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“When the facts change, I change my mind. What do you do
sir?”

—1John Maynard Keynes

The Neutral Theory

Models describing the dynamics of genetic variants with no ef-
fect on fitness—so-called neutral models—have been around al-
most as long as the field of population genetics (Fisher 1922;
Wright 1931). Decades after the first models were introduced
Motoo Kimura gave a complete description of the dynamics of
neutral mutations in finite populations, using mathematical tools
borrowed from particle physics (Kimura 1955). Although the el-
egance of this and other results from Kimura and colleagues were
uncontested, their applicability to data seemed remote until ex-
periments revealed enormous amounts of molecular genetic vari-
ation, both within and between species (Zuckerkandl and Pauling
1965; Harris 1966; Lewontin and Hubby 1966). The observed
levels of variation appeared inconsistent with models that pro-
posed selective effects for all or most mutations, and what has
become known as the Neutral Theory of Molecular Evolution
was born (Kimura 1968; King and Jukes 1969; Kimura and Ohta
1971).

Despite contentious argument over the validity of the Neu-
tral Theory (Kimura 1983; Gillespie 1991), it has become the
predominant framework for research in population genetics and
molecular evolution for almost 40 years. Increasingly complex
models describing the expected patterns of variation within and be-

tween species allow researchers to ask about the evolutionary pro-
cesses acting in nature, both at single loci and in increasingly large
datasets encompassing all or most genes in a genome. The Neu-
tral Theory provides a theoretical basis for understanding DNA
variation with clear, testable hypotheses and an array of statistical
tools that distinguish natural selection from random genetic drift
(Kreitman 2000; Nielsen 2001; Hahn 2007).

However, the recent paper by Begun and colleagues (Begun
et al. 2007) should finally begin to change people’s view of this
scientific paradigm. Although results inconsistent with the Neu-
tral Theory have been mounting for some time (see below), the
field has continued to use it as a foundation for understanding the
molecular world. As the first true “population genomic” dataset,
the results of Begun et al. force us to see that the central predic-
tions of the Neutral Theory do not hold in natural populations.
Far from just the half-caught glimpses of nonneutral evolution
afforded by studies of limited numbers of loci, by sequencing
the whole genomes of multiple lines of Drosophila simulans this
work should cause a major shift in how we interpret DNA vari-
ation within populations and among species. As the conclusions
of this article are appropriately cautious with respect to the im-
plications of the work, I will use this essay to provide a wider
view of the importance of these results and a synthesis with pre-
vious results. To do this I will address the two major tenets of the
Neutral Theory, and how increasing amounts of data are show-
ing that these claims and their attendant predictions do not hold
for the vast majority of genes and species. I also argue that the
implications of our continued use of neutral models are dire—at
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least if we hope to truly understand the evolutionary forces that
shape genomes—and require the development of a new Selection
Theory of molecular evolution.

THE DIRECT SELECTION CLAIM

The Direct Selection claim of the Neutral Theory is that the vast
majority of polymorphisms within species and fixed differences
between species have no effect on fitness—that is, that there is no
direct selection on them, and that they are neutral. This does not
mean that all possible mutations are neutral, only that the observed
mutations are neutral. Strongly deleterious variants are rarely seg-
regating in populations and have an even smaller chance of be-
ing fixed, and so are not observed; likewise, adaptive mutations
might make up a small fraction of differences between species
but are fixed so quickly that they are not sampled when polymor-
phic. (Ohta and Kimura [1971] put an upper limit of ~8% on
the proportion of advantageous substitutions consistent with the
Neutral Theory.) That synonymous changes in coding sequences
or changes in nonfunctioning noncoding sequences are neutral is
a trivial extension of this claim (but see Akashi 1994; Resch et al.
2007), and most disagreements revolve around the neutrality of
mutations that have the capacity to change the phenotype.

The Direct Selection claim of the Neutral Theory is also
one of the most misunderstood ideas in molecular evolution, as
the term “neutral” is often conflated with “unconstrained” (see
Kimura 1983, chapter 3). The Neutral Theory is perfectly com-
patible with strong selective constraint on a sequence as long as
all of the observed changes—no matter how few—are neutral.
DNA sequences are either constrained or unconstrained, but this
distinction does not tell us whether they are evolving neutrally
or not (although all mutations in unconstrained sequences are as-
sumed to be neutral). To conclude that a sequence is evolving
“nonneutrally” in this context means either that segregating poly-
morphisms are not neutral with respect to fitness, or that fixed
differences were not simply fixed by drift but by adaptive natural
selection.

