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Abstract 

In this perspective, we evaluate the explanatory power of the neutral theory of molecular evolution, 50 years after its 
introduction by Kimura. We argue that the neutral theory was supported by unreliable theoretical and empirical 
evidence from the beginning, and that in light of modern, genome-scale data, we can firmly reject its universality. 
The ubiquity of adaptive variation  both  within  and between species means that a more comprehensive theory of 
molecular evolution must be sought. 
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Introduction 
On the 50th anniversary of the neutral theory of molecular 
evolution, we have been charged with the task of asking: how 
has the neutral theory fared in light of adaptive variation 
within and between species? In a word, poorly. While neutral 
models have without doubt begat tremendous theoretical 
fruits, including whole conceptual structures (e.g., the coales-
cent), the explanatory power of the neutral theory has never 
been exceptional. Five decades after its proposal, in the age of 
cheap genome sequencing and tremendous population ge-
nomic data sets, the explanatory power of the neutral theory 
looks even worse. In this perspective, we argue that with 
modern data in hand, each of the original lines of evidence 
for the neutral theory are now falsified, and that genomes are 
shaped in prominent ways by the direct and indirect conse-
quences of natural selection. 

To begin, we should make clear what the neutral theory 
claims about nature. It is not simply a statement about the 
presence of neutral mutations, nor about the large fraction of 
eukaryotic genomes that are nonfunctional—neither of these 
assertions would be contested by current competing hypoth-
eses. Furthermore, the neutral theory is not merely a neutral 
model, to be used as a null hypothesis against which more 
interesting hypotheses can be tested. The neutral theory in-
stead posits a positive thesis about nature: that differences 
between species are due to neutral substitutions (not adap-
tive evolution), and that polymorphisms within species are 
not only neutral but also have dynamics dominated by 
mutation-drift equilibrium. It was these claims, and their at-
tendant theoretical justifications, that were the original at-
traction of the neutral theory as an explanatory framework. 
However, we must also acknowledge the important roles that 
both Kimura (1968) and King and Jukes (1969) played in the 
field’s acceptance of neutral mutations at all. Although we 
argue here that the neutral theory has not held up in light of 
genomic data, it is certainly the case that neutral mutations— 

in both functional and nonfunctional parts of the genome— 
are now widely recognized. The presence of neutral variation 
was certainly not part of the orthodoxy of the late 1960s, in 
which balancing selection predominated (discussed in chap-
ter 2 of Kimura 1983). 

Original Evidence for the Neutral Theory 
Given the historical purpose of this issue, we wish to step back 
and examine the original lines of evidence that were offered 
to justify the neutral theory of molecular evolution. As we will 
argue, none of them stand up to modern scrutiny. In fact, 
many researchers in the field are unlikely to be aware of these 
original arguments—and would be even less likely to believe 
them—even if they are self-described neutralists. 

Kimura (1968) famously used the “cost of selection” to 
argue that rates of protein evolution, at that point calculated 
from three loci in a handful of mammals, were too rapid to be 
compatible with natural selection driving substitutions. 
Unfortunately, Kimura’s calculation was flawed in a number 
of ways. For instance, Kimura overestimates the number of 
protein-coding sites in the genome by two orders of magni-
tude (he uses 4109 bp, whereas the real number is closer to 
3107 bp in the largest genomes). Even given the data on 
rates Kimura had available, fixing this number alone would 
remove the conflict between the rate of protein evolution at 
the nucleotide level and Haldane’s (1957) upper limit of 
300 years per adaptive substitution. However, even without 
the benefit of modern genome sequence data, Kimura’s cost 
of selection argument was critiqued immediately on theoret-
ical grounds. Maynard Smith (1968) and Sved (1968) argued 
that Haldane’s results could be ameliorated by truncation 
selection and density-dependence, and therefore that 
Haldane’s cost (and by proxy Kimura’s argument) was too 
restrictive. 

Perhaps the most compelling argument against the cost of 
selection being evidence for neutral evolution came from 
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Felsenstein (1971). Felsenstein rederived the expected cost of 
selection in two separate ways, allowing him to cast the prob-
lem as one of a population chasing a moving optimum after 
environmental change. He showed that, depending on the 
initial frequency of a beneficial allele after the environment 
has changed and the number of offspring per parent, the 
maximum rate of adaptive substitution varies over orders 
of magnitude. This is not to say that there are no limits to 
the rate of adaptation in populations (Weissman and Barton 
2012), only that it is not clear to what extent such limits 
operate in nature. As a consequence, Kimura’s central 1968 
calculation—that the rate of amino acid evolution was too 
high given Haldane’s calculated rate limit due to the cost of 
selection—is both technically and conceptually flawed. 

