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Relative roles of mutation and selection in the maintenance
of genetic variability

By M. NE1

Center for Demographic and Population Genetics, The University of Texas Health Science Center
at Houston, P.O. Box 20334, Houston, Texas 77225, U.S.A.

The extent and pattern of protein and DNA polymorphisms are discussed with
emphasis on the mechanism of maintenance of the polymorphisms. Statistical studies
suggest that a large proportion of genetic variability at the molecular level is
maintained by a mutation-drift balance. At some loci, such as those for
histocompatibility in mammals, however, a form of overdominant selection seems to
be involved. In the presence of overdominant selection, polymorphic alleles may be
maintained for tens of millions of years, so that the number of nucleotide differences
between alleles is often very large, as in the case of self-incompatibility alleles in
plants. There are also an increasing number of examples in which an adaptive change
of a morphological or physiological character is caused by a single nucleotide
substitution. Nevertheless, these mutations seem to be a small proportion of the total
nucleotide changes that contribute to genetic variability and evolution. Although
there are many examples of frequency-dependent selection, this form of selection is
apparently unimportant for the maintenance of genetic variability except in some
special cases. Observations on the evolutionary change of DNA suggest that the
driving force of evolution is mutation rather than selection.

INTRODUCTION

I understand that my role in this symposium is to criticize work on frequency-dependent
selection and examine whether or not frequency-dependent selection is an important factor in
the maintenance of genetic variability in natural populations. I suppose I have been assigned
this task because I have claimed that a large proportion of genetic variability is neutral or
nearly neutral at the protein or DNA level.

I should first indicate that I have never denied the existence of frequency-dependent
selection. There are many examples of frequency-dependent selection in natural populations.
There are also many cases in which frequency-dependent selection is expected to occur from
theoretical considerations. Nevertheless, frequency-dependent selection may not be an
important factor for the maintenance of genetic variability except under special circumstances.

In this paper, I should like to discuss the general picture of the maintenance of genetic
variability and consider” frequency-dependent selection as one of the factors involved.
Obviously, there are many different types of selection that are involved in the maintenance of
genetic variability, and in a general discussion of this subject we must consider all of them.
Moreover, as everyone knows, the ultimate source of genetic variation is mutation. Therefore
the contribution of mutation to genetic variability should also be considered.
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616 M. NEI

TYPES OF SELECTION

In classical population genetics, it is customary to state that any genetic polymorphism due
to neutral alleles is unstable and will eventually disappear because of genetic drift. In practice,
however, the loss of genetic variability due to drift is offset by new mutations, so that the extent
of polymorphism in a population reaches an equilibrium value. If we use the infinite-allele
model of neutral mutations, the equilibrium level of genetic variability as measured by average
heterozygosity is given by

H=4N,v/(1+4N,v),

where N, and v are the effective population size and the mutation rate, respectively (Crow &
Kimura 1970).

In the presence of selection, the amount of genetic variability can either increase or decrease
compared with the case of neutral alleles. It is therefore convenient to classify various types of
selection into two categories, i.e. (1) diversity-enhancing selection and (2) diversity-reducing
selection. The former includes any type of selection that increases the genetic variability of an
equilibrium population compared with that for neutral mutations. Well-known examples are
overdominant selection and frequency-dependent selection with minority advantage. This
category of selection is usually very powerful in enhancing genetic variability even if the
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Figure 1. Relation between average heterozygosity (gene diversity) and Nv for 30 species. The mutation rate (v)
is assumed to be 1077 per locus per year. Solid line: expected relation for neutral alleles. Right-hand broken
line: expected relation for slightly deleterious alleles with a mean selection coefficient of 5 = 0.002. Left-hand
broken line: expected relation for overdominant alleles with s = 0.001. The curve for overdominant alleles does
not change appreciably even if s varies from homozygote to homozygote as long as the mean of s remains as
0.001. Essentially the same result was obtained when 77 species were examined (Nei & Graur 1984). From Nei

(1983).

selection coefficient is very small (figure 1). Diversity-reducing selection is the type of selection
that reduces the amount of genetic variability compared with the neutral level. This category
of selection includes selection against deleterious mutations and selection for advantageous
mutations that will eventually be fixed in the population. In this case, too, selection with a
small selection coefficient may have a drastic effect on genetic variability (figure 1).
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FREQUENCY-DEPENDENT SELECTION

One of the most important forms of frequency-dependent selection is minority advantage. In
this form of selection, a genotype in low frequency has a selective advantage over the other
genotype or genotypes in high frequency, so that it generally leads to a stable polymorphism.
Minority advantage is expected to occur when a polymorphism is involved in mimicry,
host—pathogen interactions, or predator—prey systems, as is discussed by several speakers in this
symposium.

It should be noted, however, that not all types of minority advantage are diversity-
enhancing. A good example is the minority advantage that occurs in the influenza A virus.
Infection of humans by this virus is mediated by glycoprotein spikes of the virus surface. There
are two types of spikes: one is composed of haemagglutinin and the other of neuraminidase.
Spikes composed of haemagglutinin are more important for infection than neuraminidase
spikes. When a particular strain of the influenza virus infects a human population, people
eventually become resistant to the strain. This is because humans produce antibodies against
the haemagglutinin of the strain. It is therefore clear that the influenza virus is subject to
frequency-dependent selection. That is, when the frequency of a particular strain is low, the
strain spreads rapidly, but when the frequency is high, it has a low fitness and is eventually
eliminated from the population. In practice, the viral haemagglutinin is subject to a high rate
of mutation (about 19, per nucleotide site per year), and a new strain with a mutated
haemagglutinin may infect humans with antibodies against the old strain. This generates a new
cycle of influenza epidemic.