Regardless, the Direct Selection claim provides the funda-
mental foundation for many current tests of selection, by pro-
viding the null (neutral) hypothesis against which instances of
selection can be evaluated. Unfortunately, it is now clear that
data collected from a large number of loci are inconsistent with
this claim. The most direct tests of this claim are carried out
by comparing the number and frequency of functionally rele-
vant mutations (either coding or regulatory) to those without an
effect on function (usually synonymous or intronic). Polymor-
phism and divergence data from these classes of sequences can be
combined in the McDonald—Kreitman (MK) test (McDonald and
Kreitman 1991). The prediction of the neutral model is that the ra-
tio of functional:nonfunctional polymorphisms (e.g., nonsynony-
mous:synonymous) will be equal to the same ratio among fixed
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differences. An excess of nonsynonymous or regulatory fixed dif-
ferences relative to synonymous changes is interpreted as evidence
for adaptive substitutions, whereas an excess of nonsynonymous
or regulatory polymorphisms is interpreted as evidence that seg-
regating variation is either mildly deleterious or under strong bal-
ancing selection (McDonald and Kreitman 1991; Weinreich and
Rand 2000).

Previous studies using the MK test on hundreds of genes in
Drosophila melanogaster and D. simulans have concluded that
anywhere between 30% and 94% of all amino acid substitutions
were fixed by adaptive natural selection (Fay et al. 2002; Smith and
Eyre-Walker 2002; Sawyer et al. 2003; Bierne and Eyre-Walker
2004; Shapiro et al. 2007). Similar studies on the untranslated and
regulatory regions upstream of Drosophila genes revealed similar
estimates of adaptive divergence (Kohn et al. 2004; Andolfatto
2005), as have studies of protein-coding genes in Escherichia
coli (Charlesworth and Eyre-Walker 2006). In contrast, studies of
both humans and Arabidopsis thaliana have revealed an excess
of nonsynonymous polymorphisms consistent with the nonneu-
tral evolution of segregating variation (Bustamante et al. 2002,
2005). As both humans and'A. thaliana have much smaller pop-
ulation sizes than either Drosophila or E. coli, it is believed that
the observed excess of variation is largely due to mildly delete-
rious mutations that are not purged from small populations but
do not contribute to interspecific divergence. Alternative methods
that compare the allele frequencies of nonsynonymous polymor-
phisms and synonymous polymorphisms are also consistent with a
large amount of segregating deleterious polymorphism in both hu-
mans and Arabidopsis (Williamson et al. 2005; Eyre-Walker et al.
2006; Kim et al. 2007). It should also be noted that even though the
MK test is relatively powerful compared to other tests of molecu-
lar evolution, it is still very conservative and likely misses a large
proportion of nonneutral evolution (Akashi 1999); it is likely to be
even more conservative if many nonsynonymous polymorphisms
are actually advantageous mutations and on their way to fixation.

The genome-wide data presented by Begun et al. (2007) con-
firm these previous patterns and reveal a new pattern using the
MK test. As with previous studies in Drosophila, Begun et al. find
a large number of substitutions with evidence for adaptive evolu-
tion. Approximately 54% of all nonsynonymous fixed differences,
~35% of fixations in untranslated regions, and ~7% of intergenic
fixations have been fixed by positive selection along the lineage
leading to D. simulans (all of these estimates are significantly dif-
ferent than zero). Curiously, Begun et al. also find a significant ex-
cess of segregating polymorphisms, but only for mutations that do
not lie in coding regions. Taken together, the results of Begun et al.
and other large studies provide overwhelming evidence for direct
selection on both coding and regulatory mutations, manifest as
excess polymorphism and divergence in different species, and are
associated with different types of mutations. Neutral substitutions
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clearly still occur. but given our carrent power to detect selection
itis likely that they represent a minority of all changes. Although
large datasets of this kind come from only a handful of model
organisms, one must conclude that the preponderance of evidence
to date does not support the Direct Selection claim of the Neutral
Theory.

