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Abstract

It is likely that the strength of selection acting upon a mutation varies through time due to changes in the environment.
However, most population genetic theory assumes that the strength of selection remains constant. Here we investigate the
consequences of fluctuating selection pressures on the quantification of adaptive evolution using McDonald-Kreitman (MK)
style approaches. In agreement with previous work, we show that fluctuating selection can generate evidence of adaptive
evolution even when the expected strength of selection on a mutation is zero. However, we also find that the mutations,
which contribute to both polymorphism and divergence tend, on average, to be positively selected during their lifetime,
under fluctuating selection models. This is because mutations that fluctuate, by chance, to positive selected values, tend to
reach higher frequencies in the population than those that fluctuate towards negative values. Hence the evidence of
positive adaptive evolution detected under a fluctuating selection model by MK type approaches is genuine since fixed
mutations tend to be advantageous on average during their lifetime. Never-the-less we show that methods tend to
underestimate the rate of adaptive evolution when selection fluctuates.
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Introduction

The McDonald-Kreitman (MK) test [1], and its derivatives [2–

5] use the contrast between the levels of polymorphism and

substitution at neutral and selected sites to infer the presence of

adaptive evolution in the divergence between species. Modified

versions of the MK test allow one to quantify a, the proportion of

nonsynonymous differences between species due to adaptive

evolution [2–5]. The MK test has been widely applied to a

number of species and estimates of a vary substantially from

limited evidence (a&0 to 10%) in humans [6–8] and many plant

species [9] to more than 50% in Drosophila [3,10], some plants

with large effective population size [11,12] and bacteria [10].

The MK test framework implicitly assumes that selection

pressures are constant. However, the environment for most

organisms is constantly changing due to fluctuations in physical

factors, such as temperature, and biotic factors, such as the

prevalence of competitor species and the density and genotype

frequencies of other conspecific individuals. This is likely to lead to

changes in the strength of selection acting upon a mutation

through time [13]; in the extreme this might mean that a mutation

is advantageous at one time-point, but deleterious at another.

Despite the likelihood that selection fluctuates through time there

is relatively little evidence that this is the case. This is probably

because measuring the strength of selection is difficult and

detecting fluctuating selection requires analyses over several years.

However, analyses of data from several species have suggested that

some polymorphisms are subject to fluctuating selection ([14–17],

reviewed by [13]). In these examples there are changes in the

frequency of mutations that appear to be too great to be explained

by either random genetic drift or migration. In most of these analyses

the mean strength of selection acting upon a mutation appears to be

close to zero. However, this might be a sampling artifact, a mutation

subject to fluctuating selection in which the average selection

coefficient is non-zero is more likely to be lost or fixed.

Fluctuating selection is likely to be more prevalent than the few

well documented examples suggest and Bell [13] has argued that

fluctuating selection might help resolve why most traits show

substantial heritability, even though selection on a short time-scale

often appears to be quite strong. Despite the likelihood that the

strength of selection varies most work in theoretical population

genetics has assumed that the strength of selection is constant

through time (see [18–25] for exceptions). Huerta-Sanchez et al.

[24] have investigated how fluctuating selection affects the allele

frequency distribution, and hence the site frequency spectrum

(SFS), and the probability of fixation. They showed that although

the expected strength of selection is zero, fluctuating selections

leads to an increase in the probability of fixation, a decrease in

diversity and a change in the SFS. Huerta-Sanchez et al. [24]

therefore suggested that fluctuating selection might generate

artifactutal evidence of adaptive evolution in MK type analyses.

Here we investigate whether this indeed the case and analyse the

average strength of selection of mutations contributing to

divergence and polymorphism.

