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In this report, we investigate the statistical power of several tests of selective neutrality based on patterns of genetic
diversity within and between species. The goal is to compare tests based solely on population genetic data with tests
using comparative data or a combination of comparative and population genetic data. We show that in the presence of
repeated selective sweeps on relatively neutral background, tests based on the dN/dS ratios in comparative data almost
always have more power to detect selection than tests based on population genetic data, even if the overall level of
divergence is low. Tests based solely on the distribution of allele frequencies or the site frequency spectrum, such as the
Ewens–Watterson test or Tajima’s D, have less power in detecting both positive and negative selection because of
the transient nature of positive selection and the weak signal left by negative selection. The Hudson–Kreitman–Aguadé
test is the most powerful test for detecting positive selection among the population genetic tests investigated, whereas
McDonald–Kreitman test typically has more power to detect negative selection. We discuss our findings in the light of
the discordant results obtained in several recently published genomic scans.

Introduction
Several recent papers have examined the abundance and
distribution of Darwinian selection in the human genome (e.g.,
Akey et al. 2002; Clark et al. 2003; Bustamante et al. 2005;
Carlson et al. 2005; Nielsen et al. 2005; Voight et al. 2006;
Wang et al. 2006; Williamson et al. 2007). Although some
of the results of these studies are concordant, others are not
(e.g., Sabeti et al. 2006; Nielsen et al. 2007). One explanation
for the lack ofconcordance is that different studiesuse different
data and methods and may, therefore, capture different aspects
ofthe evolutionary processes governing variation at themolecularlevel.Inparticular,somestudiesusecomparative(between
species) data, some studies use population genetic (within
species) data, and some studies use a combination of both.
Although much is known about the power of each type of
method, there have been few efforts to establish the relationship
between methods using intraspecific and interspecific data.
Neutrality tests using population genetic data have
been based on allelic frequency configurations at individual
loci (Ewens 1972; Karlin and McGregor 1972; Watterson
1978; Slatkin 1994, 1996), frequency distribution of segregation sites at multiple loci (e.g., Tajima 1989; Fu and Li
1993; Fay and Wu 2000), numbers of haplotypes (e.g., Fu
1996; Depaulis and Veuille 1998), haplotype diversity
(Depaulis and Veuille 1998), haplotype partitions (Hudson
et al. 1994; Innan et al. 2005), linkage disequilibrium and
haplotype structure (e.g., Kelly 1997; Slatkin and Bertorelle
2001; Sabeti et al. 2002; Toomajian et al. 2003; Kim and
Nielsen 2004), as well as differences in allelic frequencies
between subpopulations (e.g., Lewontin and Krakauer
1973). Several thorough simulation studies comparing the
statistical power of population genetic tests of neutrality have
been carried out (e.g., Braverman et al. 1995; Simonsen et al.
1995; Fu 1997; Depaulis et al. 2003; Zeng et al. 2007).
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The majority of methods for detecting selection based
on comparative data rely on estimating x 5 dN/dS, where
dN is the rate of replacement (nonsilent) substitutions and dS
is the rate of silent substitutions (e.g., Miyata and Yasunaga
1980; Goldman and Yang 1994; Muse and Gaut 1994;
Nielsen and Yang 1998; Yang et al. 2000). The power
and accuracy of these methods have been studied extensively (e.g., Yang and Bielawski 2000; Wong et al.
2004). The published simulation studies show that if the
selective constraint at a single-codon position is fixed on
all or part of an evolutionary tree, tests based on dN/dS ratios
have considerable power. For example, in a data set of 30
species, the power to detect election at the 5% significance
level is about 76% if 10% of sites evolve with x 5 1.5 and
essentially 100% if 10% of the sites evolve with x 5 5
(Wong et al. 2004). However, for fewer species or if selective effects are not fixed among sites, the power can be
much lower (e.g., Nielsen et al. 2005).
The third class of methods combines information from
both comparative and population genetic data. The
Hudson–Kreitman–Aguadé (HKA) test (Hudson et al.
1987) compares patterns of polymorphism and divergence
at two or more loci. The HKA test is based on the premise that
at neutral loci both variation within species and divergence
between species depends only on the mutation rate. Significant deviations from a constant ratio of polymorphisms todivergence among loci may then indicate the presence of
selection. The McDonald–Kreitman (MK) test (McDonald
and Kreitman 1991) is similar to the HKA test but compares
the ratio of nonsynonymous and synonymous mutations
between and within species. The Poisson random field
(PRF) model (Sawyer and Hartl 1992) gives a theoretical
foundation for MK test. The statistical power and
restrictions relating to the MK test and the PRF model have
been studied by Akashi (1999) and Bustamante et al. (2001).
Previous studies have focused on comparing the statistical power among different population genetic tests or
among different tests using only comparative data. The objective of this paper is instead to compare the statistical
power of different classes of neutrality tests. One of the
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motivations for doing this is that several recent genomic
scans for selection have provided quite different results
when they have used different types of neutrality tests (recently reviewed in Nielsen et al. 2007; Sabeti et al. 2007).
We focus on few of the most commonly used tests and we
examine only the case of divergence between a pair of closely
related species. The parameters are chosen to mimic human
population genetic data and divergence times of magnitude
around human–chimpanzee speciation split—the focus of
many recent genomic scans. As we will show, much of the
discrepancy between the results obtained from different
genome scans can likely be explained by the differences in
the statistical properties among different tests of neutrality.
Methods
Simulations
The methods used for simulating population genetic
data are usually quite different from the methods used to
simulate comparative data. In the absence of selection, population genetic data are usually simulated using coalescence
methods (e.g., Hudson 2002), whereas forward simulations
are used in the presence of selection (e.g., Williamson and
Orive 2002). In contrast, comparative data are usually simulated by modeling the population fixation processes using
Markov models that assume independence among nucleotide sites or codons (e.g., Yang 1997). Other aspects, such
as mutational models, will often also differ between population genetic and comparative simulations. For example,
population genetic simulations are typically based on the
infinite alleles model or the infinite sites model (Kimura
and Crow 1964; Kimura 1969), whereas simulations of
comparative data usually use finite sites models which take
multiple substitutions into account.
In this study, in order to examine the effects of recurrent mutation and selection within and between species, we
use a forward simulation of a Wright–Fisher model similar
to that used by Williamson and Orive (2002) but allow mutations to occur according to the Goldman and Yang (1994)
codon-based model and allow two populations to evolve
from a common ancestor existing T generations in the past.
Every time a new mutation occurs, its position is chosen uniformly across the region. The type of the mutation (nonsynonymous or synonymous) is determined according to the
number of nonsynonymous and synonymous sites in the specific codon where the mutation occurs. The fitness effect of
the mutation depends on the selection model (see table 1).
Mutation, selection, and recombination occur independently
according to a standard Wright–Fisher model (Ewens 2004).
Every time a mutation becomes fixed in the population, the
codon underneath this mutation is updated according to
Nielsen and Yang (1998) codon model conditioned on the
type of the mutation. The initial population is simulated for
30 N generations at which time we assume stationary has
been reached. Then, each of the two descendent populations,
arbitrarily denoted by ‘‘right’’ and ‘‘left,’’ evolves for T generations. When the simulations are terminated, 1 haplotype sequence is sampled from the left lineage and 50 haplotypes
are sampled from the right lineage for use in the population
genetic tests. One haplotype is also sampled from the right
lineage to construct dN/dS divergence comparisons.
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Neutrality Tests
We implement three neutrality tests for comparative
data: the HKA test (Hudson et al. 1987), the MK test
(McDonald and Kreitman 1991), and the dN/dS likelihood
ratio test (Nielsen and Yang 1998; Yang et al. 2000). We
compare these tests with two tests based on population genetic data: 1) the Ewens–Watterson (EW) homozygosity
test (Ewens 1972; Watterson 1978), which was found to
be one of the most powerful tests of all population-based
tests and to be robust against recombination (Zeng et al.
2007), and 2) Tajima’s D test (Tajima 1989)—the most
commonly used test based on the site frequency spectrum.
For the likelihood ratio test based on dN/dS ratios,
we use a test based on models M7 and M8 from PAML
package to detect positive selection (Yang et al. 2000).
In the case of purifying selection, a likelihood ratio test
is constructed by comparing likelihoods between strict neutrality (x 5 1.0 across all codons) and the M7 model
(x follows a beta distribution). The MK test is performed
by applying a chi-square test to the contingency table. For
the HKA test, a neutral locus of the same size as the selected
locus is also simulated to construct the two-locus version of
the HKA test. For both the Tajima’s D test and the HKA
test, neutral simulations are conducted to obtain empirical
critical values. All tests are conducted at 5% significance
level, and statistical power is evaluated based on 500
replicates.

