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ABSTRACT
It is well known that an allele causing increased recombination is expected to proliferate as a result of

genetic drift in a finite population undergoing selection, without requiring other mechanisms. This is
supported by recent simulations apparently demonstrating that, in small populations, drift is more impor-
tant than epistasis in increasing recombination, with this effect disappearing in larger finite populations.
However, recent experimental evidence finds a greater advantage for recombination in larger populations.
These results are reconciled by demonstrating through simulation without epistasis that for m loci recombi-
nation has an appreciable selective advantage over a range of population sizes (am, bm). bm increases steadily
with m while am remains fairly static. Thus, however large the finite population, if selection acts on suffici-
ently many loci, an allele that increases recombination is selected for. We show that as selection acts on
our finite population, recombination increases the variance in expected log fitness, causing indirect
selection on a recombination-modifying locus. This effect is enhanced in those populations with more
loci because the variance in phenotypic fitnesses in relation to the possible range will be smaller. Thus
fixation of a particular haplotype is less likely to occur, increasing the advantage of recombination.

THERE are many population-genetic hypotheses for 1975). It has been shown, however, that for such condi-
tions to favor recombination, the environment mustthe evolutionary advantage of recombination. How-

ever, the most plausible (Otto and Lenormand 2002) fluctuate rapidly between positive and negative epistasis
(Barton 1995), a parasite must be highly virulent (Petersare based on the idea that the advantage to recombina-

tion is in breaking down deleterious linkage disequilib- and Lively 1999), and in a heterogeneous environ-
ment, dispersal must be of a particular type (Maynardrium between advantageous alleles.

It has long been known that if loci interact multiplica- Smith 1976). Work on the effect of various types of
heterogeneous environment on recombination is cur-tively with unchanging fitnesses, linkage disequilibrium

(LD) will not arise in an infinite population if it does rently being carried out and it remains a viable model,
for example, when LD is generated by migration (Lenor-not already exist (Felsenstein 1965; Maynard Smith

1968). Thus, under such conditions, a modifier gene mand and Otto 2000).
Epistasis: Increased rates of recombination may alsoaffecting the rate of recombination will not change in

evolve if there is epistatic interaction between loci com-frequency. LD can be generated by (i) fluctuations in
bined with directional selection, fluctuating selection,fitness, (ii) negative epistasis between loci, or (iii) finite
or mutation-selection balance (Eshel and Feldman 1970;population size.
Feldman et al. 1980; Altenberg and Feldman 1987;Changing fitness: Several theories for the evolution
Barton 1995). It has been shown that epistasis mustof recombination are based around the generation of
be negative and weak to produce an increase in recombi-LD by fluctuations in epistatic fitness, whether the cause
nation (Barton 1995) but there is little experimentalbe simple environmental changes (Sturtevant and
evidence for such epistasis (Rice 2002). An advantage toMather 1938; Charlesworth 1976), parasite resis-
recombination over a wider range of values of epistasistance (Jaenike 1978; Hamilton 1980), fluctuating se-
is possible if spatial heterogeneity in selection existslection for an intermediate phenotype (Maynard Smith
(Lenormand and Otto 2000).1980), or variation in fitness among patches (Williams
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or through recurrent deleterious mutations and without natively, populations may go through recurrent bottlenecks,
leading to a small effective population size. Additionally,recombination could not be recreated—this is known

as Muller’s ratchet (Felsenstein 1974). Both of these Otto and Barton’s (2001) results may explain the
increase in recombination that has been observed indescribe populations in negative LD—the first because

beneficial mutations are unlikely to appear together and laboratory experiments on very small populations when
selecting on a particular trait (e.g., Korol and Iliadithe second because the fittest possible combinations of

alleles are lost. In both cases, if the population were 1994).
In apparent contradiction to Otto and Barton’sinfinite all combinations of alleles would occur at their

expected frequency, and thus these theories depend on (2001) findings, a recent study on a homogeneous pop-
ulation has suggested that there is an increased advan-the population being finite.

