
The Neutral Theory
of Molecular Evolution

..
It holds that at the molecular level most evolutionary change and

most ofthe variability with/n a species are caused not by selection

but by random drift ofmutantgenes that are selectively equivalent

by Motoo Kimura
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ical genetics" of, E. B. Ford and his
school and other investigations built a
large and impressive edifice of neo-Dar­
winian theory.

By the early 1960's there was a gener­
al consensus that every biological char­
acter could be interpreted in the light of
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the methods of population genetics de­
veloped mainly by R. A. Fisher, J. B. S.
Haldane and Sewall Wright. On their
foundation subsequent studies of natu­
ral populations by Theodosius Dob·
zhansky, paleontological analyses by
George Gaylord Simpson, the "ecolog-

PHYLOGENETIC TREE displays the evolutionary relations among seven vertebrates and ,
shows how and when their lineages have diverged from one another over geologic time. The
table at the right shows the extent to which an important protein, the alpha chain of hemoglo­
bin, differs in the seven animals; specifically it gives the number of differences in the sequence

The Evolution·ofDarwinism

T he Darwinian theory of evolution
through natural selection is firmly
established among biologists. The

theory holds that evolution is the re­
sult of an interplay between variation
and selection. In each generation a vast
amount of variation is produced within
a species by the mutation of genes and
by the random assortment of genes in
reproduction. Individuals whose genes
give rise to characters that are best
adapted to the environment will be the
fittest to survive, reproduce and leave
survivors that reproduce in their turn.
Species evolve by accumulating adap­
tive mutant genes and the characters to
which those genes give rise.

In this view any mutant allele, or mu­
tated form of a gene, is either more
adaptive or less adaptive than the allele
from which it is derived. It increases in
the population only by passing the strin­
gent test of. natural selection. For more
than adecade now I have championed a
different view. I believe most of the mu­
tant genes that are detected only by the
chemical techniques of molecular ge­
netics are selectively neutral, that is,
they are adaptively neither more nor
less advantageous than the' genes they
replace; at the molecular level most evo­
lutionary changes are caused by the
"random drift" of selectively equivalent
mutant genes. .

The controversy between the neutral­
ist view and the "panselectionist" as­
sumption arises from the way the mod­
ern "synthetic" theory of evolution has
itself evolved. When Darwin formulat­
ed his original theory; the mechanisms
of inheritance and the nature of herita­
ble variations were not known. With the
rise of Mendelian genetics in this centu­
ry the way was opened for efforts to sup­
ply a genetic base for Darwin's insights.
This was achieved largely through the
elucidation by H. J. Muller of the funda­
mental nature of the gene and through
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adaptive evolution through natural se­
lection and that almost no mutant genes
were selectively neutral. As Ernst Mayr
stated the case in 1963, "I consider it ...
exceedingly unlikely that any gene will
remain selectively neutral for any length
of time." A great deal was said by many
workers about how genes interact, how
gene pools of species are organized and
how gene frequencies in populations
change in the course or evolution. These
conclusions, however, were necessarily
inferences based on observations at the
phenotypic level: the level of the form
and function arising from the oper-ation
of genes. There was no way of know­
ing what actually goes on in evolution
at the level of the internal structure of
the gene.

Meanwhile the mathematical theory
of population genetics was becoming
quite sophisticated (which is rather un­
usual in biology). Particularly notewor­
thy was the theoretical framework pro­
vided by the manipulation of partial
differential equations called diffusion
equations. Diffusion models enable one
to describe the behavior of mutant al­
leles by considering the random changes

resulting from random sampling of ga­
metes (germ cells) in reproduction as
well as the deterministic changes caused
by mutation and selection. Although the
diffusion-equation method involves ap­
proximation, it yields answers to im­
portant but difficult questions that are
inaccessible by other methods, such as:
What is the probability of fixation for a
single mutant appearing in a finite popu­
lation and having a certain selective ad­
vantage, that is, what is the probability
that it will eventually spread through
the entire population?

The applicability of this method to
gene changes in evolution, however, re­
mained rather limited for some time.
The reason is that population genetics
deals with the concept of gene frequen­
cies (the relative prevalence of various
alleles within a population), whereas
conventional studies of evolution were
conducted at the phenotypic level, and
there was nO direct way of connecting
the two sets, of data unambiguously.
That obstacle was removed with the ad­
vent of molecular genetics. It became
possible to compare, in related organ­
isms, individual RNA molecules (the di-

rect products of genes) and proteins (the
ultimate products) and so to estimate
the rate at which allelic genes are substi­
tuted in evolution. It also became pos­
sible to study the variability of genes
within a species. At last the time was at
hand for applying the mathematical the­
ory of population genetics 'to find out
how genes evolve.' One might have ex­
pected that the principle of Darwinian
selection would prove to prevail at that
fundamental level. Indeed, many evolu­
tionary biologists found what they ex­
pected to find, and they have -tended
to extend panselectionism to the molec­
ular level. '

