic fitness. The gene controlling
the recombination strategy is assumed to be unlinked
to the fitness-determining loci.

Recombination takes place after selection. Similar to
the deterministic models of the previous section, a pair
of parents recombines in these simulations with proba-
bility equal to their average recombination rate. If they
do not recombine, each reproduces asexually, produc-
ing a copy of itself. When recombination does take
place, a pair of complementary offspring genomes is
produced, with a single crossover point occurring at aFigure 4.—Advantage of FAR in a relative fitness implemen-
random location within the fitness-determining loci. Intation. The difference in average fitness between a FAR popu-
addition, a recombination event between the locus forlation and a sexual UR population is plotted as a function of

the selection parameter s1, for three different mutation rates. recombination strategy and the rest of the genome oc-
The fitness landscape is the same multiplicative landscape of curs with probability 0.5. The offspring then undergo
Figure 3, but the implementation of FAR here is based on point mutations at a given rate. We examined a widecorrelation with the relative rather than with the absolute

range of bidirectional mutation rates, from mg � 0.003fitness. See the appendix for the detailed description of this
mutations per genome per generation to mg � 1. Themodel.
qualitative results were robust to these changes, and the
results presented here are from simulations with mg � 0.05.

Coping with deleterious mutations: Adjusting to theAll the simulation models share a common frame-
work, by which FAR-type individuals or populations are accumulation of deleterious mutations has long been

recognized as one of the major advantages of recombi-compared to individuals or populations performing re-
combination at a uniform rate (UR type). This uniform nation (Muller 1964; Kondrashov 1988). We tested

the performance of FAR compared to UR in a deleteri-rate could be zero, corresponding to asexual reproduc-
tion, or positive, corresponding to sexual reproduction ous mutation model with 10,000 loci, where each muta-

tion (compared to the perfect sequence) induces awith a fixed recombination probability. The fitness land-
scape examined is again a multiplicative one: the fitness multiplicative decrease of 2% in fitness. The effect of

the different recombination strategies was examinedof an individual decreases multiplicatively with the num-
ber of loci differing from a “target genome” determined both at the level of the individual and at the population

level.by the environment.
The basic idea behind FAR is that less fit individuals The individual level: To assess the relative advantage

of FAR compared to uniform-rate recombination, wewould tend to perform recombination more than fitter
ones. As in the deterministic models, we use the simplest checked the initial increase of rare FAR mutants in a

homogeneous UR population and the initial increaserealization of this idea, with only two possible recombi-
nation rates—a fixed high rate for the less fit and rate of rare UR mutants in a FAR population. We start from

a homogeneous population with 1000 individuals of onezero for the fitter individuals. In the simulations pre-
sented here, we assumed again that the recombination of these two types. The population is first initialized

near mutation-selection balance, by letting each individ-rate is negatively correlated with the relative fitness of
the individual. FAR individuals in the top 5% of the ual have a number of mutations drawn from a Poisson

distribution with mean mg/s, where mg is the genomepopulation (with respect to fitness) had probability � �
0.5 to have recombination rate zero and probability 1 � mutation rate and s is the fitness decrease due to a single

mutation. The population is then allowed to stabilize for� to have the higher recombination rate rv. The opposite
was true for all other FAR individuals. Here again, we 50 generations, after which 5% of the population are

chosen at random and mutated to employ the otherfixed rc � (1 � 
)rv, to obtain the same average recombi-
nation rate in the UR population as in the FAR one. recombination strategy.

The simulation ends when the mutant type eitherThe following numbers are taken from simulations
using � � 1. Simulations using lower values of � (� � 0.6, goes extinct or takes over at least 99% of the population.

Repeating this experiment 5000–10,000 times, we calcu-0.8) gave qualitatively similar results, but the difference
between FAR and UR was smaller (results not shown). lated the takeover frequencies of FAR mutants in both

sexual and asexual UR populations and the takeoverEach simulated population consists of 1000 individuals
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frequencies of sexual and asexual UR mutants in FAR the new environment, during which its average fitness
is monitored.populations. As controls, we checked the takeover fre-

quency of asexual UR individuals within a sexual UR
population, the takeover frequency in the opposite di-