It was first shown by Hill and Robertson (1966) tage to recombination in larger populations (Cole-
grave 2002). This apparently supports the idea of clonalthat even when a finite population is initially in linkage

equilibrium, the change in frequency at one locus will interference—that recombination is required to com-
bine beneficial mutations that are newly arisen in differ-be affected by the fitness of the alleles not only at that

locus, but also at the surrounding loci even in the ab- ent individuals as in the Fisher-Muller theory. As popula-
tion size increases, so will the number of new beneficialsence of fitness interactions. Specifically, negative dis-

equilibrium between favorable alleles is generated by mutations arising, and so the advantage to recombina-
tion increases. However, in this study, the populationsgenetic drift (Hill and Robertson 1966; Felsenstein

1974). This interference between loci can be reduced were initially isogenic (no genetic variance) and so drift
could act only on newly arisen mutations; thus if theby recombination. Felsenstein (1974) showed by simu-

lation in populations of size N � 100 that favorable population is small, few new beneficial mutations may
arise, limiting the usefulness of recombination. In Ottomutations increased more rapidly when recombination

was present to break down negative linkage disequilib- and Barton’s (2001) simulations there is variation in
the population initially, so there may be an advantagerium. Felsenstein and Yokoyama (1976) proceeded

to demonstrate by simulation of up to 20 segregating to recombination even in small populations.
Thus those who look at the effect of drift on standingloci in populations of size N � 100 and 200 that a

modifier allele allowing recombination (as opposed to variation in populations see an advantage in smaller
populations where drift is strongest and those who lookno recombination) will increase in frequency. Thus they

were the first to show that recombination could evolve at the effect of drift on newly arisen mutations see a
greater advantage in larger populations where moresimply due to the short-term benefits to the individual

of a finite population, without requiring group selection new alleles will arise. Felsenstein has argued that the
two are based on the same effect—the generation ofarguments. The idea that a finite population can give

rise to LD through drift leads naturally to the (in our negative LD through drift (Felsenstein 1988).
For tractability and ease of simulation, many previousview erroneous) idea that since drift is increased in

smaller populations, the biggest advantage to recombi- models have focused on only two selected loci. However,
in natural populations, selection is likely to be actingnation will be in the smallest populations. This has led

to rejection of stochastic models for the evolution of not on two, but on many loci at once. Here, the effect
of increasing the number of selected loci on the evolu-recombination as requiring “special circumstances, such

as small or structured populations” (Crow 1999). It is tion of recombination in finite populations is investi-
gated by computer simulations.demonstrated here that stochasticity can lead to in-

creased recombination even in very large populations. We simulate a general model—a number of diallelic
loci, at each of which one allele is fitter than the oth-Recently Otto and Barton (2001) investigated the

sizes of populations over which recombination would er(s). The population size and allele fitnesses remain
constant over time and there are no mutations. In abe expected to increase. By simulating populations of

various sizes, both with and without epistasis, they dem- randomly generated finite population, alleles at any pair
of loci will on average appear together at their expectedonstrated that, in small populations with no mutation

and a constant homogeneous environment, recombina- frequencies. However, given enough loci, it is impossible
that all combinations of alleles would appear; thus ini-tion rates tend to increase, with this effect mostly ex-

plained by drift rather than by epistasis. Unfortunately, tially there will be some LD in the population due to
the lack of some combinations of alleles in the popula-their results are limited to quite small population sizes.