Three years later, Kimura’s justification for the neutral the-
ory had shifted from limits on the rate of evolution to its 
constancy among lineages. As stated in Kimura and Ohta 
(1971): “Probably the strongest evidence for the theory is 
the remarkable uniformity for each protein molecule in the 
rate of mutant substitutions in the course of evolution.” 
Armed with data from  a  handful of proteins,  the constancy  
of the rate of amino acid substitution among disparate line-
ages was presumed to be due to the fact that all substitutions 
were neutral. Accumulating evidence from additional pro-
teins, coupled with better analyses (Langley and Fitch 
1974), soon showed that this constancy was an illusion 
(Gillespie 1989; Cutler 2000; Bedford and Hartl 2008). 

Decades of data later, it is clear that the original pillars of 
the neutral theory do not hold. However, there are certainly 
neutral mutations and neutral substitutions, so perhaps some 
parts of the neutral theory can be saved when new data are 
brought to bear on the subject. In the next section, we ex-
amine whether genomic data on the neutrality of between-
species divergence and within-species levels of polymorphism 
match any of the predictions of the neutral theory. 

The Evidence for Selection 
How much of the genome is directly or indirectly influenced 
by adaptive natural selection? Since the first data on variation 
in nucleotide sequences within a population were collected 
(Aquadro and Greenberg 1983; Kreitman 1983), this question 
has been a central focus of population genetics. Many differ-
ent tests have been developed to test for the action of pos-
itive or balancing selection—often against a null model that 
assumes neutrality—and new genomic data have inspired 
new and more powerful methods for detecting selection in 
all its various forms. 

One of the most powerful and robust tests for the action 
of positive selection on divergence between species was sug-
gested by McDonald and Kreitman (1991). The so-called 
McDonald–Kreitman (MK) test combines polymorphism 
and divergence data in order to test a prediction of the neu-
tral model that these quantities should be proportional to 
one another for both synonymous and nonsynonymous var-
iants. While the MK test will not be able to detect adaptive 
evolution on only one or a few fixed differences, no matter 
the strength of selection, it is much more powerful than tests 

based solely on divergence (such as dN/dS) and  much  more  
robust to nonequilibrium demographic histories than tests 
based solely on polymorphism (such as Tajima’s D). 

Application of the MK test to data from protein-coding 
genes has revealed a predominant role for adaptive natural 
selection. The first such studies were carried out in Drosophila 
melanogaster and D. simulans, finding  that  50% of all amino 
acid substitutions have been fixed by positive selection (Fay 
et al. 2002; Smith and Eyre-Walker 2002; Sawyer et al. 2003; 
Bierne and Eyre-Walker 2004; Begun et al. 2007; Shapiro et al. 
2007; Langley et al. 2012). Accumulating whole-genome data 
from a variety of species has continued to find a large fraction 
of substitutions fixed by positive selection (Charlesworth and 
Eyre-Walker 2006; Halligan et al. 2010; Carneiro et al. 2012; 
Tsagkogeorga et al. 2012; Galtier 2016). Even purported 
exceptions to this pattern have given way upon closer anal-
ysis. In humans, though the overall fraction of amino acid 
substitutions fixed by positive selection is estimated to be 
zero (Boyko et al. 2008; Li et al. 2008), careful functional char-
acterization of individual proteins has revealed that a large 
fraction of all genes which interact with pathogens show 
pervasive evidence for positive selection (Enard et al. 2016; 
Ebel et al. 2017). Similarly, despite the lack of signal of positive 
selection in early studies of plants that used small numbers of 
loci (Gossmann et al. 2010),  newer data sets with larger num-
bers of genes have again found strong patterns of adaptation 
(Williamson et al. 2014; Grivet et al. 2017). 

One unavoidable charge against the MK test is that it is 
based on expectations of a neutral model. Although the util-
ity of neutral models does not necessarily support the accu-
racy of the neutral theory as a statement about nature, there 
is a certain ambivalence to accepting one and not the other. 
But consider the alternative: if the field used a model of pos-
itive selection as the null hypothesis, failure to reject this null 
should of course not be taken as evidence for selection. In 
many cases there is little alternative at the moment except to 
use a neutral model as the null hypothesis, in order to break 
free of the claims of the neutral theory. 

In contrast to methods for examining the effect of selec-
tion on divergence, methods for understanding how selection 
shapes within-species patterns of variation are highly depen-
dent on nonequilibrium population histories. In order to ac-
count for this reliance, researchers either take a predefined 
fraction of loci in the tails of a distribution as the number 
affected by selection, or assume that a nonequilibrium history 
explains the majority of the data by fitting a highly embel-
lished model of demography in order to erase all signs of 
outliers. While there are some promising methods to 
coestimate selection and demography (see below), to under-
stand the  genome-wide effects  of  selection we must take a  
different approach. 