THE LINKED SELECTION CLAIM

The Linked Selection claim of the Neutral Theory is that linked
selection does not affect a vast majority of loci, and therefore
that variation in nature reflects the predictions of neutral mod-
els. Population genetics theory provides quantitative expectations
of the level and frequencies of polymorphisms under neutrality.
However, if selection acts on even a small fraction of mutations,
patterns of variation at linked loci will be affected as neutral poly-
morphisms are dragged along with selected ones. The effect of
selection on mutations linked to neutral polymorphisms, whether
advantageous (“hitchhiking”’; Maynard Smith and Haigh 1974) or
deleterious (“background selection”; Charlesworth et al. 1993), is
to lower the level of variation and skew the frequency spectrum of
mutations relative to neutral expectations. An alternative way to
state this claim is that most loci are expected to be at mutation—drift
equilibrium—where the number of mutations entering a popula-
tion is equal to the number being lost due to drift—although recent
changes in population size may disturb this equilibrium.

To better understand the Linked Selection claim and its con-
sequences, we need to understand two simple neutral expecta-
tions concerning the amount of variation within a species and
the magnitude of divergence between species. At mutation—drift
equilibrium the average number of polymorphic sites between two
sequences within the same species, denoted r, is determined by
the expression 4N g, Where N is the population size and ¢ is the
neutral mutation rate (Tajima 1983). This means that as either the
population size or the mutation rate goes up, so does the amount
of variation within a species, and vice versa. Likewise, when all
mutations are neutral the average number of nucleotide differ-
ences measured between two sequences from different species,
denoted d, is determined by 27w, where T is the time back to the
ancestor of the two sequences and mutations can occur on both lin-
eages. Note that d is unaffected by population size (Kimura 1968)
and is determined solely by the amount of time that has elapsed
and the mutation rate, which also affects levels of polymorphism.
In addition, it has been shown theoretically that linked selection
does not affect the level of neutral divergence (Birky and Walsh
1988), although the selected mutation itself obviously contributes
to the number of differences between species. Because the number
of differences between single representative sequences from two
different species includes both the fixed substitutions that have
accumulated and the derived polymorphisms present in those in-
dividual samples, it is common to use a corrected distance that rep-

resents only fixed divergence: d* = d —  (Nei 1987). The simple
relationships presented in this paragraph represent the most basic
expectations of the Neutral Theory, and provide us with testable
hypotheses that can be applied to population genetic datasets. Be-
low I discuss four empirical observations that are fundamentally
inconsistent with neutral predictions.

The paradox of variation

One of the first challenges to the Neutral Theory was leveled
against the initial prediction outlined above that 7 and other mea-
sures of genetic diversity should be linearly proportional to pop-
ulation size. The observation that diversity was only weakly cor-
related with apparent population size was called the “paradox
of variation” (Lewontin 1974) and still remains. Measurements of
nucleotide variation from hundreds of species across the tree of life
continue to show that even though population sizes vary across
many orders of magnitude (from ubiquitous bacteria to exceed-
ingly rare vertebrates), the mean difference in nucleotide diver-
sity between prokaryotes and vertebrates only spans two orders of
magnitude (Lynch 2006). Among eukaryotes, levels of variation
in mitochondrial DNA show no correlation with population size
(Bazin et al. 2006) and there is only a weak relationship between
nuclear genes and population size (Lynch 2006), even though the
Neutral Theory clearly predicts a linear relationship. The two most
complete models of linked selection either predict no relation-
ship between diversity and population size (hitchhiking; Gillespie
2001) or a weakly positive relationship (background selection;
Charlesworth et al. 1993). It is clear from the data collected thus
far that comparisons of levels of diversity across species are not
consistent with the Neutral Theory.