For larger population sizes (� �1000), the advantage tion. For instance, for 20 diallelic loci there are 220 �
1,048,576 possible haplotypes; so in a population ofto drift is much decreased. This appears unsurprising as

drift will decrease as population size increases. However, �524,288 diploid individuals, some haplotypes must be
missing.this suggests that the finite population effect is limited

to small population sizes. Otto and Barton (2001) The effect of drift will depend not only on the popula-
tion size, but also on haplotype frequencies and fit-suggest that the effect could be extended to larger popu-

lations if they consisted of small subpopulations. Alter- nesses. We predicted that the more loci that selection
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acts upon, the smaller will be the observed variance in subsequent generation was produced by random mating
with replacement according to these probabilities [thefitness compared to its potential range, and so the

greater will be the advantage to recombination. Thus, Wright-Fisher model (Fisher 1930; Wright 1931) with
selection].as the number of loci increases, so recombination may

The probability of recombination between adjacentbe selected for at larger population sizes. An alternative
loci was constant within individuals. The recombinationway of thinking of this effect is that as the number of
rate between any two adjacent loci in the ith individualloci increases, so the average frequency of any particular
is denoted �i. At the end of each chromosome therehaplotype will decrease. Thus, since stochasticity has a
was an m � 1th locus that did not affect fitness butgreater effect when numbers are low, the effect of drift
dictated the value taken by �i. �i � 0.001 � 0.0005�,will be greater as the number of loci increases.
where � � number of copies of allele 1 at locus m � 1This is the first time, to our knowledge, that the quan-
(so � � 0.001, 0.0015, or 0.002). Here even with 25 loci,titative effect of the number of loci being selected on
the maximum recombination rate across the region ishas been specifically and fully investigated in relation to
0.05. Thus, if there were a selective advantage to recom-the evolution of recombination in different population
bination, allele 1 at the m � 1th locus would tend tosizes.
increase in frequency and so recombination would in-
crease. We measured the increase in recombination by
calculating the change in frequency of allele 1 at locusMETHODS
m � 1 in the population after 50 generations, whereas

We followed a similar model to that of Otto and Otto and Barton (2001) measured the increase in
Barton (2001). Populations of 2N chromosomes were expected recombination rates. Note that the two mea-
simulated. Each chromosome consisted of m loci. At sures are equivalent because, for the recombination
each locus were two alleles, labeled 1 and 0. The fitness fractions we use, our measure is simply Otto and Bar-
of the 1 allele was (1 � s)� times the fitness of the 0 ton’s (2001) measure scaled by a factor of (2p� � 1)/
allele, where s 	 0 and � is a function of m. The alleles 2p� (where p� is the frequency of the allele increasing
at each locus were generated independently—allele 1 recombination). Because selection of the recombina-
having a frequency of p. This is equivalent to randomly tion modifier depends on a hitchhiking effect (Stro-
sampling haplotypes from an infinite population, beck et al. 1976), a modifier in tight linkage is simulated.
thereby generating some initial LD due to the lack of Selection for recombination will be diminished, but not
some haplotypes. The larger the population, the smaller be absent, for looser linkage (as demonstrated below
the effect sampling will have. Denoting the number in our results). Note that this model implies that the
of “1” alleles on a chromosome by k, the fitness of a length of the chromosome considered is proportional
chromosome was equal to (1 � s)�k. Using this function (in map length) to the number of loci. Intrinsically,
means that fitness is multiplicative within chromosomes, then, there is more recombination with more loci, which
so there is no epistasis. The initial variance is then ap- only strengthens the conclusion below.
proximately �2s 2mp(1 
 p) for small s, and the possible The program was validated using simple examples
range is (1, (1 � s)�m). (e.g., fi � fj ∀ i , j) and by altering the program slightly

Here we describe our standard simulations. Alterna- to reproduce Otto and Barton’s (2001) results.
tive assumptions are explored in results. If � � √10/m, Initially the frequency of allele 1 (p) at loci 1, . . . ,
then the fitness function is (1 � s)√10k/√m, initial variance m was 0.1 and the frequency at locus m � 1 (p�) was
is �10s2p(1 
 p), and possible range is (1, (1 � s)√10m). 0.5. Populations of size (N) 10, 25, 50, 100, 150, 200,
Thus, regardless of the number of loci under selection, 250, 300, 400, 500, 103, 104, and 105 individuals were
the initial variance in fitness of the population would generated. The number of loci simulated (m) was 2, 5,
be approximately the same. We use this as our standard 10, or 25. Populations of size N � 50 were replicated
fitness function. Note that using this fitness function, 80,000 times, populations of size 100 � N � 500 were
the potential range in fitness is greater when there are replicated 40,000 times, populations of size 103 � N �
more loci. 104 were replicated 10,000 times, and populations of

