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General preface

The aim of the publication of this series of monographs, known under the
collective title of 'Frontiers d Biology', isto present coherent and up-to-date
views of the fundamental concepts which dominate modern biology.

Biology in its widest sense has made very great advances during the past
decade, and therate of progress has been steadily accelerating. Undoubtedly
important factorsin this acceleration have been the effective use by biologists
of new techniques, including electron microscopy, isotopic labels, and a
great variety of physical and chemical techniques, especially those with
varying degrees of automation. I n addition, scientists with partly physical or
chemical backgrounds have become interested in the great variety of prob-
lems presented by living organisms. Most significant, however, increasing
interest in and understanding of the biology of the cell, especialy in regard
to the molecular events involved in genetic phenomena and in metabolism
and its control, have led to the recognition of patternscommon to al forms
of life from bacteria to man. These factors and unifying concepts have led
to a situation in which the sharp boundaries between the various classical
biological disciplines are rapidly disappearing.

Thus, while scientists are becoming increasingly specialized in their
techniques, to an increasing extent they need an intellectual and conceptual
approach on a wide and non-specialized basis. It is with these considerations
and needs in mind that this series of monographs, 'Frontiers d Biology' has
been conceived.

The advances in various areas of biology, including microbiology,
biochemistry, genetics, cytology, and cell structure and function in general
will be presented by authors who have themselves contributed significantly
to these developments. They will have, in this series, the opportunity of
bringing together, from diverse sources, theories and experimental data,
and of integrating these into a more general conceptual framework. It is



VI General preface

unavoidable, and probably even desirable, that the special bias of the indi-
vidual authors will become evident in their contributions. Scope will also be
given for presentation of new and challenging ideas and hypotheses for
which complete evidence is at present lacking. However, the main emphasis
will be on fairly complete and objective presentation of the more important
and more rapidly advancing aspects of biology. The level will be advanced,
directed primarily to the needs of the graduate students and research
worker.

Most monographs in this series will be in the range of 200-300 pages,
but on occasion a collective work of major importance may be included
somewhat exceeding this figure. The intent of the publishers is to bring out
these books promptly and in fairly quick succession.

It is on the basis of all these various considerations that we welcome the
opportunity of supporting the publication of the series'Frontiers of Biology'
by North-Holland Publishing Company.

E. L. TATUM
A. NEUBERGER, Editors
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Foreword

The study of evolution, like so much of biology, has been suddenly enriched
by the sudden eruption and rapid diffusion of molecular knowledge- knowl-
edge with a generality, depth, precision, and satisfying smplicity almost
unique in the biological sciences.

The most basic process in evolution is the change in frequency of in-
dividual genesand the emergence of novel types by mutation and duplication.
Yet, evolutionists have had to be content with inferences about these
processes based on observation of phenotypes, inferencesthat have usually
been indirect and uncertain. Molecular geneticsis rapidly remedying this by
providing an ever-increasing battery of techniques for the direct assay of
genotypes. Moreover, the traditional limitation of classical genetics — the
inability to perform breeding experiments between species that cannot be
hybridized - has been removed. Gene comparisons between monkeys and
humans, between vertebrates and invertebrates, between animals and plants,
and even between eukaryotes and prokaryotes are now routine, thanks to a
molecular methodology that bypasses Mendelian analysis. Furthermore, the
time scale of genetic analysis has been totally changed. We can now make
reliable inferences about the genes responsiblefor histone and transfer RNA
in our ancestors 2 ~ 3 hillion years ago.

Population genetics and intra-species evolution has a mathematical theory .
that in comparison with that in most biology is rich indeed. Yet it is a
frequent criticism that experimental study has not been closely tied to the
theory. One reason for this is that some of the best of the mathenlatics
developed by the founding trio, Wright, Fisher, and Haldane - particularly
the stochastic theory - is most appropriate to individual genes observed for
long time periods, and suitable data have been hard to obtain. This is
equally true for Malécot’s elegant treatment of geographical structure, built
on the concept of gene identity and its decrease with distance. Molecular
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studies have not only increased the relevance of existing theory, but have
stimulated new developments, particularly with regard to the stochastic fate
of individual mutants, an area in which the name of Kimura stands out.

Of course, evolutionary biology is not concerned solely with changes of
the individual gene or nucleotide. Biologists are also interested in the evolu-
tion of form and function, in whole organisms and populations of whole
organisms. 1t is a truism that natural selection acts on phenotypes, not on
individual genes. Many evolutionists are properly concerned with the
evolution of such interesting and complex hypertrophies as the elephant
snout and the human forebrain, more than with the causative DNA. There
are also problems of chromosome organization, of the role of linkage and
recombination, of the evolution of quantitative traits and of fitnessitself, of
the different forms of reproduction, of geographical structure, of adaptation
to different habitats, and a host of others. Their investigation can proceed
with a firmer understanding of the underlying molecular phenomena.

Theemphasisin thisbook ison those aspects of evolution that are revealed
by molecular methodology. There is a pressing need to summarize and
organize the bewildering collection of facts that have been discovered in the
past few years, and to relate these to the theory, classical and new, that can
provide understanding and coherence. It is appropriate that such a book be
written by onewho is himself aleader in developing and applying the theory.
Di. Nei has given a complete and lucid summary of the relevant theory along
with an abundance of data from widely diverse sources. It is appropriate,
even essential, that a book in a rapidly moving field be up to date. This
oneis; in fact the author's wide acquaintance has permitted the inclusion of
considerable material not yet published.

This book will be especially useful to those, both in the field and outside
it, who are trying to keep abreast of recent developments. They will discover
that molecular biology, while providing unexpected solutionsto old problems,
has raised some equally unexpected new ones.

JAMES F. CROW
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Preface

In the last decade the progress of molecular biology has made a strong
influence on the theoretical framework of population genetics and evolution.
Introduction of molecular techniques in this area has resulted in many new
discoveries. Asa result, a new interdisciplinary science, which may be caled
‘Molecular Population Genetics and Evolution’, has emerged. I n this book
| have attempted to discuss the development and outline of this science.

In recent years a large number of papers have been published on this
subject. In this book | have not particularly attempted to cover all these
papers. Rather, | have tried to find the general principles behind the new
observations and theoretical (mathematical) studies. | have also tried to
understand this subject in the background of classical population genetics
and evolution.

In the development of molecular population genetics and evolution the
interplay between observation and theory was very important. | have there-
fore discussed both experimental and theoretical studies. Chapters 4 and 5
are devoted mostly to the mathematical theory of population genetics, while
in the other chapters empirical data are discussed in the light of theory. It
should be noted that the genetic change of population is affected by so many
factors, that it is difficult to understand the whole process of evolutionary
change without the aid of mathematical models. On the other hand, mathe-
matical studies are always abstract and depend on some simplifying assump-
tions, of which the validity must be tested by empirical data.

The mathematics used in this book is not very sophisticated. The reader
who has a knowledge of calculus and probability theory should be able to
understand the whole book. In some sections of chapter 5, however, | have
given only the mathematical framework of the model used and the final
formulae. The reader who is interested in the derivation may refer to the
original papers cited. Whenever there are several alternative methods
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| ntroduction

Any speciesof organismin naturelivesin aform of population. A population
of organisms is characterized by some sort of cooperative or inhibitory
interaction between members of the population. Thus, the rate of growth of a
population depends on the population size or density in addition to the
physical environment in which the population is placed. When population
density is below a certain level, the members of the population often interact
cooperatively, whilein a high density they interact inhibitorily. In organisms
with separate sexes, mating between males and females is essential for the
survival of a population. Interactions between individuals are not confined
within a single species but also occur between different species. The survival
of a species generally depends on the existence of many other species which
serve as food, mediator of mating, shelter from physica and biological
hazards, etc.

A population of organisms has properties or characteristics that transcend
the characteristics of an individual. The growth of a population is certainly
different from that of an individual. The differences between ethnic groups
of man can be described only by the distributions of certain quantitative
characters or by the frequencies of certain identifiable genes. All these
measurements are characteristics of populations rather than of individuals.

Population genetics is aimed to study the genetic structure of populations
and the laws by which the genetic structure changes. By genetic structure we
mean the types and frequencies of genes or genotypes present in the popula-
tion. Natural populations are often composed of many subpopulations or of
individuals which are distributed more or less uniformly in an area. In this
case the genetic structure of populations must be described by taking into
account the geographical distribution of gene or genotype frequencies. The
genetic structure of a population is determined by a large number of loci.
At the present time, however, only a small proportion of the genes present
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in higher organisms have been identified. Therefore, our knowledge of the
genetic structure of a population is far from complete. Nevertheless, it is
important and meaningful to know the frequencies of genes or genotypes
with respect to a certain biologically important locus or a group of loci. For
example, sickle cell anemia in man is controlled by a single locus, and the
frequency changes of this disease in populations can be studied without
regard to other geneloci.

Evolution isa process of successive transformation of the genetic structure
of populations. Therefore, the theory of population genetics plays an im-
portant role in the study of mechanisms of evolution. The basic factors for
evolution are mutation, gene duplication, naturalselection, and random genetic
drift. In adaptive evolution recombination of genes is also important in
speeding up the evolution. However, the manner in which these factors
interact with each other in building up various novel morphological and
physiological characters is not well understood. For example, sexual
reproduction is widespread among the present organisms, but the very
initial step of the evolution of sexual reproduction isvirtually unknown. The
evolutionary mechanisms of repeated DNA in higher organisms or F-factor,
lysogenesis, etc. in bacteria are also mysterious. In the study of evolution it
Is important to know the detailed evolutionary pathways or phylogenies of
different organisms with reasonable estimates of evolutionary time. The
eventual goal of the study of evolution is to understand all the processes of
evolution quantitatively and be able to predict and control the future evolu-
tion of organisms. At the present time our understanding of evolutionary
processes is far from this goal, but substantial progress has been made in
recent years.

Any theory in natural science is established through a two-step procedure,
i.e. making a hypothesis and testing the hypothesis by observations or
experiments. A direct test of a hypothesis in evolutionary studies is often
difficult because evolution is generally a slow process compared with our
lifetime. However, there are indirect ways of testing a hypothesis. In some
cases it is sufficient to examine the data obtained in paleontology, bio-
geography, comparative biochemistry, etc. In someother casesamathematical
method is used to make deductions from a hypothesis and then the deduc-
tions are compared with the existing data from paleontology, population
biology, ctc.

Until recently population genetics was concerned mainly with rather
short-term changes of genetic structure of populations. This is because our
lifetime is very short compared with evolutionary time. The process of
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long-tern-evolution was simply conjectured as a continuation of short-term
changes. There was no way to trace the genetic change of a population or the
evolutionary change of a gene through long-tern-evolution. The development
of molecular biology in the last two decades has changed this situation
drastically. Now the evolutionary change of at least some genes can be
traced in considerable detail by studying the genetic material DNA or its
direct products RNA and proteins in different species. This has enabled
population geneticists to evaluate the evolutionary changes of populations
more quantitatively and to test the validity of previous conjectures about
long-term evolution or the stability of genetic systems.

Previously, whenever a new genetic polymorphism was discovered, popula-
tion geneticistswere tempted to explain it in termsof overdominance or some
other kind of balancing selection. This was natural because they were not
acquainted with how genes really changed in the evolutionary process.
Recent studies on DNA, RNA, or protein structures indicate that genes
have almost always been changing, though the rate of change is very slow.
Itisnow clear that the genetic structure of a population never stays constant.
A large part of this change is apparently due to the constantly changing
environment. In addition to the geological and meteorological change of
environment, such as continental drift and glaciation, the environment of a
speciesis also altered by biological factors such as emergence of new species
and imbalance of food chains. In fact, the biological world or the whole
ecosystem of organisms is in a state of never-ending transformation. Y et,
an equally large or even larger part of the change of genetic structure of
populations now appears to be of random nature and largely irrelevant to
the adaptation of organisms.

Molecular biology has also changed another important concept in
classical population genetics. In population genetics it was customary to
assume that there are only a small number of possible allelic states at alocus
and mutation occurs recurrently forwards and backwards between these
alelic states or alleles. At the molecular level, however, a gene or cistron
consists of about 1000 nucleotide pairs. Since there are four different kinds
of nucleotides, i.e., adenine, thymine, guanine, and cytosine, the number of
possible allelic states is 4!'°"" or 10%%? (Wright, 1966). In practice, a sub-
stantial part of these states would never be attained because the functional
requirement of the gene product prohibits certain mutational changes. How-
ever, even a single nucleotide replacement in a cistron of 1000 nucleotide
pairs can produce 3000 different kinds of alleles. The actual number of
possible allelic states must be much larger than this. Since the number of
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aleles existing in any population is quite limited, this indicates that a new
mutation is almost always different from the alleles preexisting in the
population (Kimura and Crow, 1964). This change in the concept of muta-
tion hasled a number of authors, notably Kimura(1971), to formulate a new
theory of population genetics at the molecular level. It has also transformed
some of the old theories in population genetics. For example, Wright's
theory of inbreeding, based on the 'fixed alele model', can now be regarded
as a special case of a broader theory based on the 'variable alele model’
(see Nel, 1973a). In thismodel theidentity of genes by state isidentical to the
identity of genes by descent.

The crux of the Darwinian or neo-Darwinian theory of evolution is
natural selection of the fittest individuals in the population. In the first half
of this century, primarily by the effortsof prominent geneticists and evolu-
tionists such as Fisher (1930), Haldane (1932), Wright (1932), Dobzhansky
(1951), Simpson (1953), and Mayr (1963), a sophisticated theory of evolution
by natural selection was constructed. In this theory mutation plays a rather
minor role. Modifying King's (1972) summaries, the classical view of neo-
Darwinism can be stated as follows:

1) There is always sufficient genetic variability present in any natural
population to respond to any selection pressure. Mutation rates are always
in excess of the evolutionary needs of the species.

2) Mutation is random with respect to function.

3) Evolution isalmost entirely determined by environmental changes and
natural selection. Since there isenough genetic variability, no new mutations
are required for a population to evolve in response to an environmental
change. Thereis no relationship between the rate of mutation and the rate
of evolutionary change.

4) Because mutations tend to recur at reasonably high rates, any clearly
adaptive mutation is certain to have already been fixed or reached its
optimum frequency in the population. Namely, the genetic structure of a
natural population is always at or near its optimum with respect to the
‘adaptive surface' in a given environment (Wright, 1932).

5) Since the genetic structure of a population is at its optimum, and since
neutral mutations are unknown, virtually all new mutations are deleterious,
unless the environment has changed very recently.

Some of the above statements seem to be still true at the level of morpho-
logical and physiological evolution. Natural selection plays an important
role in adaptive evolution. However, most of the above statements do not
appecar to be warranted at the level of molecular evolution. Questioning of
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the above statements has led Kimura (1968a) and King and Jukes (1969)
to postulntc the neutral-mutation-random-drift theory of evolution. Ac-
cording to this theory, a mgjority of evolutionary changes of macromolccules
are the result of random fixation of selectively neutral mutation. On the
other hand, Ohno (1970) postulated that natural selection is nothing but a
mechanism to preserve the established function of a gene and evolution
occurs mainly by duplicate genes acquiring new functions. These views have
not yet been widely accepted by biologists, but at least at the molecular
level they are consistent with available data. Furthermore, as | shall indicate
later, mutation seems to be more important than neo-Darwinian evolu-
tionists have thought even in adaptive evolution.

Evolution can be divided into two phases, i.e., chemical and organic
evolution. The former is concerned with the origin of life, and active studies
are being conducted about the physical and chemical conditions under
which a life or self-perpetuating substance can arise. In this book, however,
we shall not discuss this area. We will be mostly concerned with organic
evolution, particularly the evolution of higher organisms. The reader who is
interested in chemica evolution may refer to the monographs 'Chemical
Evolution' by Calvin (1969) and '‘Molecular Evolution and the Origin of
Life' by Fox and Dose (1972).
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CHAPTER 2

Evolutionary history of life

In this chapter | would like to discuss a brief history of life just to outline
the time scale of evolution. Since all present organisms are evolutionary
products, knowledge of evolution is important in any study on genetic
change of population.

2.1 Evidence from paleontology and comparative
mor phology

At the present time it is believed that the earth was formed about 4.5 billion
years ago. It is not known exactly when the first life or self-replicating
substance wasformed. Until very recently thefossilsfrom theearly geological
time, i.e. the Precambrian era (more than 600 million years ago), were
almost nonexistent. The recent development of isotopic methods of dating
rocks, however, initiated an intensive study of early fossils. In 1966 Barg-
hoorn and Schopf discovered bacteria-like fossils in the Fig Tree Chert,
a very old rock from South Africa, which was dated about 3.1 billion years
old. They are the oldest fossils ever discovered on the earth. This organism
was named Eobacteriumisolatum. Thisdiscovery suggests that life originated
more than 3 billion years ago.

