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Abstract

Although the neutral theory of molecular evolution was proposed to explain DNA and protein sequence evolution, in
principle it could also explain phenotypic evolution. Nevertheless, overall, phenotypes should be less likely than geno-
types to evolve neutrally. I propose that, when phenotypic traits are stratified according to a hierarchy of biological
organization, the fraction of evolutionary changes in phenotype that are adaptive rises with the phenotypic level con-
sidered. Consistently, molecular traits are frequently found to evolve neutrally whereas a large, random set of organismal
traits were recently reported to vary largely adaptively. Many more studies of unbiased samples of phenotypic traits are
needed to test the general validity of this hypothesis.
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Genotypic and Phenotypic Evolution Could
Obey Different Laws
It was through the observation of spectacular phenotypic
variations among organisms combined with deductive rea-
soning that Darwin reached the conclusion of evolution by
natural selection (Darwin 1859). According to this theory, a
new phenotype will spread as long as it is present in a pop-
ulation, is heritable, and confers a higher organismal fitness
than the existing phenotype. The theory is so simple yet so
powerful that no biological phenomenon seems unexplain-
able by natural selection as long as one is willing to make
some assumptions, most of which are usually hard to prove
or disprove. Although various constraints and historical con-
tingencies are now commonly recognized as additional fac-
tors shaping phenotypic evolution (Gould and Lewontin
1979), in the minds of the vast majority of biologists, natural
selection is the predominant force driving phenotypic
evolution.

Contrasting this paradigm of phenotypic evolution is the
neutral theory of molecular evolution (Kimura 1983), which
asserts that the great majority of intra and interspecific var-
iations in DNA and protein sequences are selectively neutral.
The neutral theory originated half a century ago from the
then-new observations in molecular biology, such as the sur-
prisingly uniform yet extraordinarily rapid pace of sequence
evolution of individual proteins and the agreement between
the observed amino acid compositions and the correspond-
ing random expectations from nucleotide compositions
(Kimura 1968; King and Jukes 1969). Studies of population
genetic behaviors of neutral alleles helped build a solid theo-
retical foundation of the neutral theory (Kimura 1983). That a
substantial proportion of DNA sequence polymorphisms and
divergences are neutral is now generally agreed upon by mo-
lecular evolutionists, although different opinions exist about
the exact proportion (Nei 1987; Li 1997; Eyre-Walker 2006; Nei

2013; Graur et al. 2016). Furthermore, to a large extent, the
neutral theory has successfully explained the evolution of
genome architecture such as the abundances of duplicate
genes, introns, and transposable elements across various lin-
eages (Lynch 2007).

Even though the neutral theory can in principle also ex-
plain phenotypic evolution, founders of the neutral theory
limited it to genotypic evolution, as reflected by the formal
name of the theory. In fact, Kimura, an originator and the
chief proponent of the neutral theory, did not believe that it
works for phenotypic evolution. In his landmark book,
Kimura (1983) wrote that “The neutral theory is not antag-
onistic to the cherished view that evolution of form and
function is guided by Darwinian selection, but it brings out
another facet of the evolutionary process by emphasizing the
much greater role of mutation pressure and random drift at
the molecular level” (p. ix) and “laws governing molecular
evolution are clearly different from those governing pheno-
typic evolution” (p. 326).