There are 13 different subtypes of the influenza A virus that infect humans and some other
vertebrates. Each subtype has many strains that are mutant descendants from a common
origin. The relative frequencies of the 13 subtypes changes with time, but the subtypes have
existed for a long time, at least a few hundred years (Saitou & Nei 1986). As mentioned earlier,
influenza virus strains are certainly subject to frequency-dependent selection, but this is not
diversity-enhancing. Without the high rate of mutation of the haemagglutinin gene, the
polymorphism of the 13 subtypes is expected to disappear. The frequency-dependent selection
involved is a form of minority advantage, but it does not lead to polymorphism without
mutation. '

Several * speakers in this symposium discuss frequency-dependent selection due to
competition. When a pair of alleles are involved in competition for limited resources, selection
necessarily becomes frequency dependent (see, for example, Nei 1971). Here again, however,
frequency-dependent selection does not necessarily lead to a stable polymorphism. In Nei’s
(1971) mathematical model, a stable polymorphism is generated only when heterozygotes are
competitively stronger than both types of homozygotes (overdominance). Currently, I know of
no case in which a pair of alleles controlling competitive ability show such overdominant gene
action. As emphasized by Lewontin (1974), overdominant selection seems to be rare even for
non-competitive selectibn.

Kojima & Yarbrough (1967) proposed that a large proportion of protein polymorphisms
might be maintained by selection with minority advantage. This proposal was based on the
experimental observation that the frequency of allele F' at the esterase 6 locus of Drosophila
melanogaster increased rapidly when the initial frequency was low but as the frequency increased
the amount of gene frequency change gradually diminished. A similar result was obtained in
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several population cage experiments with Drosophila (see, for example, MacIntyre & Wright
1966). These results are certainly consistent with expectations from the minority advantage
hypothesis. However, if they are really due to such selection, what kind of mechanism would
be involved? No clear answer to this question has been given. Huang et al. (1971) reported
experimental results that support the idea that different genotypes utilize different nutrients or
microniches, but their results were not confirmed in a later experiment by Dolan & Robertson
(1975). Clarke & Allendorf (1979) argued that frequency-dependent selection may be
generated when the relative velocities of the reactions catalysed by two allozymes vary with
substrate concentration. From the theoretical point of view, however, this model also seems to
have some problems (Maynard Smith & Hoekstra 1980).

One should note that minority advantage is not the only mechanism by which one can
explain Kojima and Yarbrough’s experimental results about the frequency changes of
allozymes. The rapid changes of allozyme frequency in the early generations of cage
experiments could be due to the so-called hitchhiking effect of a linked locus under selection.
Because the initial population in a cage experiment is usually started with a small number of
different types of chromosomes, the enzyme and selected loci are usually in linkage
disequilibrium. In this case, even a neutral pair of alleles may show a rapid frequency change.
In a random-mating population, this linkage disequilibrium gradually declines in successive
generations, so the hitchhiking effect also diminishes (Nei 1975). The pattern of gene frequency
change resulting from this effect is therefore consistent with Kojima and Yarbrough’s
observation with the esterase 6 locus.

However, a more serious problem with the Kojima—Yarbrough hypothesis is that minority
advantage cannot work for a large number of loci. When a large number of polymorphic loci
exists, an individual cannot have rare alleles for all loci or common alleles for all loci. All
individuals will have rare alleles at some loci and common alleles at other loci. Therefore if
there is minority advantage at each locus, the overall fitness will be more or less the same for
all individuals (Lewontin 1974).

The above arguments indicate that although frequency-dependent selection may occur
often, it is unlikely to be an important factor for the maintenance of genetic variability at a
large number of loci.

GENETIC VARIABILITY AT THE MOLECULAR LEVEL

As soon as the genetic study of quantitative characters was started in the early 20th century,
geneticists were aware that most natural populations contain a large amount of genetic
variability in these characters. At that time, however, it was not possible to answer the
questions: what proportion of loci is polymorphic, and how many polymorphic alleles exist at
each locus? The answers to these questions were obtained only in the mid-1960s when
molecular techniques such as electrophoresis and amino acid sequencing were introduced in
the study of population genetics.

We are now aware that 10-70 %, of loci are polymorphic at the protein level in most natural
populations and that the average heterozygosity for protein loci ranges from a few percent to
509, (see Nei 1987). At the nucleotide level, the extent of polymorphism is even greater,
though in this case the extent is usually measured in terms of nucleotide diversity, i.e. the
heterozygosity at the nucleotide level. The nucleotide diversity has been estimated for many
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different genes from various organisms and ranges from 0.002 to 0.02 in higher organisms (Nei
1987). Suppose that the average nucleotide diversity in an organism is 0.006 and that the
average number of nucleotides of the coding region of a gene is 1000. Then, the expected
heterozygosity of the coding region of an average gene becomes 1—¢ %0610 = ( 998, This
indicates that almost all genes in the genome are polymorphic at the nucleotide level. This
value will be even higher if we include the introns and flanking regions of genes.

The extent of DNA polymorphism can also be examined by computing the number of
heterozygous nucleotide sites in the genome. For example, the human genome is known to have
about 3.5 x 10° nucleotides, and the nucleotide diversity has been estimated to be 0.003. We
would therefore expect that an average human is heterozygous for about 10 million nucleotide
sites. This is a huge number. In addition to these nucleotide polymorphisms, there are a large
number of DNA polymorphisms due to deletion and insertion or transposition of genes (see Nei
1987). In the mid-1950s it was a feat if one could discover a single Mendelian genetic
polymorphism. Now no-one pays attention to such a discovery unless it has some biological or
medical meaning.

How then is such an extensive amount of protein or DNA polymorphism maintained in the
population? In the 1950s, whenever a new polymorphism was discovered, it was customary to
assume that it was maintained by some kind of selection. Thus Ford (1964) defined genetic
polymorphism as ‘the occurrence together in the same habitat of two or more discontinuous
forms of a species in such proportions that the rarest of them cannot be maintained by recurrent
mutation’. This definition implicitly assumes that all polymorphisms are maintained by some
kind of selection. In reality, a high degree of polymorphism can be maintained by recurrent
mutation alone if there is no selection or only weak selection against mutant alleles.