One of the most striking impacts of natural selection on 
genomes is the near universal correlation between rates of 
recombination and levels of polymorphism (Hahn 2008; 
Cutter and Payseur 2013; Corbett-Detig et al. 2015; see  
fig. 1). Under neutrality, no relationship between levels of 
polymorphism and recombination is expected, as the number 
and frequency of neutral mutations is unaffected by 
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recombination (Hudson 1983). In the presence of selection, 
however, levels of polymorphism are reduced by an amount 
proportional to the strength of selection and the recombina-
tion rate (Maynard Smith and Haigh 1974; Kaplan et al. 1989; 
Charlesworth et al. 1993; Barton 1998). As such, there will be 
less polymorphism in regions of lower recombination, and 
more polymorphism in regions of higher recombination. The 
correlation between recombination and polymorphism could 
formally have a neutral explanation, if, for instance, recombi-
nation were mutagenic. Begun and Aquadro (1992) tested for 
such an effect by looking at the correlation between recom-
bination and divergence, but found no relationship between 
the two. Additional alternative neutral explanations for this 
relationship have also been excluded (McGaugh et al. 2012; 
Pease and Hahn 2013). Thus, at the whole-genome scale it is 
readily apparent that selective forces need to be invoked to 
adequately explain gross features of population genetic vari-
ation. However, it is less clear to what extent linked positive 
versus linked negative selection is predominant, and the effect 
of each may differ across species. 

The positive correlation between polymorphism and re-
combination across many plant and animal species is striking 
for a number of reasons. First, these results imply that almost 
no loci are free from the effects of selection, in any organism. 
Far from being limited to only the regions of lowest recom-
bination, published 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 (Hahn 2008; Sella et al. 2009). Second, in the absence 
of other forces, the reduction in variation caused by linked 
selection will rebound to equilibrium levels relatively rapidly 
(Simonsen et al. 1995; Barton 1998). The fact that polymor-
phism is correlated with recombination implies that in almost 
every species examined, at almost every locus, there has re-
cently been a selected allele nearby (whether advantageous or 
deleterious), such that levels of polymorphism are not at 
mutation-drift equilibrium. An equilibrium between muta-
tion and drift is a central tenet of the neutral theory 
(Kimura and Ohta 1971); therefore, current data appear to 
be fundamentally incompatible with the neutral theory. 

In addition to settling existing arguments, genome-scale 
studies have uncovered challenges to the neutral theory 
unimagined 50 years ago. From the exquisite detail on local 
adaptation from even species with low effective population 
sizes (such as humans; Fan et al. 2016), to broad patterns 
gathered from across the tree of life, increased sequencing 
has further marginalized the neutral theory. We review a few 
of these advances in what follows. 

Over the past decade, both empirical data and theoretical 
advances have sufficiently accumulated to suggest that adap-
tive evolution is not mutation-limited in natural populations. 
Instead, selection from standing variation may be the typical 
response to an environmental shift (Gillespie 1991; Hermisson 
and Pennings 2005; Messer and Petrov 2013; Garud et al. 
2015; Sheehan and Song 2016; Schrider and Kern 2017). 
The abundance of these “soft” selective sweeps means that 
even if drift plays an important role in some portion of the 
sojourn of an allele, the influence of natural selection can still 
dominate the evolutionary trajectory at other points. While 
selection from standing variation within a focal population is 
a potent source of adaptive variation, yet another source is 
beneficial mutations from other populations or species. 
Adaptive introgression, while long hypothesized to be an im-
portant source of variation (Anderson and Stebbins 1954), 
has only recently been shown to be common in nature 
(reviewed in Hedrick 2013). Indeed, recent examples of adap-
tive introgression include a wide swath of organismal diversity 
including plants (Bechsgaard et al. 2017), fungi (Cheeseman 
et al. 2014), insects (Salazar et al. 2010; Fontaine et al. 2015), 
and even our own distant ancestors (Huerta-Sanchez et al. 
2014). Thus, the ubiquity of adaptive introgression provides 
another route toward adaptation, and additional sources of 
potentially adaptive variation. Taken together, modern evi-
dence for soft sweeps and adaptive introgression suggest that 
the supply of beneficial mutations will not be a major limiting 
factor over evolutionary time. 

While the search for selective sweeps of any stripe has been 
a dominant theme in population genetics, there is good the-
oretical reason to believe that phenotypes that are highly 
polygenic (i.e., that result from genetic contributions at 
many loci) might not be associated with fixation of advanta-
geous alleles at all (Pritchard et al. 2010; Jain and Stephan 
2017). This implies that, for a large number of evolutionarily 
important phenotypes, searching for selective sweeps might 
be an effort made in vain. The signals of selection will be 
much more subtle and possibly much more pervasive—the 
GWAS revolution in humans over the past decade has 
revealed that many phenotypes are polygenic. In response, 
a growing number of researchers have focused on devising 
methods that might be able to detect the signatures of poly-
genic selection in the genome. The most intuitive approaches 
combine information from GWAS with population genetic 
information on allele frequencies, asking whether a specific 
phenotypic difference between populations is associated with 
increased differentiation of the specific alleles known to affect 
the trait (Turchin et al. 2012; Berg and Coop 2014), or if such 
trait-associated SNPs are associated with signals of linked se-
lection (Field et al. 2016). The knowledge of functional alleles 