The Neutral Theory

The picture of evolutionary change
that actually emerged from molecular
studies seemed to me, however, to be
quite incompatible with the expecta­
tions of neo-Darwinism. One of my sa­
lient findings with regard to evolution
was that in a given protein the rate at
which amino acids (the subunits of pro­
teins) are substituted for one another is
about the same in many diverse line-
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of amino acids that constitutes the chain. The hemoglobin molecule
has two alpha chains and two beta chains, which originated through
the duplication of a single gene some 450 million years ago. The table
reflects the -approximate uniformity (predicted by the neutral theory)

of the rate of evolution of a given protein in very different organisms.
The number of amino acid differences is roughly 20 when any of
the three mammals are compared with one another, and it is approxi.
-mately 70 when the carp is compared with any of the three mammals.
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MUTANT ALLELES (variant genes) arise in a population at random. Their frequency fiuc­
tuates; in time most of them disappear (gray lilies), but some of them spread through the popu­
lation to fixation: a frequency of unity, or 100 percent- (black lilies). PopUlation-genetic stud­
ies show that for a neutral allele that is destined for fixation the average number of genera­
tions until fixation is .four times the effective population size, or 4N•• The average number
of generations between consecutive fixations is equal to the reciprocal of the mutation rate v.

NUMBER OF DIFFERENCES between the amino acid sequences of the alpha chain and the
. beta chain of human hemoglobin is compared with the number of differences between the se­
quences of the alpha chain in the carp and the human beta chain. The column at the left cate­
gorizes the amino acid sites according to whether there is no change, a change due to a mini­
mum of at least one nucleotide substitution or at least two substitutions in the genetic code at
each site, or Ii "gap": an addition or a deletion of an amino acid. The numbers are similar wheth­
er one compares the chains hi the same species or in the two species, suggesting that alpha
chains in two lineages have accumulated mutations at about same rate for 400 million years.

and the neutralist-selectionistcontrover­
sy continues today. The essential differ­
ence between the two schools of thought
can be appreciated by comparing their
differing explanations of the evolution­
ary process by which mutant genes
come to be substituted in a species. Ev­
ery substitution involves a sequence of
events in which a rare mutant allele ap­
pears in a population and eventually
spreads through the population to reach
fixation, or a frequency of 100 percent.
Selectionists maintain that for a mu­
tant allele to spread through a species .
it must have some selective advantage
(although they admit that an allele that
is itself neutral may occasionally be car­
ried along by "hitchhiking" on a gene
that is selected -for and with which it
is closely linked, and may thus. reach a
high frequency).

Neutralists, on the other hand, con­
tend that some mutants can spread
through a population on their own with­
out having any selective advantage. If a
mutant is selectively equivalent to pre­
existing alleles, its fate is left to chance.
Its frequency fluctuates, increasing or
decreasing fortuitously over time, be­
cause only a relatively small number of
gametes are "sampled," out of the vast
number of male and female gametes
produced ill each generation, and are
therefore represented in individu~ls of
the next generation [see illustration on op­
posite page].

In the course of this random drift the
overwhelming majority of mutant al­
leles are lost by chance, but a remain­
ing minority of them eventually become
fixed in the population. If neutral muta­
tions are common at the molecular level
and if the random drift is continuous
over a long time (say millions of genera­
tions), the genetic composition of the
population will change significantly.
For any neutral mutant that appears in a
population the probability of eventual
fixation is equal to its initial frequency.
The average length of time until fixation
(excluding alleles that are lost) is four
times the "effective" population size, or
4Ne• (The effective size of a population
is approximately equal to the number
of breeding individuals in one gener­
ation, and it is usually much smaller
than the total number of individuals in
the species.)

The neutral theory, I should make
clear, does not assume that neutral
genes are functionless but only that vari­
ous alleles may be equally effective in
promoting the survival and reprod uc­
tion of the individual. If a mutant allele
encodes variant amino acids in a pro­
tein, the modified protein need function
only about as well as the original form;
it need not be precisely equivalent. In
higher organisms particularly, homeo­
stasis counteracts external environmen­
tal changes just as it does internal phys­
iological changes; fluctuations in the
environment do not necessarily imply

the random fixation of neutral or nearly
neutral mutants rather than the result of
positive Darwinian selection. The other
was that many protein polymorphisms
must be selectively neutral or nearly so
and must be maintained in a population
by the balance between mutational in­
put and random extinction. I presented
these thoughts at a meeting of the Ge­
netics Club in Fukuoka in November,
1967, and in a short paper in Nature the
following February. In 1969 strong sup­
port came from a paper in Science by
Jack Lester King, now of the Universi­
ty of California at Santa Barbara, and
Thomas H. Jukes of the University of
California at Berkeley. They had ar­
rived at the same ideas on molecular
evolution (although not on protein pol­
ymorphisms) independently, and they
presented cogent supporting data from
molecular biology.