PROTEIN POLYMORPHISM

The past 20 years have witnessed a great controversy over the mechanism of maintenance
of protein polymorphism. This controversy has centred around Kimura’s (1968) neutral
theory. I have been deeply involved in this controversy and done an extensive statistical
analysis of data on polymorphism. Our strategy has been to use the neutral theory as a ‘null’
hypothesis and examine whether the pattern of protein polymorphism agrees with predictions
from the neutral theory.

Level of heterozygosity

As mentioned earlier, the average heterozygosity for neutral mutations is determined by the
quantity M = 4N, v. Therefore, if we know M, it is possible to examine whether the observed
heterozygosity agrees with the neutral expectation. Under the ‘null’ hypothesis of neutral
mutations, the mutation rate v can be estimated from the rate of amino acid substitution,
because the mutation_rate is equal to the substitution rate under this hypothesis (Kimura
1968). Using this approach, Nei (1975) has estimated that the mutation rate for allozymes or
electromorphs is 1077 per locus per year. Therefore, the mutation rate per locus per generation
(v) is given by 1077 g, where g is the generation time measured in years. For example, g for
humans is about 30, so v is approximately 3 x 107%.

Estimation of ¥, is not easy, but it is possible to have a crude estimate of actual population
size (N) in certain species. N is usually larger than N,, so that H obtained by using & instead
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of N, in (1) would give an upper bound of expected heterozygosity. Therefore, if the neutral
theory is valid, the observed heterozygosity (H) is expected to be equal to or lower than H.

With this understanding, Nei (1983) and Nei & Graur (1984) examined the relation
between H and Nv for 77 species, including Escherichia coli, Drosophila, fishes, reptiles, and
mammals. In this study we included only those species in which an estimate of N was
obtainable and there were gene frequency data for at least 20 loci. Estimates of N were
obtained by census (e.g. man, Japanese macaques) or by the multiplication of the population
density by the geographical distribution. The results obtained are presented in figure 1. It is
clear that in all species except one the observed heterozygosity is lower than the expected (H;
solid line) and thus the data can be accommodated with the neutral theory in most species.

One important message from figure 1 is that although many selectionists tend to believe that
the genetic variability of natural populations is too high to be neutral, actually it is too low
compared with the neutral expectation obtained under the assumption of mutation-drift
balance. It is therefore clear that to explain the level of protein polymorphism properly we
must consider the factors that reduce genetic variability. For this, overdominant selection or
other types of balancing selection are clearly inadequate because they tend to increase
heterozygosity (see Nei (1980) for other problems). The dotted line in figure 1 represents the
expected heterozygosity when overdominant selection with a selection coefficient of s = 0.001
is operating (Maruyama & Nei 1981). Although the selection coefficient is very small, the
expected heterozygosity rises very rapidly as Nv increases and is generally much higher than
that for neutral mutations. It should also be noted that the highest gene diversity (equivalent
to heterozygosity) so far observed is from E. coli, where overdominant selection cannot occur
because of haploidy.

Figure 1 indicates that although the observed heterozygosity is certainly lower than the
neutral expectation, the difference between them is very large when Nv is large. Under the
framework of the neutral theory this can be explained by the following two factors. First, a high
value of Nv usually occurs for small organisms such as Drosophila and E. coli, and in these
organisms the effective population size is expected to be much smaller than the actual size
because of frequent extinction and replacement of colonies (Maruyama & Kimura 1980).
Second, average heterozygosity is affected drastically by the bottleneck effect, and this effect
is expected to last for a long time in large popuations, often millions of generations (Nei 1987).
Actually, in the Pleistocene (10* — 2 x 10° years ago) there were several glaciations, and in these
glaciation periods many organisms apparently went through bottlenecks. It is known that up
to 509, of mammalian species in North America became extinct in the Pleistocene and many
new species appeared (Martin & Wright 1967). Therefore the difference between H and the
neutral expectation (H) in figure 1 can be explained by the assumption that the long-term
effective size is much smaller than the actual size. Of course, the bottleneck effect is not the only
factor that can explain the difference between H and H. There are at least two other factors,
both of which are forms of diversity-reducing selection. One is random fluctuation of selection
intensity as formulated by Nei & Yokoyama (1976) and the other is Ohta’s (1973) theory of
slightly deleterious mutations. However, it is not clear at the moment how important these
factors are in reality. The reader who is interested in this problem may refer to Nei (1980,

1983).
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Internal consistency of population parameters

It should be remembered that in the above test we have not really estimated the effective
population size (V,) and thus our conclusion is only qualitative. However, there are several
other tests of the neutral theory and its alternatives where estimates of N, are not required. In
these tests the internal consistency of population parameters for a particular theory to be tested
is examined. For example, the distribution of allele frequency (x) for neutral genes is a function
of M =4N,v only. It is given by

D(x) = M(1—x)M 11 (2)

(Crow & Kimura 1970). Therefore, if we know M rather than N, and v separately, we can
compute the theoretical distribution of x and compare this with the observed distribution.
An estimate (M) of M can be obtained from average heterozygosity by using (1), i.e. by
M=H/(1-H).

Chakraborty et al. (1980) compared the observed distribution of allele frequencies for protein
loci with the expected distribution in 138 different species or subspecies. Their results have
shown that the observed distribution is U-shaped in all species examined and agrees fairly well
with the expected distribution from (2). Figure 2 shows one example obtained from Drosophila
engyochracea. Clearly, the observed distribution (a) is very close to the neutral expectation (b)
but quite different from that for overdominant alleles (¢), which was obtained under the

condition that the expected heterozygosity is equal to the observed value, i.e. H = 0.127.