Choice of Parameters
Exhaustively exploring the full range of all parameters
is not computationally feasible. Instead, we choose parameter values compatible with observed levels of human polymorphism and ‘‘human–chimp divergence.’’ If we assume
that a human population size is of Ne 5 10,000, a human–
chimp divergence time of 6 My, and an average generation
time for both humans and chimps of 20 years, the divergence time is 6  106/2  104  20 5 15 measured in
time units of 2Ne generations.
The size of the genomic regions is chosen to ensure
sufficient levels of polymorphism to provide meaningful
tests and to avoid computational and statistical issues arising from the analysis of data sets with very few polymorphic sites. Modeling human population genetic data, we
assume that 1 kb in nucleotide sequences corresponds to
h 5 4Nel 5 1, where l is the mutation rate per generation.
Directly simulating population sizes of 10,000 individuals is computationally challenging. Here, we present
results based on haploid population of effective size of
500, but there is no reason to assume that our results do
not generalize to larger populations. We also explore few
other combinations of parameters. The frequencies of the
61 codons were assumed to be equal, and the ratio of transversion to transitions was set to 2.0.

Selection and Fitness Effects
In this study, we explore three selective scenarios: recurrent selective sweeps, recurrent purifying selection, and

a mixture of the two. In each of the cases, we use two different assumptions: 1) ‘‘random positions,’’ where new selected mutations are equally likely to occur in any position
in the genome independent of their fitness effects, and 2)
‘‘fixed positions,’’ where the selection coefficient acting
on a new mutation depends on the site at which mutation
occurs with a fixed selection coefficients for a particular
site. The second model is comparable to models typically
used for phylogenetic simulations (e.g., Wong et al. 2004).
In all cases, we restrict ourselves to multiplicative
genic fitnesses, meaning that selection is acting at the haplotype level and the fitness of a specific haplotype is the
product of fitness effects of individual mutations.
Following previous studies, we assume a gamma distribution to model the fitness effects of mutations (Williamson
and Orive 2002). The gamma distribution depends on two
parameters: the shape (a) and the scale parameter (b). The
shape parameter controls the general shape of the distribution
and allows variation from L-shaped similar to an exponential
distribution to a symmetric distribution with a single
mode similar to a normal distribution. The different parameter settings explored are summarized in table 1.