Individuals were assumed to be diploid, and the fit- size N � 105 were replicated 5000 times.
ness, fi , of the ith individual (i � 1, . . . , N) was equal We assume that, given the short timescale involved,
to the product of the fitnesses of its two chromosomes. mutation would be of relatively minor importance, so
Hence fitness was multiplicative over both loci and chro- it is not included in our simulations. Nor are changes
mosomes. The probability of an individual in the cur- in fitness included as our interest here is simply in the
rent generation contributing a chromosome to an indi- effect on recombination of finite population size; fluc-
vidual in the next generation was proportional to its tuating fitness, as already discussed, can lead to in-
fitness. Thus, the probability that a randomly selected creased recombination in its own right.
chromosome in the next generation was from the ith Separating increasing number of loci from other ef-

fects: The problem with our approach here is that asindividual in the current generation was fi/�N
i�1 fi. Each
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TABLE 1

Effect of increasing m on four quantities of interest for three fitness functions

Effect of increasing m (1 � s)√10k/√m (1 � s)10k/m (1 � s)k

Selection per locus Decreased Decreased No effect
Mean(fitness) Increased No effect Increased
Var(fitness) No effect Decreased Increased
Var(fitness)/mean(fitness) Increased Decreased No effect

the number of loci (m) is increased, a number of other nation depends on hitchhiking (Strobeck et al. 1976),
which requires tight linkage. Nonetheless, we investigatedfactors also change. It is possible that these factors could

be the cause of any differences in selection for recombi- the effect of increasing recombination while holding m
constant.nation observed for different values of m. To investigate

this explanation one could either try different fitness Recombination values were chosen such that the
highest recombination rate was twice the baseline forfunctions or examine the potential factors separately.

In the three sections below we first look at various fitness those individuals homozygous for the high recombina-
tion allele and the intermediate recombination rate wasfunctions and then investigate separately the effect of

amount of selection per locus and the recombination midway between these. Minimum values of � ranging
between 0.001 and 0.4 were used, despite the highestfraction.

Fitness function: We examined two alternate fitness value being biologically implausible. We looked at the
effect of varying � for m � 2 and m � 5 (10 � N � 104).functions besides our original (1 � s)√10k/√m. These were

(1 � s)10k/m and (1 � s)k. There is no best function when
comparing selection for recombination with different

RESULTSnumbers of loci. Each function has its own advantages
and disadvantages. Ideally, as the number of loci in- The results of our simulations over the various popula-
creases, the fitness function chosen would be such that tion sizes, chromosome sizes, and selective advantages
no other relevant quantity changed, but this is not possi- are shown in Figures 1 and 2 (and Figures A–D in sup-
ble. The quantities that can be controlled for here are plementary information at http://www.genetics.org/
the amount of selection per locus, the initial mean fit- supplemental/). The trends in these are clear. Increas-
ness, the initial variance in fitness, and the initial vari- ing the number of loci on the chromosome increased
ance in fitness divided by initial mean fitness. The effect both the proportional change in recombination and
of increasing m on each of these quantities for the three the range of population sizes over which recombination
fitness functions is summarized in Table 1. Although appreciably increased. For instance, in Figure 1, where
no one measure of fitness keeps all quantities constant
in m, for each quantity there exists a fitness function
that will hold it constant.

Selection per locus: Using our standard fitness func-
tion, the selection per locus will decrease with increasing
m. If s � 0.5, the selection per locus for m � 2, 5, 10,
and 25 is 2.476, 1.774, 1.5, and 1.29 (the ratio of the
fitnesses of a “good” and “bad” allele, respectively). It
may be that less selection per locus leads, in itself, to a
change in any selective advantage to recombination at
different population sizes (N), so this effect should be
investigated. Using our standard fitness function, s was
varied between 0.05 and 2, for m � 2 and m � 4 (10 �
N � 104). Note that this issue is also addressed by
changing the fitness function (above).