Negative relationship between polymorphism

and divergence

A second major prediction of the Linked Selection claim is that
there should be a strong positive correlation between polymor-
phism and divergence. These two measures should be tightly cor-
related under neutrality because levels of both polymorphism and
divergence are the result of the magnitude of the neutral muta-
tion rate. However, comparing polymorphism within D. simulans
() to divergence between D. simulans and D. melanogaster (d*)
reveals that there is actually a negative correlation between the
two across the genome (average across all chromosome arms: r =
—0.39). To control for possible differences in neutral mutation rate
between D. simulans and D. melanogaster, we can also compare
polymorphism to the divergence that has occurred only on the D.
simulans lineage by using D. yakuba to polarize changes. This
comparison also shows a negative correlation between 1 and d*
(r = —0.17), completely inconsistent with the predictions of the
Neutral Theory. Coalescent simulations show that negative corre-
lations between polymorphism and divergence are not expected
under neutral conditions (N. Nista and M. W. Hahn, unpubl. data).
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It neutral models do not predict the observed patterns. it is
worthwhile asking whether there are selection models that do.
The answer appears to be that a range of selection models do pre-
dict the negative correlation, as the following example shows. If
mutations are largely advantageous (i.e., the hitchhiking model),
then we would expect that higher fixation rates of adaptive muta-
tions would lead to decreased levels of polymorphism as the effect
of hitchhiking becomes more pronounced. Indeed, a selection—
mutation—drift equilibrium expectation for the amount of variation
at a neutral locus linked to a constant influx of adaptive mutations
is m = 4Nwo/(1 + 2Npy?), where p is the rate of fixation of advan-
tageous mutations and y> is proportional to the effect of linkage
(Gillespie 2000). As we can see, increasing the rate of adaptive
change results in decreasing levels of variation at linked loci. (Be-
cause p is actually a function of N, 7 does not scale linearly
with population size in this model [Gillespie 2001].) Likewise,
the amount of divergence expected with adaptive mutations is
given by d = 2T x 4Nsp1f a, where s is the selective advantage
of the mutant allele, ur is the total mutation rate, and f 5 is the
fraction of all mutations that are advantageous (Kimura 1983). In
this case, divergence increases as the rate and strength of adaptive
evolution increases, which results in a net negative correlation be-
tween polymorphism and divergence. Consistent with this view,
Begun et al. found that genes in D. simulans that had experienced
the greatest increase in the rate of nonsynonymous substitution
also showed dramatically decreased levels of polymorphism.

Positive relationship between polymorphism

and recombination

One of the most striking results to challenge the Neutral Theory
was the discovery of a correlation where none was expected. Un-

der neutrality. norelationship between levels of polymorphism and
recombination is expected, as the number and frequency of neutral
mutations should be unaffected by the recombinational environ-
ment (Hudson 1983). However, low levels of polymorphism in
several D. melanogaster genes located in regions of low crossing-
over prompted Begun and Aquadro (1992) to demonstrate that in
fact there was a positive correlation between polymorphism and
recombination across a range of recombination rates. This result
now appears to be one of the most universal patterns of popu-
lation genetics, with similar relationships found in every species
examined: human (Nachman et al. 1998; Przeworski et al. 2000),
mouse (Nachman 1997; Takahashi et al. 2004), C. elegans (Cutter
and Payseur 2003), mosquito (Stump et al. 2005; Slotman et al.
2006), A. thaliana (Kim et al. 2007), tomato (Stephan and Lang-
ley 1998; Roselius et al. 2005), sea beet (Kraft et al. 1998), maize
(Tenaillon et al. 2001), and goatgrass (Dvorak et al. 1998). Begun
et al. provide one of the most complete studies to date, and show
that there is a very strong correlation between recombination and
7 on the D. simulans X chromosome (r = 0.45; Fig. 1). As the
article points out, this result is especially striking given that the
estimates of crossing-over come from D. melanogaster; nonethe-
less, the fact that such a strong relationship is observed argues that
recombination rates between the two species are quite conserved.

There are two clear hypotheses—one neutral and one
selective—for why recombination and polymorphism should be
correlated. If recombination itself is mutagenic then regions of
high recombination will have more mutations, resulting in higher
levels of polymorphism. This neutral model also therefore pre-
dicts that divergence (d*) should be positively correlated with
recombination if this process is mutagenic (Begun and Aquadro
1992), which is not found in the D. simulans data (r = 0.03).