Results
Recurrent Positive Selection with Random Positions
We first simulated two scenarios with random positions of the selected mutations. In the first scenario, 1%
of nonsynonymous mutations have scaled selection coefficients S (54Ns) sampled from a gamma distribution with
parameters a 5 1 and b 5 100. This corresponds to relatively strong recurrent positive selection. In the other scenario, 5% of the nonsynonymous mutations have S sampled
from a gamma distribution with parameters a 5 1 and
b 5 20. In the second case, more of the mutations are experiencing positive selection, but the intensity of selection
is weaker.
In addition to varying the intensity of selection, we
also changed the proportion of time that selection acted
on the population. We simulated cases where only the right
lineage (corresponding to the human lineage) is under selection and cases where both lineages are under selection
with different values of h and q (fig. 1, top panels). As
we can see from figure 1, the HKA and dN/dS test show
reasonable statistical power, but the other tests, the MK test
in particular, show little power. It may be surprising that the
MK test has so little power in this scenario. The homogeneity of dN/dS ratios within and between species apparently
captures little of the signal of positive selection at these levels of divergence because much of the variation in dN/dS
ratios is among codon positions. When information from
all sites is collected into a single table, some information
is lost. However, the power of all the tests that use comparative data, including the MK test, increases as the divergence level increases.
The tests based only on polymorphism have only little
statistical power (fig. 1), which can be understood by noting
that they have power to detect selection only while an advantageous allele is segregating in the population or shortly
thereafter. A previous study found that the EW
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FIG. 1.—Statistical power of five neutrality tests assuming a random position model. Parameters are chosen as described in table 1 and discussed in
the text. Two different values of h and recombination rate (q 5 4Nr) are simulated. ‘‘Human lineage only’’ corresponds to the cases where only the
right lineage is under selection, whereas human–chimp divergence refers to the case where both lineages are under selection.

homozygosity test had very high power in detecting an ongoing selective sweep (Zeng et al. 2007). The fact that we
find it to have very little power indicates that this test detects
selection only in a narrow window around the time when
a selected mutation reaches fixation. We confirmed this intuition by simulating a hitchhiking event on a nonrecombining segment of various sizes using SelSim (Spencer and
Coop 2004). The advantageous allele with scaled selection
coefficient S 5 100 arises in the middle of the genomic region. A sample of 50 sequences is collected at several time
points. As we can see from figure 2, the power of the EW
test decreases quickly after the fixation of the advantageous
allele. This effect is especially apparent when the segment is
long. A similar effect is observed for Tajima’s D, which
does not gain power until very late in the selective sweep.
However, the power of Tajima’s D to detect this type of
selection lasts for slightly longer than it does for the EW
test. Tajima’s D appears to have more power at the time
of fixation when the mutant frequency is high and recombination is relatively weak (fig. 2).

Recurrent Purifying Selection with Random Positions
We simulated two cases of purifying selection, one
with 90% of all nonsynonymous mutations having scaled
selection coefficient S, where S is drawn from a gamma
distribution with a 5 1 and b 5 5 in one case and a 5 1
and b 5 20 in the other.
In the lower panel of figure 1, we can see that
population-based tests again have low power in detecting
recurrent purifying selection. Previous studies have suggested that the effect of purifying selection on the shape
of the gene genealogy is quite weak (e.g., Golding 1997;
Krone and Neuhauser 1997; Neuhauser and Krone 1997;
Przeworski et al. 1999; Slade 2000; Williamson and Orive
2002). Although selection tends to increase variance of the
distribution of the number of mutations above that of a Poisson, the increase is small, thus accounting for the low power
of many neutrality tests (e.g., Williamson and Orive 2002).
For the HKA test, the levels of polymorphism and divergence are both reduced, causing a decrease in statistical
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FIG. 2.—Statistical power of Tajima’s D test and EW test on a single hitchhiking event with nonrecombining segments. The time to the left of the
fixation event is measured in the frequency of the advantageous allele. The time to the right is measured in 2N generations. The selection coefficient
(S 5 2Ns) is set to be 100.

power. On the other hand, the dN/dS likelihood ratio test
gains power because it detects multiple codon positions experiencing purifying selection. In contrast to the case of
positive selection, the MK test now shows more power than
any of the other tests except the dN/dS likelihood ratio test.
The reduction in the rate on nonsynonymous mutation also
increases the power of the MK test.
Mosaic Selection with Random Positions
We simulated four cases in which both purifying and
positive selection are acting. In the case of strong positive
selection, 1% of the nonsynonymous mutations have S following a gamma distribution with a 5 1 and b 5 100. For
weaker positive selection, a 5 1 and b 5 50. Strong purifying selection has 20% or 90% of nonsynonymous changes
with S following gamma distribution (a 5 1 and b 5 20),
whereas weaker purifying selection assumes a gamma distribution with a 5 1 and b 5 5. In all situations, we varied
the levels of background purifying selection by allowing different proportions of nonsynonymous mutations to be negatively selected. In this setting, we evaluate the dN/dS test in