The papers suggesting a neutral theo­
ry were severely criticized by ev61ution~

ists who believed the new molecular
data could be understood in the light
of orthodox neo-Darwinian principles,
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ages. Another finding was that the sub­
stitutions seem to be random rather than
having a pattern. A third finding was
.that the overall rate of change at the
level of DNA, the actual geneticmateri­
aI, is very high, amounting to the substi­
tution of at least one nucleotide base
(DNA subunit) per genome (total genet­
ic complement) every two years in a
mammalian lineage. As for the extent of
variability within a species, electropho­
retic methods for detecting small differ­
ences among proteins suddenly dis­
closed a wealth of genetic variability;
the proteins produced by a large frac­
tion of the genes in diverse organisms
were found to be polymorphic, that is,
they were present in the species in vari­
ant forms. In many cases the protein
polymorphisms had no visible pheno­
typic effects and no obvious correla­
tion with environmental conditions.

In 1967, as I considered these puzzling
observations, I decided they suggested
two things. One was that a majority
of the nucleotide substitutions in the
course of evolution must be the result of
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RANDOM CHANGES in gene frequency arise from random sampling of gametes (germ cells)
in reproduction, as is shown here for a hypothetical population of four individuals (gray circles),
each of which bas two homologous genes (solid'color and Ope1l color) Inherited from the male
and female parents. In the first generation the frequency of the "solid" allele is 4/8, and so the
gene pool is SO percent solid. Of the many gametes produced by a generation only a few a,re
sampled, at random, in reproduction; here only one solid allele happens to be present in the
four first-generation male gametes that engage in reproduction, so that the frequency of the
solid allele changes to 3/8 in the second generation of individuals and hence in their gene pool.

comparable fluctuations in the Darwin·
ian fitness of mutant genes.

Some criticisms of the neutral theo­
ry arise from an incorrect definition of
"natural selection." The phrase should
be applied strictly in the Darwinian
sense: natural selection acts through­
and must be assessed by-the differen­
tial survival and reproduction of the in­
dividual. The mere existence of detect­
able functional differences between two
molecular forms is not evidence for the
operation of natural selection, which
can be assessed only through investi­
gation of survival rates and fecundity.
Moreover, a clear distinction should
be made between positive (Darwinian)
selection and negative selection. The
latter, which Muller showed is the com·
moner form, eliminates deleterious mu­
tants; it has little to do with the gene'
substitutions of evolution. A finding of
negative selection does not contradict
the neutral theory. Finally, the distinc­
tion between gene mutation in the indi­
vidual and gene substitution in the pop­
ulation should be kept in mind; only the
latter is directly related to molecular ev­
olution. For advantageous mutants the
rate of substitution is greatly influenced
by population size and degree of selec­
tive advantage (as I shall show below) as
well as by the mutation rate.

Molecular Evolution

Two major findings with regard to
molecular evolution demonstrate par­
ticularly clearly that its patterns are
quite different from those of phenotypic
evolution and that the laws governing
the two forms of evolution are different.
One is the finding, alluded to earlier,
that for each protein the rate of evolu­
tion in terms of amino acid substitutions
per year is approximately constant and
about the same in various lineages. The
other is that molecules or parts of a mol­
ecule subjected to a relatively small de­
gree of functional constraint evolve at a
higher rate (in terms of mutant substitu­
tions) than those subjected to stronger
constraints do.

The constancy of the evolutionary
rate is apparent in the molecule of he­
moglobin, which in bony fishes and
higher vertebrates is a tetramer (a mole­
cule with four large subunits) consisting
of two identical alpha chains and two
identical beta chains. In mammals ami­
no acids are substituted in the alpha
Chain, which has 141 amino acids, at the
rate of roughly one substitution in seven
million years. This corresponds to about
one substitution in a billion years (or
10 -9 substitution per year) per amino
acid site. The rate does not appear to
depend on such factors as generation
time, living conditions and population
size. The approximate constancy of the
rate is evident when the number of ami­
no acid differences between the alpha
chains of various vertebrates is chart-

ed together with the phylogenetic tree
showing the relations among the verte­
brates and the times when they diverged
from one another in evolution [see illus­
tration on pages 94 and 95].

The alpha and beta chains have essen·
tially the same structure, are about the
same length and show roughly the same
rate of evolutionary amino acid substi­
tution. They arose through gene dupli­
cation some 450 million years ago and
became differentiated as they accumu­
lated mutations independently. If one
compares the divergence between the al­
pha and the beta chain of man with the
divergence between the alpha chain of
the carp and the beta chain of man, it is
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evident that in both cases the alpha and
beta chains differ from each other to
roughly the same extent. Because the al­
pha chain of man and that of the carp
differ from each other in about half of
their amino acid sites this suggests that
the alpha chains in two distinct lineages,
one leading to the carp and the other to
man, have accumulated mutations inde­
pendently and at practically the same
rate over a span of about 400 million
years. Moreover, the rate of amino acid
substitution observed in these compari­
sons is very similar to the rates observed
in comparisons of the alpha chains in
various mammals.

