
Liberating genetic variance
through sex
Andrew D. Peters and Sarah P. Otto*

Summary
Genetic variation in fitness is the fundamental prerequi-
site for adaptive evolutionary change. If there is no
variation in survival and reproduction or if this variation
has no genetic basis, then the composition of a popula-
tion will not evolve over time. Consequently, the factors
influencing genetic variation in fitness have received
close attention from evolutionary biologists. One key
factor is the mode of reproduction. Indeed, it has long
been thought that sex enhances fitness variation and that
this explains the ubiquity of sexual reproduction among
eukaryotes. Nevertheless, theoretical studies have de-
monstrated that sex need not always increase genetic
variation in fitness. In particular, if fitness interactions
among beneficial alleles (epistasis) are positive, sex
can reduce genetic variance in fitness. Empirical data
have been sorely needed to settle the issue of whether
sex does enhance fitness variation. A recent flurry of
studies(1–4) has demonstrated that sex and recombina-
tion do dramatically increase genetic variation in fitness
and consequently the rate of adaptive evolution. Inter-
preted in light of evolutionary theory, these studies
rule out positive in these experiments epistasis as a
major source of genetic associations. Further studies
are needed, however, to tease apart other possible
sources. BioEssays 25:533–537, 2003.
� 2003 Wiley Periodicals, Inc.

Introduction

Combinations of genes that are particularly fit rise in frequency

over time as a result of natural selection. Breaking apart these

gene combinations through sexual reproduction thus seems

like a recipe for disaster. Indeed, theoretical models have

demonstrated that sex and recombination, when they have

any effect at all, typically reduce the average fitness of off-

spring in populations subject to selection (Fig. 1). This reduc-

tion in fitness, known as the recombination load, has been

shown to result whenever genetic associations among alleles

result from a constant selective pressure, whether the popula-

tions are at equilibrium, changing in response to the selective

pressure, or held at a balance between selection and mutation.

At first, we would expect that the recombination load would

squelch any mutation that increases the frequency of sex

or recombination. However, if such a mutation (known as a

‘‘modifier’’ allele) becomes associated with the fittest alleles

within a population, it can escape the recombination load and

‘‘hitchhike’’ along with those fit alleles as they spread. How

might such an association develop? If favorable alleles tend to

be found on chromosomes that carry deleterious alleles at

other loci (a pattern known as ‘‘negative linkage disequili-

brium’’), sex and recombination can bring together the good

alleles from different chromosomes and generate much fitter

individuals than could be produced without genetic mixing

(Figs. 1, 2). Of course, sex and recombination will also bring

together the bad alleles and generate much less fit offspring;

this is the source of the recombination load (Fig. 1). Over

evolutionary time, however, it will be the fittest individuals that

survive, and these individuals will carry within their genomes

those modifier alleles that helped bring together the favorable

alleles. In other words, if genetic variance in fitness is lowered

by negative genetic associations (‘‘good alleles on bad back-

grounds’’), then modifier alleles that increase the frequency of

sex and recombination will reduce these genetic associations,

increase the genetic variation in fitness, and become asso-

ciated with those individuals most likely to survive.

Overall, then, we can understand how the rates of sex and

recombination should evolve by keeping track of two effects of

sex and recombination: the immediate effect on mean fitness

(the recombination load) and the effect on genetic variance in

fitness.(5) The recombination load is generally deleterious in

the simplest models with constant selection. But the effect

of sex and recombination on fitness variation depends on

whether good alleles tend to be found on good or bad genetic

backgrounds. If fitness rises faster the more good alleles there

are within the genome (positive epistasis), then selection will

be very effective at preserving those individuals carrying many

good alleles. In this case, we would expect good alleles to be

found more often with good alleles at other loci (Fig. 2A).

Consequently, sex and recombination would mix loci from high

fitness and low fitness chromosomes, making more combina-

tions with intermediate fitness and reducing the genetic
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variance in fitness. Conversely, if fitness rises more slowly the

more good alleles are present within the genome (nega-

tive epistasis), chromosomes carrying an intermediate num-

ber of beneficial mutationswill be reasonably well preserved by

selection and will become fairly common within the population

(Fig. 2C). It is in this situation, where good alleles are often

found on bad genetic backgrounds, that sex and recombina-

tion can increase the genetic variance in fitness by mixing

together good alleles carried by different individuals. Theore-

tical models tell us that, for sex and recombination to evolve

under constant selection, epistasis must be negative (so that

sex and recombination increase genetic variation) but not too

negative (or else the recombination load is too onerous).(5)