terms of its power to detect positive selection. The results of
the simulations are shown in figure 3.
Because the same set of sites are experiencing both
positive and negative selection in the model with random positions, the statistical power of dN/dS test depends on the
relative magnitudes of positive and negative selection.
Only with strong positive selection and relatively weak
purifying selective does the dN/dS test show appreciable
power to detect positive selection. Otherwise, the signal
of negative selection will overwhelm the signal of positive
selection.
The other four tests show patterns of statistical power
somewhere between the two extreme cases in figure 1. It is
interesting to note that test such as the Tajima’s D test actually has increased power in the presence of background
selection. There might be two reasons for this. First, both
negative selection and recent selective sweeps will result in
negative Tajima’s D values. Therefore, selective sweeps
and negative selection may work together to increase the
power of this test. Second, the recovery phase after a selective sweep might be longer, because in our model, the effective rate of neutral mutation is reduced in the presence of
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FIG. 3.—Statistical power of five neutrality tests under mosaic selection. Selection parameters are listed in table 1 and are also discussed in the text.
Two different assumptions regarding the proportion of negatively selected mutations (20% or 90%) are used.

negative selection. These two effects will tend to be counterbalanced by interference/Hill–Robertson effects (Hill
and Robertson 1966).
Factors Contributing to the Statistical Power
We investigate other factors that could influence the
statistical power of the neutrality tests. We first examine
the effect of changing the divergence time on the three tests
using comparative data by simulating three levels of divergence: 30N, 100N, and 400N. Under the assumption of
a molecular clock, these three divergence times correspond
roughly to human–chimp (;6 My), human–macaque (;20
My), and human–mouse (;80 My) divergence (e.g., Foote
et al. 1999).
As we can see from figure 4 (top panel), the divergence
time only weakly affects the power of the HKA test.
The reason is apparently that most of the power of the
HKA test comes from the transient reduction in variability
occurring during a selective sweep. Increasing divergence
levels has, therefore, only a small effect on this test. Similar
patterns were found for the MK test. On the other hand,
the dN/dS test is directly affected by the increased
number of fixations observed with increased divergence
times.
In the presence of recurrent negative selection, both
the dN/dS and the MK tests achieve increased power with
increased divergence times. The HKA test, on the other
hand, is less sensitive to changes in divergence times.
In addition to changing divergence time, we also examined the effect of sample size on the power of all the
neutrality tests except dN/dS (fig. 4, middle panel). As expected, the power increases of all the tests with increased
sample size for both recurrent positive and negative selection, in accordance with previous results (e.g., Braverman
et al. 1995; Simonsen et al. 1995; Fu 1997; Depaulis et al.
2003; Zeng et al. 2007).

Fixed Positions of Selective Effects
So far we assumed that positively and negatively selected mutations are equally likely to occur in all sites. This
assumption is probably not very realistic as different amino
acid positions in a protein will typically experience different selective pressure. Often, only certain areas of a protein
will be targeted by positive selection (e.g., the antigenbinding cleft of the major histocompatibility complex molecule or the antigenic sites of the HIV env protein; Hughes
and Nei 1988; Nielsen and Yang 1998). We therefore carried out additional simulations in which the selection coefficients of new mutations are specific to the sites at which
the mutations occur. In general, we find that the statistical
power of the different tests using population genetic data is
similar when this assumption is used instead of the previous
one. However, the dN/dS ratio test has dramatically increased power to detect selection in the fixed-position
model (an example is shown in fig. 4, bottom panel). When
the distribution of selection coefficients differs among sites,
the dN/dS ratio test may have considerable power to detect
selection even in the presence of the type of mosaic selection under which it previously had reduced power (fig. 4,
bottom panel).

Discussion
In this study, we investigate the statistical power of
several tests of neutrality based on comparative and/or population genetic data, using traditional population genetic
forward simulations. We have chosen to simulate data under a process where advantageous or deleterious mutations
occur randomly and at a constant rate through time. Our
conclusions are in some cases different from those of previous population genetic simulation studies which focused
on the power of the tests at a specific time before or after
fixation (e.g., Braverman et al. 1995; Simonsen et al. 1995;
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FIG. 4.—Factors affecting the statistical power of several neutrality tests. In the top panel, we investigate the effect of divergence time on the
statistical power of the dN/dS, MK, and HKA test. In the middle panel, we look at the relationship between sample size and statistical power for MK,
Tajima’s D, EW, and HKA test. In the bottom panel, difference between random position and fixed position are plotted. The parameters used in the
simulations are listed in table 1 and are also discussed in the text.

Fu 1997; Depaulis et al. 2003; Zeng et al. 2007). However,
for the purpose of evaluating the relevance of the tests for
genomic scans aimed at detecting selection, it seems more
appropriate to find the power of the tests when averaged
over a range of ages of selective sweeps, rather than focusing on a specific time after a beneficial mutation has arisen.
To restrict the range of our analysis, we did not investigate
other types of selection, such as balancing selection. We
emphasize that the conclusions in this study may not necessarily generalize to balancing selection. Likewise, we
have not investigated models of temporally changing selection coefficients, which would allow selection to act on
standing variation (e.g., Teshima et al. 2006). Again, there
is no guarantee that our conclusions generalize to the case
where selection is acting on standing variation.
The evaluation of the dN/dS ratio test differs from previous studies in using an explicit population genetic model
instead of using simulations based on superimposing a simple Markov chain of molecular evolution along the lineages
of a phylogenetic tree (e.g., Wong et al. 2004). However,
the results we find are largely concordant with previous results, presumably because there are only a limited number
of selected mutations segregating simultaneously in our
simulations aimed at mimicking human data. When that