My assertion of constancy of the evo-
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gameteper unit time (generation). Since
each individual has two sets of chromo­
somes, the total number of new mutants
introduced into a population of N indi­
viduals in each generation is 2Nv. Now
let u be the probability that a single mu­
tant will ultimately reach fixation. Then,
in a steady state in which the process
of substitution goes on for a very long
time, the rate k of mutant substitution
per unit time is given by the equation
k = 2Nvu. That is, 2Nv new mutants ap­
pear in each generation, of which the
fraction u eventually reach fixation,
and k represents the rate of evolution
in terms of mutant substitutions. The
equation can be applied not only to the
genome as a whole but also, with good
approximation, to a single gene consist­
ing of several hundred nucleotides or to'
the protein encoded by a gene.

The probability u of ultimate fixation
is a well-known quantity in population
genetics. If the mutant is selectively neu­
tral, u equals 1/ (2N). The reason is that
anyone of the 2N genes in the popula­
tion is as likely as any other to be fixed,
and so the probability that the new mu­
tant will be the lucky gene is 1/ (2N).
(This assumes that the process is being
viewed over a very long period of time,
since the average time for a neutral
gene to sweep through the population
is 4Ne.) Substituting 1/ (2N) for u in
the equation for the rate of evolution
(k = 2Nvu), one gets k = v. That is, the
rate of evolution in terms of mutant sub­
stitutions in the population is simply
equal to the rate of mutation per ga­
mete, independent of what the popula­
tion size may be.

This remarkable relation applies only
for neutral alleles. If the mutant has
a small selective advantage s, then u
equals 2s with good approximation, and
the equation for the rate of evolution
becomes k = 4Nsv. That is, the rate of
evolution for selectively advantageous
genes depends on the size of the popula­
tion, the selective advantage and the rate
at which mutants having a given selec­
tive advantage arise in each generation.
One should expect, in this case, that the
rate of evolution would depend strongly
on the environment, being high for a
species offered new ecological opportu­
nities but low for those kept in a sta­
ble environment. It is highly unlikely, I
think, that the product Nsv should be the
same in diverse vertebrate lineages, in
some of which phenotypic evolution has
been very rapid (as in the line leading to
man) and in others of which phenotyp­
ic evolution has long since practically
ceased (as in the line leading to the carp).
And yet the observed rates of molecular
evolution show remarkable constancy.
It seems to me that this constancy is
much more compatible wjth the expec­
tation of the neutral theory, that is, with
the equation k = v, than it is with the
selectionist relation k = 4Nsv.

Even more striking than the constan-
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Turning now to the quantitative rela­
tions that determine rates of evolution,
consider first the nucleotides constitut­
inga genome: a single (haploid) set of
chromosomes. For a human being the
number of nucleotides is very large, on
the order of 3.5 billion. Because the mu­
tation rate per nucleotide site is low
(perhaps 10-8 per generation, or one
mutation per 100 million generations)
one can assume that whenever a mutant '
appears it is at a new site. This assump­
tion is called the "infinite site" model in
population genetics.

Let v represent the mutation rate per

Rates of Evolution

ing data for the alpha and beta hemoglo­
bin chains, cytochrome c and fibrino­
peptide A; they found a variation in rates
of mutant substitution about 2.5 times
larger than the expected variance due to
chance fluctuations, and they took this
as evidence against the neutral theory.
Yet they also showed that when the esti­
mated number of substitutions between
diverging branches of a phylogenetic
tree is plotted against the corresponding
time of divergence, the points fall on a
straight line, which suggests the substan­
tial uniformity of the evolutionary rates.
It seems to me to be wrong to emphasize
local fluctuations as evidence against
the' neutral theory while neglecting to
inquire into why the rate remains essen-
tially constant. '

••
•

lutionary rate at the molecular level has
been criticized by, among others, Rich­
ard C. Lewontin of Harvard University,
who called the asserted constancy "sim­
ply a confusion between an average and
a constant" and "nothing but the law
of large numbers." The remarks reveal'
a misunderstanding of the nature of
molecular evolution. One is attempting
here to compare intrinsic rates of evolu­
tion in different lineages. The death
rates characteristic of man and of an
insect do not become equal by merely
being averaged over a long period of
time or over a large number of individu­
als; there is no reason to expect two av­
erages to converge on each other unless
the intrinsic factors shaping them are
the same. My point is that intrinsic ev­
olutionary rates are essentially deter­
mined by the structure and function
of molecules and not by environmental
conditions.