Recombination fraction: At the same time as m in-
creases, the overall recombination fraction increases. It
may be that increasing the recombination fraction leads

Figure 1.—The effect of number of loci on the evolutionto a change in the selective advantage to recombination
of recombination at different population sizes. s � 0.5; m �at different values of N. We would expect increasing 2, 5, 10, 25; N � 10–105. The y-axis shows proportional change

recombination to reduce this advantage as it has been in frequency of allele 1 at the m � 1th locus after 50 genera-
tions. Bars indicate �1 standard error of the mean.demonstrated that selection of a modifier for recombi-
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Figure 3.—The effect of selective advantage on the increase
Figure 2.—The effect of the number of loci on the evolu- in recombination at N � 104. s � 0.5, 0.4, 0.3, 0.2, 0.1, 0.05,

tion of recombination at different population sizes. s � 0.1; 0; m � 2, 5, 10, 25. The y-axis shows proportional change in
m � 2, 5, 10, 25; N � 10–105. The y-axis shows proportional frequency of allele 1 at the m � 1th locus after 50 generations.
change in frequency of allele 1 at the m � 1th locus after 50 Bars indicate �1 standard error of the mean.
generations. Bars indicate �1 standard error of the mean.

much larger values of m (the number of loci with alleles
the selective advantage of the best allele at each locus differing only slightly in fitness is more likely to number
was 1.5√10/√m, the maximum increase in recombination in the thousands) an even greater increase in recombi-
when the chromosomes consisted of two loci (m � 2) nation may be seen in large populations. Unfortunately,
was 2%, for m � 5 it was 10%, for m � 10 it was 18%, and due to the computational time involved we were unable
for m � 25 it was 30%. The advantage to recombination to simulate such large genomes.
disappeared (the allele frequencies remain constant at Changing the fitness function: Clearly, the same pat-
the m � 1th locus) when m � 2 for N 	 150 and when tern in the change in recombination is observed, regard-
m � 5 for N � 105. But recombination was still strongly less of the fitness function used (Figure 4). This suggests
selected for (not much less so than the maximum) at that the advantage to recombination from increasing m
a population size of 105 when m � 10 or m � 25. This cannot be caused by any one of these quantities (selec-
pattern was repeated for lower selective advantages (Fig-
ure 2 and Figures A–D in supplementary information
at http://genetics.org/supplemental/). At intermediate
levels of selection (s � 0.1 in Figure 2 and s � 0.4, 0.3,
0.2, and 0.05 in Figures A–C in supplementary informa-
tion) the pattern was still that the increase in recombina-
tion was generally greater and persisted for larger popu-
lation sizes when m was larger. As the selective advantage
decreased, the increase in recombination became less
until, for s � 1.05 (Figure D in supplementary informa-
tion), there seems to be only a slight advantage to recom-
bination whatever the value of m.

Plotting the increase in recombination for N � 104

against selective advantage for the four chromosome
sizes (m � 2, 5, 10, and 25; Figure 3), the pattern
becomes clear. For s � 0.5, as selective advantage de-
creased, the advantage to recombination decreased. In-
creasing s from 0.5 to 1 showed some evidence of caus-
ing a decrease in recombination, perhaps because such Figure 4.—Comparing the effect of the three fitness functions

for various values of m directly. a (dashed lines), b (dotted lines),strong selection leads to a greater loss of polymorphism.
and c (solid lines) represent fitness functions (1 � s)10k/m,Logically, when s � 0 (i.e., no selective advantage), there
(1 � s)k, and (1 � s)√10k/√m, respectively. m � 2, 5, 10, and 25should be no increase in recombination. This explains are represented by the diamonds, triangles, open squares, and

why it is that at very small selective advantages there was crosses, respectively. N � 10–105, s � 0.5. Standard error bars
are not included to improve legibility.little increase in recombination. It also suggests that for
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Figure 5.—Effect of varying selection for m � 2. Change
Figure 6.—Effect of varying selection for m � 4. Changein recombination for N � 10–104 is shown. s � 0.05–1. Stan-

in recombination for N � 10–104 is shown. s � 0.05–1. Barsdard error bars are not included to improve legibility.
indicate �1 standard error of the mean.