is true, interference among mutations is relatively weak
or absent (Birky and Walsh 1988), and the divergence
among species could potentially be modeled well by a simple Markov chain that assumes independence among
mutations.
The power of the dN/dS ratio test depends strongly on
assumptions regarding fixed or random positions of selected mutations. In the random position models with mosaic selection, that is, a mixture of positively and negatively
selected mutations, the power of the dN/dS ratio test may be
low. If mutations are distributed randomly along the sequence, and all sites are equally likely to experience positive and negative selection, the dN/dS ratio test will have
power to detect selection only in extreme cases where
the average level of positive selection is so large that the
average dN/dS ratio exceeds one. Arguably, the assumption
that the distribution of fitness effect is the same for all sites
in a protein is unrealistic, and almost all empirical studies
have reported strong variation in the dN/dS ratio among sites
(e.g., reviewed in Yang and Bielawski 2000). In fact, most
studies in which positive selection is detected using dN/dS
ratio tests report estimates of the proportion of sites experiencing positive selection ,5% (Yang and Bielawski
2000). However, it is not clear if this is because the dN/dS
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ratio test has power to detect positive selection only if it
repeatedly affects the same set of sites or if it is because
positive selection on most genes in fact tends to repeatedly
happen in the same set of sites. Nonetheless, it is clear that
under the assumption of a fixed-position model, the dN/dS
ratio has more power to detect recurrent positive selection
than any of the tests which use population genetic data. This
conclusion is true even for the short divergence times mimicking human–chimp divergence. Arguably, the case of two
closely related species investigated here is the scenario least
favorable for dN/dS ratio tests. If more species were included and/or if the divergence time was longer, the power
of dN/dS ratio tests would increase drastically (fig. 4; supplementary fig. 1, Supplementary Material online). The relationship between sample size, divergence time, and power
has been evaluated in previous papers (Wong et al. 2004)
and we will refer to these papers for further discussion.
It may be surprising that the dN/dS test has so much
more power to detect recurrent positive selection than
the population genetic tests do. The main reason is that
the population genetic tests rely on capturing a selective
sweep in action. If selective sweeps are common, the
dN/dS ratio will be very large, providing even more power
to the dN/dS ratio tests than to the population genetic tests.
However, if selective sweeps are rare, the population genetic tests have very little power because they are unlikely
to capture an ongoing selective sweep. Nonetheless, the
tests using only population genetic data provide information regarding recent or ongoing selection. In this sense,
even though these tests may typically have little power
compared with the dN/dS ratio tests, they do provide additional valuable information regarding ongoing selection.
Among the tests using population genetic data, the
HKA test appeared to have the most power to detect recurrent positive selection. In practice, the use of HKA tests has
been quite limited mostly because of the lack of putatively
neutral loci. Future studies might focus on evaluating the
properties, power, and interpretation of the HKA test when
different loci are targeted by varying degrees of positive and
negative selection.
A bit surprisingly, the MK test was found to have only
little power to detect positive selection but substantial
power to detect purifying selection. The most important
role of the MK test in population genetics might, perhaps,
now appropriately be to test for negative selection, whereas
other tests should be used to detect positive selection.
A previous study found that the EW homozygosity test
is one of the most powerful tests of neutrality based on
within-species variation and it is robust to deviations from
assumptions regarding recombination (Zeng et al. 2007).
However, from figure 2 of this paper, it is clear that the relatively high power of the EW homozygosity test is only
maintained for a relatively narrow interval of time, mostly
before the beneficial mutation reaches fixation. Similarly to
what has been observed for Fay and Wu’s H test (Fay and
Wu 2000) and several other statistical test, the statistical
power of the EW test decreases rapidly after the fixation
event (e.g., fig. 3 in this report; Zeng et al. 2006). The time
to fixation for a strong positively selected allele is quite
short (Ewens 2004), and thus, the window for observing
significant results is rather narrow.