Evolutionary rates are, to be sure, not
precisely constant in the sense that a rate
of radioactive decay is constant. My col­
league Tomoko Ohta and I showed in
1971 that the variance (the squared stan­
dard deviation) of the evolutionary rate
observed for hemoglobins and for the
protein cytochrome c in different mam­
malian lines is about 1.5 to 2.5 times
larger than the variance to be expected if
it were due only to chance. Charles H.
Langley and Walter M. Fitch did a more
elaborate analysis at the University of
Wisconsin School of Medicine, combin-
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NUCLEOTIDE SUBSTITUTIONS estimated from the total number of amino acid differen­
ces observed in seven proteins in 16 pairs of mammals are plotted against the time since memo
bers of each pair diverged. Except for lineages involving primates (open circles) the points fall
close to a straight line, again suggesting approximate uniformity of a protein's molecular evo.
lutionary rate. Data are from WaIter M. Fitch of University of Wisconsin School of Medicine.
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theory. Suppose a certain fraction 10 of
all molecular mutants are selectively
neutral and the rest are definitely delete­
rious. Then the mutation rate v for neu­
tral alleles is equal to the total mutation
rate VT multiplied by 10, so that the
overall rate k of mutant substitution be­
comes equal to vTlo. Now assume that
the probability that a mutational change
is neutral (not harmful) depends strong­
lyon functional constraints. The weaker
the constraint is, the larger will be the
probability 10. that a random change is
neutral, with the result that the rate of
evolution k increases. The maximum
evolutionary rate is attained when 10
equals 1, that is, when all the mutations
are neutral. In my opinion the high evo­
lutionary rates observed at the third po-
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SUBSTITUTIONS PER GENE IN LONG-GENERATION LINEAGES

MOLECULAR EVOLUTIONARY RATE in mammals that have a short generation time
was compared with the rate in mammals having a long generation time by Allan C. Wilson and
his colleagues at the University of Californla.at Berkeley. Each point represents the ratio of
the implied nucleotide substitutions In the two animals of a pair since the two diverged fr()m a
common ancestor; the open circle, for example, is for the beta chain of hemoglobin in the ele­
phant (abscissa) and In the mouse (ordillate). If the rate'of change per year were identical in
both animals of a pair, the points would fall on a line (solid color). Actually the points are close
to that absolute-time line and far from sector predicted for generation-time effect (colored
area). Apparently molecular evolutionary rate is roughly constant per year, not per generation.
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although the protein has maintained a
practically unchanged amino acid se­
quence for about a billion years, a num­
ber of synonymous nucleotide differen­
ces are found in the RNA sequences
of the two species. On the basis of their
data and paleontological evidence on
the length of time since the species di­
verged, I have estimated that the rate of
nucleotide substitution has been rough­
ly 3.7 X 10 -9 per year at the third po­
sition, a very high rate. What is remark­
able is that there have been so many
synonymous mutant substitutions in the
histone-IV gene in spite of the very low
rate of amino acid changes in the corre­
sponding protein.

These observations can be explained
simply and consistently by the neutral

cy of the rate of evolution is the second
major feature of molecular evolution:
the weaker the functional constraint on
a molecule or a part of a molecule, the
higher the evolutionary rate of mutant
substitutions. There are regions of DNA
between genes, for example, and in the
case of higher organisms even within
genes, that do not participate in protein
formation and must therefore be much
less subject to natural selection; some
recent research has indicated that nucle­
otide substitutions are particularly prev­
alent in such relatively unconstrained
regions of DNA.

Functional Constraint

This relation between a relative lack
of selective constraint and a relatively
high rate of molecular evolution has
been well established for certain pro­
teins. Among the proteins so far investi­
gated the highest evolutionary rate has
been found in fibrinopeptides, which ap­
pear to have little function, if any, after
they become separated from fibrinogen
to yield fibrin, a protein that plays a role
in blood clotting. The same effect is
observed in the case of the C chain of
the proinsulin molecule, a precursor of
insulin. The C chain, which is cleaved
from the precursor to form active insu­
lin, evolves at a rate several times high­
er than that of the active molecule. The
effect of constraint on the evolutionary
rate has also been noted for different
parts of the hemoglobin molecule. The
precise structure of the surface of the
molecule is presumably less significant
than the structure of the pockets, in the
interior of the molecule, that hold the
iron-containing heme groups. Ohta and
I have estimated that the regions of both
the alpha and the beta chain that are at
the surface of the protein evolve about
10 times faster than the regions forming
the heme pocket.

The genetic code is based on groups
of three nucleotides, with each triplet
"codon" in a strand of RNA specifying
a particular amino acid of the protein
chain encoded by the RNA. For exam­
ple, the codon CUU (the letters stand for
particular nucleotide bases) specifies the
amino acid valine. So does cue, how­
ever; the genetic code is "degenerate,"
with most amino acids being designated
by two or more synonyms, which typi­
cally differ only in the third position of
the triplet. As a result a large fraction
(perhaps 70 percent) of all random nu­
cleotide substitutions at the third posi­
tion are synonymous·changes and do not
lead to amino acid replacements. There
is growing evidence that evolutionary
nucleotide substitution goes on at a par­
ticularly high rate at the third position.
Michael Grunstein of the University of
California at Los' Angeles and his col­
leagues compared the RNA sequences
encoding the protein histone IV in two
species of sea urchin. They found that
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C CHAIN OF PROINSULIN (light color) is cleaved from the precursor molecule and discard­
ed, and the A and B chains (dark color) are joined by disulfide bridges (5-5) to form the active
insulin molecule. In keeping with the C chain's relative freedom from functional constraint,
it has been found to evolve at a much higher rate than the two chains of the active molecule.