Nucleotide diversity
002 003

0.01
5

slEl UoHBUIGUWODaY

Chromosome X Position (Mb)

Figure 1. Polymorphism, divergence, and recombination across the D. simulans X chromosome. Measures of polymorphism (=), divergence
(d*), and recombination (measured in centiMorgans per megabase [cM/MB]) are shown (all from Begun et al. 2007). The raw data have

been Loess smoothed for ease of visualization.
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However. this effect may explain some of the variation in humans
(Lercher and Hurst 2002: Hellmann et al. 2003; Hellmann et al.
2005). The alternative hypothesis is that some form of linked se-
lection is acting across the D. simulans genome such that loci
in regions of higher recombination are more likely to escape the
effects of nearby selection, whether advantageous or deleterious
(Aquadro et al. 1994). If, for instance, adaptive fixations are occur-
ring continuously across the genome then levels of polymorphism
are reduced by an amount proportional to the strength of selection
and the recombination rate, although divergence levels are unaf-
fected (Birky and Walsh 1988). As shown above the equilibrium
level of variation under a hitchhiking model is m = 4Npo/(1 +
2Npy?), which is expected to show a positive correlation with
the rate of recombination (because y” is inversely proportional to
recombination). Alternative models of linked selection also pre-
dict this positive relationship (Wiehe and Stephan 1993; Gillespie
1994; Hudson and Kaplan 1995; Payseur and Nachman 2002).
In addition, the correlation between recombination and the al-
lele frequency of mutations found in both flies (Andolfatto and
Przeworski 2001) and humans (Stajich and Hahn 2005) can only
be explained by linked selection.

The positive correlation between polymorphism and recom-
bination across many species is astounding for a number of rea-
sons. First, these results imply that almost no loci are free from
the effects of linked selection. Even after trimming 2.5 megabases
from the proximal and distal ends of the X chromosome—where
recombination is the lowest—there is a significant correlation be-
tween 1 and recombination in D. simulans (r = 0.26). Far from
being limited to only the regions of lowest recombination these
patterns suggest that all loci but those with the highest rates of
recombination are affected, and even these loci may simply show
the least effects of linked selection. Second, in the absence of other
forces the reduction in variation caused by linked selection will re-
bound to neutral-equilibrium levels relatively rapidly (Simonsen
etal. 1995). The fact that polymorphism is correlated with recom-
bination implies that in every species examined at almost every
locus there has been a recent selective event (whether advanta-
geous or deleterious), such that levels of polymorphism are not at
equilibrium. These data are therefore fundamentally incompatible
with the expectations of the Neutral Theory.

Regional similarity in levels of polymorphism

A novel example of the effects of linked selection is also afforded
by the results of Begun and colleagues. Previous studies have
shown that levels of divergence among mammals are locally sim-
ilar at a megabase scale (Lercher et al. 2001; Webster et al. 2004;
Gaffney and Keightley 2005; Hellmann et al. 2005). Begun et al.
show that the same is true for Drosophila, with significant corre-
lations in levels of divergence at loci hundreds of kilobases apart
(see also Hahn 2006). If this regional similarity in divergence is

simply due to differences in neutral mutation rates. then levels ol
polymorphism in the D. simulans genome should also show such
a pattern. Begun et al. do find regional similarities in polymor-
phism, although they seem to extend almost three times as far as
similarities in divergence. This same difference was found when
comparing regional similarity in polymorphism and divergence in
humans (Smith and Lercher 2002).

Because levels of polymorphism can be locally similar
due to shared genealogical histories or population bottlenecks—
processes that do not affect levels of divergence—it is possible that
these neutral processes have caused similarities in polymorphism
to stretch over greater distances than in divergence. However, sim-
ulations show that neither linkage nor demographic history (nor
both together) is sufficient to explain the observed patterns (P.
Nista and M.W. Hahn unpubl. data). Instead, it appears that again
some form of linked selection must be invoked. One possibility is
that hitchhiking events create “islands” of relatively homogeneous
levels of polymorphism extending over very long distances, and
that the action of many such events along a single chromosome are
enough to create the observed patterns. A second possibility, more
in keeping with the apparent relationship between recombination
and polymorphism, is that selection and recombination interact to
cause regional similarities in polymorphism. This pattern would
arise because recombination rates themselves are regionally sim-
ilar and are correlated over long distances (Kong et al. 2002). If
the effects of selection on linked variation are limited by recombi-
nation rate, then a uniform distribution of selective events would
lead to levels of polymorphism that are similar over the same scale
as recombination. Whichever scenario turns out to be the correct
explanation, the results of Begun et al. are clearly not consistent
with neutrality.