20 () (6) (¢)

I

ol -lrrﬂ"lmn m ]TTn-m—m-.-rrn'f __d:{ﬂh]:._,J,

0 10 0 0.5 10 0 0.5 10

Ficure 2. Observed and expected distributions of allele frequencies. (a) Observed distribution for Drosophila

engyochracea (H = 0.127). (6) Expected distribution for neutral alleles with H = 0.127. (¢) Expected
distribution for overdominant alleles with A = 0.127. From Nei (1983).

In addition to the above study, various other parameters such as the distribution of
single-locus heterozygosity, the mean and variance of genetic distance, and the correlation of
single-locus heterozygosities between related species have been examined (Nei et al. 19764, b;
Fuerst et al. 1977; Chakraborty et al. 1978). The results of these studies again showed that
observed data do not deviate far from neutral expectations. One can therefore conclude that
the pattern of protein polymorphism within and between populations is in approximate
conformity with the neutral expectation but substantially deviated from that of several
hypotheses involving selection (Nei 1980; Nei & Graur 1984). Of course, the statistical
methods so far used are generally very crude and would not detect small differences in

[ 163 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

622 M.NEI

prediction between alternative hypotheses. This is particularly so when selection coefficients
are small. However, it now seems clear that the population dynamics of protein polymorphism
is largely controlled by stochastic factors whether some weak selection is involved or not.

DNA POLYMORPHISM

In the study of evolution DNA sequences are much more informative than protein sequences,
because a large fraction of DNA does not code for proteins and there is degeneracy in the
genetic code. Thus, genetic variation in the non-coding regions of DNA (introns, flanking
regions, etc.) or silent nucleotide substitutions can be studied only by examining DNA
sequences. Unfortunately, however, the techniques for studying DNA sequences were
developed only recently, so that data on DNA polymorphism are still scanty compared with
those on protein polymorphism. Nevertheless, many interesting results have already been
obtained. In the following I consider only those studies that are directly related to our
problem.

Silent polymorphism

From the standpoint of the neutral theory, it is interesting to examine the extent of DNA
polymorphism that is not expressed at the amino acid level. In the neutral theory, the level of
silent polymorphism is expected to be high compared with the polymorphism revealed at the
amino acid level, because silent mutations are subject to purifying selection less often than non-
silent mutations. On the other hand, if polymorphism is actively maintained by natural
selection and the effect of genetic drift is unimportant, one would expect that the level of silent
polymorphism is lower than that of non-silent polymorphism. One way of testing this
hypothesis is to examine the polymorphism at the first, second and third positions of codons.
All nucleotide changes at the second position of codons lead to amino acid replacement,
whereas at the third position only about 28 %, of changes are expected to affect amino acids
because of degeneracy of the genetic code. At the first position, about 959, of nucleotide
substitutions result in amino acid changes. Therefore, if the neutral theory is valid, the extent
of DNA polymorphism is expected to be highest at the third position and lowest at the second
position.

Available data indicate that this is indeed the case except for some immunoglobulin genes.
For example, the F and S alleles at the alcohol dehydrogenase locus in D. melanogaster are
electrophoretically distinguishable because of the amino acid difference (threonine v. lysine) at
the 192nd residue (codon change from ACG to AAG). The nucleotide sequences of about a
dozen alleles at this locus indicate that there is no other amino acid substitution between the
F and § electromorphs but that there are many third position substitutions that are silent
(Kreitman 1983). Similar examples of a large proportion of silent substitutions are found in the
tryptophan operon genes in E. coli, the B globin gene complex in man and the histone 4 gene
in the sea urchin Strongylocentrotus purpuratus (see Nei 1987).

However, this is not necessarily true in immunoglobulin genes. Sheppard & Gutman (1981)
showed that two alleles (LEW and DA) at the rat k light-chain constant region gene show
twelve nucleotide differences in the coding region. Eleven of these twelve nucleotide differences
(92 9%,) have resulted in amino acid differences. This is considerably higher than the expected
value of 74 9%, under random nucleotide substitution (see Nei 1975). In the case of the constant
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region of the mouse immunoglobulin y heavy-chain gene (yZ2a), two alleles, IgG24® and
IgG2a®, show a total of 111 nucleotide differences plus 15 additional differences due to insertion
and deletion when 1114 nucleotides are examined (Schreier et al. 1981). Of the 111 nucleotide
differences, 18 (169,) were silent and the rest were amino acid altering substitutions. These
two observations suggest that in immunoglobulin genes amino acid altering nucleotide
substitutions might be favoured by selection because variability is needed in immunoglobulins.
Similar selection seems to be involved in the mouse major histocompatibility complex (MHC)
loci, where extremely high variability is observed (see Klein & Figueroa 1986).

Allelic variation at loci controlling mating types

Classical genetics has established that genetic loci controlling mating types generally show
a high degree of polymorphism. One such locus in plants is the self-incompatibility system that
ensures outcrossing. This system is usually controlled by multiple alleles at a locus. Studying
the self-incompatibility system of Oenothera organensis, Emerson (1939) found 37 different alleles
in a population of about 500. A large number of self-incompatibility alleles are also known to
exist in many other plants which have this system.

Self-incompatibility represents a case of strong overdominant selection because the
homozygote for an allele is not produced. Therefore, one would expect that a high degree of
polymorphism is generated even if 4V, v is small (see, for example, Wright 1939; Fisher 1958;
Yokoyama & Nei 1979) and that the polymorphic alleles persist in the population for a long
time (Maruyama & Nei 1981). This expectation was recently confirmed by Nasrallah ef al.
(1987), who studied the nucleotide sequences of three alleles at the incompatibility
(glycoprotein) locus of Brassica oleracea. Deducing the amino acid sequences from the DNA
sequences obtained, they showed that the proportion of amino acid difference between alleles
is more than 20 %,. This is probably the highest degree of allelic differences so far observed in
higher organisms; it is higher than the proportion of amino acid differences between the human
and horse haemoglobins.