SIMULATION RESULTS
rection, and the takeover frequency of neutral mutants.
The rate rv was fixed at 1. As before, the recombination The individual level: Figure 5 summarizes the results

of simulations at the individual level. For each of therate for the sexual UR population was rc � (1 � 
)rv,
to ensure that the FAR population and the sexual UR two basic scenarios (deleterious mutations and environ-

mental changes), takeover rates are plotted for six cases:population have the same average recombination rate.
Note that rc and rv are recombination rates per genome; FAR mutants in sexual and asexual UR populations;

asexual and sexual UR mutants in a FAR population;i.e., r � 1 means one recombination point along the
genome. and as controls also asexual UR mutants in sexual UR

populations, and vice versa. In all the simulations weThe population level: A strategy that has a local benefit
at the individual level can still perish in the long run if used rv � 1, and in the sexual UR populations we took

rc � (1 � 
)rv, to ensure the same average recombinationits overall effect is negative once established in a subpop-
ulation. To test the population-level effects of FAR, we rate as the FAR population (
 � 0.05 throughout the

simulations, meaning that the best 5% of the populationcompared a sexual UR population, an asexual UR popu-
lation, and a FAR population. In these simulations the do not initiate recombination if they carry the FAR

allele). For reference, a horizontal line indicates thepopulation was initialized free of deleterious mutations
and monitored for a period of 10,000 generations. expected takeover rate of an individual with a neutral

mutation (0.05 in this case, since the rare mutants startAdaptation to environmental changes: An environ-
mental change may dramatically alter the fitness land- with that proportion in the population). Performing

the same simulations with true neutral mutations indeedscape, emphasizing few beneficial mutations rather than
the many weakly deleterious ones. For modeling adapta- gave takeover rates very close to that value. A takeover

rate �0.05 indicates a positive initial increase and a ratetion to a changing environment, we assumed 16 fitness-
determining loci. One can think of these loci as distrib- 
0.05 means that the overall effect of the mutation in

question is negative.uted uniformly along the 10,000 loci of the previous
model. This time we neglect slightly deleterious muta- Figure 5 clearly demonstrates that the success of FAR

mutants in both sexual and asexual UR populations istions in the majority of loci and concentrate on the 16
loci where mutations can have a relatively large impact very high (bars A and D), whereas the success of UR

mutants in FAR populations is negative (i.e., significantlyon fitness. An environment is characterized by a target
sequence. Each mismatch between an allele in 1 of these lower than that of a neutral mutant; bars B and E).

Moreover, the initial increase of FAR within UR popula-16 loci and the target sequence results in a multiplicative
5% decrease in fitness. The population is initialized tions of both types is much higher than the increase of

sexual UR mutants within an asexual UR population ornear mutation-selection balance in each of the fitness
loci relative to a given environment and is allowed to vice versa (bars C and F). The same experiments were

also carried out with other rc values, with qualitativelystabilize in that environment. The environment is then
changed, by changing all 16 alleles in the target se- similar results. Simulations incorporating a single mu-

tant rather than 5% of the population also gave similar,quence so that the complementary sequence becomes
the target. From that point on, the population adapts albeit noisier, results.

The population level: To study population-level ef-to the new environment.
The individual level: Each individual in a homogeneous fects of the reproduction strategy, we compare three

populations, employing sexual UR, asexual UR, andFAR or UR population is initialized with a random num-
ber of deleterious mutations, drawn from a binomial FAR. The parameters rc, rv, and 
 were the same as in

the individual-level simulations. Figure 6A compares thedistribution with a mean corresponding to the theoreti-
cal mutation-selection balance. After a stabilization pe- average population fitness of the three populations, for

the deleterious mutation model. While the asexual pop-riod of 50 generations the environment is changed. At
the same time 5% of the population are chosen at ran- ulation quickly deteriorates (reaching a steady state with

fitness close to zero), both the sexual UR populationdom and mutated to employ the other recombination
strategy. The takeover frequency is registered and com- and the FAR population stabilize on a relatively high

average fitness. The stable state of the FAR populationpared to the same controls as in the deleterious muta-
tion model. is significantly higher than that of the sexual UR popula-

tion (comparing the average fitnesses over independentThe population level: Homogeneous FAR and UR popu-
lations are initialized at the target sequence. The envi- trials for a given generation yielded P 
 0.001 for each

of the last 100 generations).ronment is then changed to the complementary se-
quence, to reflect a radical environmental change. The Figure 6B presents the average population fitnesses

for the case of adaptation to a new environment. Thepopulation is given 10,000 generations to readapt to
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Figure 5.—Individual-level simulations. (A) Deleterious mutations. (B) Adaptation to environmental change. In each case,
the takeover rate by rare mutants in 1000 trials is plotted for six different scenarios: FAR mutants in an asexual population (bar
A), asexual mutants in a FAR population (B), sexual mutants in an asexual population (C), FAR mutants in a UR sexual
population (D), UR sexual mutants in a FAR population (E), and asexual mutants in a UR sexual population (F). The horizontal
line indicates the expected takeover rate of a neutral mutant.