The second oldest microfossils we now know are those of filamentous
blue-green algae found in a dolomitic limestone stromatolite in South
Africa as old as 2.2 billion years (Nagy, 1974). There are many other Pre-
cambrian fossils, but most of them are the fossils of microorganisms (cf.
Calvin, 1969). The oldest fossil of nucleated eukaryotic cells was discovered
by Cloud et al. (1969). This has been dated 1.2 ~ 1.4 hillion years old.

Fig. 2.1 is a representation of the geological time scale, giving a rough
idea of chemical and organic evolution. There are rather extensive fossil
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records in the Cambrian and Postcambrian periods, and the major evolu-
tionary processes in these geological periods can be reconstructed from
these fossils. The fossils in the early Cambrian period show that most living
phyla in plants and animals were present at that time. This indicates that
they were differentiated before the Cambrian period. Despite the recent
progress in the paleontology of the Precambrian period, the fossil records
in this period are still very few and permit no detailed study of evolution.
Therefore, evolution in the Precambrian period can only be inferred from
the morphological, embryological, and biochemical studies. Before the
development of molecular biology, morphological and embryological studies
were very useful for elucidating the phylogenetic relationships of different
organisms. Using this method of comparative morphology and paleonto-
logical data, the classical evolutionists were able to construct reasonably
good phylogenetic trees of different groups (orders) of plants and animals
in the Cambrian and Postcambrian periods. These phylogenetic trees are
treated in many classical textbooks of evolution (e.g. Simpson, 1949), so
that we need not repeat them here. For our present purpose, it would suffice
to give an abbreviated tree with emphasis on vertebrate animals as given in
fig. 2.2.

2.2 Evidence from molecular biology

As mentioned above, the method of comparative morphology was very
useful in evolutionary studies when fossil records were lacking. However,
this method could not give the time scale of evolution. The brilliant progress
of molecular biology in the last two decades has provided a new method for
the study of evolution. The basis of this powerful method isthe high degree of
stability of nucleotide sequencesin DNA (RNA in some viruses). The evolu-
tionary changes of nucleotide sequencesare so slow, that they providedetailed
information about their origin and history. Since the nucleotide sequences
in structural genes of DNA are translated into the amino acid sequences of
proteins through the genetic code, the evolutionary changes of amino acid
sequences in proteins also provide information about the process and
approximate time scale of evolution. In fact, most of the results obtained
through studies at the molecular level come from analyses of amino acid
sequences of certain proteins. The estimation of evolutionary time by this
method rests on the discovery that the rate of amino acid substitutions per
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Table2.1

The 20 amino acids that compose proteins and their three- and one-letter abbrcviations.
The abbrcviations arc in accordance with those of Dayhoff (1969).

Name Abbreviations Name Abbreviations
Three- One- Three- One-
letter lctter letter letter

1. Alanine Ala A 11. Leucinc Leu L
2. Argininc Arg R 12. Lysine Lys K
3. Asparaginc Asn M 13. Methionine Met M
4. Aspartic acid Asp [B] 14. Phenylalanine Phe F
5. Cysteine Cys i 15. Proline Pro P
6. Glutamine Gln L8] 16. Serine Ser S
7. Glutamic acid Glu E 17. Threonine Thr T
8. Glycine Gly G 18. Tryptophan Trp w
9. Histidine His H 19. Tyrosine Tyr Y
10. Isoleucine Ile I 20. Vadine Val A

year per sitein a protein is roughly constant for al organisms. Evidencefor
this will be examined in detail in ch. 8.

There are 20 different amino acids that compose proteins. The names and
abbreviations of the amino acids are given in table 2.1. The chemical
structures of these amino acids can befound in any textbook of biochemistry
or molecular biology. Some proteins are composed of a single polypeptide,
a polymer of amino acids linked together by peptide bonds, while others
consist of severa polypeptides which may or may not be identical with each
other. Important for the study of evolution are the linear arrangements of
amino acids in these polypeptides.

Hemoglobin A in man consists of two achain and two f-chain poly-
peptides. In fig. 2.3 the amino acid sequence in the a-chain is given together
with those from horse, bovine, and carp. The numbers of amino acid differ-
ences between these a-chains are presented in table 2.2. It is clear that the
differences between fish (carp) and mammals (human, horse, and bovine)
are much larger than the differences among mammals. These differences
can be related to the evolutionary timein the following way.

Aswill be discussed in the next section, al organisms on this planet appear
to have originated from a single protoorganism. Therefore, speciation must
have occurred with a high frequency in the evolutionary process. Genetic
differentiation between a pair of species starts to occur as soon as their
primordial populations are reproductively isolated. Let t be the period of
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Fig. 2.3. Amino acid sequences in the u-chains of hemoglobins in four vertebrate species. Amino acids are expressed in terms of one-letter

abbreviations. The hyphens indicate the positions of deletions or additions.
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Table 2.2

Numbers of amino acid differcnces between hemoglobin a-chains from human, horse,

bovine, and carp. Deletions and additions wcrc excluded from computation, so that 140

amino acids were compared. The figures in parentheses are the proportions of different

amino acids. The values given below the diagonal arc the estimates of avcragc number of
amino acid substitutions per site between two species (6).

Human Horse Bovine Carp
Human 18(0.129) 16(0.114) 68(0.486)
Horse 0.138 18(0.129) 66(0.486)
Bovine 0.121 0.138 65(0.464)
Carp 0.666 0.637 0.624

time in which a pair of species have been isolated. Consider a structural
gene which codes for a polypeptide composed of » amino acids. Since an
amino acid is coded for by triplet nucleotides or a codon in DNA, there are
3n nucleotide pairs involved in this gene. Any change of these nucleotide
pairs is a mutation, but it does not necessarily give rise to amino acid
substitution because of degeneracy of the genetic code (see ch. 3).

Let A be the rate (probability) of amino acid substitution per year at a
particular amino acid site and assume that it remains constant for the entire
evolutionary period. This assumption is only roughly correct but does not
affect the final result very much. The mean number of amino acid substitu-
tions at this site during a period of t yearsis then At, and the probability of
occurrence of r amino acid substitutionsis given by

PAin) = e (i) /r! (2.1)

This is a simple application of the Poisson process in probability theory
(Nei, 1969a; see Feller (1957) for the derivation). In particular, py(t) = e~ *,
which was used by Zuckerkandl and Pauling (1965) and Margoliash and
Smith (1965) in predicting the evolutionary change of hemoglobin and
cytochrome c.

Since the probability that amino acid substitution does not occur at a
particular site during t years is e~ %, the probability that neither of the
homologous sites of the two polypeptides from a pair of species undergoes
substitution is e™ **', Therefore, if A is the same for all amino acid sites, the
expected number of identical amino acids (r;) between the two polypeptides
is

n; = ne” 21 (2.2)

approximately. This formula is approximate because it does not include
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the possibility of either back mutation or parallel mutation (the same amino
acid substitution occurring at the same site of the homol ogous polypeptides).
But this probability is generally very small (Nei, 1971a). A more serious
error may be introduced by the assumption of constancy of A for al sites,
which is certainly not true. This error is, however, known to be small unless
the variance of A is very large.

At any rate, under the above assumption 6 = 2At can be estimated by

d = — I':-U:Ec'llnl (2.3)
where i, = n,;/n, while the variance of 6is
Fy = (1 = ig)/{{izn) (2.4)

approximately. If 6 isestimated for two different pairs of species, the relative
evolutionary time (T) of one pair to the other can be obtained. Namely,

T = iljlfl:?:.' E.E.EIJ

where 6, and o0, are the values of 6 for the first and the second pairs of
species. Furthermore, if t is known, A may be estimated by §/(2¢). On the
other hand, if A is known, t may be estimated by §/(24).

In table 2.2 the estimates of 6 are given for six pairs of species together
withn — n;and 1 — || Theaverage value of 6's for the pairs of mammalian
species is 0.132, while the average for the pairs of carp and mammalian
species is 0.642. Therefore, the relative evolutionary time of fish to that of
mammalsis estimated to be 4.9. On the other hand, geological data suggest
that fish evolved 350 ~ 400 million years ago while the divergence of mam-

Table2.3

Average numbers of amino acid differences between cytochromes ¢ from different groups
of animals (McLaughlin and Dayhoff, 1970). These are averages of from 1 to 51 com-
parisons of sequences of about 108 amino acids, including the deletions and additions.
The figures in parentheses are the average numbers of amino acid differences divided by
94 (14 amino acid sites are believed to be'immutable’). The values of ¢ are given below the

diagonal.
Animals Plants Fungi Prokaryotes (c2)
Animals 40.5(0.431) 44.9(0.478) 66.1(0.703)
Plants 0.564 49.3(0.524) 69.0(0.734)
Fungi 0.650 0.742 74.3(0.790)

Prokaryotes (c2) 1214 1.324 1.560
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malian species occurred about 75 ~ 80 million years ago (fig. 2.2), the
relative cvolutionary time of fish to that of mammals being about five
times. Thus, the molecular data agrec quite well with the geological data.

In table 2.3 the average numbers of amino acid differcnces between
cytochromes ¢ from animals, plants, fungi, and prokaryotes (bacteria) are
given. The average number of amino acids per sequence used for com-
parisons was about 108. Cytochrome c is bclieved to have about 14 'im-
mutable' sites, at which amino acid substitution destroys the function of the
protein. Excluding these 14 amino acid sites, we can compute the values of
6 for al pairs of the above groups of organisms. They are presented in
table 2.3. It isclear that animals, plants, and fungi (all are eukaryotes) were
differentiated almost at the same time, while the divergence between pro-
karyotes and eukaryotes occurred much earlier. The divergence time
between prokaryotes and eukaryotes is estimated to be about twice as large
as the divergence time among animals, plants, and fungi.

The above estimates of divergence time roughly agree with that obtained
by McLaughlin and Dayhoff (1970) using a different statistical method. They
obtained 6, = 0.58 between the animal and plant kingdomsand 6, = 1.37
between the prokaryotes and eukaryotes. They also studied the nucleotide
differences of four different transfer RNA’s (tRNA’s) within and between
prokaryotes and eukaryotes, estimating that the divergence of prokaryotes
and eukaryotes was about 2.6 (= ¢,/0,) times earlier than the divergence
between plants and animals. This value, however, seems to be an over-
estimate. Kimura and Ohta (1973a) reanalyzed the same tRNA data and
obtained &,/&, = 1.99. Furthermore, a similar analysis of 55 RNA data by
these authors gave an estimate of &./d, = 1.46. Therefore, it seems that the
divergence of prokaryotes and eukaryotes was 1.5 to 2 times earlier than the
divergence between plants and animals. As will be seen in ch. 8 (fig. 8.3),
the divergence time between plants and animals has been estimated to be
1200 million years. Thus, the divergence between prokaryotes and eukaryotes
seems to have occurred roughly 2 x 107 years ago (Kimura and Ohta,
1973a). Thisconclusion isin agreement with fossil records if the microfossils
(about 2 x 10? yearsold) recently discovered by Hofmann (1974) are those
of eukaryotes.

The divergence of prokaryotes and eukaryotes can be related to an even
earlier eventin a very primitive organism, i.e. the development of the genetic
code. Comparison of the nucleotide sequences between tRNA’s transporting
different amino acids suggests that they originated from a common proto-
tRNA which acted as a nonspecific catalyst, polymerizing amino acids by a
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mechanism similar to the one still used today. For example, McLaughlin
and Dayhoff (1970), using the nucleotide sequence data, showed that valine
and tyrosine tRNA differ at 25.1 sites out of 58 on the average. This high
degree of similarity strongly suggests that the two tRNA’s developed from a
common origin. The similarities of the nucleotide sequences of the same
tRNA between prokaryotes and eukaryotes are dightly higher than those
between different tRNA. From these studies, McLaughlin and Dayhoff
concluded that the evolution of tRNA occurred about 1.2 times earlier than
the divergence of prokaryotes and eukaryotes.

As mentioned above, the data on amino acid sequences of proteins and
nucleotide sequences of nucleic acids provide useful information on organic
evolution. Since, however, the determination of amino acid sequences and
nucleotide sequences is not simple, only a few proteins and nucleic acids
from a limited number of species have been analyzed for this purpose.
Therefore, our picture on Precambrian evolution may well change in the
future. On the other hand, data on amino acid sequences of proteins is of
little use in the study of evolution at the species or subspecies level, unless
a large number of proteins are sequenced. Thisis because the rate of amino
acid substitutions per site per year is so small, that closely related species
often share a protein of the same amino acid sequence. For example, there
Is no difference in the amino acid sequences of the o- and S-chains of hemo-
globin between man and chimpanzee. Therefore, they cannot be used for
estimating the divergence time between man and chimpanzee. In the study
of speciesor subspecies evolution, however, data on protein identity detected
by electrophoresis can be used, as will be discussed in ch. 7. The genetic
relatedness between two different organisms can also be studied by such
techniques as DNA hybridization and immunological reaction (ch. 8).

2.3 Biochemical unity of' /ife

There are about 1.5 million different species of organisms living on this
earth, including all prokaryotes and eukaryotes. The basic metabolic
processes of all these organisms are very similar. It is, therefore, considered
that all organisms have originated from a common protoorganism which
probably existed about 3.5 billion years ago. Dayhoff and Eck (1969) list
the following common features of metabolisms:

1) All cells utilize polyphosphates, particularly adenosine phosphate, for
energy transfer. These polyphosphates are munulactured in photosynthesis
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or in the oxidation of stored food. Their decomposition is coupled to the
organic synthesis of thermodynamically unstable products needed by the cell.

2) Cells synthesize and store similar compounds - fats, carbohydrates,
and proteins — using similar reaction pathways. These compounds are
degraded with release of energy in a similar way in most cells.

3) The metabolic rcactions are catalyzed largely by proteins, which arc
linear polymers of twenty amino acid building blocks. A number of these
proteins have identifiable counterparts, known as homologues, in most
organisms. The homologous proteins often have similar amino acid
sequences, functions, and three-dimensional structures.

4) Proteins are manufactured in the cell by a complex coding process.
The machinery of protein synthesis is the same for all organisms.

5) There are a few ubiquitous, small compounds which take part in
metabolic processes and which include nicotinamide, pyridoxal, glutathione,
the flavinoids, the carotenes, the heme groups, the isoprenoid compounds,
and iron sulfide. Since there are millions of possible compounds of com-
parable size and energy, it seems most unlikely that these particular ones
would have been chosen independently by different organisms.

All the above common features of cell metabolisms support the theory of
common origin of al organisms on this earth. It isalmost impossible that
so many things have originated independently in different organisms by
chance. | have already indicated that the number of ways in which the
sequence of 1000 nucleotides of DNA can be produced is about 10°%%,
Therefore, it isextremely improbablethat two unrelated organismswould by
chance have selected and manufactured two structures with a degree of
similarity as great as that observed.
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CHAPTER 3

Mutation

The scientific study of evolution started from Darwin and Wallace's paper
published in 1858. They first postulated that evolution has occurred largely
as a result of natural selection. Natural selection is effectiveonly when there
is genetic variation, and this genetic variability is provided primarily by
mutation. At the time of Darwin, it was not known how genetic variation
arises. Without knowledge of the laws of inheritance, which were
discovered by Mendel in 1865 but buried for 35 years, Darwin believed in
the inheritance of acquired charactersto some extent.

The theory of mutation or spontaneous origin of new genetic variation
was first formulated by de Vries in 1901. He postulated that occasionally
new genetic variation occurs by some unknown factor and this immediately
leads to a new species. Although the origin of new species by a single
mutation later proved to be wrong, the spontaneous origin of new genetic
variation was supported by many subsequent works.

In early days any genetic change of phenotypes was called mutation
without knowing the cause of the change. At present, we know that various
factors are involved in causing genetic changes of phenotypes. They can
be studied at three different levels, i.e. molecular, chromosomal, and genome
levels. In this chapter we shall briefly review mutational mechanisms at the
molecular level. The reader may refer to Drake's (1970) book for details.