Implications
Since the proposal of the Neutral Theory, every few years has
seen the publication of a paper summarizing data that challenge
its preeminence (e.g., Gillespie 1984; Kreitman 1996; Fay and Wu
2001). However—and despite the mounting evidence of natural
selection that each successive author has been able to draw upon—
the general conclusion has always been that even though we do
not necessarily believe the Neutral Theory, neutral models are
easier to parameterize and provide a clear null model. The title
of Kreitman’s 1996 review sums up this feeling: “The neutral
theory is dead. Long live the neutral theory.” In the following I
outline some of the reasons why neutral models have had such
staying power, but why continued use of the Neutral Theory as a
guiding framework can positively mislead researchers and skew
our understanding of nature.

To see the advantage of using neutral models, consider a sit-
uation in which researchers eventually come to agree that 50%
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of all nonsynonymous differences in D. melanogaster were fixed
by adaptive evolution. With this proportion as a starting point we
must now specify a large number of additional parameters and
distributions to model genetic variation. For example, we must
now answer the following questions: What is the distribution of
selection coefficients of these nonsynonymous differences? What
are their dominance coefficients? Has selection acted on standing
polymorphism or only on newly arising mutations? Is there epista-
sis among mutations, and if so, what form does it take? What does
the fine-scale recombination map look like across the genome?
And of course all of these need to be specified again for each
new species considered. None of this information is needed if all
mutations are neutral; therefore simple scientific expediency has
tended to win out.

Some of the reluctance to move away from neutral models is
also likely to be a continued reaction to rampant pan-selectionism
and adaptationist storytelling (cf. Gould and Lewontin 1979). It
is certainly true that a mature field of evolutionary biology needs
to consider both adaptationist and nonadaptationist explanations
for natural phenomena, and it can be forcefully argued that non-
adaptationist hypotheses are in general more parsimonious given
equal evidence (Lynch 2007). However, the overwhelming evi-
dence from studies of molecular variation does not support the
Neutral Theory, and therefore neutral explanations are arguably
not more parsimonious given all of the evidence. The conse-
quence of this is that we have tied ourselves into philosophical
knots by using null models no one believes but are easily pa-
rameterized. Below I describe one widespread example of the
biased view forced on us by neutral models and how a move away
from such models may help us to better understand molecular
variation.

Concomitant with the development of the Neutral Theory,
Cavalli-Sforza (1966) and Lewontin and Krakauer (1973) pro-
posed what was to become one of the main axioms of modern
molecular population genetics: “While natural selection will op-
erate differently for each locus and each allele at a locus, the
effect of breeding structure is uniform over all loci and all alleles”
(Lewontin and Krakauer 1973 [italics in original]). Put another
way, this says that the action of natural selection affects only
a small region of the genome whereas demographic history af-
fects the whole genome. Many authors have used this logic to try
to disentangle the effects of selection and demography in large
datasets (reviewed in Thornton et al. 2007). The common mode
of inference employed by these studies assumes that the majority
of genes provide information about the demographic history of a
population, whereas the genes in the tails of the distribution for
some statistic (e.g., m or Tajima’s D) are the most likely to be
under selection (see Fig. 2A). Because all distributions have tails,
a number of refinements to these methods have been made to pro-
vide statistical evidence of selection—by simulating either a wide
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range of possible demographic histories (Akey et al. 2004). realis-
tic demographic models known from other data (Stajich and Hahn
2005), or demographic models estimated from the “*background”
data of the dataset under study (Nielsen et al. 2005).

Although the Cavalli-Sforza/Lewontin/Krakauer axiom is
obviously true for any single gene under selection, it implic-
itly assumes that most genes are unaffected by natural selection.
However, if most loci are affected by linked selection, then pat-
terns of variation at these loci are influenced by a combination
of demography and selection (Fig. 2B). Consider data collected
from a population at demographic equilibrium but with high rates
of adaptive natural selection: because hitchhiking results in an
excess of low-frequency mutations, standard approaches would
lead us to infer that a population expansion or bottleneck had
occurred as most loci show this excess. To find the targets of se-
lection we would then “recenter” the distribution of test statistics
by simulating neutral data under the inferred demographic his-
tory, whether or not there is any independent (nonmolecular) data
about the validity of such a history. As might be imagined, this
procedure will cause us to miss many or most of the genes un-
dergoing adaptive natural selection, or even to reject those with
strong evidence simply because they are in the middle of the distri-
bution. It can therefore be considered an extremely low-powered
method for detecting selection. For example, Mekel-Brobov et al.
(2005) found multiple signatures of natural selection on the ASPM
gene in non-African humans. Although there has been consider-
able debate over the effect of this gene on intelligence and brain
size among humans, the more relevant responses to this article
have focused on showing that the patterns of variation seen are
not due to selection. These responses have generally followed the
Cavalli-Sforza/Lewontin/Krakauer axiom, in two different ways:
(1) there is a demographic model that can explain the data (Currat
et al. 2006), or (2) the gene is uninteresting because it looks like
many other genes in the human genome (Yu et al. 2007). Regard-
less of the validity of any of these criticisms (see Mekel-Bobrov
et al. 2006 and Mekel-Bobrov and Lahn 2007 for the authors’
responses), it is clear that they follow the logic of an idealized
neutral world.