maximum increase in recombination (Figures 5 and 6),tion per locus, mean fitness, variance in fitness, or vari-
while the opposite is seen when m is increased (Figure 1).ance in fitness divided by mean fitness). It may seem

Recombination fraction: For m � 2 a greater increasesurprising that the three different measurements of fit-
in the frequency of the recombination modifier is ob-ness give such similar results. However, the different
served when the baseline � (the recombination ratefitness functions are all of the form (1 � s)�k. Thus,
between adjacent pairs of loci) is increased from 0.001changing the fitness function is equivalent to changing
to 0.01, but any further increase in � leads to a decreasethe value of s. Furthermore, for m � 10, the three func-
in selection for recombination (Figure 7). No changetions are identical. When s � 0.5 and the fitness function
is seen in the range of N over which there is notableis (1 � s)√10k/√m, changing the fitness function to either
selection for recombination. Similar results are seen for(1 � s)10k/m or (1 � s)k is equivalent to changing s to a
m � 5 (Figure 8), but here as � is decreased, the valuevalue �0.20 for m � 2, �0.33 for m � 5, and �0.30 for
of N at which recombination is most selected for ism � 25. It is clear from Figure 3 that changing the value
increased. This trend is the opposite of that observedof s in these ranges has little effect on the increase in
when m is increased (and the total map length is in-frequency observed for the recombination-modifying

locus. At smaller values of s we would be likely to see
more of a change but, as seen in Figures 1 and 2 (and
Figures A–D in supplementary information at http://
genetics.org/supplemental), the effect is likely to be
merely equivalent to a scaling down in the magnitude
of the effect.

Selection per locus: As seen in Figure 5, when m � 2,
there is some evidence that the population size at which
recombination is most favored is larger for lower values
of s, seen as a slight increase in the value of N giving
the largest increase in recombination as s decreases. For
m � 4, no such shift in the peak is observable (Figure
6). However, these shifts are nowhere near great enough
to explain the differences in selection for recombina-
tion observed for different numbers of loci. When m � 2
and s � 0.12 the selection per locus is the same as for
m � 25 and s � 0.5 (1.29 per locus). Clearly, reducing

Figure 7.—Effect of varying recombination fraction, m � 2.s does not shift the peak on the curve sufficiently: the
Change in recombination for N � 10–104, s � 0.5 is shown.peak for m � 2, s � 0.1 is at N � 200 (Figure 5), much Minimum recombination fraction between consecutive loci �

lower than the location of the peak for m � 25, s � 0.001–0.4. Standard error bars are not included to improve
legibility.0.5 at N 	 105. Furthermore, decreasing s reduces the
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Figure 9.—The effect of increasing the frequency of theFigure 8.—Effect of varying recombination fraction, m � 5. “fitter” allele, shown as in Figure 1, but with the frequency ofChange in recombination for N � 10–104, s � 0.5 is shown. the “best” allele now 0.3 (previously 0.1). m � 5 and standardMinimum recombination fraction between consecutive loci � error bars not included to improve legibility.0.001–0.4. Bars indicate �1 standard error of the mean.

measuring variance in expected ln(fitness) when therecreased). This suggests that increasing the recombina-
is no LD (on the basis of the observed allele frequen-tion rate cannot explain our original observation that
cies), divided by the observed variance. ln(fitness) isselection for recombination occurs at larger N (Figure
(√10k/√m)ln(1�s). This takes far longer to simulate than1) with increasing m.
previously, especially as the number of loci increases. ThusTo see the effect of allele frequency we repeated our
it has not been possible to estimate values for m � 25.original simulations (as in Figure 1), but with p in-