This observation suggests that in the presence of strong overdominant selection polymorphic
alleles persist in the population for tens of millions of years. I believe the same situation occurs
with the sex-determining alleles in honey-bees and some other species of Hymenoptera.
However, it should be remembered that the number of loci involved in this type of mating
system is very small and that the number of amino acid differences between different alleles is
usually one or two.

ADAPTIVE EVOLUTION

These studies suggest that genetic variability at the molecular level is maintained mainly by
mutation-drift balance and that if there is any selection, it is usually of the diversity-reducing
form. Of course, this does not mean that selection plays no positive role in evolution. On the
contrary, there must be positive selection at some loci; otherwise no adaptive evolution would
occur. Every biologist is aware that most morphological and physiological characters are well-
adapted to the environment in which the organism lives. How then can we reconcile these two
types of observation? There are two ways. One is to assume that although most molecular
mutations behave just like neutral genes in populations, they are not strictly neutral and their
cumulative effects for many loci are responsible for the adaptive change of organisms. For
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convenience, I call this the minute gene effect hypothesis. The other way of reconciliation is to
assume that most non-deleterious mutations are more or less neutral but that there are a small
proportion of mutations that are responsible for adaptation. I call this the major gene effect
hypothesis (Nei 1987).

The minute gene effect hypothesis was originally proposed by Latter (1972), but it has been
formalized by Kimura (1981, 1983) and Milkman (1982). According to this hypothesis, most
important morphological or physiological characters show continuous variation and are
subject to centripetal (stabilizing) selection. It is assumed that a character is normally
distributed and controlled by a large number of loci each of which has a very small additive
contribution to the character. The fitness of an individual is determined by its phenotypic
value, x, and as x deviates from some optimum value, the fitness declines disproportionately.

One might think that this type of selection leads to a stable polymorphism at each locus, but
actually it results in homozygosity in the absence of mutation, as shown by Wright (1935).
That is, this is a kind of diversity-reducing selection. In the presence of mutation, however, a
large amount of genetic variability may be maintained. In this case, one can show that
although the total amount of selection (genetic load) for a quantitative character is substantial,
the selection coefficient for each locus is very small if the number of loci involved is large
(Kimura 1981; Milkman 1982). For example, if we consider an abstract character that
determines the Darwinian fitness of an individual and assume that all nucleotides in the
mammalian genome (3.5 X 10°) are concerned with fitness, the selection coefficient (s) for a
nucleotide site can be as small as 3.3 x 1077 if the total amount of selection is 0.5 (Kimura
1983). From this type of computation, Kimura concluded that ‘neutral molecular evolution
is an inevitable process under stabilizing phenotypic selection when a large number of
nucleotide sites are involved.” In this view, ‘neutral alleles’ are not really completely neutral
but have very small phenotypic effects, the accumulation of which is significant for adaptive
evolution.

The major gene effect hypothesis was originally presented by Kimura (1968) and has been
supported by a number of authors (see, for example, Nei 1975; Wilson 1975). In this
hypothesis, the majority of nucleotide substitutions are neutral or nearly neutral, and adaptive
evolution occurs by a relatively small proportion of gene substitutions. We have seen that at
the DNA level most loci are polymorphic and that there are many alleles at each locus. Thus,
even if only a small percentage of gene substitutions is adaptive, there are still a large number
of substitutions that can result in adaptive evolution. Therefore there is no problem in
explaining adaptive evolution. The selective advantage conferred by a mutation is assumed to
be generally quite large, so that a rather small number of gene substitutions are required for
a particular event of adaptive evolution. This hypothesis does not preclude the existence of
many modifier genes that have been identified in classical genetics but claims that even if these
modifier genes are included, advantageous mutations are in the minority.

At present, it is difficult to decide which of the above two hypotheses is correct. I prefer the
second hypothesis for the following reasons. (1) It is not clear whether there is any character
to which a very large number of ‘nearly neutral loci’ contribute additively. For Kimura’s
model of stabilizing selection to be realistic, the phenotypic character must be completely
developed before selection operates (Robertson 1968). This is because a selection coefficient
cannot be assigned to each individual unless the phenotypic character is completed. In reality,
a large proportion of natural selection seems to occur independently in various stages of
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development before maturity, as was emphasized by Nei (1975). In addition, if there are many
quantitative characters each of which is controlled by a different set of relatively small numbers
of loci, the overall pattern of selection would be close to the case of independent selection rather
than to stabilizing selection. (2) There is an increasing amount of data indicating that genetic
change of morphological and physiological characters is caused by a few major genes.

In microorganisms, it has long been known that an adaptive change in enzymes (change in
substrate specificity) may occur by one or a few amino acid substitutions. For example, -
lactam antibiotics kill bacteria by inactivating a set of penicillin-binding proteins (PBPs) that
are essential for cell division. Some mutants of E. coli are resistant to these antibiotics because
of the reduction in affinity between antibiotics and PBPs. Hedge & Spratt (1985) have shown
that this reduction in affinity is caused by one to four amino acid substitutions in the active
centre of a PBP and that the majority of other amino acid substitutions do not affect the
susceptibility to antibiotics.

Examples of adaptive change of enzymes or proteins are not confined to bacteria but are
available from many other groups of organisms (table 1). One interesting case is the adaptation

TABLE 1. EXAMPLES OF MOLECULAR CHANGES THAT AFFECT ADAPTIVE CHARACTERS

PHILOSOPHICAL
TRANSACTIONS
OF

character

1. resistance to antibiotics
2. resistance to herbicides
3. crocodilian Hb

4. stomach lysozyme in ruminants

5. courtship song rhythm in
Drosophila

6. heterochrony in
Caenorhabditis elegans

7. swimming speed of fish

gene (substitutions)

B-lactamase (PBP)

(14 amino acid substitutions)
chloroplast psbA gene

(1 nucleotide substitution)
haemoglobin

(5 amino acid substitutions)
lysozyme c

(small proportion of amino acid

substitutions)
period (per gene)

(1 nucleotide substitution)
cell division

(single mutation)

Ldh locus

reference

Hedge & Spratt (1985)
Hirschberg & MclIntosh (1983)

Perutz et al. (1981)

Jolles et al. (1984)

Yu et al. (1987)
Ambros & Horvitz (1984)

DiMichele & Powers (1982)
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(1 amino acid substitution?)