3.1 The basic process of gene action

All the morphological and physiological characters of organisms are con-
trolled by the genetic information carried by deoxyribonucleic acid (DNA)
molecules, which are transmitted from generation to generation. In some
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viruses genetic information is carried by ribonucleic acid (RNA) rather than
DNA, but the essential feature of inheritance of charactersis the same. The
geneticinformation carried by DNA is manifested in enzymatic or structural
proteins, which are macromolecules essential for the morphogenesis and
physiology of al organisms. In the process of development the genetic
information contained in the nucleotide sequence of DNA isfirst transferred
to the nucleotide sequence of messenger RNA (mRNA) by a simple process
of one-for-one transcription of the nucleotides in the DNA. By the same
process, transfer RNA (tRNA) and ribosomal RNA (rRNA) are produced.
The genetic information transferred to mMRNA now determines the sequence
of amino acids of the protein which will be synthesized. Nucleotides of
MRNA are read sequentially, three at a time. Each such triplet or codon
is translated into one particular amino acid in the growing protein chain
through the genetic code (table 3.1). The synthesis of proteins occurs in
ribosomes with the aid of transfer RNA. Ribosomes are composed of TRNA

Table 3.1
The genetic code.
First position Second position Third position
L C A G
U Phe Ser Tyr Cws U
Phe Ser Tyr Cvs C
Leu Ser M5 NS M
Leu Ser M5 Trp G
C Leu Pro His Arg u
Leu Pro His Arg C
Leu Pro GIn Arg A
Leu Pro GIn Arg G
A Ile Thr Asn Ser 1
lle Thr Asn Ser C
lle Thr Lys Arg M
Met Thr Lys Arg G
G vd Ala Aap Gly ]
Va Ala Asp Gly C
val Ala Glu Gily M
val Ala Glu Gily G

NS: Nonsense or chain terminating codon.
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and proteins. Thereforc, any of thec mutations which are recognized as
morphological or physiological changes must be due to sonic change of
DNA molecules.

3.2 Types of changesin DNA

There arc four basic types of changes in DNA. They are replacement of a
nucleotide by another (fig. 3.1b), deletion of nucleotides (fig. 3.1c), addition
of nucleotides (fig. 3.1d), and inversion of nucleotides (fig. 3.1e). Addition,
deletion, and inversion may occur with one or more nucleotides as a unit.
Addition and deletion may shift the reading frames of the nucleotide
sequence. I n this case they are called frameshift mutation. Replacements of
nucleotides can be divided into two different classes, i.e. transition and
transversion (Freese, 1959). Transition isthe replacement of apurine (adenine
or guanine) by another purine or of a pyrimidine (thymine or cytosine) by
another pyrimidine. Other types of nucleotide substitutions are called
transversion.

The first molecular model for the origin of spontaneous mutations was
proposed by Watson and Crick (1953). The four nucleotide bases can form a

(& Wwild type TGG ATA AAC GAC
Thr  Tyr Leu Leu

(b) Replacement TGG AGA AAC GAC
Thr Ser Leu Leu

!
(c) Deletion TGG AAA ACG AC-

Thr  Phe Cys —

(d) Addition TGG ATG AAA CGA C--
Thr  Tyr Phe Ala
! 1
(e) Inversion TGG AAA TAC GAC

Thr Phe Met Leu

Fig. 3.1. Anillustration of thefour basic types of changes in DNA. The base sequence is
represented in units of codons or nucleotide triplets in order to show how the amino acids
coded for are changed by the nucleotide changes.
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tautomeric shift of a hydrogen atom with a small probability and make a
pairing mistake. For example, adenine may pair with cytosine instead of
thymine. This type of mispairing almost always occurs between a purine
and a 'wrong pyrimidine' or a pyrimidine and a 'wrong purin€'. If these
mispairings occur at the time of DNA replication, mutations may arise.
Namely, if a base of the template strand of DNA is in the state of shifted
tautomery at the moment that the growing end of the complementary new
strand reaches it, a wrong nucleotide can be added to the growing end.
Similarly, if the base of a nucleotide triphosphate is in the shifted state, it
may be added to the growing end of a new strand. These events will always
give rise to transition mutations. Freese (1959) extended this model and
suggested that transversions may arise by a similar mechanism when errors
of pairing occur between two purines or two pyrimidines. His data on
mutations in phage T4 indicate that transversions are more frequent than
transitions. Vogel (1972) studied the frequencies of transitions and trans-
versions in abnormal hemoglobins in man. He concluded that transitions
are more frequent than expected under the assumption that nucleotide
replacements occur at random, though the absolute frequency of trans-
versionsis higher than that of transitions.

The above model explains only replacement mutations. There are several
other models which can explain deletion, addition, and inversion as well as
replacement, but none of them has been confirmed experimentally. A large
part of deletion, insertion, and frameshift, however, seems to be due to
unequal crossing over. Magni (1969) has shown that the rate of frameshift
mutations at meiosis is about 30 times higher than that at mitosis in yeast,
while the rate of missense and nonsense mutations is almost the same for
both meiotic and mitotic divisions.

3.3 Mutations and amino acid substitutions

The genes or segments of DNA molecules that act as templates of mRNA’s
are caled structural genes. Since the amino acid sequence in a polypeptide
is determined by the nucleotide sequence of a structural gene, any changein
amino acid sequences is caused by the mutation occurring in DNA. On the
other hand, a mutational change of DNA is not necessarily reflected in
change of amino acid sequence. This is because there is degeneracy in the
genetic code (synonymy of codes). For example, both ATA and ATG codons
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of DNA (UAU and UAC codons of mRNA, respectively) code for tyrosine,
so that the change of A to G in the third base of ATA codon does not
produce any effect on the amino acid sequence (cf. table 3.1).

The genetic code for mRNA is given in table 3.1. There are 64 different
codons but only 20 different amino acids are coded. The three nonsense
codons in table 3.1 are those at which the amino acid sequence of a poly-
peptide is terminated. A mutation which results in one of these three
nonsense codonsis called a nonsense mutation, while a mutational change of
one amino acid codon to another amino acid codon is called a missense
mutation.

Let us now determine the percentage of nucleotide replacementsin DNA
that can be detected by amino acid changes by using the genetic code table.
For this purpose, we need the following assumptions. 1) The 64 different
codons are equally frequent in the genome of an organism. 2) The probability
of nucleotide replacement is the same for all bases of DNA. The validity of
these assumptions will be discussed later. Under the present assumptions the
relative frequency of the substitution of one amino acid by another is
proportional to the possible number of single-base-replacements that give
rise to the amino acid substitution. Table 3.2 shows the relative frequencies
of various amino acid substitutions thus obtained, including nonsense
codons. There are 549 (= 576 — 27) possible mutations from 61 different
amino acid codons. Of these, 415 result in amino acid substitutions or in
nonsense mutations. Therefore, about 76 percent of nucleotide substitutions
can be detected by examining amino acid changes. In other words, about
24 percent of nucleotide substitutions result in synonymous codons, so that
they do not affect theamino acid sequence of a polypeptide at all. I n theabove
computation al nonsense mutations were included. There are 23 possible
mutations that result in nonsense codons. Therefore, if these are excluded,
the probability that a nucleotide substitution results in the substitution of
one amino acid by another is0.714.

All the computations made above depend on the two assumptions men-
tioned earlier. The first assumption that the 64 different codons are equally
frequent in the genome of an organism presupposes that the frequencies of
thefour nucleotides A, T, G, and C, are equally frequent. Namely, the G-C
content (relative frequency of G and C) must be 50 percent. In redlity, the
G-C content greatly varies with organism (Sueoka, 1962). In vertcbrates,
however, the G-C content is remarkably constant and ranges only from 40
to 44 percent. Kimura (1968b) studied the frequencies of various codons
expected under random combination of nucleotides, noting that the relative



Mutations ase antitte acid substitutions 25

frequencies of A, T, G, and C in vertebrates are roughly 0.285, 0.285, 0.215,
and 0.215, respectively. The comparison of the expected and observed
frequencies of amino acidsin proteins has shown that the agreement between
the two is quite satisfactory as a crude approximation. He then computed
the probability that a mutation issynonymous. It was0.23. Thisvalueisvery
close to our previous estimate, 0.24. Therefore, at least in vertebrates, the
first assumption appears to hold approximately.

The second assumption that the probability of nucleotide replacement is
the same for all bases also does not appear to be true, strictly speaking.
Benzer (1955) hasshown that thedifferencesin mutation rate amongdifferent
nucleotide sitesin the r-Tl gene of phage T4 are enormous, although most of
the mutations he studied are conditional lethals and exclude neutral or
advantageous mutations. Data on the amino acid substitutions in the
evolutionary process also indicate that the probability of nucleotide replace-
ment is not the same for all DNA bases (ch. 8). Nevertheless, our result
about the probability of synonymous mutation seems to be roughly correct
if we exclude those codons at which nucleotide replacement rarely occurs.

Amino acid sequencing requires a large quantity of purified protein,
which is not always easy to obtain. A quick method of detecting amino
acid substitution in a protein is to examine the electrophoretic mobility of
protein in a gel. This method is now being used extensively in detecting
protein variations in natural populations. The electrophoretic mobility of a
protein is largely determined by the net charge of the protein. Let us now
determine the probability that an amino acid substitution results in a net

Table 3.3

Relative frequencies of amino acid substitutions resulting in a charge change of a protein.
From Nei and Chakraborty (1973).

Charge n— 4+ + - n n — — = n + + - - > + Total
change*

Theoretical®®  0.1072 D107 0.0510 00510 (n.0Kx51 (.0051 (3266
Empiricalt 00519 0,357 0.0EZ3 00671 00177 {0, D000 02747

* n, +, and — refer to 'neutral’, 'positive,, and 'negative, respectively.
** Obtained from the genetic code table; the total number of base changes which giverise
to amino acid substitutions is 392.

t Obtained from the empirical data on amino acid substitutions (Dayhoff, 1969); the
total number of amino acid substitutions used is 790.
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charge change of a protein. At the ordinary pH value at which electro-
phoresis is conducted, lysine and arginine are positively charged, while
aspartic acid and glutamic acid are negatively charged. Other amino acids
are all neutral. From table 3.2, we can compute the expected relative fre-
guenciesof various types of charge changes of a protein. The results obtained
are given in table 3.3, together with the empirical frequencies which have
occurred in such proteins as hemoglobin, cytochrome ¢, myoglobin, virus
coat protein, etc., in the actual evolutionary process. It is seen that the total
probability of charge change of protein is roughly 0.25 ~ 0.3. In the study
of evolution or protein polymorphism the empirical value would be more
meaningful than the theoretical. In this book we shall use 0.25 as the
detectability of protein differences. It must be kept in mind, however, that
electrophoretic mobility of a protein is also affected by its tertiary structure,
the location of charged amino acidsin protein sequences, etc. Therefore, the
above estimate may well be corrected in the future.

Recently, Bernstein et al. (1973) reported that the detectability of protein
differences may be increased by heat treatment of proteins before electro-
phoresis. | n the case of xanthinedehydrogenase in Drosophila thedetectability
was doubled by this method.

3.4 Effects on fitness

The population dynamics of a mutant gene is largely determined by its
effect on the fitness of an individual. Therefore, it isimportant to know the
effect on fitness of each mutant gene or the frequency distribution of fitnesses
of new mutations. Thisisa very difficult task, however, since the fitness of an
individual clearly depends on the environment in which the individual is
placed and, even in a given environment, fitness is composed of many
components, such as viability, mating ability, fertility, etc. Furthermore, to
detect a small effect on fitness, an enormous number of individuals must be
tested. The present estimates of the distributions of fitnessesare largely based
on conjectures and personal preferences. Thus, in a symposium on 'Dar-
winian, Neo-Darwinian, and Non-Darwinian Evolution', Crow (1972), King
(1972), and Bodmer and Cavalli-Sforza (1972) produced several different
hypothetical distributions. One common feature of these distributions is the
highest frequency of neutral or nearly neutral mutations. From a statistical
study of hemoglobin mutations, however, Kimura and Ohta (1973b)
concluded that deleterious mutations are about ten times more frequent



Effects on fitness 27

than neutral or nearly neutral mutations, neglecting synonymous mutations
at the codon levdl.

Strictly speaking, the fitness effect of a mutation should be determined by
a careful population genetics experiment, but some aspects of mutational
effects can be inferred by looking at the molecular structure of genes or
proteins produced. As discussed by Freese (1962), Kimura (1968b), and
King and Jukes (1969), certain classes of mutations seem to be selectively
neutral at the molecular level. The first candidates of such mutations are
synonymous mutations. Although there is some argument against neutrality
of synonymous mutations (Richmond, 1970), the prevalence of such
mutationsin the evolutionary process suggests that they are virtually neutral .
We have shown that the expected frequency of synonymous mutationsis as
high as 24 percent of the total nucleotide replacements. Of course, thisclass
of mutations is expected to have little effect on any phenotypic character,
though they may affect the subsequent course of evolution. The second class
of neutral mutationsis composed of nonfunctional genes. Higher organisms
seem to carry a large number of nonfunctional genes, as will be discussed
later. An obvious example of this class of DNA is that of constitutive
heterochromatin, a large part of which is apparently nonfunctional. Muta-
tions occurring in this type of DNA would be essentially neutral, though
they again have little effect on phenotypic characters.

A certain proportion of the mutations that result in amino acid replace-
ments in proteins could also be selectively neutral. We have seen that the
amino acid sequences of hemoglobin and cytochrome ¢ vary considerably

Table 3.4

Human hemoglobin variants which correspond to mutations that have become incor-
porated into the normal hemoglobins of other species. From King and Jukes (1969).

Position in Residue in human hemoglobin Residue in normal animal
chain Normal Mutant hemoglobin
ald Gly Asp Carp Asp
0i? Gly Aszp Orangutan Asp
98 Asn Lys Rabbit Lys, sheep Lys
atd Asn Asp Carp Asp
o Gly Asp Horse Asp
e Gly Asp Bovine Asp
il Thr Lys Pig Lys, rabbit Lys

s Lys Gilu Pig Glu
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with organism. Namely, different mutations have been fixed in different
organisms. Yet, it has been shown that the cytochromes ¢ from various
organisms arefully interchangeable in in vitro testsof reaction with substrates
(Dickerson, 1971). Although this is not necessarily the proof of neutral or
nearly neutral gene substitutions, it indicates that there are many different
forms of alelesthat arevirtually identical in function. The replacement of an
amino acid by another with similar properties at nonactive sites seems to
result in no disturbance of protein function (Smith, 1968, 1970). In most
proteins there are many such possible amino acid replacements (King and
Jukes, 1969). In recent years a large number of hemoglobin variants have
been discovered in man. Amino acid replacements found in some of these
variants apparently do not disturb the hemoglobin function, since the same
mutations have been fixed in other organisms (table 3.4). (See, however,
the concept of covarionsin ch. 8.)

3.5 Rate of spontaneous mutation

Before the development of molecular genetics, geneticists had established
that the rate of spontaneous mutations per locus is of the order of 10~ per
generation in many higher organisms such as fruitfly, corn, and man. These
estimates were obtained from studies of the changes of morphological or
physiological characters, including lethal mutations. The mutationsidentified
in this way possibly included some small chromosomal aberrations, while
the mutations which do not change the phenotype drastically were not
included. Mutations can now be studied at the molecular level, but still
very little is known about the rate of nucleotide changes per locus.

The mutation rates so far estimated in microorganisms are based on
essentially the same principle as that in higher organisms. That is, mutations
are identified by inability to produce some biochemical substances that are
present in the wild-type strain. For technical reasons, back mutations are
often used to determine the rate of mutation. The mutation rates determined
with microorganisms are considered to be more accurate than those in higher
organismes, because biochemically lesscomplicated characters are used and a
large number of offspring can be tested. Table 3.5 shows some of the esti-
mates of mutation rates in the bacterium Escherichia coli. 1t is clear that the
mutation rate greatly varies with locus. Part of the variation in mutation
rate among loci may be due to the difference in the number of nucleotide
pairs within a gene. Watson (1965) has estimated that the replication error
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Table 3.5

Rates of spontaneous mutation in Escherichia coli. From Ryan (1963).

Phenotypic and genotypic change Mutation rate per cell
division*
Lactose fermentation, lac~ — lac* 2 = T
Phage T1 sensitivity, Tl-s — TIl-r 2 = |08
Histidine requirement, /iis— — /s 4 = j0-#
hist — his- 2 x I-%
Streptomycin sensitivity, str-s — str-d | = 0%
str-d — str-s | = j0-%

* Toconvert theseto a rate per gene would requiredividing by the number of timesa gene
is present per cell, a number of the order of 4.

at the nucleotide level is about 10~ %, If a gene consists of 1000 nucleotide
pairs, this corresponds to a mutation rate of 10~ % per gene per replication.
This estimate is, however, very crude, and the exact rate of mutation per
nucleotide replication remains to be determined.