asexual population does more poorly than the other haploid models and stochastic multilocus finite-popula-
tion simulations. We showed that fitness-associated re-two, which behave more or less the same, with a slight

advantage to FAR. Given enough time, all three popula- combination is far more successful than UR: FAR mu-
tants tend to spread in UR populations, whereas FARtions reach a balance around the target genotype. Note

that this model incorporates relatively strong selection populations are stable against UR mutants. Specifically,
FAR mutants spread from rarity in asexual UR popula-and low mutation rates—conditions where we would

expect FAR to have a particularly small advantage, on tions and are stable against back mutations (Result 1,
the basis of the results of the analytical models (see Figure 5). This holds true even in infinite-population
Figures 3 and 4). models with no epistasis, where sexual UR mutants do

not increase in frequency within an asexual population
(Feldman et al. 1996). In addition, FAR populations

DISCUSSION tend to have a higher average fitness than UR popula-
tions, either sexual or asexual (Figures 1, 3, 4, and 6).We examined the possible evolutionary advantages of

FAR, using deterministic two-locus infinite-population The advantages of FAR were analyzed in general fitness

Figure 6.—Population-level simulations. (A) Deleterious mutations. (B) Adaptation. Average population fitness is plotted as
a function of time, for three populations: asexual UR, sexual UR, and FAR. The average recombination rate in the sexual UR
population is the same as in the FAR population (see text for details).
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landscapes with two and three loci. They were verified lation increases. Natural selection thus becomes more
effective and the average fitness increases (Figures 1,using multilocus simulations in multiplicative fitness

landscapes. 3, 4, and 6). Our results are consistent with those of
Redfield (1988), who studied the evolution of bacterialThese results have a few implications. First, sexual

reproduction is more likely to arise if recombination is transformation under deleterious mutations. In a set of
simulations assuming high mutation rates (mg � 0.5, 1),fitness associated. Second, sexual recombination is more

likely to be maintained (both within a population and Redfield showed that transforming populations some-
times had a higher average fitness than asexual popula-between populations) if recombination is fitness associ-

ated. Third, even if there were no a priori physiological tions, even when the source of DNA uptake was dead
cells. When the fittest individuals completely avoidedreason for recombination to be negatively correlated

with fitness, a regulator of recombination that induces transformation, the average fitness of the transforming
population was higher than that of the nontransformingsuch correlation (by suppressing recombination in the

more fit, increasing recombination in the less fit, or population. Our results show that even if both partners
determine the effective rate of recombination, so thatboth) is likely to spread and be maintained due to its

association with the more fit genotypes in the popula- the superior type cannot altogether avoid it, even if the
negative correlation between recombination and fitnesstion (Result 1, Figure 5).

It should be noted that the effects of FAR are not is imperfect, and even if recombination is correlated
with relative fitness rather than with absolute fitness,limited to multiplicative landscapes. In a general uni-

modal fitness landscape with two loci, FAR leads to a FAR would still carry a population-level advantage.
Zhuchenko and Korol (1985) studied the evolutionhigher average fitness than does either sexual or asexual

UR (see Figure 1). In another work (Hadany and Beker of an allele for environmentally induced recombination
in a changing environment. They studied a model with2003) we extended our examination of these effects to

the problem of adaptation on rugged adaptive land- a periodic two-state environment and a corresponding
two-rate recombination strategy of the entire popula-scapes. In that scenario FAR turns out to have a much

more dramatic effect on the average population fitness tion. Under specific epistatic interactions, there are two-
rate recombination strategies that yield a higher averageand on the speed of adaptation.

Most explanations for the advantage of recombina- fitness than the optimal uniform-rate strategy yields un-
der the same fluctuating environment. Moreover, antion have to do either with reconstruction of good com-

binations from bad ones created by mutation (Muller allele for such environmentally induced recombination
can increase in frequency within the population, proba-1964; Kondrashov 1988) or with adapting to a chang-

ing environment (Fisher 1930; Charlesworth 1976; bly due to the increased average fitness of the subpopu-
lation carrying it. While this model ignores intrapopula-Barton 1995). In both cases, an essential prerequisite

is the existence of some source of linkage disequilibrium tion variance in recombination rates, it resembles FAR
for periods immediately following extreme changes,to begin with. In the words of John Maynard Smith

(referring to a simplified deterministic model): “The when the whole population is likely to experience a
considerable decrease in fitness. However, as soon asonly effect which sexual reproduction and free recombi-

nation can have on genotype frequencies is to bring adapted combinations appear in the population, the
two models differ. FAR would result in some protectionthem closer to linkage equilibrium” (Maynard Smith

1978, p. 14). Thus a necessary (though insufficient) condi- for these combinations from being broken down by
recombination, whereas an adjustment of the recombi-tion for uniform recombination to have any positive effect

is the existence of some other force that drives the nation rate in the population as a whole would not.
The ability of FAR mutants to spread from rarity inpopulation to linkage disequilibrium.