Materials and Methods

We use the basic two-allele model investigated by Huerta-

Sanchez et al. [24] in which the strength of selection varies each

generation, with the expected strength of selection acting upon
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each allele being zero. Huerta-Sanchez et al. [24] show that this

model may be summarized in terms of the parameter

b~2NeVar(s) where Ne is the effective population size and

Var(s) is the variance in the strength of selection. Furthermore,

they demonstrate that this model behaves identically in terms of

the SFS and probability of fixation to one in which the strength of

selection is autocorrelated between generations; the autocorrela-

tion simply increases the value of b. We investigated the model of

Huerta-Sanchez et al. [24] by simulation so that we can track the

strength of selection acting upon each mutation as it segregates in

the population. In our haploid simulation we introduce a new

mutation at a frequency of 1=N , where N is the population size, at

a site that is monomorphic; in our simulations we used a

population size of N~2000. The strength of selection acting upon

the two alleles is then drawn from a normal distribution with a

mean of 1 and a standard deviation of s. Using the frequency of

the new mutation and the strength of selection acting upon the two

alleles, we calculated the expected frequency of the new mutation

in the next generation, f̂f , and generated the actual frequency, f , as

a number drawn from a binomial distribution with sample size N

and probability f̂f . If the mutation is lost or fixed a new mutation is

introduced and the simulation repeated, otherwise new selection

strengths are sampled and another generation repeated. For each

value of b we simulated the evolution of 100,000 mutations. We

used the simulated data to infer the expected SFS for a population

sample of 20 chromosomes (similar results were obtained for other

sample sizes). For each mutation that is fixed, or that reaches any

arbitrary frequency f , we can calculate the mean strength of

selection that has acted upon that mutation up to the time that we

sample it.

Results and Discussion

We investigated the impact of fluctuating selection pressures

using the model of Huerta-Sanchez et al. [24] (see above for a

description of the model). We use simulated data to infer the

expected SFS for a population sample and estimated a using

several commonly used methods. First we applied the method of

Fay et al. [2]:

a~1{
DsPn

DnPs

ð1Þ

where Dn, Ds, Pn and Ps are the numbers of nonsynonymous and

synonymous substitutions and polymorphisms, respectively. This

method does not take into account the effect of slightly deleterious

mutations, which tend to bias the estimate of a downwards. We

therefore applied two methods that attempt to correct for this bias.

The first is the method of Eyre-Walker and Keightley [5], and

second the method of Schneider et al. [26]. The method of Eyre-

Walker and Keightley [5] assumes that advantageous mutations

are strongly selected and do not contribute substantially to

polymorphism. The method of Schneider et al. [26] does not

make this assumption and attempts to infer the proportion of

mutations that are advantageous and the strength of selection

acting in favour of them. For each method we contrast what

happens at sites subject to a certain level of fluctuating selection to

those at which there is no fluctuation. In both cases the expected

strength of selection is zero; the sites with no fluctuation are

therefore evolving neutrally. The simulation is set up such that

there is free recombination between sites.

Initially we ran our simulations with the strength of selection

changing every generation. Our simulations demonstrate that

Table 1. a estimates for different fluctuating conditions with
a expected mean fitness of zero.

b aTrue a*
True a (MKa) a (MKb) a (MKc)

1 0.72 0.25 0.09 0.22 0.24

2 0.76 0.46 0.15 0.26 0.30

3 0.85 0.71 0.33 0.39 0.52

4 0.92 0.73 0.43 0.50 0.73

10 0.97 0.91 0.61 0.68 0.81

20 0.99 0.98 0.70 0.74 0.85

30 0.99 0.99 0.77 0.81 0.89

50 1.00 1.00 0.83 0.86 0.92

100 1.00 1.00 0.90 0.93 0.95

a[2], b[5],c[26].
Estimates of adaptive divergence, a, for polymorphism and divergence
simulated under varying random fluctuating selection. Three different MK type
tests were used. The intensity of the fluctuation is denoted by b.
doi:10.1371/journal.pone.0084540.t001