In recent years a large number of abnormal hemoglobins have been
discovered. The list of abnormal hemoglobins made by Hunt et al. (1972)
includes 47 different kinds of single amino acid substitutions in the a-chain
and 80 different kinds in the f-chain. Almost all of these were detected by
electrophoresis. Theoretically, there are about 900 different kinds of mutants
that result from a single nucleotide replacement in both «- and f-chains. If
only 1/4 of amino acid replacements are detectable by electrophoresis, about
1/5 of the detectable a-chain and 1/3 of the detectable f-chain variants have
been discovered.

Kimura and Ohta(1973b) estimated the mutation rate from the frequency
of these hemoglobin variants. The data used are those of Y anase et al. (1968)
and Iuchi (1968). These authors discovered altogether 44 electrophoretically
different variants of the a- and f-chains represented in 62 individuals in
surveys of about 320,000 individuals. Since these variants are all represented
in heterozygous condition and only one third of the variants are detected
by electrophoresis, the gene frequency of abnormal hemoglobins is estimated
to beabout 3 x 107*, Hanada (see Kimura and Ohta, 1973b) examined the
hemoglobins of the parents of 18 variant individuals and found that two
of the 18 cases are new mutations. Thus, thefraction of new mutationsis1/9.
The mutation rate for the hemoglobin a- and f-chains is then estimated to
be 3.3 x 107 % Since the a- and B-chains consist of 141 and 146 amino acids,
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respectively, the mutation rate per codon becomes 107 per generation.
Furthermore, if we note that the probability of a nucleotide replacement
resulting in amino acid replacement is about 3/4 and there are three nucle-
otidesin acodon, the mutation rate per nucleotide per generation isestimated
to be 4.4 x 1075 Human germ cdlls divide about 50 times before gametes
are produced. Thus, the mutation rate per cdl division is close to Watson's
estimate.

It should be noted, however, that Kimura's estimate is based on only two
confirmed new mutations. Therefore, his estimate may wel change in the
future. Recently, Neel (1973) estimated the rate for electrophoretically detect-
able mutationsin enzymatic genesis 10~ per locus per generation from the
bal ance between mutation and loss of allelesin the Y anomamaand Makirite
populations of American Indians. It is the same order of magnitude as
Kimura's estimate. However, Neel’s estimate may be a gross overestimate
if thereis migration between the Y anomama-Makirite and their neighboring
populations. It is also known that the estimate obtained by his method is
subject to a large standard error even if there is no migration.

If a mutation resultsin malfunctioning of a protein or RNA, the mutation
will be eliminated from the population rather quickly. A maority of muta-
tions seem to be of this type. On the other hand, if a mutation does not

Table 3.6

Rates of amino acid substitutions (accepted point mutations) per residue per 10? years in
certain proteins. From McLaughlin and Dayhoff (1972).

Proteins Rate Proteins Rate
Fibrinopeptides 0.0 Pancreatic secretory L.1
trypsin inhibitor
Growth hormone 7 Animal lysozyme 1.0
Pancreatic ribonuclease 13 Gastrin 0.8
Immunoglobulins 1.2 Melanotropin beta 0.7
Kappa-chain C region 30 Myelin membrane 0.7
Kappa-chain V regions 1.3 cncephalitogenic protein
Gamma-chain C regions 1.1 Trypsinogen 0.5
Lambda-chain C region 27 Insulin 0.4
Lactalbumin 25 Cytochrome ¢ 0.3
Hemoglobin chains |.4 Glyceraldehyde 3-PO4 0.2
dehydrogenasc

Myaoglobin 1.3 Histone 1V 0,06
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alfect the function of the protein or RNA produced or improve it, the
mutant cistron may increase in frequency in the population and finally
substitute the original type. DayhofT et al. (1972a) called such mutations
accepted point muiations, |1f substitution of genes in populations occurs
maostly by random genetic drift, it can be shown that the rate of gene sub-
stitution per unit length of time isequal tothe mutation rate (ch. 5). Therefore,
if we assume that the majority of accepted point mutations are selectively
neutral, the mutation rate can beestimated rom the rate of gene substitution
or amino acid substitution in proteins.

The rate of amino acid substitutions in evolution has been studied for
a number of proteins. Table 3.6 shows the rates of amino acid substitutions
per residue for the proteins so far studied. As will be seen in ch. 8, the rate
of amino acid substitution is roughly constant per year rather than per
generation. Therefore, the rates in table 3.6 are given in terms of chrono-
logical time. It is seen that the rate varies considerably with protein or
polypeptide, the highest rate (fibrinopeptides) being more than 1000 times
higher than the lowest rate (histone 1V). This variation is believed to reflect
the constraints in amino acid sequence of proteins (ch. 8). Histone IV
seemsto requireavery rigid amino acid sequence to be functional and many
amino acid substitutions presumably result in deleterious effects. We have
estimated the average mutation rate for a human hemoglobin codon to be
1077 per generation. If the average generation time in the past is 20 years,
this correspondsto 5 x 10~ ° per codon per year. Thisis the same order of
magnitude as the rate of amino acid substitution for fibrinopeptides. This
suggests that the majority of the mutations occurring in the fibrinopeptide
cistron are selectively neutral. This problem will be discussed further (ch. 8).

Thereader may wonder why the rate of acceptable point mutations should
be constant per year, while classical genetics has established a constancy of
mutation rate per generation. The explanation seems to be that the type
of mutations studied in classical geneticsis different from the evolutionarily
acceptable point mutations. In classical genetics, the rate of mutations was
measured mostly by using deleterious mutations. It is possiblethat a majority
of these mutations are due to deletion, insertion, or frameshift at the
molecular level or larger chromosomal aberration (mostly deletions). In fact,
Magni (1969) showed in yeast that a majority of mutations are frameshifts
occurring at meiosis. Muller (1959) also showed that a majority of lethal
mutations in Drosophila occur at the meiotic stage. Then, we would expect
that the rate of deleterious mutations is constant per generation rather than
per year. On the other hand, the evolutionarily acceptable mutations appear
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Table 3.7
Relation of mutation rate to rate of cel divison. From Novick and Szilard (1950).

Generation Rate of mutation Rate of mutation
time, hours per generation per hour
2 25 « 108 .25 = 10-®
i T.5 = 102 1.25 = 10-%
12 150 = 10—* .25 =« J0*

to be a small fraction of the total mutation and occur almost at any time.
In classical genetics these mutations were almost never measured.

In microorganisms there is evidence that the rate of nondeleterious
mutations depends largely on chronological time rather than generation
time. In a chemostat experiment of Escherichia coli, Novick and Szilard
(1950) showed that the rate of mutations from the wild-type to the phage-
resistant type is proportional to chronological time (table 3.7). Nevertheless,
there is some evidence that replication of genes is required for mutation
(Ryan, 1963).

Table 3.8

Numbers of subunits and subunit molecular weights of proteins and enzymes. Modified
from Darnall and Klotz (1972).

Protein No. of Subunit Protein No. of  Subunit
subunits MW subunits MW
Acid phosphatase 2 42,000 Lactate 4 35,000
dehydrogenase
Alcohol 2 41 W Leucine 4 63,500
dehydrogenase amino-peptidase
Alkaline 2 40,000 Peptidase-A 2 46,000
phosphatase
Catalase 4 57,000 Peptidase-B I S 000
Ceruloplasmin 8 [ &0 Peptidase-C I 64, ()
G6PD 4 50,0400 Peptidase-D 2 50,000
Glutathione 2 56,000 Phosphoglucose 2 6ol 00K
reductasc isomerase
Group specific r. 25,000 Pyruvate kinase 4 57,200
Haptoglobin < o= 9 100 6PGD . 0
g = 36,000

Hemoglobin 5,000 Transferrin 77,000
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It is often required to know the mutation rate per locus or per cistron,
since the unit of gene function is generally 'cistron’ corresponding to 'poly-
peptide’. If we assume neutral mutations, this value can be obtained by
multiplying the rate of amino acid substitution in table 3.6 by the total
number of codons per polypeptide. We shall use this method to estimate the
average mutation rate for enzymes and proteins which are often used in
population genetics. These enzymes and proteins are generally larger than
the proteins given in table 3.6 and the amino acid sequences are not known.
A list of the molecular weights for the subunit polypeptides for commonly
used proteins and enzymes in population genetics is given in table 3.8. The
average molecular weight of the polypeptides is 44,657. Since the average
molecular weight of an amino acid is 110 (Smith, 1966), the number of
codons per cistron is estimated to be about 400. On the other hand, the
mean and the median of the rate of amino acid substitution per codon for the
proteinsin table 3.6 are 1.8 x 10~ % and 1 x 10~ % respectively. We shall
use the median, since the number of proteins examined is still small.
Therefore, the rate of amino acid substitutions per polypeptide is estimated
to be 4 x 10-7 per year, which isequal to the neutral mutation rate under
the assumption we made. Note that this does not include deleterious muta-
tions which would never be fixed in the population.

In population genetics mutant alleles are often detected by electrophoresis
of the protein produced. As mentioned earlier, however, electrophoresis can
detect only about a quarter of the total mutations. Therefore, the rate of
electrophoretically detectable mutations is estimated to be 10~ 7 per locus
on the average. Kimura and Ohta (1971a) have reached the same estimate
in a glightly different way.

Recently, Tobari and Kojima (1972) studied the mutation rate for ten
enzyme loci (a-glycerophosphate dehydrogenase, malate dehydrogenase-1,
alcohol dehydrogenase, isocitrate dehydrogenase, esterase-6, adult alkaline
phosphatase, esterase-c, octanol dehydrogenase, xanthine dehydrogenase,
aldehyde oxidase) in Drosophila melanogaster. They found three electro-
phoretically detectable mutations, but two of them did not follow simple
Mendelian inheritance. Their estimate of mutation rate, based on the three
mutants, was 4.5 x 107" per locus per generation. Thisis not unreasonable
if it includes deleterious mutations. Mukai (personal communication) is
also conducting an experiment to estimate the mutation rate for enzyme loci
in D. melanogaster. So far he has observed a single mutant and estimates
that the rate of electrophoretically detectable mutations is about 10~ ° per
locus per generation.
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Clearly, more studies should be made to determine the mutation rate for
enzyme loci. Without reliable estimates of mutation rate, it is difficult to
understand the mechanism of maintenance of genetic variability as well as of

evolutionary change of populations.
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CHAPTER 4

Natural selection and its effects

4.1 Natural selection and mathematical models

In population genetics natural selection means the differential rates of re-
production among different genotypes. Thus, when viability and fertility
arethe samefor all genotypes, thereis no natural selection. Natural selection
is an important factor that causes adaptive change of populations. It is well
known that most organisms are adapted amazingly wel to the environment
in which they live. It is, therefore, very important to know how natural
selection operates in nature. On the other hand, populations or organisms
sometimes change nonadaptively primarily because of stochastic elements
in gene frequency changes. In the present section, we shall study the modes
and effects of natural selection, using deterministic models. Stochastic
changes of gene frequencies will be discussed in the next chapter.

Natural selectionisan extremely complicated biological process. Themode
of selection depends on many physical and biological factors. The selective
advantage of a genotype over another may depend on temperature, popula-
tion density, availability of resource, predation by other species, and many
other factors, which need not remain constant from time to time in nature.
It would suffice to give one example to show how the real process of selection
is affected by environmental or ecological factors. In fig. 4.1 are shown the
adult survivorships of the three genotypes +/+, +/b, and b/b of the flour
beetle (Tribolium castaneum) in pure and mixed cultures, where b stands for
the black gene. There are four different levels of population density. In pure
culture the survivorship is not much affected by density. Particularly, the
wild-type genotype +/+ has about 73 percent in all densities. In mixed
culture, however, the survivorship is affected not only by density but also
by genotype frequency. For example, the survivorship of +/% islow when
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Fig. 4.1. Adult survivorships expressed as percentages of egg input for four densities and

three gene frequencies in Tribolium castaneum. Leftmost column represents the results of

rearing the beetlesin pure culture. White bars represent the +/+ genotype, gray bars -+ /b,

and black bars b/b. The densities 5/g, etc., denote five beetles per gram of medium, etc.
From Sokal and Karten (1964).

the frequency of this genotypeis high but becomes higher when the frequency
decreases. Here, clearly 'minority advantage' is observed.

Another factor which complicates the mode of natural selection is the
presence of a large number of loci segregating in a population and the inter-
action of these loci in the process of natural selection. Natural selection
operates among individuals rather than among genes, as stressed by Wright
(1931). Therefore, if a large number of interacting loci are involved, the
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description of the process of natural selection becomes enormously com-
plicated. In order to develop a scientific theory of natural selection, however,
we must abstract from nature some important factors and then make a
model of selection. The model is always unrealistic in some respects. If the
model is as complex as the real situation in a specific case, it is no longer a
model. It lacks the generality that is required for a model. Nevertheless, a
model must be able adequately to describe the process under study. Our
ultimate aim is to understand the biological principles that underlie the
processes of genetic change of populations. |If the model does not give any
insight into the actual genetic processes, it is useless.

In the present chapter we shall first discuss the growth and regulation of
populations and then some basic mathematical models of natural selection.

4.2 Growth and regulation of populations
4.2.1 Continuous time model

1) Exponential growth
When abundant resource and space are available, a population of organisms
increases exponentially. Let N, be the number of individuals at time t, and
assumethat in an infinitesimal time interval At afraction a-1r of the popula-
tion produce an offspring and a fraction b4t die. The change in population
size during thisinterval is

AN, = (a — BN Ar. 4.1)
Putting At — 0, we have

d';:l' = mN,, (4.2}
where m isa — b. Solution of the above formula gives
N, = Nge™. (4.3)
In population genetics m is called the Malthusian parameter.
2) Logistic growth
In reality, resource and space are always limited, so that a population cannot

grow exponentially forever. In this case the differential equation (4.2) may
be changed in the following way.
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dN
';tr—r = .'H.""",U == jrt_lﬂ'l'.rjll {4,*1}

where f(N,) is a function of N,. A simple form of f(¥,) is N,/K, where K
IS a positive constant. In this case population size increases if N, < K,
whereasit decreasesif N, == K. Therefore, population sizeeventually becomes
equal to K. K is often called the carrying capacity of the environment, while
N,/K is called the Verhulst—Pearl factor. Equation (4.4) can then be in-
tegrated and we have

. K

1+ cpe™™
wherec, = (K — Ny)/N,. The above equation is called thelogistic equation.
There are many data which support the approximate validity of the logistic

equation (Lotka, 1956). However, the biological interpretation of f(N,) =
N,/K varies considerably in individual cases.

N, (4.5)

4.2.2 Discrete generation model

1) Geometric growth
In the study of natural selection, it is often convenient to use discrete
generation models rather than continuous time models. The former give a
deeper insight into the process of natural selection than the latter. Let N,
be the number of adult individuals at generation t. We designate by k and v
the fertility and viability of an individual. The reproductive value is then
given by W = kv. Theformulae equivalent to (4.2) and (4.3) inthecontinuous
time model are given by

AN, = N,., — N,
= (W= DN, (4.6)
and
N, = WN,, (4.7)
respectively. In population genetics W is called the Wrightian fitness in

contrast to the Malthusian parameter.

2) Logistic growth
We can incorporate into (4.6) a population-regulating factor /(N,) = N,/K
asin (4.4). It becomes
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W— 1
AN, = = — (K = N)N,. (4.8)

Mathematically, N, does not necessarily converge to its equilibrium value,
K (Maynard Smith, 1968a). In fact, if W > 3, the population size may diverge
with oscillation; if 1 < W < 2, it approaches K without oscillation; and if
2 <= W = 3, it converges to K with oscillation. Therefore, only when | = W <=
2, the population sizeincreases logistically. However, thisinterpretation does
not have much biological meaning. In practice, N, would rarely become
larger than K, since K is the carrying capacity by definition. For example, if
the number of adult individuals is limited by the number of territories, N,
will never belarger than K, even if the number of young exceeds K. The same
situation would occur if N, isdetermined by the amount of resourceavailable.
Thus, the applicability of (4.8) should be restricted to the range of N, < K.
If N, reaches K, then N, should remain constant. Namely, evenif W = 2, no
oscillation will occur in practice.

In population or evolutionary genetics long-term changes of gene fre-
guencies are important, so that in most cases the population size can be
assumed to be constant. In this book we will be mostly concerned with the
genetic change of a population rather than the change of population size.
The genetic change of a population is a slow process, so that short-term
fluctuations in population size are unimportant.