Phenotypic evolution can occur via plastic changes, ge-
netic changes, or a combination of the two (Ho and Zhang
2018). If we ignore the uncommon situation of phenotypic
evolution that is due entirely to plasticity, phenotypic evolu-
tion must have underlying genotypic basis. Is it then theoret-
ically inconsistent for phenotypic evolution to be largely
adaptive while genotypic evolution mostly neutral? The an-
swer is no and here is why. Evolutionary changes in DNA
sequence, or substitutions, may be broadly classified into
three categories: deleterious, beneficial, and effectively neutral,
the latter referring to those whose absolute value of selection
coefficient is smaller than the reciprocal of the effective pop-
ulation size (Kimura 1983). While deleterious substitutions
may be rare, they can nevertheless occur by either genetic
drift or hitchhiking. The fraction of DNA sequence evolution
that is adaptive equals the proportion of all substitutions that
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are beneficial (AFG, where AF stands for adaptive fraction and
the subscript G stands for genotype). Due to prevalent epis-
tasis (Zhang 2017) and genotype-by-environment interac-
tions (Wei and Zhang 2017), the fitness effect of a
substitution depends on both the genetic background and
environment. Hence, any fitness effect discussed here refers to
that in the genetic background and environment when the
substitution takes place. Substitutions that do not have phe-
notypic effects must be neutral, because otherwise they
would impact at least one phenotypic trait—fitness
(fig. 1A). Substitutions that have phenotypic effects may be
neutral, beneficial, or deleterious (fig. 1A). Hence, AFG is the
ratio between the length of the blue bar and the total length
of all bars in figure 1A. The fraction of phenotype-altering
substitutions that are adaptive (AFP, where the subscript P
stands for phenotype) is the ratio between the length of the
blue bar and the total length of the three bars of the top row
in figure 1A. Clearly, AFP exceeds AFG. In other words,
phenotype-altering substitutions have a higher probability
to be adaptive than average substitutions. Under the reason-
able assumption that an average beneficial substitution
impacts at least as many phenotypic traits as does an average
phenotype-altering neutral or deleterious substitution, we
can further deduce that the adaptive fraction of phenotypic
evolution exceeds the adaptive fraction of nucleotide substi-
tutions. In short, genotypes and phenotypes can in theory
obey different laws of evolution.

Relative Prevalence of Adaptive Changes
Should Rise with Phenotypic Level
Because the phenotype of an organism includes all measure-
able phenotypic traits, to study phenotypic evolution system-
atically as well as to simplify the matter, it seems natural to
classify all traits into a hierarchy based on different levels of
biological organization. For instance, for multicellular organ-
isms, a potential sequence from low to high levels of biological
organization can be traits at molecular, cellular, tissue, organ,
and organismal levels. We may add on top of organismal
traits the trait of Darwinian fitness, which is the summary
of all traits. In this hierarchy, molecular traits would include
concentrations and molecular functions of all (non-DNA)
molecules such as RNAs, proteins, and metabolites. Cellular
traits would include, for example, cell size, weight, and shape.
Tissue, organ, and organismal traits similarly include charac-
teristics of tissues, organs, and organisms, respectively.

Because the phenotypic levels outlined above are based on
a hierarchy of biological organization, it is reasonable to as-
sume that a substitution impacting a trait at one level must
also influence at least one trait at each phenotypic level below
the focal level. That is, all substitutions affect the genotype,
but only some substitutions affect molecular traits, among
which only a subset affect cellular traits, and so on.
Substitutions impacting fitness, the top-level trait, are by def-
inition nonneutral; most of them should be beneficial al-
though a minority may be deleterious (fig. 1B).
Substitutions impacting organismal traits or traits at any

lower phenotypic level but not fitness are by definition neu-
tral (fig. 1B).

The fraction of fitness-altering substitutions that are adap-
tive (AFfitness; fig. 1C) is the length of the blue bar divided by
the total length of the blue bar and red bar in figure 1B. Now
let us consider the fraction of organismal trait-altering sub-
stitutions that are adaptive (AForganism). Because every fitness-
impacting substitution must also influence some organismal
traits, as assumed above, AForganism equals the number of
beneficial substitutions divided by the sum of the number
of beneficial substitutions, number of deleterious substitu-
tions, and number of neutral substitutions impacting organ-
ismal traits (i.e., the length of the blue bar divided by the total
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FIG. 1. Schematics explaining the expected fraction of adaptive phe-
notypic evolution. (A) Numbers of deleterious, beneficial, and effec-
tively neutral substitutions stratified by the presence/absence of any
phenotypic effect. The length of a horizontal bar represents the hy-
pothetical number of substitutions in the category. Fraction of phe-
notype-altering substitutions that are adaptive (AFP) equals the
length of the blue bar divided by the total length of the three bars
of the top row, whereas the fraction of substitutions that are adaptive
(AFG) equals the length of the blue bar divided by the total length of
all bars. Therefore, AFP>AFG. This conclusion can be extended to
adaptive fractions of phenotypic and genotypic changes under a rea-
sonable assumption (see main text). (B) Numbers of deleterious, ben-
eficial, and neutral substitutions stratified by their effects on traits of
different phenotypic levels. At each phenotypic level, substitutions
impacting traits of that level but not any higher level are considered.
According to our assumption, substitutions impacting traits at a
phenotypic level always impact at least one trait at each lower phe-
notypic level. The length of a horizontal bar represents the hypothet-
ical number of substitutions in the category. (C) Fraction of
phenotype-impacting substitutions that are beneficial (AF) rises
with the phenotypic level considered. At each level, AF is computed
by the length of the blue bar divided by the total length of all bars at
this phenotypic level and above in panel B. Under a simple assump-
tion (see main text), AF also describes the adaptive fraction of evo-
lutionary changes at each phenotypic level.
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length of all bars of the top two rows in fig. 1B). Clearly
AForganism<AFfitness (fig. 1C). Similarly, the fraction of organ
trait-altering substitutions that are adaptive (AForgan) equals
the number of beneficial substitutions divided by the sum of
the numbers of beneficial substitutions, deleterious substitu-
tions, organismal trait-altering neutral substitutions, and or-
gan trait-altering neutral substitutions (i.e., the length of the
blue bar divided by the total length of all bars of the top three
rows in fig. 1B). Hence, AForgan<AForganism (fig. 1C). It can be
shown that AFG<AFmolecule<AFcell <AFtissue<AForgan