The above discussion begs the question of whether the true
demographic history of a population can ever be inferred from
molecular data given the pervasive effects of linked selection. It
is clear that the common use in phylogeographic studies of “neu-
tral” markers such as the mitochondrial D-loop or microsatellites
are not neutral if they are either linked to loci under selection
(Bazin et al. 2006) or are subject to direct selection themselves
(Rockman and Wray 2002). Even when studies have attempted
to infer population histories from loci that do not overlap coding
regions—so as to minimize the effect of linked selection—there
can still be strong effects of linked selection. From the D. sim-
ulans data presented above it is clear that using noncoding loci
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Figure 2. (A) The neutralist interpretation, and (B) a selectionist interpretation of variation in levels of polymorphism. The red line
in both shows measured values of polymorphism (w) across D. simulans chromosome 3R (from Begun et al. 2007). Arrows indicate
hypothetical effects of linked selection in raising or lowering levels of polymorphism. The dashed line represents the expected mutation-
drift equilibrium level of polymorphism under neutrality, given as the average value of w on chromosome 3R in panel A and a hypothetical

value unaffected by linked selection in panel B.

to infer demographic histories (e.g., Haddrill et al. 2005) does
not obviate the problem of linked selection, especially if there is
direct adaptive natural selection on noncoding loci in the same
species (Andolfatto 2005). It is possible, however, that in species
with genomes larger than those of Drosophila it might be possible
to find truly neutral markers—multiple studies in humans have
attempted to use such loci (e.g., Frisse et al. 2001; Rockman et al.
2003). Unfortunately, it still appears as though there is a strong
correlation between levels of variation and recombination rates at
these loci. For example, reanalysis of the data from Frisse et al.
(2001) finds a correlation of r = 0.64 between 7 and map-based
estimates of recombination among the Hausa people of Africa,
and r = 0.47 between Tajima’s D statistic (a measure of the fre-

quency spectrum of mutations) and recombination in the same
population (M. W. Hahn, unpubl. data).

Taken together the examples presented above illustrate one
of the most misleading and intellectually disingenuous aspects of
neutralist interpretations—the excess of low-frequency mutations
expected under widespread natural selection can be explained
away as the result of demography simply because most loci show
this pattern. There are rarely independent data on demographic
changes, and when there is—as with human migration out of
Africa—disagreements of tens of thousands of years on the date of
such changes are explained as estimation error or inconclusive ar-
chaeological dates rather than the joint effects of demography and
selection. Although populations migrating to new environments
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are surely subject to many new selective agents, evidence tor adap-
tive evolution is often cast aside because a nonequilibrium model
fits the data equally well. It would be very surprising if the high
rates of adaptive fixations found across coding and noncoding
regions of the genome did not occur in these populations. Even
when data are collected from populations that are thought a priori
to represent equilibrium histories (e.g., African populations of hu-
mans and flies), patterns consistent with rampant linked selection
are interpreted as population expansions without any corroborat-
ing evidence. The joint effects of linked selection and demography
may also explain why seemingly so few species are inferred to have
had population contractions: the excess of intermediate-frequency
mutations expected under a contraction may be cancelled out by
patterns of linked selection, resulting in apparently “equilibrium”
populations.