4.3 Natural selection with constant fitness

Adaptive change of a population occursby substitution of moreadvantageous
genesfor existing ones. The process of gene substitution isgeneirally slow and
best described by the change of gene frequency in population. Advan-
tageousness of a gene depends on whether the gene increases the fitness of
the genotype that carries the genein heterozygous or homozygous condition.
Fitness is measured in terms of the number of offspring an individual
produces. Since the size of a natural population ismore or lessconstant in an
ordinary circumstance, it is often convenient to measure fitness in terms of
the relative number of offspring among different genotypes.

In the classical theory of natural selection as developed by Haldane
(1924a, b and 19264, b), Fisher (1930), and Wright (1931), it is customary to
assign a constant value of relative fitness for each genotype irrespective of
population size. Namely, in this theory popul ation sizeincreases or decreases
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geometrically and no regulation of population size is taken into account
(section 4.4). Nevertheless, this simple theory is useful for getting a rough
idea about how the genetic structure of population changes by natural
selection. In the following we consider the basic principles of this theory.

Thereare two kinds of models: the continuoustime model and the discrete
generation model. In the continuous time model the fitness of a genotype
is expressed by the Malthusian parameter, while in the discrete time model
it is measured by the Wrightian fitness. When generations are overlapped,
the former is more realistic. However, if the age distribution of the members
of the population remains constant, the gene frequency change can be
described approximately by the discrete generation model (Haldane, 1926b;
Charlesworth, 1970). We shall consider only the discrete time model in this
book. The reader who is interested in the continuous time model may refer
to Crow and Kimura's (1970) book.

4.3.1 Selection with a single locus

Consider a pair of aleles, A, and A,, atalocusin arandomly mating diploid
population. We assume that generations are discrete. Let x, and x, (=
1 — x,) be the relative frequency of genes A, and A, in a generation,
respectively, and designate the fitnesses of the three possible genotypes
AA,,AA,;andA, A, by W,,, W,,,and W,,, respectively. Under random

Table 4.1

Frequenciesand fitnesses of genotypes A141, A14s, and 4242 at a locus.

Genotype A1A41 A1z A242
Frequency x12 2x1x2 xad
Fitness Wi Wiz Waz

mating, the frequencies of the three genotypes before selection follow the
Hardy-Weinberg proportions and become as given in table 4.1. The gene
frequency in the next generation is therefore given by

xy = [3Wy, + (1/2) x 2x,x, W, 1|W
= x,[x, Wi, + ;W /W, (4.9)

where W = x2W,,; + 2x,x.W,, T x¥W,, is the mean fitness of the
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population. The amount of change in genc frequency per generation then
becomes

AX, :Xl — X1

= a1 — w0 (W — W) t (I = x)(Wip — Wi:)I/ W (4.10)
This can also be written

x (1 — x,) dW
W dx,
since dW/dx; = 2[x,(W,, — W) T (1 — x)(W,, — W;:)] (Wright,
1937). From (4.10) or (4.11), it iseasy to sce that AX, dependson therelative
valuesof W, ,, W,,, and W,, and not on the absolute values. Thus, we can
write W, =l W,=1-hand W,; = | —s0cr W =1 —35, W,, =
l,and W,, = 1 — s,. Thequantities’, s, etc., arecalled selection coefficients.
Let us consider some special cases.
1) Semidominant gene (W, =1, W,, =1 — s/2, W,, = 1 — s).

Ax, = (4.11)

AX, = sx,x;/(2W). (4.12)

2) Completely dominant gene (W, , = W, =1, W,, =1 —5s).
AX, = sx x2|W. (4.13)

3) Completely recessivegene (W, = 1, Wi, = Wiy = | — ).
AX, = sxixa/W. (4.14)

4) Overdominantgene (W,, =1 — s, Wy, =1 W,, =1 — s,).
<".1Ji[ EN I['!:E:_"'.i p— 1'\' -+ '|Jl|.~.|':','|‘i'- i'i..l-\.-:.:l

Formulae (4.10)-(4.15) are nonlinear difference equations, so that it is not
easy to solve for the gene frequency in an arbitrary generation, though it is
not impossible (see Haldane and Jayakar, 1963a). Of course, if a high-speed
computer is available, the gene frequency can easily be obtained by recur-
rence formula (4.9), starting from a given initial value. Thus, the entire
process of gene frequency change can be studied. In (4.12)-(4.14) AX, is
always positive as long as s remains positive. Therefore, the frequency of
A, always increases until it is fixed in the population. On the other hand,
Ax,in (4.15) is positive if x, is lessthan £, = s,/(s; T s,) but negative if
x, islarger than 2,. Therefore, the frequency of A, tends to be £, where
Ax, = 0. We shall discuss this problem in more detail |ater.
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If selection coefficients are small, Wis close to 1 and Ax, issmall. In this
case, formula (4.10) can be approximated by
d
:;_ = x(l — O[(W,y — W) + (1 = xHW,z = Was)],  (4.16)
where x = X, and t stands for time in generations. It is easy to solve the
above differential equation.
For a semidominant gene, (4.16) becomes

d 1
d—)i - zsx(l - X), (4.17)
or
dx 1
A—»n 2%
Integrating this equation, we have
t = %Iog, ;(f] ——);0,)’ (4.18)
or
|
Xy = P (4.19)
1 + ' 3] g i
L

where x, istheinitial frequency of x. Therefore, the gene frequency increases
logistically (compare this formula with (4.5)). For the cases of dominant
and recessive genes, we can get similar formulae; in these cases it is more
convenient to use the formulae equivalent to (4.18) rather than to (4.19),
as given in Crow and Kimura’s (1970) book. They become as follows:

For a dominant gene,

1 x{1 — xg) | 1
=3 ['“ llax) T Tom )
For a recessive gene,
1 [ %l _ x;) 1 .
= — ! . - — 1 _2
14 s _|Og, —0(]—___ -!'-r] X, + g?oj’ |."I' I]
0

These formulae are useful when we want to know the number of generations
required for gene frequency to change from a given value to another.
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Generation

Fig. 4.2. Patterns of gene frequency changes for dominant (solid line), semidominant
(broken line), and recessive (dotted line) genes under selection. The initial gene frequency

(x0) is0.01 and the selection coefficient (s) is0.01 in al cases.

In fig. 4.2 the patterns of gene frequency changes for dominant, semi-
dominant, and recessive genes are given, starting frem x, = 0.01. In all
cases s = 0.01 is assumed. The frequency for semidominant genes increases
logistically and reaches 0.999 in about 2000 generations. The frequency of
dominant genes increases rapidly in early generations but the rate of increase
becomes very small in later generations. On the other hand, the gene fre-
guency of recessive genes increases very slowly when it is small but very
rapidly when it is large.

Although the above theory for the change of gene frequency has been
known for almost fifty years, there are surprisingly few data from natural
populationsto support it. Thisis mainly because the gene frequency change
in a population is generally so slow that it is difficult for one person to
describe the whole process in his lifetime. Nevertheless, there are a large
number of laboratory experiments which support the theory. These ex-
periments were mostly conducted with recessive lethal genes in Drosophila

melanogaster, and the agreement between the theory and observations is
quite satisfactory (e.g. Wallace, 1968). On the other hand, the results with
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nonlethal genes are less satisfactory and suggest that the real process of
natural selection is generally more complicated (Merrell, 1965). One such
example will be discussed later.

There appear to be several reasons for the discrepancy between the theory
and observation for nonlethal genes. The following are important. 1) The
assumption of random mating is not necessarily fulfilledin real populations.
2) Although fitness includes fertility as a component, the detailed aspects of
fertility differences between genotypes or mating types are not taken into
account in the above theory (Bodmer, 1965). 3) The above theory is based on
discrete time models, while laboratory populations are often maintained
with overlapping generations. When generations are overlapping, the above
theory is applicable only when the age distribution of the members of the
population isin a stable form. 4) Laboratory populations are sometimes so
small, that random genetic drift obscures the deterministic change of gene
frequency. 5) Linkage and gene interaction may upset the theory, as will be
seen in the following. 6) The assumption of constant fitness does not always
hold.

4.3.2 Sdlection with multiple loci

When two or more loci are considered together, the genetic structure of a
population cannot be described by gene frequencies alone. This is because
the frequency of a chromosome type is not necessarily the product of the
frequencies of the genes involved. A more fundamental parameter in this
case is apparently chromosome frequency rather than gene frequency.

Let us consider two loci each with two alleles, A,, A, and B,, B,. There
are four different types of chromosomes possible with these loci, i.e., A, By,
A.,B,, A,B;,and A, B,. Let X', X,, X3, and X, be the frequencies of these
chromosomes, respectively. The gene frequencies of A,, A,, B,, and B,
are then givenby x, = X, * X,, x, = X; + Xx,,y, = ¥, + Xx;, and
v, = X, T X, respectively. The chromosome frequenciesare not necessarily
given by the products of gene frequencies involved. Namely,

Xi=x+ D (4.22a)
Xs=x,v:— D, (4.22b)
Xy =220 — D, (4.22¢)

X, =x,7; + D, {4.22d)
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where D = X, X, — X,X; is caled linkage disequilibrium. 1t 1S easy to
prove the above equations. For example,

0+ D= (X 4+ XHX; 4+ Xy) + X, X, - XX,

- X,fk, + ‘lb':l -+ :.:3 + a:!'l.q_.:l — I|.

When D = 0 in a population, this population is said to be in linkage
equilibrium. Only in this case can the chromosome frequencies be expressed
as the products of gene frequencies.

With two loci each with two alleles, there are nine possible genotypes.
Thefrequenciesof these genotypes under random mating can be obtained by
expanding (X,4,B, + X,A,B, t X;4,B, T X,4.8,)*. They are given
in table 4.2, together with genotype fitnesses.

Table 4.2

Frequencies and fitnesses of nine possible genotypesfor two loci each with two aleles.

Apdy Ards Azds
B1B; Frequency X2 XX Xa®
Fitness Wi Wis Wss
B1B: Frequency 2X1X> X1 Xy + XeX9)* 2XsX4
Fitness Wi Wis = Woes W1
B:B> Frequency Xed 2X: X4 Xé
Fitness w22 Waa W44

* The double heterozygotes are composed of coupling {418:/428:) and repulsion
i{A182/4:81) genotypes. The frequencies of Al A28 and A1 Ba/A: B are2X 1 .Xs and
2X2X3, respectively.

In the absence of selection the chromosome frequencies in the next
generation can be obtained in the following way. We first note that there
are two ways in which chromosome 4, B, in generation t + 1 is produced
from the genotypesin generation t. First, it may be derived from genotypes
AB,/-- without recombination, where notation - refers to an arbitrary
alele at the specified locus. The probability of thiseventis1 — r, wherer
Is the recombination value between the two loci. Second, the 4, B, chromo-
some may be a product of recombination in genotypes A4 ;-/-8;. The proba-
bility of this event is r. The frequency of genotypes 4,-/-B, is of course
x.¥:. Since the gene frequencies in a large random mating population
remain constant in all generations, we have
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XUt = (1 = XY + rx,p,. (4.23a)
Similarly,

X4t = (1 = XY + rxyy,, (4.23b)

X{D =1 - XY + rxyy4 (4.23c)

XP =@ - nxiP + rx,p,. (4.23d)

If we note that x,»;, = (X, T X,)(X; T X3) = x,(0 - x,) + ¥.x,,
X vy = (X, + XX, + X)) = X(1 - X3) + X,X,, etc., the above
expressions can also be written as

X{*Y = X1 = rp™, (4.24a)
XPH0 = X0 4 D%, (4.24b)
Xt = X9 4+ o, (4.24¢)
XU*H = x8 — D", (4.24d)

where D" is X1xl0 — yiX, From (4.22a), we have X = x,y, T D®
and X{*1 = x,p, + DUT 1 Putting these into (4.24a), we have

n“—.l_l - {I. _ r}ﬂ‘ll:l,
or
D = (1 — ryp'®, (4.25)

where D! is the initial value of linkage disequilibrium. Therefore, linkage
disequilibrium declines at a rate of r per generation under random mating.
If rissmall, it will take some time for linkage disequilibrium to be close
to 0. Nevertheless, we would expect that in a single random mating popul a-
tion in nature aleles at different loci are generally combined at random unless
the recombination value is very small or some sort of strong natural selection
operates. Tf, however, there is migration between different populations,
linkage disequilibrium may be temporarily developed even between neutral
loci (Cavalli-Sforza and Bodmer, 1971; Nei and Li, 1973).

Let us now consider the effect of natural selection. It is not difficult to
obtain the chromosome frequencies in the next generation from table 4.2.
The frequency of 4B, isgiven by
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X; = [Xiw,, X Wa X, X0WL T X X0 - )+ X, w W
= [X, W, — rW,D][W, (4.26a)
whee W, = X, w,, + x,w,, + x,w,, + x,w,,, and
W= X3W,, T 2X X, W, T 2X X, W, +2X,X, t X,X) W,

+ X3W,, + 2X X Way + X2W,, + 2X, X Woe + X2IW,,.

Similarly, the frequenciesof 4,B,, 4,B,, and 4,B, in the next generation
are given by

X, = [X;W; + rW, D)W, (4.26b)
Xy = [X.W, + rW D]/, (4.26c)
Xy = [X W, — rW,,D]/W, (4.26d)

where

W, = X Wy + X, Way + X3Woy + XAuWy,
Wy = X Wiy + X Wy + X3 W5, + X W,

H__r4 = X|H"r4| 4= X:w_q_z + ..'.'J.'} ;J_ -+ XJH"I._I__...

The amounts of changes of chromosome frequencies per generation are
therefore given by

AX, = X, - X,

= [X (W, - W) — rW, D)W, (4.27a)
AX; = [X,(W, — W) + rW, D]/, (4.27h)
AX, = [Xs(Wy — W) T riW, DWW, (4.27c)
AX, = [X (W, — W) — rW, D)W, (4.27d)

These formulae are due to Lewontin and Kojima (1960), but the equivalent
formulae had been obtained earlier by Kimura (1956) using a continuous
time model.

The above expressions are simultaneous nonlinear difference equations,
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and the general solutions are not available. However, if we use a computer,
the chromosome frequencies after an arbitrary number of generations can
easily be obtained by using formulae (4.26). The patterns of chromosome
frequency changes by natural selection vary greatly with genotype fitness,
recombination value, and initial linkage disequilibrium. If there is no gene
interaction between loci and the initial linkage disequilibrium is O, the
chromosome frequencies are approximately given by the products of gene
frequencies, and the gene frequency at a locus changes independently of the
gene frequency at the other locus. Namely, the linkage disequilibrium is
approximately 0 even if gene frequencies are changing.

The departure of chromosome frequencies from linkage equilibrium can
be measured in another way. Namely,

Z =X, X, MX:X,), (4.28)
which is related to D by
Z=1+ Di(X.X,) (4.29)
The natural logarithm of Z,
log. £ = log. X, — log. X, — log. X3 + log.X,,

has the same sign as that of D. If D is0, log.Z is also 0. If the amounts of
changes in chromosome frequencies per generation are small, we have
AZ _ AX 4X, 4%, | ax

dlogZ = - -5~ " T, X, X,

(4.30)

approximately. (Mathematically, the above formula does not hold when the
effect of the second and higher order terms of chromosome frequency
changesislarge. In practice, however, if the two loci areloosely linked with
weak geneinteraction, it seems to be a good approximation (Kimura, 1965).)
Substituting 4X; (i = 1, ..., 4) into the above expression, we have

f | 1 1 )

ﬁ:"“ |'|:|ng = H"r] — H"IIE — FFJ I' I'!"r_ll = F L'I:"I.|_-|_JI.-:I t—x'l - + _‘EE . + —d?3 + d!...'_.'.q—l

= E — rW,,DX, (4.51)

where E= W, — W, — Wy t W,and X = ¥, X;'. Since W, is the
average fitness of the i-th chromosome, E measures the effect of gene
interaction or epistasis on fitness. If E = 0, there is no epistasis.

In the case of E = 0, (4.31) reduces to
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WAlog Z = — rW, DX, (4.32)

Since W, W,,, and X areal positiveand Z = 1 + D/(X,X,), log.Z and [
decrease if D is positive but increase if D is negative, unless r is(. Therefore,
D eventually becomes 0. Namely, if there is no epistasis, the linkage dis-
equilibrium becomes 0.