Figure 1. SFS generated under fluctuating conditions (b~2, 10 and 100) with mean selective effect of zero. The proportion of mutations
with negative mean selection coefficients are shown in red, the proportion of positive mutations are divided into slightly positive (v1=N , blue) and
strongly positive (w1=N , green). The analytical solution is obtained from the equations from [24].
doi:10.1371/journal.pone.0084540.g001
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fluctuating selection can generate evidence of adaptive evolution;

all three of the methods to estimate a yield positive estimates for all

values of b (Table 1). The fact that a fluctuating selection model

generates evidence of adaptive evolution even when the expected

strength of selection is zero suggests that fluctuating selection

generates artifactual evidence of positive selection [24]. However,

the mean strength of selection experienced by a mutation, that is

sampled in a set of DNA sequences, or that spreads to fixation,

might not be zero, even though its expected value over all

mutations (not just those that fix) is zero; it might be that those

mutations that spread to high frequency in the population are

those, which just by chance have mean selective values that are

positive, whilst those mutations which fluctuate to negative values

are lost from the population. To investigate this we tracked the

mean strength of selection of each mutation at each frequency up

to when it was lost or fixed. From this analysis it is evident that the

vast majority of mutations that contribute to the SFS are positively

selected, except at very low frequencies and when fluctuations in

the strength of selection are quite weak (Figure 1). The bias

towards positive mean strengths of selection is even more extreme

for those mutations that become fixed (Figure 2).

If we track mutations that ultimately become fixed it is evident

that those mutations that start off being slightly negative quickly

become positive in their mean value (Figure 3). Interestingly those

that start off being highly positive tend to decrease in mean

selection coefficient as well; this is probably a consequence of

averaging over many selective episodes, and hence approaching

the expected value. We also find that the average mean selection

coefficient for all mutations that get fixed declines with time. This

is because the critical time for an advantageous mutation is when it

is rare because it is more likely to be lost. Those mutations that are

strongly positively selected at an early stage have more chance of

remaining in the population.

Huerta-Sanchez et al. [24] showed that a model in which the

strength of selection changes randomly on average every nth

generation behaves identically to a model in which the strength

selection changes every generation, but with a larger value of b.

Therefore as expected we find that mutations that contribute to

polymorphism and divergence tend to be positive selected if the

strength of selection changes every 10th generation (Figure 4).

From our simulations it is possible to obtain aTrue, the

proportion of substitutions that are on average positively selected

during their passage to fixation. However, some of these may have

been fixed by random genetic drift because they are effectively

neutral; we therefore also calculated the proportion of substitu-

tions, a�True, in which the mean strength of selection was w1=N.

The methods of Fay et al. [2], Eyre-Walker and Keightley [5] and

Schneider et al. [26] all consistently underestimate aTrue and a�True,

although the effect appears to be more severe for aTrue and when

fluctuating conditions are weak. The method of Schneider et al.

[26] is better than that of Eyre-Walker and Keightley [5], which is

better than that of Fay et al. [2]. It is perhaps not surprising that

Figure 2. Distributions of mean fitness effects of mutations at the time of fixation for fluctuating conditions (b~2, 10 and 100) with
mean selective effect for all mutations of zero.
doi:10.1371/journal.pone.0084540.g002

Figure 3. Average mean selection coefficient over time for fixed mutations under fluctuating conditions of b~2,10,100. Shown are the
first 100 generations (200 in case of b~2) of 80 mutations that got fixed. The red line indicates the average mean selection coefficient, trajectories in
grayscale indicate mean selection coefficients for individual mutations.
doi:10.1371/journal.pone.0084540.g003
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the method of Schneider et al. [26] performs best since the vast

majority of mutations that become fixed have a small average

positive selection coefficient and such mutations are likely to

contribute to polymorphism, which the other two methods assume

does not happen.

We find, in agreement with the suggestion of Huerta-Sanchez

et al. [24], that the fluctuating selection does lead to a signature of

adaptive evolution. However, we also show that those mutations

contributing to polymorphism and divergence are on average

positively selected during their lives, even though the expected

strength selection is zero. We therefore conclude that the signature

of adaptive evolution is genuine. However, it is also evident that

methods to estimate the level of adaptive evolution tend to under-

estimate the contribution of mutations subject to fluctuating selection.
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Figure 4. SFS and mean fitness effects of mutations under an autocorrelated fluctuating model (b~10 and fitness coefficient

changes on average every 10th generation). (a) SFS generated under fluctuating conditions. The proportion of mutations with positive and
negative mean selection coefficients are shown in green and red, respectively. (b) Distributions of mean fitness effects of mutations at the time of
fixation. (c) Average mean selection coefficient over time for fixed mutations.
doi:10.1371/journal.pone.0084540.g004
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