PROTEINS VARY WIDELY in their rate of evolution. Here the rate is given for several pro­
teins in terms of the number of amino acid substitutions per amino acid site per hillion years.
The rate is particularly high for fibrinopeptides, which appear to have little function after they
are cleaved from a precursor molecule to yield the active blood-clotting protein fibrin. Pro­
teins such as fibrinopeptjdes are subject to less functional constraint, and evolve faster, than
proteins whose precise shape is significant and hence subjects them to stronger constraint.

PROTEIN EVOLUTIONARY RATE

FIBRINOPEPTIDES 9.0

PANCREATIC RIBONUCLEASE 3.3

HEMOGLOBIN CHAINS 1.4

MYOGLOBIN 1.3

ANIMAL LYSOZYME 1.0

INSULIN .4

CYTOCHROME c .3

HISTONE IV .006

A CHAIN

C

Polymorphism

EVOLUTIONARY RATE
2.4 x 10-9 PER AMINO ACID SITE

PER YEAR

every generation a number of neutral
mutants arise and in time either become
fixed in the population or are lost, and
in the process they contribute to 'genet­
ic variability in the form of polymor­
phisms. In the neutral view polymor­
phism and molecular evolution are not
two distinct phenomena; polymorphism
is simply one phase of molecular evo­
lution.

Selectionists maintain that polymor­
phisms are actively maintained by some
form of "balancing selection," notable .
among which are heterotic selection, or
"heterozygote advantage," and frequen­
cy-dependent selection. At one time the
former was enthusiastically proposed as
the main agent maintaining polymor­
phisms. There are instances in which in­
dividuals that are heterozygous for a
particular gene (that carry a different al­
lele of the gene on each of their two
chromosomes) are fitter than individu­
als that are homozygous for either allele
(that carry one or the other allele on
both chromosomes). Selection will then
tend to preserve both alleles in the popu­
lation as a balanced polymorphism. In
1973,however, Roger D. Milkman of
the University of Iowa found abundant
polymorphisms in the bacterium Esche­
richia coli, which is a haploid organism:
it has only one set of genes. Hetero­
zygote advantage cannot explain such
polymorphisms.

Nowadays many selectionists explain
polymorphisms as being the result of
frequency-dependent selection, in which
the fitnesses of two alleles vary with
their relative frequency. This was first
proposed by the late Ken-Ichi Kojima of
the University 01 Texas at Austin and
his colleagues, who obtained results in­
dicating marked frequency-dependent
selection affecting the genes for the en-
zymes esterase-6 and alcohol dehy­
drogenase (ADH) in the fruit fly Dro­
sophila melanogaster; Bryan Clarke of
the University of Nottingham reported
that he had confirmed Kojima's results
in the case of ADH. On the other hand,
experiments done by Tsuneyuki Yama­
zaki, now of Kyushu University, failed
to show any such selection for esterase­
5 alleles in Drosophila pseudoooscura. A
group led by Terumi Mukai of Kyushu
carried out extensive studies of selection
for several enzymes in D. melanogaster
and found no evidence for a difference
in the fitness of variant forms of the en-

EXCISED PORTION zymes. And recent careful, large-scale
...,,, .....__....._ ................__ experiments by Mukai and Hiroshi

Yoshimaru have failed to find any fre­
quency-dependent selection for ADH in
D. melanogaster.

If selection is not responsible for
maintaining polymorphisms, whatneu­
tralist explanation is there for the fact
that some proteins are more often poly­
morphic than others? Recently Richard
K. Koehn of the State University of
New York at Stony Brook and W. F.
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Neutralists and selectionists also have
diametrically opposed explanations for
the mechanisms by which genetic varia­
bility is maintained within a species,
particularly in the form of protein poly­
morphism: the coexistence in a species
of two or more different forms of a pro­
tein. Neutralists maintain that polymor­
phisms are selectively neutral and are
maintained in a population through mu­
tational input and random extinction; in

accumulating beneficial mutants. And
they will see no reason to believe the
upper limit of the evolutionary rate is
related to the total mutation rate.
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sition of the codon are rather near this
limit.

The neutral theory, then, p.redicts that
as functional constraint diminishes, the

. rate of evolution converges to the max­
imum value set by the total mutation
rate. Confirmation of such a conver­
gence, or plateauing, of molecular evo­
lutionary rates by further studies would
be strong evidence in support of the neu­
tral theory. This interpretation of the
molecular data will not make sense to
selectionists. In their view molecules or
parts of a molecule that are evolving
rapidly in terms of mutant substitutions
must have some important but as yet
unknown function and must be under­
going rapid adaptive improvement by