If there is epistasis, the change in log.Z is determined by E — rW ,DX.
If E = 0, log.Z and D will increase whenever D is negative or zero. If £ <= O,
they will decrease whenever D is positive or zero. Thus, D tends to have the
same sign as E (Felsenstein, 1965). Note, however, that E is not constant
when chromosome frequencies are changing in the presence of epistasis.
Kimura (1965) showed that if r islarger than |£], Z rapidly tends toward a
value which is relatively stable even if gene frequencies are changing. He
called this state quasi-linkage equilibrium. For the properties of this quantity,
see Kimura (1965), Feldman and Crow (1970), and Nagylaki (1974).

From the above discussion, it is clear that in a large random mating
population linkage disequilibrium is created only by epistatic selection,
neglecting the small disequilibrium produced by the second order effect of
gene frequency changes (Nei, 1963).

An important aspect of linkage disequilibrium is that the gene frequency
change at a locus may be affected by selection at a second locus which is
closaly linked with the locus under study. In genera it is not known what
kind of selection is operating at closely linked loci. If there is linkage dis-
equilibrium between two loci and one of these is subject to natural selection,
the gene frequency at the other locus may change even if there is no selection
at all at thislocus. Thiswould happen particularly in laboratory experiments
in which the initial chromosome frequencies are artificially set up.

One possible example is given in fig. 4.3, where the frequency change of
allele Fat the esterase 6 locus in Drosophila mefanogaster 1S compared with
a result of computer simulation. In this simulation the esterase locus is
assumed to be neutral but linked with a second locus which is subject to
overdominant selection. The recombination value between the two loci is
0.15. The esterase 6 locus has two aleles Fand S, while the second locus is
assumed to have alleles B and 4. The fitnesses of BB, Bb, and bb used are
0.6, 1, and 0.9, so that the equilibrium gene frequency of B is 0.2 (see
formula (4.57)). Theinitial frequencies of chromosomes FB, Fb, SB, and Sh
were 0.2, 0, 0, and 0.8, respectively, in one set (Cage 17) and 0.8, 0, 0, and 0.2
in the other (Cage 18). In the former case thefrequency (y) of allele Bwas0.2
from the beginning, so that there was no change. Consequently, thefrequency
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Fig. 4.3. Frequency changes of the Fallele at the esterase 6 locus in two cage popul ations

of Drosophila melanogaster studied by MacIntyre and Wright (1966) and the results of a

computer simulation (broken lines). I n this computer simulation the esterase 6 locus was

assumed to be neutral but linked with an overdominant locus (B locus). x is the frequency
of the Falele, whiley is the frequency of an dlele at the B locus.

(x) of allele Falso did not changeat al. Inthelatter case, however, the B gene
frequency gradually declined with increasing generation, and the frequency
of the Fallele followed the change of the B gene frequency in early genera-
tions because of linkage, even if this locus was subjected to no selection. It
Isclear that in both cases the frequency change of the Falleleis close to the
experimental result. It should be noted, however, that this is not the only
result of computer simulation which closely mimics the experimental data.
Similar results may be obtained by changing the initial chromosome fre-
guencies and the recombination value, and also by adding some more loci.
In fact, if we consider a number of linked loci, a similar result may be
obtained without the aid of any overdominant loci. This sort of linkage
effect always makes it difficult to interpret experimental data properly.
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44 Competitive selection

So far we have assumed that genotype fitness is constant throughout the
process of gene substitution. The assumption of constant fitnessis, however,
equivalent to assuming that population size increases or decreases geometri-
caly (Feller, 1967; Moran, 1970). Suppose that the absolute fitnesses of
AA, AjA,,and 4,4, aregiven by 1, 1 — s/2,and | — s. Then, the rate of
population growth is given by W — | = — sx, from (4.6). Therefore, if
s = 0, population size aways decreases until x, becomes0, whileif s = 0,
it always increases. Namely, population sizeis directly affected by the gene
under selection. In practice, however, population sizeis generally controlled
by outside factors. It may be determined by the total amount of resource
and space available, irrespective of whether selection occurs or not. This
suggests that a large part of natural selection occurs by competition for
limited resources. The viability of agenotype would below when it competes
with a strong competitor but high when it competes with a weak competitor.
In this case the fitness of a genotype will no longer be constant.

In recent years several authors (e.g., Wright, 1969; Schutz and Usanis,
1969; Anderson, 1971; and Clarke, 1972) developed mathematical models
for this type of selection. In these models genotype fitnesses are expressed
in terms of genotype frequencies and population density. In most of the
models, however, genotype fithesses are not derived as a logical consequence
of basic processesof natural selection but simply given as a plausible model.
An exception is that of Mather (1969), who derived genotype fitnesses as a
consequence of competitive selection. In the following | shall discuss an
extension of this mode by Ne (1971b), who took into account the regulation
of population size. Although this model is simple and surely unredistic in
some respects, it gives an insight into the process of natural selection when
population size remains constant.

We assume that population sizeis controlled by two factors, i.e., ‘intrinsic
rate of reproduction' and '‘competition’. It is known that there is little
correlation between the competitive ability and intrinsic rate of growth or
reproduction (Lewontin, 1955; Lewontin and Matsuo, 1963). Competition
may occur through limitations of resources and space, the latter including
protective shelters against predation or weather factors such as temperature
and humidity.
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4.4.1 Haploid model

Consider a haploid population in which two genotypes, A, and A,, with
respect to a locus, are present. Let n, and n, be the numbers of adult
individuals for genotypes A, and A,, respectively, with N = n,; + n,. The
relative frequencies are then x, = n,/N and x, = n,/N. In the presence of
unlimited resources and space, there will occur no competition, so that the
increase of the number of each genotype will be determined by its intrinsic
rate of reproduction. In this case, the numbers of adult individuals for A,
and A, in the next generation are

”II = “,‘rl  —— ”;'J!I:II'II' Ed.]jil}

fia = Hala = HaKali, I:4.:‘|:'|h}

&

respectively. Here r, and r, are the intrinsic reproductive values of A, and
A ,, respectively. The intrinsic reproductive values are constants determined
by environmental (physical) conditions and can be written as kv’s, where
k’s and v's arefertility and viability, respectively. In the following we assume
for simplicity that k, = k, = k, and selection occurs through viability,
except for a special case.

In nature, however, resources and space are limited, and competition may
occur between individuals for limited resources and space. Suppose
that two or more individuals compete for a unit of food or some other
resource (including space), and one of them succeeds in getting it. The
number of individuals succeeding in a population will then depend on the
number of such units of resource present. Thus, if the level of resource
present issmall compared with thelevel required by thecompetingindividuals
and remains the samefor all generations, the population size as measured by
adult individuals will reach the saturation level and thereafter remain
practically constant. We consider competition at the saturation level, where
kN offspring are produced in each generation and N individuals survive to
the adult stage. Namely, the average survival rate is 1/k. Competition may
occur between individuals of the same genotype as wel as of different geno-
types. Since we have assumed no fertility difference between genotypes, corn-
petition will occur between A, and A, with frequency x? (x, = kn,/(kN) =
n,/N), between A, and A, with frequency 2x,x,, and between A, and A,
with frequency 3.

Suppose that A, has a higher competitive ability than A,, and when they
compete, A, wins with probability (1 T s)/2, while A, wins with probability
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Table4.3

Frequencics of competition occurring between the same and different genotypes and
probabilities of success of the two genotypes in the haploid model.

Compctition Frcquency Probability of success
between Al A2
AirAi X j'-\: |
Ar:ids Jxyxa {1 4+ 52 (1 — W2

Aarda X’ i

(I = s)/2. When competition occurs between two individuals of the same
genotype, one of them wins with probability 1/2. The probability that either
of the two individuals wins is, of course, one. Therefore, we obtain the
probability of success of a genotype in each competitive event as given in
table 4.3. Competition may occur once or many times during the life of an
organism. If we assume that thefitness of an individual is proportional to the
probability of success in competition, then the numbers of adult individuals
in the next generation under purely competitive selection are given by

ny = m(l + s5x;), (4.34a)

ny = ny(l — ). {4.34b)

In the derivation of the above formulae, we used pairwise competition. It
can be shown, however, that the same formulae hold irrespective of the
number of individuals competing for a unit of resource, if each individual
behaves independently. Furthermore, the same formulae are applicable,
even if there are several different niches in the habitat of a population (Nei,
1971Db).

Let us now consider the intermediate stage between the geometric growth
of a population and the saturation level in which only competitive selection
occurs. If population size reaches a certain level, the growth rate gradually
declines. The general pattern of population growth seems to be logistic.
In the present context this suggests that competition occurs even if the
population size is below the saturation level and some amount of resource
remains unutilized. Perhaps an unequal distribution of resource among
individual s causes some of them to compete with each other even if unutilized
resource remains in some other locations of the habitat.

Suppose that competitive selection occurs with a relative frequency of ¢
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and noncompetitive selection occurs with afrequency of 1 — ¢in ageneration.
Then, we have

ny = m [l — ry T el + sx,)], (4.35a)
ny = ny[(1 = ey + e{l — sx,}], (4.35h)

where c is a function of n, and »n,. The simplest form of ¢ would be N/K,
which is identical with the Verhulst—Pearl factor in the logistic equation.
In this case K represents the population size at saturation. If N = K, gene
substitution occurs only through competitive selection. If the population
size increases exponentially until the saturation level is reached, thenc = 0
for N = Kand c = 1for N = K. In this formulation ¢ cannot be larger
than 1. Thisis because K is the maximum number of individuals that can
be sustained by the environment. If population size is larger than K in a
generation, it isimmediately adjusted to K in the next generation.

The Wrightian fitnesses of genotypes A, and A, are obtained by W, =
mfn, and W, = njin,, respectively. Namely,

Wy = (1 - ory T e+ sxy), (4.36a)
W, = (1 = e)r; + e(l — sx,). (4.36h)

From these formulae, we can see that the fitness of a genotype under com-
petitive selection is necessarily dependent on the genotype frequency. It is
also noted that for a given value of c the relative fitness of a genotype is
higher when its frequency islow. Thisis exactly what we have seen for the
wild-type genotype at the black locus of the flour beetle (fig. 4.1). Similar
minority effects have been observed by Harding et al. (1966), Kojima and
Y arbrough (1967), and others, though in Kojima and Y arbrough's case the
mechanism involved seems to be different from ours.

The increases in numbers of individuals per generation for the two geno-
types and the total population are given by

An, = nyfa, — c(a, — sx,)], (4.37a)
Ans = ni[a, — cla, + sx,)], (4.37h)
AN = Na(l - ¢), (4.37¢c)
wherea, =r, — l,a, =r, — |, anda = x,a, T x,a,. Mathematically, we

have to assume 0 = & = 1 to avoid the divergence of population size (see
section 4.1).
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The amount of change in gene frequency of A, per generation (AX,) can
be obtained from (4.37a). It becomes

Ao — xxa[(1 — eWa, — a,) + cs]
L 1+ @-oa

(4.38)

This formula shows that in an unsaturated population x, doesnot necessarily
increase, if the sign of a, — a, is not the same as that of s. However, if
the population size reaches the saturation leve, where ¢ = 1, we have
Ax, = sxX,.

442 ﬂa'lrr."r..l.l'ff model

Consider the three possible genotypes, 4,4, A;4,,and 4,4 ,, for a pair of
dlelesat alocus. Let n, ,, #n,,, and n,, be the numbers of adult individuals
for A,A,, A A,, and A,A4,, respectively, withn,, + n,, * n,, = N. The
relative frequencies are, therefore, X,, = n,;/N, X,3 = n,,/N, and
X,, = n,,/N. We again assume that selection occurs only through viability
and there are no genetic differencesin fertility. We denote by v, ,, v,,, and
v,, the viabilitiesof 4,4, A;4,, and 4,4 ,, respectively, in the presence
of unlimited resources and space, the fertility being k for all genotypes.
Note that X, X;,, and X, do not necessarily follow the Hardy-Weinberg
proportions, but the genotype frequenciesbefore selection do. In the presence
of unlimited resources and space, the numbers of individuals of A,4,,
AA,, and 4,4, in the next generation will be given by

Table4.4

Frequencies of competition occurring between the same and different genotypes and
probabilitiesof successof the three genotypesin the diploid model.

Competition  Frequency Probability of success

between A141 A1As A2As
Avdiidids xt 1
Apdyzdids dxgdry (1 4+ r)y2 (1 512
ApAdzAzAds 3.1.'1!1'!]2 (1 + -'-2]',-'2 U. _rg}_-".!
Ay dardyda dxpixg? 1
AydaidaAdz dx pxad (1 4 5:]."1 (1 — -'F:I_:h'l

Azdz: Az ot 1
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n, = Nxtke,,, (4.39)
nyp = 2Nx Xkt 4, (4.39b)
nhy = Nxikvaa, (4.39¢)

respectively, where x, = X,, + X,,/2 is the gene frequency of A, and
x, =1-X,.

The numbers of the three genotypes under purely competitive selection
can be obtained from table 4.4, where the probabilities of success of the
three genotypes are given. They become

nyy = Nxi(l + 2x,x,8, T x2sy), (4.40a)
.u}: : ﬁ.r_-.-f“ .'l'.fh: 2x,X38,4). (4.40c)

Therefore, the genotype fitnesses of A,A,, A,4,, and 4,4, under purely
competitive selection are W, , = (1 + 2x,x,5, * ads ) W, o= (1 — x%s, T
x2s3), and W,, = (1 — x%s, — 2x,x,s3), respectively, which are again
frequency dependent.

The recurrence equations for n's when both competitive and noncom-
petitive forms of selection operate are rather complicated. But the changes
inthe numbersof genesA, and A, (n, = 2Nx, and n, = 2Nx,, respectively)
and the total population size per generation can be written in the same form
as those for the haploid model. That is,

An, = n,[a, — cla, — §x,)], (4.41a)
Any = nila, — oaa + ix, )], (4.41b)
AN = Na(l = ¢), (4.41c)

where a, = k(x,v,, T x,0,,) = 1, @y = kiv,o,. T %054 — 1, a =
xia, t x,a,,and § = x2s; T x,x,s, T x2s,, respectively. Therefore, the
formulafor theamount of change in gene frequency also takes the sameform
as (4.38) with the parameters defined here. In this case, however, a,, ¢,, and
¥ are not constant but a function of gene frequencies. So the change in gene
frequency in unsaturated populations can be more complicated than that
for the haploid model.
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In saturated populations Ax, can be written as

Ax = xyxy(xis, T oxyxos, T -"-'%"'_-J- (4.42)
In the case of genic selection s; = s5,/2 = 53 = s. Therefore, Ax, = 5x,x,,
which is essentially the same as the formula for constant fitness (4.12), if
s is replaced by s/2. If A, is completcly dominant over A,, s, = 0 and
s, = §3 = S, giving AX, = sx,x3, which isagain similar to (4.13). In the
case of overdominance, however, we get

Axy = xyx(— xis) T xyx55; T xdsy), (4.43)
where s} = — s,. Therefore, only when s, = — s, T s,, Ax, becomes
similar to the formula for constant fitness (4.15). That is, AX, = x x,{s; —
(5] + s3)x, ).

4.4.3 Selection with multiple loci

Sofar we have studied the genefrequency change at asinglelocusin regulated
populations, neglecting all alelesat other loci. In natural populations, how-
ever, there are many loci at which alleles are segregating and population
growth below saturation level would generally be controlled by more than
one locus except in some special cases. The mathematical formulation of
population growth in such cases is very complicated. Fortunately, most
natural populations are more or less constant and their size at equilibrium
appears to be controlled mainly by outside factors rather than the genes
under selection. Thus, the process of natural selection in regulated popula-
tions may be approximated by the model of competitive selection at satura-
tion level discussed above.

In extending the single locus theory to multiple loci, however, some
caution is required. Two different loci, A and B, may control two entirely
different competitive events or the same event. In the former case, the two
genes are clearly independent in function. Thus, the fitness of genotypes,
say, A, B, in haploids, may be given by (1 + s,x,)(1 + szv,), where sub-
scripts A and B refer to loci A and B, respectively, and y, stands for the
frequency of alele B, at the B locus. Namely, the fitness of a genotype may
be given by the products of the fitnesses for the component genotype at each
locus. Therefore, the gene frequency change at one locus is not affected by
that of the other, as long as there is linkage equilibrium.

On the other hand, if the two loci affect the same competitive event, we
must consider competition between all possible pairs of genotypes. If there
arer genotypes, the number of possible genotype combinationsisr(r — 1)/2,
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Table 45

Competitivesalection when two loci are involved in the haploid moddl.

