Preface

I started my career with theoretical population
genetics in the 1960s after a short period of field
work experience concerning quantitative genetics.
At that time evolutionary studies were conducted
primarily by comparing phenotypic characters
among individuals within and between species.
These studies did not give clear insights into the
cause and the effect of evolution, because the genetic
basis of phenotypic characters was not well
understood.

In theoretical population genetics, we could con-
sider a set of alleles at one or a few loci and study
the theoretical changes of genotype frequencies due
to mutation, natural selection, and genetic drift.
These studies gave only possible evolutionary
changes of populations, but they were still much
better than intuitive arguments. For this reason, a
large body of mathematical theories of evolution
was developed. These theories depended on many
simplifying assumptions about the breeding sys-
tem. population structure, selection coefficients,
gene interaction, etc., and different assumptions
about these factors often generated very different
predictions of evolutionary changes. This resulted
in many controversies which could not be resolved
easily because of the difficulty of doing experimen-
tal studies. At that time, population genetics was
dominated by neo-Darwinism with the idea of per-
vasive natural selection, and I was working within
the framework of neo-Darwinism. Furthermore,
because it was difficult to identify the homologous
genes between different species, population genet-
ics studies were primarily concerned with the gene
frequency changes within species.

In the early 1960s a number of molecular biolo-
gists were working on the evolutionary changes of
g=nes and proteins at the molecular level, and this

approach of studying evolution was integrated with
population genetics theory in the latter half of the
1960s and in the 1970s. This integration transformed
the study of evolution profoundly. First, we could
now identify homologous genes in different species
and study long-term evolution of genes by compar-
ing the nucleotide or amino acid sequences from
different species. Second, molecular data on the
evolutionary change of genes soon indicated the
importance of mutation in evolution. Third, com-
parison of the DNA contents of different species
suggested that gene or genome duplication occurred
frequently in the process of evolution. Because gene
or genome duplication is a form of mutation in the
broad sense, I realized that mutation is the driving
force of evolution. Yet, this view was regarded as a
heresy at the time when neo-Darwinism dominated
the field. In the meantime the neutral theory of
molecular evolution was proposed to explain the
evolution of genes and proteins. This theory clearly
showed that the evolution of nucleotide sequences
has occurred mainly by random fixation of neutral
mutations. However, most neo-Darwinians did not
pay much attention to this discovery, because they
believed that neutral evolution has nothing to do
with phenotypic evolution, in which most evolu-
tionists are interested. In fact, even the proponents
of the neutral theory of molecular evolution stated
that phenotypic evolution occurs mostly by natural
selection, as will be mentioned later.

By the early 1970s, I came to believe that the prin-
ciple of phenotypic evolution must be the same as
that of molecular evolution because both types of
evolution are controlled by mutation at the DNA
level. I briefly presented this idea in my 1975 book
Molecular Population Genetics and Evolution. However,
few people paid attention to this view. I elaborated
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this idea in several publications in the 1980s includ-
ing my 1987 book Molecular Evolutionary Genetics,
but the response was not great. The problem was that
the molecular biology of morphogenesis was not
well developed at that time and it was not easy to
show the roles of mutation in phenotypic evolution
convincingly.

In the past two or three decades, this situation
has changed dramatically, and it is now possible to
evaluate the roles of mutation and selection in phe-
notypic evolution at the molecular level. In the
1980s I became interested in understanding the
evolution of the adaptive immune system of verte-
brates by studying evolutionary changes of immu-
noglobulins, major histocompatibility complex
genes, T-cell receptor genes, etc. In later years [ also
studied the evolution of genes controlling body
segmentation (HOX genes), flowering in plants
(MADS-box genes), sensory receptors, microRNAs,
etc. in collaboration with graduate students and
postdoctorals in my laboratory. These studies have
been very helpful in clarifying my view that the
driving force of evolution is mutation and natural
selection is of secondary importance. This view is
different from Hugo de Vries’s mutation theory,
and I previously called it the new mutation theory
of evolution or neomutationism. In this book, it will
be called the theory of mutation-driven evolution
to convey the message that the importance of natu-
ral selection is duly appreciated in conjunction with
the role of mutation.