The above discussion is incomplete, however, because

constant selection is not the only force generating associations

among alleles. Selection varying over time or space, or in

combination with random genetic drift, mayalso create genetic

associations (see Table 1). Theoretical models have been

developed to incorporate many of these other forces,(6–9) and

we now have a fairly complete picture of how these forces

might interact to influence the evolution of sex and recombina-

tion. But theory can only tell us what the influence of various

forces could be, it can’t tell us which forces are most important

in the real world. One approach to assess the relative impor-

tance of the forces might be to measure all of the relevant

quantities, such as the form of selection and the nature of

mutations. Table 1 suggests another approach, however. By

asking whether the recombination load is or is not deleterious

and whether sex does or does not increase the genetic

variance in fitness, we can begin to cross off some of the

possible forces affecting the evolution of sex and recombina-

tion and highlight others. Recent experiments have begun to

do just this.(1–4) Elegant experiments on the fruit flyDrosophila

melanogaster and the unicellular alga Chlamydomonas

rheinhardtii have shown that recombining populations do

respond to selection more quickly than non-recombining

populations, indicating that genetic variance in fitness is

increased by sex.

William Rice and Adam Chippindale(1) constructed effec-

tively clonal haplotypes of Drosophila melanogaster using an

ingenious combination of genetic manipulations to ensure

that single X, second, and third chromosomes were passed

from father to son without segregation or recombination. To

assess the impact of sexual reproduction on selection, Rice

and Chippindale produced 17 clonal populations. In each

population, 80 white-eyed males were made clonal, each with

a unique genetic composition ‘‘captured’’ from a genetically

variable, laboratory-adapted stock. These were mixed with

20 clonal red-eyed males with the same genetic background.

Rice and Chippindale then contrasted the effectiveness of

selection against the white-eyed allele in these non-recombin-

ing populations to that in 17 recombining populations.

Figure 1. The effects of directional selection and recombination on fitness. The figures on the left show the function relating the logarithm

of fitness to the number of beneficial alleles; the figures on the right show frequencydistributions of genotypes after selection (coloured bars)

and recombination (grey bars). A: If fitness increases faster than linearly on a log scale (positive epistasis), selection enhances the

frequencies of extreme genotypes. Sex and recombination are then expected to decrease the frequency of both high- and low-fitness

genotypes; however, since the loss of high-fitness genotypes decreases fitness more than the loss of low-fitness genotypes increases

fitness, the net effect of recombination is a decrease in fitness. B: Conversely, if fitness increases more slowly than linearly on a log scale

(negative epistasis), selection enhances the frequencies of intermediate genotypes. Recombination increases the frequency of both high-

and low-fitness genotypes; because the gain of low-fitness genotypes decreases fitness more than the gain of high-fitness genotypes

increases fitness, however, the net effect of recombination is a decrease in fitness. The net decrease in fitness as a result of recombination

under both fitness functions is the recombination load.
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Selection against the white-eyed allele was enhanced by

adding an extra 10% red-eyed males every generation, con-

ferring a 10% selective advantage upon red eye color (natural

selection also favors red eyes, but this effect was minimized in

the experimental design). After 11 generations, the frequency

of red eyes had increased from 20% to an average of �40%

across recombining populations but only to�30% across non-

recombining populations. At this point, the response to

selection in the non-recombining populations appeared to be

slowing down, while that in the recombining populations

was continuing at an approximately constant rate. These

results suggest that recombination does indeed increase

genetic variance in fitness. There is one aspect of the

experimental design that complicates this conclusion, how-

ever. The recombining populations were constructed with

more initial genetic variance to mimic a history of recombina-

tion (with the 20 red-eyed males coming from different genetic

backgrounds).(10) It can be shown that this increase in

background variation is sufficient to explain the observations

and that the additional benefits of recombination during the

course of the experiment would have been negligible.

In a series of experiments on the unicellular alga,

Chlamydomonas rheinhardtii, Nick Colegrave, Oliver Kaltz,

and Graham Bell(2–4) used a different approach to address the

same question. Chlamydomonas reproduces asexually under

normal laboratory conditions but can be coaxed into reprodu-

cing sexually under conditions of nitrogen starvation. The

basic experimental strategy involved exposing populations of

Chlamydomonas to a novel environment, allowing them to

have zero, one, or several bouts of sex, and comparing the

fitness trajectories of populations with different sexual

histories. In the first two experiments, the focus was on the

average degree of adaptation to several novel carbon sources

holding population size constant. The first experiment(2)

imposed a single bout of sex, while the second(3) imposed

three bouts of sex separated by 50–70 generations. In the third

experiment, Colegrave(4) quantified the ability of populations

that had undergone a single bout of sex to adapt to the

presence of sodium bicarbonate at a variety of effective

population sizes ranging from 15,000 to 5,500,000 individuals.

Despite the differences in experimental design, one con-

sistent result emerged: the rate of adaptation, measured as

Figure 2. A cartoon population of ten chromosomes

with eight genes affecting a trait under selection. Blue

alleles improve fitness while red alleles decrease fitness.