There are a number of different tests we have not evaluated in this report, such as the long-range haplotype (LRH)
test (Sabeti et al. 2002). Zeng et al. (2007) found that the
power of this test depends on whether the selected site is
correctly nominated as the core single-nucleotide polymorphism (SNP) in the LRH test. Only when the selected site is
picked as the core SNP, will the LRH have high power
(Zeng et al. 2007). However, even so, the LRH test only
has power to detect selection in a very narrow window
of time as well (Zeng et al. 2006). As the advantageous allele sweeps to fixation, the frequency of background haplotypes is being reduced. As a result, the LRH test loses
power quickly as the selected allele approaches fixation
(Sabeti et al. 2007). If we rank neutrality tests based on their
cumulative power defined as sum of power over time, tests
such as the Tajima’s D test could be more powerful because
they maintain power both before and after the fixation event
(Simonsen et al. 1995; Fu 1997; Depaulis et al. 2003; Zeng
et al. 2006).
Results from genomic scans for selection have shown
very different results, often with very little overlap between
the conclusions from different studies (Sabeti et al. 2006;
Nielsen et al. 2007). The lack of concordance among studies may not be so surprising as the studies using only population genetic data will tend to detect very recent selection,
whereas studies using comparative data will detect loci affected by repeated selective sweeps. The overall power of
tests based only on population genetic data is low and relies
in several cases on catching a rare event, a strong selective
sweep, during a narrow window of time. There may possibly only be few loci in the human genome that are currently
undergoing selective sweeps so strong that population genetic tests would detect them. This is an important point to
keep in mind when interpreting the results of genome-wide
scans based on detecting incomplete selective sweeps.
Comparative studies, in contrast, detect loci that repeatedly have been targeted by selection. These may not
be the same loci as currently are undergoing selection.
For example, a selective sweep currently affecting human
populations in the lactase (LCT) locus (e.g., Bersaglieri
et al. 2004; Burger et al. 2007; Tishkoff et al. 2007) is
not detectable using comparative methods. There is no reason to assume that the lactase locus has been subject to repeated selective sweeps more than any other loci as the
selection currently affecting this locus is caused by the
unique event of human domestication of cattle. Additionally, the signal of positive selection in comparative data
may in some loci be suppressed by the effect of negative
selection, especially, when selection has not targeted the
same sites repeatedly (e.g., fig. 3).
There are other reasons why results may differ between studies. For example, the data may differ between
studies, some studies include only coding regions and
others include both coding and noncoding regions, etc.
In the light of this, we may turn the question around
and, instead, ask why there, after all, are so many examples
of concordance, such as in olfactory receptor–related genes
and genes related to immunity and defense, where both
methods aimed at detecting selective sweeps and comparative methods detect a signal. The explanation must be the
existence of loci targeted by selective sweeps so frequently
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that the chance of catching an ongoing selective sweep in
a population genetic study is high.
A major conclusion of this study is that, under suitable
assumptions, comparative data provide much more power
to detect genes that have been affected by positive selection
than methods based solely on population genetic data. As
population genetic tests, in addition, are struggling with issues relating to robustness to assumptions regarding demographic parameters and the pattern of recombination, while
comparative methods do not rely on assumptions regarding
recombination or demography, comparative methods are
a much more natural choice of methodology if the objective
is to identify genes, and categories of genes, that tend to be
targeted by positive selection in general. However, it is important to emphasize that population-based tests have
a number of advantages over tests based solely on comparative data. Most importantly, they can detect ongoing selection acting on both negative and positively selected
segregating variants. Additionally, although comparative
methods for detecting selection have been applied to noncoding regions (e.g., Andolfatto 2005; Pollard et al. 2006),
there are no available methods quite similar to the dN/dS
ratio as putatively neutral and selected sites are not easily
identifiable and interspersed among each other in noncoding data. Most population genetic methods are more easily
applicable to noncoding regions. Although comparative
methods may be most suitable to identify categories of
genes generally affected by selection, and to quantify the
amount of selection in the genome, some of the most interesting and important questions regarding selection in recent
human history can only be addressed using population genetic data.
In this paper, we have not discussed issues regarding
robustness of the tests. It is well known that tests based on
the distribution of allele frequencies or the site frequency
spectrum are highly sensitive to assumptions regarding demography (e.g., Nielsen 2005). Haplotype-based tests have
not been evaluated systematically in this regard but are
thought to be more robust (Frazer et al. 2007; Sabeti
et al. 2007). Additionally, all the population genetic tests
may show some degree of sensitivity to assumptions regarding recombination, and some of them may also not
be entirely robust to assumptions regarding mutation rates
and the mutational process more generally (e.g., Andolfatto
2001; Wall et al. 2002; reviewed in Nielsen 2005). When
choosing methods for analyzing hypotheses regarding selection, it will be of importance both to consider issues relating to power, the topic of this study, and the robustness of
the statistical tests.
Supplementary Material
Supplementary figure 1 is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.
org/).
Acknowledgments
We thank Kai Zeng for helpful discussions on EW test.
We also would like to thank two reviewers for very con-

structive comments and suggestions. W.Z. and M.S. are
supported in part by National Institutes of Health (NIH)
grant NIH-GM-40282. R.N. is supported in part by NIH
grant NIH-GM078204-02.