<AForganism<AFfitness (fig. 1C). That is, the fraction of
phenotype-altering substitutions that are adaptive increases
with the phenotypic level considered and is higher than the
overall fraction of nucleotide substitutions that are adaptive.

The sequence of the phenotypic levels considered above is
but one of many possibilities. For instance, one could add
more phenotypic levels or collapse some levels. The cellular,
tissue, organ, and organismal levels all collapse to one level in
unicellular organisms. The essential criterion in the classi-
fication is that phenotypic levels follow a hierarchy of bi-
ological organization such that a phenotypic change at one
level must involve at least one phenotypic change in each
level below.

In the foregoing analysis, we considered fractions of
phenotype-altering substitutions that are adaptive. Because
of pleiotropy, a substitution can potentially impact multiple
traits of the same phenotypic level in addition to influencing
traits of different levels. At a phenotypic level, let k be the
ratio between the expected number of traits affected by a
beneficial substitution and that affected by a neutral or del-
eterious substitution impacting the level. Under the reason-
able assumption that k at any phenotypic level is no smaller
than that at any level below it, the above result on AF can be
extended to the proportion of phenotypic evolutionary
changes that are adaptive. In other words, the adaptive frac-
tion of phenotypic evolution is also expected to exceed AFG

and to rise with the phenotypic level.

Evolution of Molecular Traits
Empirically verifying the above theoretical prediction about
the relative abundances of neutral and adaptive phenotypic
changes in evolution is challenging. A number of methods
have been developed to test adaptive versus neutral evolu-
tion hypotheses for phenotypic traits (Lande 1976, 1977;
Chakraborty and Nei 1982; Lynch and Hill 1986; Turelli
et al. 1988; Lynch 1990; Spitze 1993; Orr 1998), and numerous
authors have studied the evolution of individual traits in this
context (Endler 1986; Kingsolver et al. 2001). Although such
studies are valuable for identifying cases of adaptive or neutral
phenotypic evolution, they cannot tell, even in aggregation,
whether most phenotypic traits evolve neutrally or adap-
tively, because of the strong preference in choosing poten-
tially adaptive traits for investigation and the bias in
publishing studies that detect adaptive signals. To obtain a
general picture on the neutrality or adaptation in phenotypic
evolution requires studying large sets of unbiasedly sampled
traits. This is easier said than done, because (1) an organism

has an almost infinite number of phenotypic traits even at
one phenotypic level, making it impossible to study all traits,
(2) phenotypic traits are often correlated (e.g., the lengths of
the two arms in humans), making it unclear how to sample
them fairly, and (3) biologists are attracted to certain pheno-
typic traits (e.g., those exhibiting clear trends of geographic
variation or conspicuous to human sensory systems) more
than other traits, potentially biasing the sampling. This situ-
ation contrasts sharply that of genotypic studies, where it is
straightforward to circumvent sampling bias by analyzing ei-
ther an entire genome or random segments of a genome.
Although certain types of genotypic changes (e.g., single nu-
cleotide substitutions) are studied more often than other
types (e.g., insertions and deletions), the results are at least
unbiased for the type of genotypic changes considered.