A: Beneficial alleles are clumped on the same chromo-

somes (‘‘good alleles on good genetic backgrounds’’). B:
Beneficial alleles are distributed randomly on genetic

backgrounds. C: Beneficial alleles are dispersed among

different chromosomes (‘‘good alleles on bad genetic

backgrounds’’).
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the population growth rate of evolved lines relative to the

ancestral line, was greater in populations that had undergone

sexual reproduction than in those that had not. In addition, the

first two experiments showed an increase in fitness variance

immediately following each sexual episode.

Both the Drosophila and the Chlamydomonas experiments

provide convincing evidence that sex and recombination

increased genetic variance for fitness, which in turn improved

the response of these populations to selection. These results

suggest that negative associations among loci (‘‘good alleles

on bad backgrounds’’), which impede selection, may be a

general phenomenon. These results also rule out positive

epistasis as a major source of genetic associations (Table 1),

because recombination would then be expected to reduce

genetic variance for fitness. There are, however, two potential

sources for the negative associations inferred in these experi-

ments: negative epistasis and drift. Negative associations

arising by chance in finite populations slow down selection, so

they tend to be preserved longer than positive associations.(11)

Unfortunately, we still require experiments to determine the

relative importance of drift versus epistasis in the evolution of

sex. The Rice and Chippindale experiment was designed

to maximize the importance of drift; indeed, in the non-

recombining populations, the fate of the beneficial (red-eyed)

mutation was almost entirely dependent on the fitness of the

single genetic background within which it was placed by

chance. Thus, this experiment cannot resolve the relative

importance of drift and epistasis under more natural condi-

tions. In two of the Chlamydomonas experiments,(2,3) the

presence of negative epistasis is suggested by the observa-

tion that fitness declined immediately following sex (Table 1).

But this fitness decline could have resulted from other costs of

sex (e.g., costs of switching between mitotic and meiotic

processes) besides a recombination load.(12) Colegrave(4)

assessed the relative importance of drift versus epistasis by

adapting Chlamydomonas in populations of varying size. He

found that the greatest benefit of sex occurred in the largest

populations. Colegrave argued that this result is unlikely to be

explained by epistasis, which should be present in populations

of any size, or by on-going drift, which should be stronger in

smaller populations. He thus concluded that the main source

of the negative genetic associations was the chance place-

ment of mutations on specific backgrounds (a form of drift that

occurs in populations of any size). Unfortunately, this line of

reasoning assumes that the same polymorphisms are present

in the different populations, but it is likely that fewer beneficial

mutations arose in smaller populations and that consequently

there was less to recombine.

The challenge for future experiments is to assess the

importance of drift and epistasis in generating associations

among alleles. The ideal experiment to test for the existence of

negative epistasis would quantify the recombination load in a

Table 1. The forces that generate genetic associations among alleles and the effects of breaking down these

associations via sex and recombination

Source of genetic associations

Effect of sex and recombination on:

Meanoffspring fitness (recombination load) Genetic variance in fitness

(1) Selection alone (at equilibrium) Detrimental Negligible

(2) Directional selection or mutation-selection balance with:(5)

Positive Epistasis Detrimental Detrimental

Negative Epistasis Detrimentala Beneficial

(3) Dominance with:(6)

Random Mating Negligible Negligible

Inbreeding Beneficialb Detrimentalb

(4) Fitness differences over time:(7)

Slow Fluctuations Detrimental Similar to case (2)

Rapid Fluctuations Beneficial

(5) Fitness differences over space with:(8)

Positive Covariance Beneficial if epistasis <0c Detrimental

Negative Covariance Beneficial if epistasis >0c Beneficial

(6) Random genetic drift:(9)

Without Selection Neutral Neutral

With Positive Epistasis Beneficiald Beneficiald

With Negative Epistasis Detrimentald Beneficiald

aThe recombination load is beneficial in a very small region of the parameter space, when epistasis is negative on a multiplicative scale but positive on an

additive scale.
bAssuming that deleterious alleles are partially recessive and weakly selected.
cAssuming that spatial variation in selection rather than epistasis determines the sign of the genetic associations.
dAssuming that drift rather than epistasis determines the sign of the genetic associations.
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way that controls for other costs of sex. For example, in ex-

periments akin to those of Colegrave et al.(2) and Kaltz &

Bell,(3) the effects of sex on fitness in genetically variable

populations could be measured in parallel with the effects in

genetically uniform populations: the difference would be an

estimate of the recombination load. An alternative experiment,

akin to that of Colegrave,(4) would evolve populations of

different size, but starting with substantial levels of genetic

variance in fitness; this would decouple the effects of popu-

lation size on the number of segregating mutations from the

effects of population size on the impact of recombination. Such

experiments, in combination with theoretical predictions,

would allow us to quantify the relative importance of drift

and epistasis and provide us with a better understanding of the

evolution of sex.
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