Competition Frequency Probahility of success
between A1B1 A1Bs A2B1 A2Bs

AiBAiB X® |

A s PR ER (1 - zalf2 (1 — sm)fd

Al A:8, 2X1X3 (1 4 sa)/2 (1 = 24)f2

A1l AzBs 2X: Xy 0l + ny2 (1 — ri}

A8 4 8y ..Jlll'aE |

A1BuAsBr 2XuXa (1 + ra)f2 (1 = n)2

A8y A By 2Xe X (1 + 5402 (1 — 247)/2
Ag Byt dally ..Jlf';"s 1

AzB14aHa 2X=Xy (1 + z8')2 (1 — 5732

Aplis:ds By Xyt i

and the number of parameters to be specified for describing all competitive
events rapidly increases with r. Therefore, there are alarge number of ways
in which competitive selection may occur. This suggests that the actual
process of competitive selection in nature may be extremely complicated if
there are a number of loci affecting the same competitive event. In practice,
however, the complete specification of al the parameters is virtualy im-
possible, and to make the mathematical treatment manageable certain
simplifying assumptions must be made. If the gene actions at different loci
are independent, a relatively small number of parameters are required, and
rather simple formulae for the changes of genotype frequencies may be
obtained.

To see this point, let us consider a haploid population in which alleles
A,, A, and B,, B, aresegregatingat loci A and B, respectively. We havefour
genotypes 4,B,, A,B,, A,B;, and 4,B,. Let X,, X,, X3, and X, be the
frequencies of genotypes A,B,, A,B,, A,B,, and A,B, before selection,
respectively. A complete specification of competitive selectionsis given in
table 4.5. In the present case there are four genotypes, so that sx competi-
tion parameters are required. The genotype frequencies after selection (X,,,
X,,, €tc. for A,B,, A, B,, €tc.) are then given by

X“I_ JI:"E I .Y]I:Lr_l 1 .5']1] I ..’Iﬁ.-‘:;,{l } :';'.4} |' Xl..t.-_qtl } I,-}
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Ilu = x:il i "rl."':ll i -1||-3E:| { ‘Y-'I:":q}|
Xaa = Xa{l — Xy54 = Xaty + Xysp},

Xaa= Xl = Xty — X5 — X535}

In haploid organisms mating occurs between adult individuals and im-
mediately after mating meiosis occurs. Thus, the genotype frequenciesin the
next generation are given by

X, =X,W, - rD, (4.44a)
X; = X,W; + rD, (4.44b)
Xy = X,W; + rD, (4.44c)
X; = X,W, — rD, (4.44d)

where W,, W,, W3, and W, are the fitnesses of 4,B,, A,B,, A,B,, and
A, B,, respectively, and given by

W, =14 X,55 + X5, + Xuty, {4.45a)
Wy, =1 — X535 + Xaty + X5, (4.45b)
Wy =1- X5, — X,t; + X35 (4.45¢c)
Wy=1- X t; — X,8, — Xys5p (4.45d)

On the other hand, D is the linkage disequilibrium after selection and given
by X, X4, — X,, X5, It is noted that the genotype fitnesses are again
frequency dependent. The amounts of changes of genotype frequencies per
generation are then given by

AX, = X,(W, — 1) — rD, (4.462)
AXy = X3(Wy — 1) + D, (4.46b)
AX; = Xy(Wy — 1) + D, (4.46)

AX, = X (W, — 1) — rD. (4.46d)
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Although the mathematical forms of the above formulae are simple, they
depend on the six competition parameters given in table 45. In many cases
we may assume that s, = s%, 5 = Sht, =5, + 55 T ¢, andt, =5, —
S — &, Whereg, and ¢, are epistatic interactions. If these are both 0, then
the gene actions at the two loci are independent. In this case genotype
fitnesses depend only on gene frequencies, i.e., W, = 1 t x,5, + y,5z
W,=1% x5, —yspWi=1_—x5,T posg,and W, = 1 — XS4 —
¥ i¥ g

Asin the case of constant fitness, linkage disequilibrium isdeveloped only
when thereis epistasis. Thiscan be seen by putting the equations (4.46) into
(4.30). Clearly,

dlog,Z = E — rDX,
where X = %% X land E = X (s, + sp — t;) — Xo(s, — s5 — t) T

i 1
Xs(sq — s — ty) — Xals), + 53, — ty). Thus, if thereisno epistasis, E = 0,
and D eventually becomes 0, as discussed earlier.

From the above discussion we can seethat competitive and noncompetitive
selections give roughly the same result if gene action is simple. In diploid
populations competitive selection can be more complicated than in haploids,
since the number of possible genotypes is larger and a larger number of
competition parameters are required. For example, in the case of two loci
each with two alleles, there are nine possible genotypes, so that the number
of parameters for complete specification of competitive selection is 36.
However, this number can be reduced considerably if we make certain
simplifying assumptions, and the mathematical treatment becomes similar
to that of constant fitness.

In practice, we generally do not know what kind of selection is operating
at a particular locus or loci. Furthermore, the models of competitive and
noncompetitive selections discussed in this chapter both deal with idealized
situations. Which model fits better to rea situations is, of course, an em-
pirical question and has to be answered by data. It is, however, interesting
to see that as long as population size remains roughly constant, gene or
chromosome frequency change can be described by approximately the same
formula. For this reason, we shall use the ssmple model of constant fitnessin
the following, whenever it is applicable. One important case in which the
distinction between the two models is meaningful is that of fertility excess
required for gene substitution.
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4.5 Fertility excess required for gene substitution

The essential process of adaptive change of an organism in evolution is the
substitution of a more advantageous gene for a less fit gene. Selective
advantage of a gene is conferred in many different ways. If a gene increases
the fertility of an organism compared with other genes, it certainly has a
selective advantage, since thegeneis more rapidly multiplied than the others.
Other things being equal, a gene which induces a shorter generation time is
also expected to have a selective advantage, since the rate of increase of gene
number per unit length of time is high. In the actual process of evolution,
however, those genes which control fertility and generation time appear
to have played little role, since fertility has declined from lower organisms
to higher organisms and generation time has increased. Rather, the evolu-
tionary change in adaptability has occurred mainly through the increase in
viability. For example, a female fruitfly is able to produce far more than 100
offspring but the majority of them die before maturity, while the female
fertility in man is generally less than 10 but the mgjority of individuals are
able to live up to maturity.

Haldane (1957a, 1960) showed that the number of genes that can be
substituted simultaneously in a population depends on the fertility of the
organism in question. According to his theory, gene substitution isinitiated
by some environmental change, which makes a prevalent alele in the
population less advantageous, while a mutant alele that was originally less
fit becomes advantageous and increases in frequency. The mutant alele
eventually replaces the original alele and becomes fixed in the population.
In the process of gene substitution the less fit gene creates a reduction in
fitness, and if there are many genes under substitution in thesame popul ation
the total amount of reduction in fitness is so large, that the species may not
be able to survive when fertility islimited. The total amount of reductionin
fitness in the process of gene substitution was called the cost gf'natural
selection. This concept was immediately accepted and extended by Kimura
(1961), who called it the substitution load.

Haldane's theory was, however, criticized by a number of authors. Van
Valen (1963) and Brues (1969) commented that gene substitution is the
process of increase in population fitness and thus it must be beneficial and
should not create any cost to the population except in certain situations. This
comment is largely semantic and does not negate Haldane's computation,
though semantics is quite important in understanding the concept (Turner,
1972). On the other hand, Sved (1968a) and Maynard Smith (1968b) ques-
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tioned the assumption of independent gene substitutions at different loci.
Arguing that natural selection must be largely competitive since population
sizeremainsmore or lessconstant and the competitive ability of anindividual
iscontrolled by alarge number of loci, they developed a model of truncation
selection in which only the individuals whose competitive ability is higher
than a certain threshold can survive to adulthood. As| have discussed else-
where (Nei, 1971b), however, such a truncation selection is possible only
when competition occurs just once in life for a single limiting resource. By
the time at which competitive selection occurs, al the genes concerned must
have expressed their effects on a certain phenotypic character which deter-
mines the competitive ability of each individual. Thistype of selection occurs
in artificial selection for quantitative characters, but it is questionable
whether it occurs in the process of natural selection. In nature, selection
operates at many different stages of lifeand for many different reasons. There-
fore, it seems to be reasonable to assume that competitions at different
developmental stages occur largely independently. Of course, there are some
clear exceptions to this (see Nei, 1971b).

As mentioned earlier, Haldane assumed that gene substitution istriggered
by some change of environment. He cites as an example the replacement of
the original light color type of the moth Biston betularia by a melanic mutant
type in industrial areas of England (Kettlewell, 1955). However, environ-
mental change is not the sole factor initiating gene substitution. If a new
advantageous mutation occursin a population, gene substitution may occur
without change of environment. If the selective advantage of the mutant gene
is due to a stronger competitive ability, the population size after gene sub-
stitution would not be much different from that before substitution, as
discussed earlier. In this case the survival of a species would not be affected
by the gene substitution unless there are competitor species coexisting in the
same area. Therefore, there are two types of gene substitutions which can be
distinguished in terms of speciessurvival. In both cases, however, the number
of possible gene substitutions per unit length of timeislimited by thefertility
of the species concerned.

Let us now consider this problem in some detail by using diploid models
for genic selection. Dominance complicates the problem dlightly but the
conclusion is essentially the same. We shall first consider competitive
selection in infinitely large populations. In section 4.3 we showed that the
fitnesses of genotypes A, 4,, A;4,, and 4,4, in asaturated population are
Wio=1% 2xxs; T xlsy,, Wi, =1 — x2s; + x2sy,and W,, = 1 —
x2s, — 2x,x,5,, respectively. In the case of genic sdection s, = 5,/2 =
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s3=s,s0that W, =1 + 2x,5, W, =1 — (x; — x,)s, and W,, =1-
2x s, while the amount of change in genefrequency per generation isAXx, =
v, x.5 or AX- = x(1 — x)s, wherex = x,. For a gene substitution to proceed
at this rate, the fitness of genotype A ,4, must be 1 + 2s{1 — x) or higher.
Namely, the fertility of an individual (k) must be equal to or higher than
1+ 25(1 — x), neglecting the mortality due to environmental causes. If k
issmaller than | + 2s(1 — x), the rate of gene substitution is slowed down.
In other words, a fertiliry excessd 2s(1 — X) is required for the gene sub-
stitution t0 proceed at a specified rate. The population size will not decrease
unless k is smaller than unity, as argued by Kimura and Crow (1969) and
Crow (1970). Of course, in most organisms k ismuch larger than 1 + 2s(1 —
x) of which the maximum is closeto 3 when s = 1 and x iscloseto 0. If,
however, more than one gene substitution occurs simultaneously in a
population, afertility excessof more than 2s(1 — x) isrequired. Thefertility
excess required for a specified number of gene substitutions per generation
to occur can be computed in the following way.

First, we compute the accumulated fertility excess required (E) for one
complete gene substitution. If we approximate Ax by dx/d¢, thendt = dx/{sx
(1 — x)). Therefore, the accumulated fertility excess required is

oo

E = Jz.q{l — x)dt

o

1

[ 2s(1 — x)

—J osx(l —x)
where x, istheinitial genefrequency of A;. Interestingly, this depends only
on the initial gene frequency and is independent of s. Suppose that gene
substitution takes place at many loci smultaneously in a population and it
takes ¢, generations on the average for a gene substitution to be completed.
At a particular locus, the fertility excess required for gene substitution in a
generation is then E/t; on the average. In other words, the average fertility
required is1 + EJt,. If gene substitutions at different loci occur independent-
ly, the fertility required for the joint substitution of » loci is

(1 + Ejt ¥ = e, (4.48)

dx = — 2log_x,, (4.47)

Therefore, if the average fertility of the speciesis k, the number of possible
gene substitutions per generation (v) is obtained from the relation k = €',
wherev = r/t,. Namely,
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v = log ki(— 2log xg). (4.49)

In many cases x, seems to be at most 0.001, while in mammalian species the
average fertility is often less than 10. If x, = 0.0001 and k = 10, then the
maximum possible number of gene substitutions per generation is 0.11.

Haldane's original computation of the cost of natural selection is based
on constant genotype fitness rather than frequency dependent fitness. Let
the fitnesses of genotypes A,A,, A,A,, and 4,4, bel,1 — s and 1 — 2s,
respectively. Still using x for the gene frequency of A,, the mean fitness
is W =1 — 2s(1 — x). Thus, the amount of reduction in fitness compared
with that of the population of 4,4, only is2s(1 — x). The gene frequency
change per generation again can be approximated by dx/dt = sx(I — X)
when s is small. Therefore, the accumulated reduction in fitness is

-l
4

Cm= | 241 — x}t = — 2log,x,,

L

whichisidentical with (4.47). Haldane called thisthe cost of natural selection.
This cost becomes 19 if x, is 0.0001. Haldane, however, showed that it is
much larger for recessive genes and suggested that the representative cost
for one gene substitution is 30. He then argued that a species would devote
about 10 percent fertility excess to the process of gene substitution. Thus, a
species could carry out one gene substitution on the average every 300
generations.

Itisclear that Haldane's argument about the cost of natural selection is
essentially the same asthe case of competitive selection though he considered
adlightly different situation. For a population not to become extinct during
the process of gene substitution, there must be a fertility excess to offset
the cost. This cost is exactly the same as the accumulated fertility excess
required in the case of competitive selection. The only differenceis that when
there is not enough fertility excess the population becomes extinct in
Haldane's case (Felsenstein, 1971), while in the case of competitive selection
the population never becomes extinct unless k is less than unity but simply
the rate of gene substitution is reduced. In practice, of course, it isnot always
easy to distinguish between the two types of selection. Even the industrial
melanism mentioned earlier can be argued to have occurred by competitive
selection against predators.

So far we have assumed that the population size is infinitely large, but all
natural populations are actually finite. The substitutional load or the fertility
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excess required in finite populations has been studied by Kimura and
Maruyama (1 969), Kimura(19692), Ewens(1970), Kimura and Ohta(1971b),
and Felsenstein (1972), using various mathematical models. Kimura and
Ewens suggest that the fertility excess required in finite populations is con-
siderably lessthan that in infinite populations. Their argument is asfollows:
at the steady state of gene substitution at which the introduction of new
advantageous mutations into the population and the fixation of previously
segregating alleles occur every generation at a constant rate, there are many
loci that are transiently polymorphic in the population. For example, if
the number of generations required for a gene substitutionis1000 generations
and the number of gene substitutions per generation is 1, as was estimated
from molecular data (cf. Kimura, 1973), then there will be 1000 loci at
which gene substitution is proceeding. If there are two alleles at each locus,
the possible number of genotypes for these 1000 loci is2'"® = 10*?!, This
number is so enormous, that only a small proportion of the possible geno-
types will actually appear in the population. Particularly, those genotypes
which have a large number of advantageous (or disadvantageous) genes
would never appear in practice. In other words, the largest number of
advantageous aleles that can be possessed by an individual in a finite
population must be much smaller than the maximum possible number. The
fertility excess required would then be much lower than that in infinite
populations, if population size is controlled by outside factors and selection
is competitive. For example, Kimura and Ohta (1971b) show that if popula-
tion size is 10", selection coefficients (s) are 0.01, and the number of gene
substitutions per generation is 1, the individual carrying the largest number
of advantageous alleles must have about 1.58 times as many offspring as
the average individual in a haploid population. The equivalent value for a
diploid population is 1.92. This requirement is much smaller than the
fertility excess required in infinite populations.

However, there seems to be a problem in the computation by Kimura,
Ohta, and Ewens. They compute the mean fitness of the most fit individual
in afinite population after deriving the variance of fitness using the model of
unlimited fertility. If the model of limited fertility is used from the beginning,
the rate of change of gene frequency is reduced (Nei, 1973b). Apparently, a
more careful study should be made of the fertility excess required in a
finite population. The actual fertility excess required seems to be higher
than that obtained by Kimura and Ohta.

Thetheory of cost of natural selection strongly influenced Kimura (1968a)
in his development of the neutral mutation hypothesis. Using the data on
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amino acid sequences of hemoglobin, cytochromec, etc. in diverseorganisms,
he computed the rate of nucleotide substitution per DNA base per year as
1019, Since the mammalian genome has some 32 x 10° base pairs, this
corresponds to a rate of gene (base) substitution equal to about 0.5 per year
per genome. He thought that this rate is so high compared with Haldane's
computation, i.e., 1/300 = 0.003 per generation, that all of the gene sub-
stitutions cannot be due to natural selection. In order to explain the dis-
crepancy, Kimura suggested that a majority of gene substitutions have
occurred by random fixation of neutral or nearly neutral mutations. As will
be discussed in the next chapter, if the product of population size and
selection coefficient is much smaller than 1, the gene frequency change is
dictated by random genetic drift and no fertility excessis required.