In the case of fitness-associated recombination the asexual UR populations is an important difference be-
tween FAR and UR. Whereas a modifier for a highersituation is different. FAR can in itself produce linkage

disequilibrium. This can be intuitively understood, as uniform rate of recombination would not increase un-
der multiplicative fitness in a large UR population start-FAR is an inherently asymmetrical process. It creates

good combinations at a rate higher than the rate at ing from linkage equilibrium (Feldman et al. 1996), an
allele for FAR would, by linking to the superior typeswhich it breaks them down. The production of linkage

disequilibrium by an asymmetrical recombination pro- and breaking from the inferior ones (see Figure 5).
This “generalized hitchhiking” ability allows FAR tocess has been previously noted by Clark and Feldman

(1981), who assumed different recombination rates be- spread and be maintained in any UR population, even
without its long-term effect on the average fitness. Eventween cis and trans inversion heterozygotes. In a popula-

tion subject to FAR, the steady state would be similarly when the rest of the genome is limited to a single gene
and no linkage disequilibrium can appear between fit-biased toward linkage disequilibrium. FAR results in

positive linkage disequilibrium between fitness-determin- ness-determining loci, FAR can still spread due to its
association with the superior genotype (Result 1).ing loci (Figure 2)—the extreme genotypes are over-

represented, and the variance in fitness within the popu- Spreading of an allele for recombination was demon-
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strated before in several works suggesting a physiological tion on the basis of factors associated with the fitness is
likely to spread within a population undergoing uni-explanation for the advantages of recombination (Bern-

stein et al. 1985; Michod 1998). These works assume form recombination. Finally, these results are relevant
to the way we understand the basic effects of recombina-that recombination is capable of DNA repair. As shown

by Michod (1998), an allele that carries repair proper- tion. If recombination in nature is indeed fitness associ-
ated to a significant extent, we should perhaps partties and dictates selfish sex (i.e., recombine only when

damaged) is a much more robust repair strategy than with the long-standing dogma that the only effect of
recombination is breaking linkage disequilibrium. Whilecooperative sex, especially when both are compared

with asexual diploidy. Unlike this model, and similar to this is true for models that assume a uniform recombina-
tion rate for the whole population, more explicit model-the model presented by Gessler and Xu (2000), our

treatment assumes neither direct repair nor true “selfish- ing of the regulation of recombination yields a different
ness,” in the sense that superior haplotypes are not im- result.
mune to recombination with inferior ones. We are greatly indebted to Ilan Eshel for numerous comments and

Gessler and Xu (2000) were the first to propose suggestions. Many thanks are due to Marcus Feldman for his careful
reading, comments, and references. Sally Otto, Uzi Motro, Henri Atlan,that an allele coding for a negative correlation between
Eytan Ruppin, and Ranit Aharonov read an earlier version of therecombination and fitness can spread in an asexual pop-
manuscript and provided many valuable comments. We thank anulation. They used simulations to study the evolution
anonymous referee for many helpful remarks. Research was supported
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did in Hadany and Beker (2003): a fixed proportion P 1
i � Pi, and �iP 0

i � 
. The system follows the dynamics

 consisting of the fittest individuals has recombination determined by Equations 6–9, with 	 replaced by 	relative:
rate 0 (if PAB � 
 the group would include only the AB

	relative � P 1
AB P 1

ab � P 1
Ab P 1

aBtype; if PAB 
 
, other types would be included as well),
while the rest of the population has recombination rate

�
1
2
(P 1

ABP 0
ab � P 0

ABP 1
ab � P 1

AbP 0
aB � P 0

AbP 1
aB).r � 0. After mutation, we subdivide the four major types

to two subtypes, so that for type i (i � {AB, Ab, aB, ab}),
P 0

i is the proportion of individuals of type i with recombi-
We iterated these equations to equilibrium, and thenation rate zero, and P 1

i is the proportion of individuals
of the same type with recombination rate r. Thus P 0

i � results are plotted in Figure 4.