(by change in substrates) of crocodilian haemoglobin to the increased blood acidity that occurs
when crocodiles stay under water for a long time. This adaptation can be explained by five
amino acid substitutions. This number is a small fraction of the total number of amino acid
differences (123) that exist between the crocodilian and human haemoglobins (Perutz et al.
1981). The functional change of stomach lysozyme of ruminants can also be explained by a
small proportion of amino acid changes (Jolles et al. 1984).

Another interesting example is herbicide resistance in plants. Many commercially important
herbicides kill plants by inhibiting photosynthesis. This inhibition occurs because herbicides
bind to a thylakoid-membrane protein encoded by a chloroplast gene, psbA. Several plant
species have mutant strains that are resistant to herbicides. Hirschberg & MclIntosh (1983)
sequenced the psbA genes from a normal and a mutant strain of the pigweed Amaranthus hybridus
and found that there is only one codon difference between the two genes: the normal gene has
a serine codon (AGT) at the 264th codon, whereas the mutant gene has a glycine codon
(GGT). Interestingly, the serine codon AGT is evolutionarily conserved and is shared by many
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plants (e.g. pea, tobacco, spinach), and the same A - G mutation has occurred in other species
(Solanum and Brassica). However, some lower plants and cyanobacteria have different codons,
though they code for the same amino acid (serine), and the mutant codons are for alanine (see
Nei 1987). These findings suggest that the serine at the 264th residue is responsible for
herbicide binding and that the replacement of this serine by some other amino acid prevents
herbicides from binding to the chloroplast thylakoid membranes.

The above examples and those in table 1 indicate that a single nucleotide (or amino acid)
substitution may have a drastic effect on gene function and consequently on the fitness of an
individual. It is expected that the number of such examples will increase as more polymorphic
alleles are studied at the DNA level. However, this type of change occurs only at a limited
number of sites, and a large proportion of nucleotide changes seem to have little effect on
morphological and physiological characters.

ROLE OF MUTATION IN EVOLUTION

The final issue I discuss in this paper is the importance of mutation in evolution. In the past
several decades, neo-Darwinism or the synthetic theory of evolution has dominated our
thought of evolution. In this theory, natural selection plays the most important role in
determining the extent of genetic polymorphism and the rate of evolution. Although mutation
is regarded as the ultimate source of genetic variation, its role in evolution is considered to be
minor. This is because mutation occurs repeatedly at the phenotypic level and most natural
populations seem to carry a sufficient amount of genetic variability, such that almost any
genetic change can occur by natural selection whenever the change is needed. That is, natural
selection plays a creative role (see, for example, Mayr 1963 ; Dobzhansky 1970). This view was
formed apparently because whenever artificial selection was applied to a quantitative
character, a quick response was observed in many organisms. This gave the early population
geneticists the impression that a randomly mating population contains almost all kinds of
genetic variation and that the only force necessary to achieve a particular evolutionary change
is natural selection. However, artificial selection is quite different from natural selection. The
response to artificial selection is usually large in the early generations but gradually diminishes
as generations proceed. Without further input of new genetic variability, the mean value of a
character under selection usually reaches a plateau within a few dozen generations. Note also
that the initial response to selection or the heritability of a quantitative character is usually
greater in those characters that are remotely related to fitness than in those that are closely
related (see, for example, Falconer 1981). This suggests that the former characters have not
been subjected to strong natural selection, so that the amount of genetic variability
accumulated in the population is large. Therefore if artificial selection is applied to these
characters, a rapid response occurs. In the latter characters, however, natural selection seems
to have reduced the genetic variation, and thus artificial selection is less effective. If this
interpretation is correct, artificial selection does not provide an accurate picture of long-term
evolution by natural selection.

It is often said that genetic polymorphism is beneficial to the population because in the
presence of genetic variability the population can adapt easily to new environments
(Dobzhansky 1970). Thus any mechanism that increases genetic variability is selected for
(Ford 1964). I am sceptical about this teleological explanation. The present genetic variability
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of a population is simply a product of evolution in the past. It may happen to be useful for
future evolution, as in the case of industrial melanism, but I doubt that genetic variability is
stored for future use. In many cases, a population may not have the genetic variability that is
needed for new adaptation. In this case, the population may stay unchanged until new
mutations occur or may simply become extinct. Note that over 99 9, of all species have become
extinct over geological time. Note also that rapidly evolving species do not necessarily have a
high level of genetic variability. For example, many ‘carnivore and primate species (e.g.
cheetahs, weasels, chimpanzees and macaques) are depauperate in protein polymorphism,
despite the fact that they are among the most highly evolved animals (see Nei & Graur
1984).

In my view, natural selection is a consequence of the existence of two or more functionally
different genotypes in the same environment. For example, if one genotype is more efficient in
obtaining food or more resistant to a certain disease compared with others, it will have a higher
survival value or reproductive success. The functional efficiency of a genotype is determined by
the genes possessed by the individual, and natural selection automatically follows when there
is a difference in functional efficiency between two different genotypes. Therefore the most
fundamental process of adaptive evolution is the creation of better (functionally more efficient)
genotypes by mutation or gene recombination. Mayr (1963) and Dobzhansky (1970) have
argued that natural selection has creative power just as a sculptor or a composer does. Their
argument seems to be based on Muller’s (1929) computation that the chance of combining
many favourable mutations into one individual is enhanced tremendously if there is selection
for all of them. Moreover, in the presence of gene interaction a new phenotype may appear
when different alleles are combined at different loci. However, it should be noted that natural
selection operates only when there are different genotypes that are produced by mutation or
recombination. In other words, mutation is not only the ultimate cause of variation but also
the driving force of evolution, whether the evolution is adaptive or not (see Nei (1987) for a
more detailed discussion on this problem).