Notwithstanding, it has become possible to analyze either
one complete set of traits or a random sample in a set of
traits, most notably for molecular traits. For example, gene
expression level, or the cellular concentration of the mRNA
product of a gene, is a phenotypic trait at the molecular level.
Measuring such traits simultaneously for all genes in a ge-
nome is now routinely performed thanks to advancements in
genome technology in the last decade. Although the mRNA
concentrations of different genes are not independent from
one another, the sampling can be unbiased because typically
either all genes or a random subset of genes are studied.
When genome-wide gene expression data are analyzed, sta-
bilizing or purifying selection instead of positive selection is
usually found for the vast majority of genes. For instance, gene
expression variation among wild strains of Caenorhabditis
elegans worms is smaller than that among mutation accumu-
lation (MA) lines that diverged from one another under vir-
tually no selection, despite that the divergence times are
much longer among the wild strains than among MA lines
(Denver et al. 2005). Such results are similar to the general
trend in genotypic evolution where the dominant force is
purifying selection rather than positive selection (Zhang
2010). Furthermore, patterns of gene expression similarities
among nine yeast strains of three species were found to be
almost exclusively determined by the phylogenetic relation-
ships instead of environmental similarities of these strains,
further suggesting that the intra and interspecific expression
variations of most genes are not the result of environmental
adaptations (Yang et al. 2017), although a minority of yeast
genes exhibit adaptive expression differences (Bullard et al.
2010; Fraser et al. 2010; Qian et al. 2012).

In addition to mRNA concentrations, the relative preva-
lence of neutral and adaptive evolution has been assessed for
several other large sets of molecular traits, most of which are
posttranscriptional or posttranslational modifications. For in-
stance, A-to-I RNA editing enzymatically converts adenosines
to inosines in RNA molecules and is the most common edit-
ing of transcripts of animal nuclear genes (Nishikura 2016).
Whether an A site is edited to I and the fraction of RNA
molecules in which the A site is edited (i.e., editing level)
are phenotypic traits. Because I is recognized as guanine (G)
by ribosomes, coding A-to-I editing could result in nonsynon-
ymous changes, which generate new protein variants and
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thus could be adaptive. If coding RNA editing is largely
beneficial for protein diversity, the proportion of A sites
that are edited and the editing level should both be higher
for nonsynonymous editing than synonymous editing,
which is expected to be more or less neutral. The obser-
vation from transcriptome-wide analysis in humans, how-
ever, showed that nonsynonymous editing has lower
frequencies and lower editing levels than synonymous
editing, indicating that if anything, nonsynonymous edit-
ing is generally harmful and thus has been reduced by
purifying selection (Xu and Zhang 2014). These and other
lines of evidence suggest that most observed coding se-
quence editing events probably result from promiscuous
activities of editing enzymes and are selectively permitted
rather than selectively favored (Xu and Zhang 2014).
Given this finding, one would expect rapid turnovers of
edited sites in evolution, which is indeed confirmed by the
observation of little overlap between human and mouse
edited sites (Pinto et al. 2014). Similar results were re-
cently reported for C-to-U RNA editing, the second
most common RNA editing of animal nuclear genes
(Liu and Zhang 2018a). Furthermore, transcriptome-
wide analysis of methylation of A at the nitrogen-6 posi-
tion (m6A) shows that this common posttranscriptional
modification is subject to no detectable purifying selec-
tion within species and is only weakly conserved between
species, suggesting that most m6A modifications are likely
nonfunctional off-target modification errors (Liu and
Zhang 2018b). For such phenotypes, neutral evolution is
expected to be prevalent because the proportion of
phenotype-altering substitutions that are neutral is
high. In addition, studies of alternative splicing
(Saudemont et al. 2017), protein phosphorylation
(Landry et al. 2009), and protein glycosylation (Park and
Zhang 2011) all suggest that neutral changes are common
and are likely more abundant than adaptive changes in
the evolution of these molecular traits.