100



Eanes, now of Harvard, and also Masa­
toshi Nei's group at the University of
Texas at Houston, have shown that in
various Drosophila species there is a sig­
nificant correlation between the genetic
variability (or polymorphism) of pro­
teinsand the weight of their molecular
subunits. This is easy to explain accord­
ing to the neutral theory because the
larger the size of a subunit is, the higher
its mutation rate should be. Harry Har­
ris of the University of Pennsylvania
and his colleagues could not find the
same correlation when they investigated
human polymorphisms, but they did
find that single-subunit enzymes are
more polymorphic than multiple-sub­
unit ones, something that Eleftherios
Zouros of Dalhousie University had
earlier reported in Drosophila. One find·
ing by Zouros and Harris fits the neutral
theory particularly well:' multiple-sub­
unit enzymes that form hybrid mole­
cules by combining with enzymes en·
coded by other genes have a clearly
reduced level of polymorphism. The
precise interaction among subunits re­
quired to form such enzymes would in­
crease the degree of functional con­
straint and so reduce the possibility that
a mutation will be harmless, or neutral.

Neutralists, in other words, consider
molecular structure and function to be
the major determinants of protein pol­
ymorphisms. Selectionists consider en­
vironmental conditions to be the ma­
jor determinants, They have maintained
that there should be a correlation be­
tween environmental variability and ge­
netic variability. They predicted, for ex­
ample, that organisms living at the bot­
tom of the deep sea would generally be
found to display little genetic variability
because their environment is stable and
homogeneous, whereas organisms liv­
ing in the intertidal zone would display a
great deal of genetic variability because
their environment is a changeable one.
The prediction was logical and plausi­
ble, but it failed: genetic variability has
been found to be generally extremely
high among organisms living at the bot-

tom of the oceans and to be very low
among organisms in the intertidal zone.

Models

In order to carry out quantitative
studies based on population genetics
one needs mathematical models for the
mutational production of new alleles.
The first such model was proposed in
1964 by James F. Crow of the Universi­
ty of Wisconsin and me. It is based on
the fact that each gene consists of a large
number of nucleotides, so that a practi­
cally infinite number of alleles can arise;
the model therefore assumes that any
new mutant arising represents a new al­
lele rather than a preexisting one. The
model predicts that variability within a
species, in terms of the average hetero­
zygosity H per gene, will be determined
essentially by the product of the effec­
tive population size N e and the mutation
rate v per gene per generation, rather
than by N e and v separately. Specifically,
H equals 4Nev / (4Nev + 1). For exam­
ple, if the mutation rate is 10 -6 and the
effective populatiop. size is 105, the aver­
age heterozygosity per gene will be
about .286, that is, 28.6 percent of the
individuals are heterozygous at each
gene locus on the average. The larger
either the population size or the muta­
tion rate per gene per generation is, the
closer the average heterozygosity will be
to unity (or 100 percent).

The model assumes that alleles are
identified at the level of the 'gene in
terms of actual nucleotide substitutions.
Most observations of variability de­
pend, however, on the electrophoresis of
proteins, which has much less resolving
power and is far from revealing all nu­
cleotide substitutions (or even all amino
acid changes), so that the observed het­
erozygosity is less than the true amount.
Even when the model is modified to take
account of this problem, very large pop­
ulations should, according to the neutral
theory, display nearly 100 percent heter­
ozygosity. When observations suggest
otherwise, the theory is subject to criti-

cism. For example, Francisco J. Ayala
of the University of California at Davis
has reported that in the neotropicalfruit
fly Drosophila willistoni, for which he es­
timates a very large effective population
size of 109, he has found an observed
heterozygosity of roughly 18 percent.
He points out that even assuming a very
low rate of neutral mutations per gener­
ation, 10 -7, the predicted heterozygosi­
ty is practically 100 percent.

There are at least two ways to deal
with this apparent inconsistency. First
of all, it is possible that the effective pop­
ulation size of D. willistoni has not been
as large as 109 even if the apparent pres­
ent size of the population is enormous.
One can show mathematically that the
genetic variability due to neutral alleles
can be greatly reduced by a populati~n

"bottleneck" from time to time, after
which it takes millions of generations
for the variability to build up again to
the theoretical level characteristic of a
very large population maintained con­
stantly over a long period. In this sense
such neotropical species as D. willistoni
may still show the effects' of the bottle­
neck imposed by the last continental
glaciation, between some 30,000 and
10,000 years ago. In addition the lo­
cal extinction of colonies of a species,
which may be fairly frequent, must re­
duce the effective population size.

A second possibility is that, as Ohta
first proposed in 1973, the majority of
"neutral" alleles may not actually 'be
strictly neutral but rather may be very
slightly deleterious. Adopting Ohta's
idea, but retaining room for truly neu­
tral mutations also, I have considered a
model in which the selection coefficient
s' against the mutant follows a particu­
lar distribution (the gamma distribu­
tion) [see illustration on page 104]. The
mutation rate for variants whose nega­
tive selection (s') value is smaller than
the reciprocal of two times the popula­
tion size, or 1 / (2N), can be considered
the effectively neutral mutation rate Ve.