Literature Cited
Akashi H. 1999. Inferring the fitness effects of DNA mutations
from polymorphism and divergence data: statistical power to
detect directional selection under stationarity and free recombination. Genetics. 151:221–238.
Akey JM, Zhang G, Zhang K, Jin L, Shriver MD. 2002.
Interrogating a high-density SNP map for signatures of natural
selection. Genome Res. 12:1805–1814.
Andolfatto P. 2001. Adaptive hitchhiking effects on genome
variability. Curr Opin Genet Dev. 11:635–641.
Andolfatto P. 2005. Adaptive evolution of non-coding DNA in
Drosophila. Nature. 437:1149–1152.
Bersaglieri T, Sabeti PC, Patterson N, Vanderploeg T,
Schaffner SF, Drake JA, Rhodes M, Reich DE,
Hirschhorn JN. 2004. Genetic signatures of strong recent
positive selection at the lactase gene. Am J Hum Genet. 74:
1111–1120.
Birky CW Jr, Walsh JB. 1988. Effects of linkage on rates of
molecular evolution. Proc Natl Acad Sci USA. 85:
6414–6418.
Braverman JM, Hudson RR, Kaplan NL, Langley CH,
Stephan W. 1995. The hitchhiking effect on the site frequency
spectrum of DNA polymorphisms. Genetics. 140:783–796.
Burger J, Kirchner M, Bramanti B, Haak W, Thomas MG. 2007.
Absence of the lactase-persistence-associated allele in early
Neolithic Europeans. Proc Natl Acad Sci USA. 104:
3736–3741.
Bustamante CD, Fledel-Alon A, Williamson S, et al. (14 coauthors). 2005. Natural selection on protein-coding genes in
the human genome. Nature. 437:1153–1157.
Bustamante CD, Wakeley J, Sawyer S, Hartl DL. 2001.
Directional selection and the site-frequency spectrum. Genetics. 159:1779–1788.
Carlson CS, Thomas DJ, Eberle MA, Swanson JE,
Livingston RJ, Rieder MJ, Nickerson DA. 2005. Genomic
regions exhibiting positive selection identified from dense
genotype data. Genome Res. 15:1553–1565.
Clark AG, Glanowski S, Nielsen R, et al. (17 co-authors). 2003.
Inferring nonneutral evolution from human-chimp-mouse
orthologous gene trios. Science. 302:1960–1963.
Depaulis F, Mousset S, Veuille M. 2003. Power of neutrality tests
to detect bottlenecks and hitchhiking. J Mol Evol. 57 (Suppl 1):
S190–S200.
Depaulis F, Veuille M. 1998. Neutrality tests based on the
distribution of haplotypes under an infinite-site model. Mol
Biol Evol. 15:1788–1790.
Ewens WJ. 1972. The sampling theory of selectively neutral
alleles. Theor Popul Biol. 3:87–112.
Ewens WJ. 2004. Mathematical population genetics. New York:
Springer.
Fay JC, Wu CI. 2000. Hitchhiking under positive Darwinian
selection. Genetics. 155:1405–1413.
Foote M, Hunter JP, Janis CM, Sepkoski JJ Jr. 1999.
Evolutionary and preservational constraints on origins of
biologic groups: divergence times of eutherian mammals.
Science. 283:1310–1314.
Frazer KA, Ballinger DG, Cox DR, et al. (250 co-authors). 2007.
A second generation human haplotype map of over 3.1
million SNPs. Nature. 449:851–861.

282 Zhai et al.

Fu YX. 1996. New statistical tests of neutrality for DNA samples
from a population. Genetics. 143:557–570.
Fu YX. 1997. Statistical tests of neutrality of mutations against
population growth, hitchhiking and background selection.
Genetics. 147:915–925.
Fu YX, Li WH. 1993. Statistical tests of neutrality of mutations.
Genetics. 133:693–709.
Golding GB. 1997. The effect of purifying selection on
genealogies. In: Donnelly P, Tavare S, editors. Progress in
population genetics and human evolution. New York:
Springer-Verlag. p. 271–285.
Goldman N, Yang Z. 1994. A codon-based model of nucleotide
substitution for protein-coding DNA sequences. Mol Biol
Evol. 11:725–736.
Hill WG, Robertson A. 1966. The effect of linkage on limits to
artificial selection. Genet Res. 8:269–294.
Hudson RR. 2002. Generating samples under a Wright-Fisher
neutral model of genetic variation. Bioinformatics. 18:
337–338.
Hudson RR, Bailey K, Skarecky D, Kwiatowski J, Ayala FJ.
1994. Evidence for positive selection in the superoxide
dismutase (Sod) region of Drosophila melanogaster. Genetics. 136:1329–1340.
Hudson RR, Kreitman M, Aguade M. 1987. A test of neutral
molecular evolution based on nucleotide data. Genetics. 116:
153–159.
Hughes AL, Nei M. 1988. Pattern of nucleotide substitution at
major histocompatibility complex class I loci reveals overdominant selection. Nature. 335:167–170.
Innan H, Zhang K, Marjoram P, Tavare S, Rosenberg NA. 2005.
Statistical tests of the coalescent model based on the
haplotype frequency distribution and the number of segregating sites. Genetics. 169:1763–1777.
Karlin S, McGregor J. 1972. Addendum to a paper of W. Ewens.
Theor Popul Biol. 3:113–116.
Kelly JK. 1997. A test of neutrality based on interlocus
associations. Genetics. 146:1197–1206.
Kim Y, Nielsen R. 2004. Linkage disequilibrium as a signature of
selective sweeps. Genetics. 167:1513–1524.
Kimura M. 1969. The number of heterozygous nucleotide sites
maintained in a finite population due to steady flux of
mutations. Genetics. 61:893–903.
Kimura M, Crow JF. 1964. The number of alleles that can be
maintained in a finite population. Genetics. 49:725–738.
Krone SM, Neuhauser C. 1997. Ancestral processes with
selection. Theo Popul Biol. 51:210–237.
Lewontin RC, Krakauer J. 1973. Distribution of gene frequency
as a test of the theory of the selective neutrality of
polymorphisms. Genetics. 74:175–195.
McDonald JH, Kreitman M. 1991. Adaptive protein evolution at
the Adh locus in Drosophila. Nature. 351:652–654.
Miyata T, Yasunaga T. 1980. Molecular evolution of
mRNA: a method for estimating evolutionary rates of
synonymous and amino acid substitutions from homologous
nucleotide sequences and its application. J Mol Evol. 16:
23–36.
Muse SV, Gaut BS. 1994. A likelihood approach for comparing
synonymous and nonsynonymous nucleotide substitution
rates, with application to the chloroplast genome. Mol Biol
Evol. 11:715–724.
Neuhauser C, Krone SM. 1997. The genealogy of samples in
models with selection. Genetics. 145:519–534.
Nielsen R. 2005. Molecular signatures of natural selection. Annu
Rev Genet. 39:197–218.
Nielsen R, Bustamante C, Clark AG, et al. (13 co-authors). 2005.
A scan for positively selected genes in the genomes of
humans and chimpanzees. PLoS Biol. 3:e170.