One might wonder if this view is contradictory with Charles Darwin’s theory of evolution.
Darwin certainly emphasized the importance of natural selection in evolution. However, he
was also aware of the importance of generation of variation. In his time, neither the mechanism
of inheritance nor the cause of genetic variation was known. Although he was vague about the
cause of genetic variation and considered climatic change and use and disuse as possible factors,
he clearly separated mutation from selection. He was aware that natural selection operates only
in the presence of genetic variation and never stated that natural selection is creative.
Therefore, the view presented here is not incompatible with Darwin’s. It is also essentially the
same as Morgan’s (1932) mutation-selection theory, though he was concerned only with
morphological or physiological characters (see Nei (1987) for historical details).

At this point, I should like to emphasize that I am not saying that the study of natural
selection is useless. Although natural selection is a sieve to save beneficial mutation or eliminate
harmful mutations (Morgan 1932), its actual process is complicated. Its effectiveness depends
on reproductive system, population size, population structure, etc. As Endler (1986) recently
emphasized, the detailed mechanism of natural selection is not well understood, and there is
an urgent need to study this. The theme of this symposium is frequency-dependent selection
and is concerned only with a restricted form of selection. However, even the mechanism of this
type of selection is not well understood as is clear from the previous papers.
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As I mentioned earlier, frequency-dependent selection may not be an important factor for
the maintenance of genetic variability except under special circumstances. However, for
evolution of certain characters such as secondary sex features it is clearly important (O’Donald
1980). Competition for limited resources is also expected to generate frequency-dependent
selection. Therefore, I conclude that it is generally an important form of selection for adaptive
evolution. In the future study of natural selection, however, more emphasis should be given to
identification of the gene or genes involved, and the biochemical and physiological basis of the
adaptive difference between alleles should be studied. Molecular biology is now so highly
developed that we can clone any gene of any organism and study the mechanism of selection
at the molecular level. In my view, this is the shortest route to an understanding of the process
and meaning of evolution.

I thank Clay Stephens, Paul Sharp and John Endler for their comments on the manuscript
of this paper. This study was supported by research grants from the National Institute of
Health and the National Science Foundation.

REFERENCES

Ambros, V. & Horvitz, H. R. 1984 Heterochronic mutants of the nematode Caenorhabditis elegans. Science, Wash.
226, 409-416.

Chakraborty, R., Fuerst, P. A. & Nei, M. 1978 Statistical studies on protein polymorphism in natural populations.
I1. Gene differentiation between populations. Genetics, Princeton 88, 367-390.

Chakraborty, R., Fuerst, P. A. & Nei, M. 1980 Statistical studies on protein polymorphism in natural populations.
II1. Distribution of allele frequencies and the number of alleles per locus. Genetics, Princeton 94, 1039-1063.

Clarke, B. & Allendorf, F. W. 1979 Frequency-dependent selection due to kinetic differences between allozymes.
Nature, Lond. 279, 732-734.

Crow, J. F. & Kimura, M. 1970 An introduction to population genetics theory. New York: Harper & Row.

DiMichele, L. & Powers, D. A. 1982 Physiological basis for swimming endurance differences between LDH-B
genotypes of Fundulus heteroclitus. Science, Wash. 216, 1014-1016.

Dobzhansky, T. 1970 Genetics of the evolutionary process. Columbia University Press.

Dolan, R. & Robertson, A. 1975 The effect of conditioning the medium in Drosophila in relation to frequency-
dependent selection. Heredity, Lond. 35, 311-316.

Emerson, S. 1939 A preliminary survey of the Oenothera organensis population. Genetics, Princeton 24, 524-537.

Endler, J. A. 1986 Natural selection in the wild. Princeton University Press.

Falconer, D. S. 1981 Introduction to quantitative genetics (2nd edn). London: Longman.

Fisher, R. A. 1958 The genetical theory of natural selection. New York: Dover Publications.

Ford, E. B. 1964 Ecological genetics. London: Methuen.

Fuerst, P. A., Chakraborty, R. & Nei, M. 1977 Statistical studies on protein polymorphism in natural populations.
I. Distribution of single locus heterozygosity. Genetics, Princeton 86, 455-483.

Hedge, P.J. & Spratt, B. G. 1985 Resistance to B-lactam antibiotics by remodeling the active site of an E. coli
penicillin-binding protein. Nature, Lond. 318, 478-480.

Hirschberg, J. & Mclntosh, L. 1983 Molecular basis of herbicide resistance in Amaranthus hybridus. Science, Wash.
222, 1346-1359.

Huang, S. L., Singh, M. & Kojima, K. 1971 A study of frequency-dependent selection observed in the esterase-
6 locus of Drosophila melanogaster using a conditioned media method. Genetics, Princeton 68, 97-104.

Jolles, P., Schoentgen, F., Jolles, J., Dobson, D. E., Prager, E. M. & Wilson, A. C. 1984 Stomach lysozymes of
ruminants. II. Amino acid sequence of cow lysozyme 2 and immunological comparisons with other lysozymes.
J. biol. Chem. 259, 11617-11625.

Kimura, M. 1968 Evolutionary rate at the molecular level. Nature, Lond. 217, 624-626.

Kimura, M. 1981 Possibility of extensive neutral evolution under stabilizing selection with special reference to
nonrandom usage of synonymous codons. Proc. natn. Acad. Sci. U.S.A. 78, 5773-57717.

Kimura, M. 1983 The neutral theory of molecular evolution. Cambridge University Press.

Klein, J. & Figueroa, F. 1986 Evolution of the major histocompatibility complex. CRC crit. Rev. Immunol. 6,
295-386.