If we begin to change our view of the forces that shape varia-
tion, we begin to see that there may be very few loci in any genome
that have escaped the effects of linked selection. This means that
there are few genes that provide an unbiased view of demographic
history and therefore that inferences of selection based on inferred
histories are hugely conservative. It also means that 7 will rarely
be a good estimator of 4N .. Figure 2 attempts to show this ma-
jor difference between neutral and selective views of molecular
variation. The neutral view is shown in Figure 2A, where the
Cavalli-Sforza/Lewontin/Krakauer axiom leads us to believe that
the mean value of 7 represents the neutral expectation—whether
or not the population is in demographic equilibrium—and only the
most extreme deviations from this mean indicate either balancing
selection (high values) or positive selection (low values). A se-
lective view (Fig. 2B) acknowledges that most loci have levels of
polymorphism much lower than are expected under neutrality, as
linked selection is affecting almost the entire genome. Contrary to
the neutral view, genes with the highest levels of polymorphism
may simply be the only ones to have escaped linked selection, al-
though balancing selection surely acts on some loci. These views
provide vastly different conclusions about the amount of selection
acting in nature, as well as about the relative effects of disparate
evolutionary forces in shaping polymorphism.

Toward a Selection Theory
of Molecular Evolution

If a case is to be made that the Neutral Theory is no longer an
appropriate description of molecular variation, then we must re-
place it with a theory that includes a much larger role for natural
selection. In addition, use of a “Selection Theory” will likely ne-
cessitate a change in the way that many inferences in population
genetics are made: assuming we did agree that 50% (or some
other number) of nonsynonymous changes were fixed by posi-
tive selection, this would then have to be used as the null model

262 EVOLUTION FEBRUARY 2008

to test alternatives against. Alternatively—and in contrast to the
statistical beliefs of many population geneticists—it may be that
a Selection Theory requires much wider use of estimation meth-
ods (such as Bayesian approaches) rather than standard inferences
driven by testing alternatives to an unrealistic null model.

The most challenging task in developing a Selection Theory
is likely to be the absence of a single model that describes every
species. Each species’ specific biology will dictate whether dele-
terious or advantageous mutations are most commonly found, as
suggested by the different patterns of variation found in humans
and Arabidopsis versus Drosophila discussed above. For exam-
ple, Reed et al. (2005) found that a background selection model
fit human polymorphism data very well, both in terms of the level
and frequency of polymorphisms. This suggests that much of the
linked selection in humans will be driven by deleterious muta-
tions. In contrast, the Begun et al. study of D. simulans found an
excess of high-frequency mutations, consistent with a model of
recurrent adaptive evolution. For now it is unclear which form of
linked selection will predominate, or whether both will be found
equally. We do not have enough data from enough species with
varying demographic, life-history, and mating systems to make
clear generalizations about when to expect one type of selective
model or the other. What is clear is that instead of comparing sim-
ple selective models to complex demographic models (e.g., Wall
et al. 2002) we should be attempting to distinguish among more
realistic selective models (e.g., Reed et al. 2005). The theoretical
tools necessary to do this are available, and the dissemination of
more simulation programs that enable all researchers to investi-
gate these alternatives are becoming available (Spencer and Coop
2004).

[t should be stressed that by arguing for a turn away from the
Neutral Theory I am not making the case for rampant adaptation
or pan-selectionism in its widest meaning. Rather, the patterns
apparent from multiple species at multiple loci make the case for
rampant nonneutrality. These widespread deviations from neutral-
ity neither distinguish between advantageous or deleterious muta-
tions as their cause, nor do they tell us whether they are the result
of direct selection or are merely the spandrels of linked selec-
tion. The results also do not say that all fixed differences between
species are due to adaptive natural selection. In fact, whatever the
proximate causes of deviations from neutrality, the ultimate re-
sults are likely to be the retardation of adaptation and the fixation
of mildly deleterious mutations (Hill and Robertson 1966). What-
ever the general conclusions drawn, it is clear that adherence to
the Neutral Theory in the face of mounting evidence for selection
is unwarranted, despite the intellectual effort required to shift our
view. It is simply inconsistent to claim both that there are high
rates of adaptive evolution and that the Neutral Theory is an ad-
equate description of nature. As I began this essay with a quote
from a dead economist, I will also end with one that seems to
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sum up 40 years of research into molecular evolution: It is a far.
far better thing to have a firm anchor in nonsense than to put out
on the troubled sea of thought [John Kenneth Galbraith].” Insert
“neutrality” and “selection” as needed.
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