As mentioned above, however, the fertility excess required for gene sub-
stitution in finite popul ations seems to be smaller than Haldane and Kimura
originally thought, though this problem is not completely settled. Further-
more, aswill be discussed later, alarge part of the DNA of higher organisms
seems to be nonfunctional. Therefore, Kimura's original argument is less
compelling at the present time. Nevertheless, his neutral mutation hypothesis
may be correct, and, in fact, there is evidence to support this hypothesis
(ch. 8).

46 Equilibrium gene frequencies

I n the foregoing sections we were mainly concerned with directional change
of genefrequency in populations. If thereis, however, some opposing factor
such as mutation or counteractive selection, gene frequency may reach a
point at which no changeinfrequency occurs. Such apointiscalled equilibrium
gene frequency. Theoretically, there are many different ways in which such
a gene frequency equilibrium may arise. A detailed discussion of this topic
is given in Crow and Kimuras (1970) book. In the present book we shall
discuss only some important cases.

In the classical theory of population genetics the equilibrium gene
frequency was an important subject of study. Until recently a majority of
genetic polymorphisms observed in nature were thought to be stable poly-
mor phismin the sensethat if genefrequency isdeviated from the equilibrium
point by some factor, it is brought back to the original point sooner or later.
Particularly the stable polymorphism due to overdominant selection was
regarded to be an important source of genetic variation in natural popula-
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tions (Dobzhansky, 1951). This ideais still maintained in a large school of
population geneticists (Dobzhansky, 1970). Nevertheless, there are only a
few cases in which true overdominancc has been proven, and the recent
studies on protein evolution indicate that there must be asubstantial amount
of transient polymorphisms in natural populations. Also, the classical theory
of gene frequency equilibrium due to the forward and backward mutations
between a pair of neutral aleles is now known to be unredistic. At the
nucleotide or codon level new mutations are ailmost aways different from
the preexisting allelesin the population, so that such an equilibrium would
never occur in natural populations.

4.6.1 Mutation-selection balancefor deleteriousgenes

Although at the codon level almost any mutation is different from the aleles
extant in the population, many deleterious mutations often result in the same
or similar effect on phenotype. In this case al the deleterious genes can be
treated as a single allele and the deleterious mutation can be assumed to
occur recurrently. Since most deleterious mutations are selected against, the
gene frequency ultimately reaches an equilibrium point. Let us designate the
deleterious dlele and its wild-type dleleby A, and A,, respectively, and let
x, bethefrequency of A,, so that thefrequency of A, isx; =1 — x,. If the
fitnesses of genotypes 4,4, A;A,, and 4,4, are 1,1 — h,and 1 — s,
respectively, the amount of change in x, per generation is, from (4.10),

Ax, = — x;%,[h T (s = 2h)x,1/W, (4.50)
where W= 1 — 2hx,x, — sx2. On theother hand, the amount of changein

gene frequency due to mutation is AX, = ux,, where  is the mutation rate
from A, to A,. Therefore, combining these two effects, we have

AX, = ux; — x;%,[h + (s = 2h)x, ]| W, (4.51)
At equilibrium Ax, should be 0, so that
u = x,[h (s - 2h)x,] (4.52)

approximately, since Wis close to 1 for a deleterious gene at equilibrium.
The equilibrium gene frequency (%) can be obtained by solving (4.52) for
X,. It becomes - -
= h+3h® + du(s - 2h)
%, = 26 = 2h) (4.53)
In the case of completely recessivegenesh = 0, so that

£, = Juls. (4.54)
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If hismuch larger than \/su, the square root term in (4.53) can be written as

duis — 2h) - 2uls — 2h)
! |.f1 ey = W1+ S+ )

approximately. Therefore, if the degree of dominance of the deleterious gene
is sufficiently large, we have
approximately.

Thisformula can also be obtained by noting that if his sufficiently large,
selection against the deleterious gene occurs mostly in heterozygous condi-
tion and there appear virtually no recessive homozygotes in the population.
Namely, in this case the fitnesses and frequencies of 4,A,, 4,4,,and 4,4,
can be written approximately as follows:

Genotype A4, Ay, A,A,
Fitness 1 1 —4h l -5
Frequency 1 - 2x, 2x, —

Therefore, the amount of change in x, by selection per generation is — hx,
approximately. At equilibrium this is balanced with the gain by mutation
u(l — x,) ~ u, sothat u = hx,. Hence, (4.55) follows.

Formulae (4.54) and (4.55) have been used by many authors, particularly
in man and Drosophila. When these formulae, particularly theformer, areto
be used, some caution should be exercised. First, formula (4.54) is correct
only in very large populations. If population sizeissmaller than thereciprocal
of the mutation rate, the actual gene frequency isexpected to be smaller than
the value given by thisformula. Thisistrue also with (4.55) if hiscloseto 0.
We sshall discuss this problem in ch. 5. Second, theequilibrium genefrequency
of a recessive deleterious gene is affected considerably by a small positive or
negative selection in heterozygotes. In most cases such a small heterozygous
effect on fitness cannot be determined experimentally. Third, for a recessive
gene it takes a long time for the equilibrium to be attained if it is disturbed.
Particularly in human populations the mating and migration patterns have
changed considerably in the last few centuries. Thus, it is possible that the
frequencies of many recessive del eterious genes in man are not at equilibrium.
Fourth, as mentioned earlier, the deleterious genes at a locus are apparently
a collection of different alleles at the codon level. Although their effects on
phenotype are similar, their effects on fitness in heterozygous condition may
be different. For example, in the f-chain of human hemoglobin more than
80 different kinds of point mutations have been recorded. Many of them
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Table 4.6
Estimates of gene frequencies for some genctic discases in Caucasians.
Genetic discasc Gene Genetic diseasc Gene
frequency frequency
Dominant Recessive
Achondroplasia 5 X 10-5 Albinism 3 X 10-3
Retinoblastoma 5 X 1% Xeroderma pigmentosum 2 X 10-3
Huntington's chorea 5 X 101 Phenylkctonuria 7 X 1073
Sex-linked Cystic fibrosis 25 X 102
Hemophilia 1X 101 Tay-Sachsdisease
General 1 x 103

Muscular dystrophy
(Duchenne's type) 2 X 10-# Ashkenazic Jews 1.3 X 102

affect the function of hemoglobin, but the effect is not the same for all
mutations.

Formula (4.55) is, however, applicable for a variety of situations, if f is
large. Asan example, let usconsider achondroplastic dwarfismin man, which
is caused by a single dominant gene. The fitness of heterozygotes for this
gene has been estimated to be 1 — h = 0.196 (cf. Stern, 1973). In a survey
conducted in Denmark ten heterozygotes were found in a sample of 94,075
newborns. Eight out of these ten heterozygotes were fresh mutations. Thus,
the mutation rateis 8/(2 x 94,075) = 4.25 x 10~ per generation. On the
other hand, the gene frequency (£,) in newborns is estimated to be 10/(2 X
94,075) = 0.0000531. Using this value and the estimate of fitness, the muta-
tion rate is computed to be v = A%, = 0.0000427 per generation. This
estimate agrees quite wdl with the direct estimate of mutation rate, though
the sample sizeis very small.

Human populations are known to have many different deleterious genes
whose frequencies are low. McKusick (1971) lists 866 distinct clinical
syndromes, each of which can be attributed to a single-locus mutation. The
frequencies of some of these genesare givenin table 4.6. Thereliability of the
estimates for completely recessive genes is low for the reasons mentioned
above. Because of recent technical advances, the heterozygotes in some of
these recessive genes can now be detected. Therefore, in the future more
accurate estimates of gene frequencies may be obtained.

4.6.2 Balancing selection

1) Overdominant selection
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If there are two opposing forces of selection, gene frequency equilibria may
arise. The simplest model of thisis overdominant selection first proposed by
Fisher (1922). Let thefitnessesof 4,4, A;4,,and A,4, bel — s,, 1, and
1 - s,. Then, the amount of changein the frequency of A, per generation
is, from (4.15),

djﬁ = 11114553 s {-\'_‘-] + .'i::lx:'}ll-m I:l':*-S‘EI:'

where W= 1 — s,x? — 5,x3. Atequilibrium, Ax, = 0, sothat theequilibrium
gene frequency is

£ = 5205, + 53). (4.57)
Using this equilibrium gene frequency, (4.56) may be written as
Axy = (5, + 5z)x;x,(%; = -xJJ'J"H’r- (4.58)

Therefore, x, increases if it is smaler than A, while it decreases if it is
larger than £,. Thus, if thereis any deviation of x, from the equilibrium
gene frequency, the deviation is reduced every generation, and the gene
frequency eventually reaches the equilibrium value. This type of equilibrium
is called stable equilibrium. Once the gene frequency reaches the stable
equilibrium, it will stay there forever unless the sel ection coefficients change.
It is also noted that, unlike the case of mutation-selection balance, the
equilibrium genefrequency can be high and thus a relatively small number of
overdominant loci may create a large amount of genetic variability.

Overdominant selection may occur also in competitive selection. In this
case, putting Ax, = 0in (4.43), we have

e . e
o s, + 5z — 35)
The above equilibrium is stable, since

D<2 <1 (4.59)

ddx T
Formula (4.59) does not hold when s, = — s} t s;. Inthiscase Ax, =
xle(— xISi + ."CI.'l'_"_:', SOthaI
£, = 5,/(s} + 35.). (4.61)

Therefore, if there is overdominance, competitive selection also creates a
stable equilibrium of gene frequency.
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Because of its simplicity, the overdominance model has been used by
many authors to explain genetic polymorphisms in natural populations. AS
mentioned earlicr, however, there are not many casesin whichoverdominance
has been proven. An oft-cited example of overdominance is the polymor-
phism of chromosome inversions in Drosophila pseudoobscura. In the third
chromosome of this species there are many different gene arrangements in
natural populations. Since there is virtually no recombination within the
inverted segment in heterozygotes, each gene arrangement behaves just like
a single gene. Wright and Dobzhansky (1946) studied the frequency change
of gene arrangement Standard (ST) and Chiricahua (CH) in a laboratory
population and showed that the ST chromosome eventually reaches an
equilibrium frequency of about 70 percent. From the chromosome frequency
changes over generations, they estimated the genotype fitnesses as follows:

Genotype ST/ST ST/CH CH/CH
Relative fithess 1-03 1 1-07
The expected equilibrium frequency of the ST chromosome is therefore
0.7/(0.3 + 0.7) = 0.7, which agrees quite wel with the observed value.
Similar experimental results were also obtained by Dobzhansky and
Pavlovsky (1953) and others.

However, this sort of overdominance at the chromosome level does not
necessarily mean overdominance at the gene level, sincetheinverted segment
of a chromosome generaly includes a large number of genes and the genes
in this segment are completely isolated from those of other chromosomes.
Suppose that an inversion chromosome has genes aBc in the inverted
segment and its ancestral chromosome has 4bC, where capital and small
letters denote wild-type and deleterious alleles, respectively. Then, the
inversion heterozygote aBc/AbC should have a higher fitness than the two
homozygotes aBc/aBc and AbC/AbC, if the wild-type aleles are completely
or partially dominant over deleterious genes. This apparent overdominance
Is often called associative overdominance (Frydenberg, 1963). Associative
overdominance is expected to occur frequently in laboratory experiments,
sincedifferent gene arrangements used in these experiments are often derived
from a single or a few individuals in natural populations (Ohta, 1971).

If this is the case, such an inversion polymorphism would not occur in
natural populations, since the fixation of a deleterious genein the inversion
or standard chromosomes of the whole population is almost impossible.
Furthermore, for an inversion polymorphism to be stable in nature, there
must be cumulative overdominance (Dobzhansky's coadaptation of genes)
at more than two loci, as shown by Haldane (1957b). A single locus over-
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dominance is not sufficient. Interestingly, inversion polymorphisms in
natural populations of Drosophila pseudoobscura, which were once thought
to be stable, now appear to be transient, since the chromosome frequencies
are slowly changing (Dobzhansky et al., 1966). For example, the frequency
of the CH chromosome in some areas of California declined from about
50 percent to about 5 percent during the 25 years from 1940.

The number of generations per year in this organism would be about 8.
Thus, the average change in chromosome frequency per generationisroughly
0.2 percent. Thisis not small for a gene frequency change. In some other
areas, however, the amount of changeis much smaller — about 10timeslower.
Thisslow change of chromosomefrequency is, however, expected to occur if
the selective advantage of newly arisen inversionsis conferred by a combina-
tion of dominant favorable alelesin the inverted segment (Nei et a., 1967;
Kimuraand Ohta, 1970). Many speciesof Hawaiian Drosophila carry various
inversion chromosomes, but even closely related species, which have diverged
probably less than 200,000 years ago, often have different inversion poly-
morphism~(Carson, 1970). This fact also suggests that inversion poly-
morphism-~are largely transient rather than stable (see ch. 6 for further
discussion).

Even in noninversion chromosomes close linkage of genes makes it
difficult to detect single gene overdominance. Mukai and Burdick (1959)
established a strain of Drosophila melanogaster in which only a lethal gene
and possibly itsvery closely linked genes are segregating. The behavior of the
lethal gene in the first 16 generationsin a laboratory population showed a
perfect pattern of overdominance, the equilibrium gene frequency being
about 0.4. Their examination of gene frequency in later generations, how-
ever, indicated that the seemingly equilibrium gene frequency was not stable,
and the gene frequency gradually declined down to about 0.1 in the 71st
generation (Mukai and Burdick, 1961). Clearly, the apparent overdominance
observed in early generations was caused by a set of genes closely linked to
the lethal gene (associative overdominance) and the initial linkage dis-
equilibrium was gradually broken down by recombination. Similar but less
rigorous experiments have been repeatedly reported before and after Mukai
and Burdick's. The apparent overdominance observed with some marker
genesin inbred strains or isogeniclines (Wills and Nichols, 1971; Sing et al .,
1973) can also be explained by associative overdominance (Yamazaki, 1972).
A similar associative overdoininance may be invoked to explain the hetero-
zygote advantage for the black locus in the flour beetle given in fig. 4.1,
though no detailed study has been made.
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Nevertheless, there seem to be some cases of genuine overdominance. A
good example is the sickle cell anemia gene in African black populations.
Thisanemiais caused by the abnormal hemoglobin Hl: S. The[l-chain of the
normal hemoglobin A has glutamic acid at position 6. In hemoglobin S this
amino acid has been replaced by valine (Ingram, 1963). The homozygotes for
the Hb S gene are aimost lethal in Africa but the gene frequency is as high
as 10 to 20 percent in some areas. The prevalence of this gene is associated
with a high endemic incidence of malaria. Allison (1955) showed that the
heterozygotes for the Hb S gene are more resistant to malaria than normal
homozygotes and thus have a higher fitness than both homozygotes. This
was later confirmed by studies on mortality due to malaria (Allison, 1964;
Motulsky, 1964). It seems that in malaria-endemic areas the sickle cell
heterozygotes have a selective advantage of about 10 to 20 percent over
normal homozygotes.

There are several other mutant genes which apparently show heterozygote
advantage due to increased resistance to malaria. The genes for hemoglobin
variants Hb C (Glu — Lysat position 6 of the /?-chain),Hb E (Glu — Lysat
position 26 of the /?-chain), and thalassemia (reduced production of hemo-
globins), which also cause anemiain homozygous condition, all show a high
frequency in malaria-endemic areas (Livingstone, 1967). Furthermore, a
mutant gene which induces the deficiency of the enzyme glucose-6-phosphate
dehydrogenase (G6PD) is also frequent in malarial areas. This G6PD
deficiency gene is located on the X chromosome. In this connection it is
worth noting that well before anyone studied the relationship between these
genes and malaria, Haldane (1949) had suggested that the frequency of the
thalassemia gene is too high to be explained by the mutation-selection
balance and its polymorphism is probably maintained by the heterozygote
advantage due to resistance to malaria.

Genuine overdominance need not be confined to deleterious genes but the
overdominance for nondeleterious genes is not easy to prove. There is a
group of geneticists who believe that the polymorphismsin the ABO, MN,
and Lewis blood groupsin man are maintained by overdominance. Thisview
Is somewhat strengthened if we note that the polymorphisms exist not only
in man but also in some apes (chimpanzee, gorilla, and orangutan) and
monkeys (Wiener and Moor-Jankowski, 1971). An intensive study on the
relative fitnesses of different genotypes in these blood groups has been done
by Morton and hisassociates (Morton and Chung, 1959; Chungand Morton,
1961; Morton et al., 1966). Yet, they have not confirmed any significant
heterozygote advantage.
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