Kojima, K. & Yarbrough, K. M. 1967 Frequency-dependent selection at the esterase 6 locus in Drosophila
melanogaster. Proc. natn. Acad. Sci. U.S.A. 57, 645-649.

[ 170 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

MUTATION AND SELECTION IN EVOLUTION 629

Kreitman, M. 1983 Nucleotide polymorphism at the alcohol dehydrogenase locus of Drosophila melanogaster. Nature,
Lond. 304, 412-417.

Latter, B. D. H. 1972 Selection in finite populations with multiple alleles. ITI. Genetic divergence with centripetal
selection and mutation. Genetics, Princeton 70, 475-490.

Lewontin, R. C. 1974 The genetic basis of evolutionary change. Columbia University Press.

Maclntyre, R. J. & Wright, T. R. F. 1966 Responses of esterase 6 alleles of Drosophila melanogaster and D. simulans
to selection in experimental populations. Genetics, Princeton 53, 371-387.

Martin, P. S. & Wright, H. E. (eds) 1967 Pleistocene extinctions : the search for a cause. Yale University Press.

Maruyama, T. & Kimura, M. 1980 Genetic variability and effective population size when local extinction and
recolonization of subpopulations are frequent. Proc. natn. Acad. Sci. U.S.A. 77, 6710-6714.

Maruyama, T. & Nei, M. 1981 Genetic variability maintained by mutation and overdominant selection in finite
populations. Genetics, Princeton 98, 441-459.

Maynard Smith, J. & Hoekstra, R. 1980 Polymorphism in a varied environment: how robust are the models?
Genet. Res. 35, 45-57.

Mayr, E. 1963 Animal species and evolution. Harvard University Press.

Milkman, R. 1982 Toward a unified selection theory. In Perspectives on evolution (ed. R. Milkman), pp. 105-118.
Sunderland, Massachusetts: Sinauer Associates.

Morgan, T. H. 1932 The scientific basts of evolution. New York: Norton.

Muller, H. J. 1929 The method of evolution. Sci. Mon. 29, 481-505.

Nasrallah, J. B., Kao, T.-H., Chen, C.-H., Goldberg, M. L. & Nasrallah, M. E. 1987 Amino-acid sequence of
glycoproteins encoded by three alleles of the S locus of Brassica oleracea. Nature, Lond. 326, 617-619.

Nei, M. 1971 Fertility excess necessary for gene substitution in regulated populations. Genetics, Princeton 68,
169-184.

Nei, M. 1975 Molecular population genetics and evolution. Amsterdam : North-Holland.

Nei, M. 1980 Stochastic theory of population genetics and evolution. In Vito Volterra Symposium on Mathematical
Models in Biology (ed. C. Barigozzi), pp. 17—47. Berlin: Springer-Verlag.

Nei, M. 1983 Genetic polymorphism and the role of mutation in evolution. In Evolution of genes and proteins (ed.
M. Nei & R. Koehn), pp. 165-190. Sunderland, Massachusetts: Sinauer Associates.

Nei, M. 1987 Molecular evolutionary genetics. Columbia University Press.

Nei, M., Chakraborty, R. & Fuerst, P. A. 19764 Infinite allele model with varying mutation rate. Proc. natn. Acad.
Sci. U.S.A4. 73, 4164-4168.

Nei, M., Fuerst, P. A. & Chakraborty, R. 19764 Testing the neutral mutation hypothesis by distribution of single
locus heterozygosity. Nature, Lond. 262, 491—493.

Nei, M. & Graur, D. 1984 Extent of protein polymorphism and the neutral mutation theory. Evol. Biol. 17,
73-118.

Nei, M. & Yokoyama, S. 1976 Effects of random fluctuations of selection intensity on genetic variability in a finite
population. Jap. J. Genet. 51, 355-369.

O’Donald, P. 1980 Genetic models of sexual selection. Cambridge University Press.

Ohta, T. 1973 Slightly deleterious mutant substitutions in evolution. Nature, Lond. 246, 96—98.

Perutz, M. F., Bauer, C., Gros, G., Leclercq, F., Vandecasserie, C., Schnek, A. G., Braunitzer, G., Friday, A. E.
& Joysey, K. A. 1981 Allosteric regulation of crocodilian haemoglobin. Nature, Lond. 291, 682-684.

Robertson, A. 1968 The spectrum of genetic variation. In Population biology and evolution (ed. R. C. Lewontin),
pp. 5-16. Syracuse University Press.

Saitou, N. & Nei, M. 1986 Polymorphism and Evolution of Influenza A Virus Genes. Molec. Biol. Evol. 3,
57-74.

Schreier, P. H., Bothwell, A. L. M., Mueller-Hill, B. & Baltimore, D. 1981 Multiple differences between the
nucleic acid sequence of the [gG2a® and IgG2a® alleles of the mouse. Proc. natn. Acad. Sci. U.S.A. 78,
4495-4499.

Sheppard, H. W. & Gutman, G. A. 1981 Allelic forms of rat k chain genes: evidence for strong selection at the
level of nucleotide sequence. Proc. natn. Acad. Sci. U.S.A. 78, 7064-7068.

Wilson, A. C. 1975 Evolutionary importance of gene regulation. Stadler Symp. 7, 117-134.

Wright, S. 1935 The analysis of variance and the correlations between relatives with respect to deviations from
an optimum. J. Genet. 30, 243-256.

Wright, S. 1939 The distribution of self-sterility alleles in populations. Genetics, Princeton 24, 538-552.

Yokoyama, S. & Nei, M, 1979 Population dynamics of sex-determining alleles in honey bees and self-
incompatibility alleles in plants. Genetics, Princeton 91, 609-626.

Yu, Q., Colot, H. V., Kyriacou, C. P., Hall, J. C. & Rosbash, M. 1987 Behaviour modification by in wvitro
mutagenesis of a variable region within the period gene of Drosophila. Nature, Lond. 326, 765-769.

[ 171 ]


http://rstb.royalsocietypublishing.org/