Nielsen R, Hellmann I, Hubisz M, Bustamante C, Clark AG.
2007. Recent and ongoing selection in the human genome.
Nat Rev Genet. 8:857–868.
Nielsen R, Yang Z. 1998. Likelihood models for detecting
positively selected amino acid sites and applications to the
HIV-1 envelope gene. Genetics. 148:929–936.
Pollard KS, Salama SR, Lambert N, et al. (16 co-authors). 2006.
An RNA gene expressed during cortical development evolved
rapidly in humans. Nature. 443:167–172.
Przeworski M, Charlesworth B, Wall JD. 1999. Genealogies and
weak purifying selection. Mol Biol Evol. 16:246–252.
Sabeti PC, Reich DE, Higgins JM, et al. (17 co-authors). 2002.
Detecting recent positive selection in the human genome from
haplotype structure. Nature. 419:832–837.
Sabeti PC, Schaffner SF, Fry B, et al. (10 co-authors). 2006.
Positive natural selection in the human lineage. Science.
312:1614–1620.
Sabeti PC, Varilly P, Fry B, et al. (263 co-authors). 2007.
Genome-wide detection and characterization of positive
selection in human populations. Nature. 449:913–918.
Sawyer SA, Hartl DL. 1992. Population genetics of polymorphism and divergence. Genetics. 132:1161–1176.
Simonsen KL, Churchill GA, Aquadro CF. 1995. Properties of
statistical tests of neutrality for DNA polymorphism data.
Genetics. 141:413–429.
Slade PF. 2000. Simulation of selected genealogies. Theo Popul
Biol. 57:35–49.
Slatkin M. 1996. A correction to the exact test based on the
Ewens sampling distribution. Genet Res. 68:259–260.
Slatkin M. 1994. An exact test for neutrality based on the Ewens
sampling distribution. Genet Res. 64:71–74.
Slatkin M, Bertorelle G. 2001. The use of intraallelic variability
for testing neutrality and estimating population growth rate.
Genetics. 158:865–874.
Spencer CC, Coop G. 2004. SelSim: a program to simulate
population genetic data with natural selection and recombination. Bioinformatics. 20:3673–3675.
Tajima F. 1989. Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics.
123:585–595.
Teshima KM, Coop G, Przeworski M. 2006. How reliable are
empirical genomic scans for selective sweeps? Genome Res.
16:702–712.
Tishkoff SA, Reed FA, Ranciaro A, et al. (19 co-authors). 2007.
Convergent adaptation of human lactase persistence in Africa
and Europe. Nat Genet. 39:31–40.
Toomajian C, Ajioka RS, Jorde LB, Kushner JP, Kreitman M.
2003. A method for detecting recent selection in the
human genome from allele age estimates. Genetics. 165:
287–297.
Voight BF, Kudaravalli S, Wen X, Pritchard JK. 2006. A map of
recent positive selection in the human genome. PLoS Biol.
4:e72.
Wall JD, Andolfatto P, Przeworski M. 2002. Testing models of
selection and demography in Drosophila simulans. Genetics.
162:203–216.
Wang ET, Kodama G, Baldi P, Moyzis RK. 2006. Global
landscape of recent inferred Darwinian selection for Homo
sapiens. Proc Natl Acad Sci USA. 103:135–140.
Watterson GA. 1978. The homozygosity test of neutrality.
Genetics. 88:405–417.
Williamson S, Orive ME. 2002. The genealogy of a sequence
subject to purifying selection at multiple sites. Mol Biol Evol.
19:1376–1384.
Williamson SH, Hubisz MJ, Clark AG, Payseur BA,
Bustamante CD, Nielsen R. 2007. Localizing recent adaptive
evolution in the human genome. PLoS Genet. 3:e90.

An Investigation of the Statistical Power of Neutrality Tests 283

Wong WS, Yang Z, Goldman N, Nielsen R. 2004. Accuracy and
power of statistical methods for detecting adaptive evolution
in protein coding sequences and for identifying positively
selected sites. Genetics. 168:1041–1051.
Yang Z. 1997. PAML: a program package for phylogenetic analysis
by maximum likelihood. Comput Appl Biosci. 13:555–556.
Yang Z, Bielawski JP. 2000. Statistical methods for detecting
molecular adaptation. Trends Ecol Evol. 15:496–503.
Yang Z, Nielsen R, Goldman N, Pedersen AM. 2000. Codonsubstitution models for heterogeneous selection pressure at
amino acid sites. Genetics. 155:431–449.

Zeng K, Fu YX, Shi S, Wu CI. 2006. Statistical tests for detecting
positive selection by utilizing high-frequency variants.
Genetics. 174:1431–1439.
Zeng K, Mano S, Shi S, Wu CI. 2007. Comparisons of site- and
haplotype-frequency methods for detecting positive selection.
Mol Biol Evol. 24:1562–1574.

Jonathan Pritchard, Associate Editor
Accepted September 30, 2008