It can be shown that this effectively neu­
tral mutation rate decreases as the popu-

- - ,-- ,-- -
L. PICTUS MESSENGER RNA GA U AAC AUC CAA GG A AU A AC U AAA CCG GC A AUC

,

S. PURPURATUS MESSENGER RNA GA C AAC AUC CAA GG U AU C AC G ? ? GC U AUC
- ~ - '-- '--

HISTONE IV AMINO ACID
Asp Asn lie Gin Gly lie Thr Lys Pro Ala lie

SEQUENCE IN BOTH SPECIES

24 25 26 27 28 29 30 31 32 33 34

NUCLEOTIDE SEQUENCES of the messenger RNA encoding the
protein histone IV in two sea-urchin species, Lytechillus pictus and
Strollgylocelltrotus purpuratus; were compared by Michael Grun­
stein of the University of California at Los Angeles. There are four
RNA nucleotides (A, G, U and C); three-nucleotide codons specify
the various amino acids that constitute a protein. Most amino acids

are specified by two or more synonymous codons, which usually dif·
fer only at their third position. In this short stretch of RNA coding
for amino acid sites 24 through 34 of histone IV there are five syn­
onymous differences (color) in third-position nucleotides. That is,
there has been a high rate of nucleotide substitution at the uncon­
strained third position, leaving the amino acid sequences unaffected.
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THEORETICAL MODEL assumes that most "neutral" alleles are actually slightly deleterious
and therefore subjectto a small coefficient of negative selection sr. The model shows the frequen­
cy distribution (color curve) of the value of s/ for mutations at various sites in a gene. Mutations
whose selective disadvantage is less than 1 divided by two times the population size N are ef.
fectively neutral. The area under the curve (gray) that is occupied by such mutants will decrease
as the population Increases. As the effectively neutral fraction of the mutants thus decreases,
and as more mutants are consequently exposed to negative selection, the rate of molecular evo­
lution will be reduced. In this model level of heterozygosity (a measure of variability) Increases
slowly with population size, bringing predictions of neutral theory into line with observation.

10-3

SELECTIVE DISADVANTAGE ,(5')

proaches-in particular from the ap­
proach of ecological genetics-in that it
aims at a quantitative description of mo·
lecular evolution, which we attempt to
achieve by manipulating diffusion equa­
tions. It is a venture in: what might be
called molecular population genetics.
Nei and his associates at Houston have
contributed greatly to this effort, in par­
ticular by connecting theoretical pre­
dictions with actual observations. They
have shown, for example, that the vari­
ance of heterozygosity for particular en­
zymes within a species can be predicted
fairly accurately by the neutral theory'
-on the basis of observations of mean
heterozygosity.

Because our theory is quantitative it is
testable and therefore much more sus­
ceptible to refutation when it is wrong
than are selectionist theories, which can
invoke special kinds of selection to fit
special circumstances and which usual­
ly fail to make quantitative predictions.
To test the neutral theory, however, it
is necessary to estimate such quantities
as mutation rates, selection coefficients,
population sizes, and migration rates.
Many evolutionary biologists maintain
that such population-genetic quantities
can never be accurately determined and
that consequently, any theory depend­
ent, on them is a futile exercise. I, on
the other hand, believe these quantities
must be investigated and measured if
the mechanisms of evolution are to
be understood. Surely astronomers and
cosmologists cannot eschew theories set
forth in terms of astronomical quanti­
ties simply because such quantities are
hard to estimate accurately.

Darwinian selection acts mainly on
phenotypes shaped by the activity of
many genes. Environmental conditions
surely playa decisive role in determin­
ing what phenotypes are selected for;
Darwinian, or positive, selection cares
little how those phenotypes are deter­
mined by genotypes. The laws govern-_
ing molecular evolution are clearly
different from those governing pheno­
typic evolution. Even if Darwin's princi­
ple of natural selection prevails in deter­
mining evolution at the phenotypic lev­
el, down at the level of the internal struc­
ture of the genetic material a great deal
of evolutionary change is propelled by
random drift. Although this random
process is slow and insignificant in the
time frame of man's ephemeral exis­
tence, over geologic time it makes for
change on an enormous scale.

People have told me, directly and in­
directly, that the neutral theory is not
important biologically because neutral
genes are not involved in adaptation.
My own view is that what is important is
to find the truth, and that if the neutral

, theory is a valid investigative hypothe­
sis, then to establish the theory, test it
against the data and defend it is a worth­
while scientific enterprise.

2 X 10-3

A Quantitative Approach

The neutral theory of molecular evo­
lution and polymorphism that I have de"
veloped in collaboration with my col­
leagues Ohta and Takeo Maruyama is
distinguished from most selectionist ap-

Note that although this explanation in­
vokes natural selection, it is quite differ­
ent from the selectionist explanation.

2

lation increases; in the case illustrated
the rate is proportional to 1 divided by
the square root of the population size. In
this model the level of heterozygosity
increases only slowly as the population
increases. Moreover, given a realistic
assumption about generation time, the
rate of evolution in terms of mutant
substitutions would be roughly constant
per year for various lineages if the mu­
tation rate per generation is constant. '
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