Looking first at populations of size 10,000 with m � 5creased from 0.1 to 0.3 (Figure 9). The important find-
and m � 10, we found that, in any particular generation,ing here is that the same pattern is seen with p � 0.3
there was a strong correlation between the change inas with p � 0.1: the maximal advantage to recombination
frequency of the recombination modifier and the ratiois seen at larger population sizes as m increases. Also
of ln(fitness) variance with and without LD (Figures Eworth noting is that the advantage to recombination
and F in supplementary information at http://www.decreases for all values of m as p increases. Thus, as the
genetics.org/supplemental/). This is in agreement with“best” allele becomes more frequent and the variance
Barton’s (1995) results and suggests that the drivingin fitness increases, the selective advantage to recombi-
force favoring the recombination modifier is the effectnation is reduced and disappears at progressively smaller
of recombination on the variance in ln(fitness).population sizes. The results were similar for m � 5, al-

Averaging the variance ratio for each generation overthough these are not included in Figure 9 to improve
all the simulations and then taking the geometric meanlegibility.
of these averages over the 50 generations indicates the
overall strength of selection for the recombination mod-

THE POPULATION-GENETIC MECHANISMS ifier. A total of 20,000 replicates were produced for
GENERATING INCREASED RECOMBINATION population sizes �50, 5000 replicates for a population

of size 100,000, and 10,000 replicates for the remainder.The advantage to recombination is in breaking down
We found that, as m increases, the ratio of the variancenonrandom association between loci, thus reducing LD.

in expected log fitness under no LD and that observedFisher’s fundamental theorem states that the rate of
increases (Figure 10). This means that there is a greaterchange of fitness due to natural selection in sexual popu-
selective advantage to recombination as m increases.lations is proportional to the additive genetic variance
This effect alone can explain why an increase is seenin fitness. Following from this, Barton (1995) demon-
in the recombination-modifying allele for greater valuesstrated that the amount of selection acting on a modifier
of m, but it does not seem adequate to explain why theof recombination is proportional to the ratio of the
greatest increase in frequency of recombination is seenvariance in log fitness in the population if there were
at larger population sizes (N) as m increases.no LD compared to the observed variance in log fitness.

A possible explanation of this observation is foundIf this ratio is �1, then the modifier for increased recom-
by studying the variance in fitness in the populationbination is favored.

We simulated populations under our standard model, (Figure 11). For very small population sizes, drift rapidly
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Figure 10.—Geometric mean of average variance in ex-
Figure 11.—Geometric mean of average variance. m � 2,pected ln(fitness) when there is no LD divided by the observed

5, 10. N � 10–105, s � 0.5.variance. m � 2, 5, 10. N � 10–105, s � 0.5.

for at larger population sizes. There may, of course, bedepletes variance. For slightly larger population sizes,
other explanations for the results we have observed andthere is more variance. If the population is sufficiently
the problem requires further investigation.big, variance is reduced again. This is because in a large

population the range of fitnesses will be greater and
the fittest chromosomes will be much fitter—thus the

DISCUSSIONpopulation reaches fixation more quickly.
The maximum average variance occurs at larger val- We have confirmed previous findings (Felsenstein