Therefore, we may conclude that neutral changes domi-
nate the evolution of molecular traits so far studied. This said,
it is notable that, in at least two groups of species, one in-
cluding octopus, squid, and cuttlefish (Liscovitch-Brauer et al.
2017) and the other including the red bread mold Neurospora
crassa and related fungi (Liu et al. 2017), A-to-I RNA editing
frequency and/or level are higher for nonsynonymous editing
than synonymous editing, indicative of the action of positive
selection for amino acid-altering editing. But in neither case is
the specific advantage of the pervasive nonsynonymous edit-
ing known. Other molecular traits of interest in the assess-
ment of relative abundances of neutral and adaptive
evolution include protein and metabolite concentrations,
strengths of various molecular interactions such as protein–
protein, protein–DNA, and protein–RNA interactions, RNA
and protein structures, and chromatin structures, in addition
to many other posttranscriptional and posttranslational
modifications. It is expected that further technological
improvements in genomics, proteomics, and structural biol-
ogy will make these analyses possible in the near future.

Evolution of Traits at Higher Phenotypic
Levels
When one moves upward from molecular traits to cellular,
tissue, organ, and organismal traits, it becomes increasingly
difficult to study all traits in an objectively defined set at the
phenotypic level considered. Hence, unbiased sampling
becomes more important. For example, Ohya et al. (2005)
measured hundreds of morphological traits of yeast cells us-
ing fluorescent microscopic images of cells stained with three
different chemicals that, respectively, dye the cell wall, actin
cytoskeleton, and nuclear DNA. These traits were measured
not because of their potential relevance to adaptation but
because they can be quantified. For this reason, they represent
a random subset of all morphological traits of yeast cells re-
garding adaptive versus neutral evolution. Using 210 of these
morphological traits, Ho et al. (2017) showed that, the more
important a morphological trait is to fitness, the more the
trait varies within and between yeast species, even after the
control for mutation size variation among traits. Under the
neutral hypothesis, compared with traits that are relatively
unimportant to fitness, relatively important traits should be
subject to stronger purifying selection and evolve more slowly
given the same speed of mutational input, analogous to the
neutral paradigm that functional genes evolve more slowly
than functionless pseudogenes (Li et al. 1981). Hence, Ho
et al.’s (2017) observation is unexplainable by neutral evolu-
tion and requires invoking prevalent adaptations, under
which, more important traits are subject to stronger positive
selection and could evolve faster than less important traits. By
contrast, a similar analysis of between-strain differences in
expression levels of thousands of yeast genes showed that,
given the same mutational input, the more important a gene
is to fitness, the less its expression varies, consistent with the
neutral nature of most gene expression variations aforemen-
tioned. Therefore, evolution of molecular traits and that of
cellular traits appear to obey different rules in yeast. Because
yeast is a unicellular organism, cellular traits are also organis-
mal traits. That variations of organismal traits are largely
adaptive while those of molecular traits are largely neutral
is consistent with the theoretical prediction in figure 1C. This
is certainly just the beginning of a systematic and unbiased
empirical assessment of the relative abundances of neutral
and adaptive phenotypic changes in evolution. Many more
studies, especially in multicellular organisms, are needed in
this area. If confirmed in multiple species, the theoretical
prediction in figure 1C provides an explanation of the relative
prevalence of adaptation at different phenotypic levels and
can guide those who are interested in identifying adaptive or
neutral phenotypic variations.

Outlook
While the neutral theory was proposed specifically to explain
DNA and protein sequence evolution, the impact of the neu-
tral theory is beyond the field of molecular evolution. For
evolutionary biologists, neutrality is commonly considered
the null hypothesis against which adaptation is tested even
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in studies of phenotypic evolution. Recent investigations of
large numbers of molecular traits, however, showed that neu-
trality is more than a null hypothesis that awaits rejection but
an appropriate description of the evolution of most molecu-
lar traits examined. This finding, along with the theoretic
prediction outlined in figure 1C regarding the relative preva-
lence of neutral and adaptive evolution at different pheno-
typic levels, will hopefully stimulate systematic studies of
evolutionary forces driving phenotype evolution. This re-
search program will ultimately help understand the functions
as well as evolution of phenotypic variations. While Kimura
(1983) did not believe in neutral phenotype evolution, let us
be reminded that Darwin wrote in Origin of Species that
“Variations neither useful nor injurious would not be affected
by natural selection, and would be left a fluctuating element,
as perhaps we see in the species called polymorphic” (p. 81)
(Darwin 1859).
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