FIG. 1.  Correlation coefficients (“tau”) between levels of polymor-
phism and recombination rate from 40 genomes belonging to various 
multicellular subgroups (data from Corbett-Detig et al. 2015). 
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across species will enable similar analyses in many more sys-
tems, especially in species in which we can examine loci that 
are known to directly affect fitness (Agren et al. 2013). 

It also must be stressed that the evidence for selection 
summarized above has come from across sequenced 
genomes—in coding and noncoding regions—due to all dif-
ferent types of mutations—not just single nucleotide differ-
ences. Many of the strongest signals of selective sweeps are 
found in noncoding regions, possibly affecting RNA genes or 
the cis-regulatory apparatus of nearby protein-coding genes 
(Wang et al. 1999; Tishkoff et al. 2007). Extensions of the MK 
test to such regulatory sequences have revealed a large frac-
tion of substitutions in these regions fixed due to positive 
selection (Jenkins et al. 1995; Ludwig and Kreitman 1995; 
Crawford et al. 1999; Kohn et al. 2004; Andolfatto 2005; 
MacDonald and Long 2005; Holloway et al. 2007; Jeong 
et al. 2008; Torgerson et al. 2009). We now also appreciate 
the wide range of different types of mutations that may be 
underlying adaptation, not just single nucleotide substitu-
tions. Changes to gene copy-number (Perry et al. 2007; 
Schrider et al. 2013), the insertion of transposable elements 
(Daborn et al. 2002; Schlenke and Begun 2004; Gonzalez et al. 
2008), and even large inversions (Stefansson et al. 2005; 
Kolaczkowski et al. 2011; Cheng et al. 2012; Kirkpatrick and 
Kern 2012; Reinhardt et al. 2014) have all been involved in 
adaptive natural selection. 

The Way Forward 
We have presented accumulated evidence from the past 
50 years that natural selection has played the predominant 
role in shaping within- and between-species genetic variation. 
As a consequence, we believe that the neutral theory has 
been overwhelmingly rejected, and that as a field we must 
continue to develop alternate theories of molecular 
evolution. 

How will such a change in view affect how we make infer-
ences from sequence data? Rejecting the neutral theory does 
not mean embracing adaptive storytelling, nor does it mean 
that we must forsake all models that assume neutrality. But 
we must recognize that assuming a neutral model for the sake 
of statistical convenience can positively mislead our infer-
ences. One area where this problem is especially dire is in 
the estimation of demographic histories. While most popu-
lations almost certainly have a nonequilibrium history, 
attempting to infer the details of these histories without ac-
counting for selective forces can mislead us in multiple ways. 
For instance, methods may infer migration between popula-
tions when none has occurred (Mathew and Jensen 2015; 
Roux et al. 2016), or they may infer nonequilibrium dynamics 
even in equilibrium populations (Ewing and Jensen 2016; 
Schrider et al. 2016). Meanwhile, nonadaptive storytelling in 
the form of overly fit demographic models can mask all signs 
of natural selection (Hahn 2008). Recent methods for 
coestimating selection and demography (Li and Stephan 
2006; Sheehan and Song 2016) are moving us one important 
step forward: the ability to estimate demography without 
assuming neutrality. In parallel, newer methods for detecting 

selection that are suitably robust to demographic misspecifi-
cation (Schrider and Kern 2016) provide the ability to detect 
all of the signals of selection even in the presence of non-
equilibrium demography. 

In order to more completely remove the lingering misap-
prehensions of the neutral theory, we must of course replace 
it with an explanatory theory of greater value. A more suffi-
cient model of genetic variation would at minimum have to 
account for the direct and indirect effects of selective sweeps 
(Maynard Smith and Haigh 1974; Gillespie 2000) and  the  
direct and indirect effects of purifying selection 
(Charlesworth et al. 1993; Hudson and Kaplan 1995), while 
simultaneously accounting for variation in population size 
and population structure. If this already sounds like a difficult 
task to accomplish, we can raise the stakes and add that 
population genetic models that operate in continuous space, 
that is, those that reflect the basic realities of geography, are 
still only in their infancy. Coupled with increasing amounts of 
data from new types of population samples—for example, 
those including noncontemporaneous individuals (such as 
from ancient DNA) or from very large pedigrees—future the-
ories of molecular evolution will have to be able to service an 
ever-widening set of approaches. Thus, 50 years after the birth 
of the neutral theory, we wish to both celebrate its history 
and move on to more productive efforts. 
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