ues of N when m is greater. For m � 10 the maximum and Yokoyama 1976; Otto and Barton 2001) that
is at N � 104, for m � 5 the maximum is at N � 400, recombination may be positively selected simply by hav-
and for m � 2 the maximum is at N � 50. The key to ing a noninfinite population size. Here we have shown
understanding this difference in variance comes, we that this is possible for any population size (however
believe, from considering the time until fixation of the large) provided there is selection on sufficient loci.
population. For a given value of m, if N is sufficiently We have shown that, as the number of loci (m) in-
small, drift has a large effect relative to selection and creases, the population size for which recombination is
so fixation is reached quickly. Clearly, when the popula- maximally selected increases. Similarly, as m increases,
tion is close to fixation the variance in fitness is low and the range of population sizes for which recombination
there is little advantage to recombination. For the same is noticeably selected increases.
value of m, if the population is sufficiently large, then However, there is a confounding effect because as m
the fittest haplotypes are likely to already be present increases, several other factors change. We have looked
in the population and so selection acts to push the at the effect of altering these factors both directly and by
population rapidly toward fixation. Here, again, vari- controlling for them using alternative fitness functions.
ance is rapidly diminished as the population heads Our results suggest that these factors cannot account
quickly toward fixation and there is little advantage to for the differences we observe in the evolution of recom-
recombination. At intermediate values of N, however, bination for different values of m.
the effect of drift is not great enough to outweigh that In the final section of this article we looked directly
of selection and the population is unlikely to include at the population-genetic mechanisms affecting recom-
the fittest haplotypes. Thus a number of recombination bination. The most important of these is the ratio in
events are required until the fittest haplotype appears variance in observed log fitness and the variance in log
in the population. Fixation therefore occurs less quickly, fitness under linkage equilibrium, which is proportional
variance is maintained in the population longer, and to the strength of selection for increased recombina-
recombination is advantageous. Naturally, the more loci tion. Our results show that this effect may explain to
there are, the smaller the observed initial variance will an extent the increased range of population sizes for
be in relation to the potential variance as the fittest which there is an appreciable increase in recombina-
haplotypes are less likely to occur. So as m increases, tion, but may not fully explain the change in the popula-

tion size at which the peak of the change in recombina-variance will be maintained and recombination selected
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tion occurs. If we plot the geometric mean of the should a range of population sizes be investigated but
also the number of loci being selected on. Small valuesvariance in the population, we see that for greater values

of m, this has a wider range, a higher peak, and a larger of m can be investigated by selecting on traits that are
known to be due to only a few loci, whereas selectingpopulation size (N) at which this peak occurs.

A possible explanation of our observations is that, on complex traits or several traits at once would allow
investigation of larger values of m. Investigators couldalthough the immediate advantage to recombination is

simply in breaking down LD and therefore is dependent also look at reducing the variance in fitness by bottle-
necking without selection (i.e., just randomly samplingon the level and pattern of LD in the population, over

the course of several generations the variance may also from a population) and then seeing the effect of this
on recombination when selection starts again (we pre-be an important factor. If the population is very small,

then polymorphisms are rapidly lost, and so there is dict that because the variance is smaller with smaller
bottleneck sizes, the increase in recombination will belittle time over which recombination is advantageous.

If the population is too big, the fittest combinations of greater).
Note that the model used does not require any specialalleles will either already exist in the population or be

created quickly by recombination and so fixation will conditions such as fluctuating fitness (in time or space)
or epistasis to generate short-term selection for in-occur quite quickly. Again this leaves little time over

which recombination is advantageous. At intermediate creased recombination. The only requirements, that
multiple loci are involved in selection and that the popu-population sizes, however, the population is of sufficient

size that fixation will be slow and recombination can lation is not infinite, ought to be built into any realistic
model. The main reason that they have not is probablyproduce fitter haplotypes. As the least-fit haplotypes are

lost from the population and these fitter haplotypes that analytic calculations are much easier if populations
are assumed to be infinite and/or selection acts onlyincrease in frequency, so recombination can act again

to produce still fitter haplotypes. For a given population on two loci (see Otto and Barton 1997 for a model
that begins to analyze the problem of drift). It may besize, the variance in fitness relative to the potential range

will be smaller for larger m, so fixation will be reached that simply by considering multiple loci, recombination
could be favored at any population size.more slowly and the advantage to recombination will

be greater. Thanks are given to Nick Barton, Thomas Lenormand, Alexey Kon-
In summary we propose that, at intermediate popula- drashov, and particularly Sarah Otto for their suggestions and insight

on this and earlier versions of the manuscript.tion sizes, haplotypes made up of the best combinations
of alleles are unlikely to be observed and can be created
only through recombination. Thus such haplotypes are
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