During this period, I came to realize that evolu-
tionary biology must be rebuilt upon the knowledge
of molecular biology. Every biological process
involved in metabolism and reproduction of organ-
isms is governed by the function of DNAs and
RNAs at the most fundamental level. Environmen-
tal effects on the formation of organisms can also be
studied by using the knowledge of epigenetics. Nat-
ural selection and genetic drift are ultimately deter-
mined by the differential rates of birth and death of
individuals, which are again the consequences of
metabolism and reproduction. Population genetics
and ecology are useful for visualizing the long-term
change in populations and for understanding the
consequences of population size change and com-
petition and cooperation of organisms, However,
the prediction of population genetics is always

abstract, and it does not give any explanations about
how a particular character such as mammalian sex
determination or vertebrate brain has evolved. To
answer these types of question, we must use the
molecular biology approach. For this reason, I have
become interested in explaining the evolution of
specific characters and attempted to give molecular
answers to some of the questions Charles Darwin
and other investigators have posed in the past.
Evolution is a broad subject encompassing many
areas of biology such as molecular biology, genetics,
ecology, sociobiology, and paleontology. In this
book, however, I will be concerned primarily with
the mechanism of evolution with an emphasis on
genetic and molecular aspects. I have decided to do
this, because this is the backbone of evolutionary
biology and it has been controversial ever since Dar-
win’s publication of Origin of Species. 1 will discuss
this problem with a historical perspective to under-
stand various theories of evolution presented in the
past 150 years and their relationships with the new
theory of mutation-driven evolution. The historical
perspective presented here may not necessarily be
the same as that of currently popular books such as
Mayr’s Growth of Biological Thoughts, because I found
some misconceptions in these books when I exam-
ined the original sources. I have tried to present the
views of the original authors as much as possible,
However, the main purpose of this book is to
present a comprehensive theory of mutation-driven
evolution considering the latest information on
molecular and phenotypic evolution. We are all

- aware that phenotypic characters show an enormous

amount of variation both within and between spe-
cies. All this variation is ultimately caused by differ-
ences in the structure and function of DNAs and
RNAs, whether the characters are affected by envi-
ronmental factors or not. Therefore, phenotypic evo-
lution must be ultimately explained in terms of
molecular biology. For this reason, I will consider the
evolutionary change of molecules, genes, and
genomes and then the molecular basis of phenotypic
evolution. Of course, our knowledge of the molecu-
lar basis of phenotypic evolution is quite limited. We
have little idea about how the human brain, the ele-
phant's trunk, the body structures of whales, etc,
have evolved. Nevertheless, we are beginning to
understand the molecular basis of many complex



phenotypic characters, and the future of the study
of phenotypic evolution is bright. However, these
problems have to be studied by using new technolo-
gies and new evolutionary concepts.

In this book, T have tried to cover these new devel-
opments in evolutionary biclogy and critically exam-
ine both old and recent findings to establish the
general principles of evolution. In my view evolution
is not the enhancement of fitness of individuals or
populations, butitrepresents theincrease (ordecrease)
of phenotypic complexity, which may be measured
by the number of cell types or some other quantity.
For this reason, my conception of evolutionary biol-
ogy is different from the currently popular views. In
this book, I hope I have explained the theory of muta-
tion-driven evolution in a logical fashion.

This book is written as a monograph rather than
a textbook. Therefore, the topics covered are not
necessarily comprehensive, and it is assumed that
the readers are acquainted with the basic knowl-
edge of genetics and molecular biology. Neverthe-
less, I have presented essential aspects of these
disciplines that are required for understanding my
arguments. | have used many examples to illustrate
the importance of mutation in evolution, and in this
case I have often presented the studies which have
been conducted in my laboratory. I have done this
because I am familiar with them and therefore I can
avoid serious errors. However, this book is based on
the knowledge accumulated by numerous investi-
gators over the past several decades though the
sources are not always clearly mentioned.

In Chapter 1 a brief history of scientific studies of
evolution is presented, starting with Charles Dar-
win’s work on evolution and covering subsequent
development of studies that have led to the idea of
mutation-driven evolution. Chapters 2 and 3 are
devoted to the development of neo-Darwinism
and its significance and limitations for the study of
evolution. Chapters 4 and 5 present evolutionary
changes in genes and genomic structures and
their relationships with phenotypic evolution. The
molecular basis of phenotypic evolution is pre-
sented in Chapter 6 with an emphasis on the mech-
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anism of gene expression in the development of
phenotypic characters and the interaction between
genes and environmental factors. In Chapter 7 vari-
ous mechanisms of generating hybrid sterility and
inviability are discussed in relation to the forma-
tion of new species at both genic and genomic level.
Here a new view of speciation is presented.
Chapter 8 is devoted to the evolution of several
important phenotypic characters such as sex deter-
mination and insect caste systems. Chapter 9
presents the general concept of mutation-driven
evolution and its significance in the study of evolu-
tion. The final chapter presents a general summary
of this book and conclusions.

I am deeply indebted to my colleagues and stu-
dents who have collaborated with me during the
last three decades. Some of them helped me in
developing statistical methods that have been used
in our data analysis, whereas others conducted
time-consuming data analysis. I am particularly
grateful to Takashi Gojobori, Austin Hughes, Tat-
suya Ota, Koichiro Tamura, Sudhir Kumar, George
Zhang, Alex Rooney, Yoshiyuki Suzuki, Helen
Piontkivska, Jongmin Nam, Yoshihito Niimura,
Nikolas Nikolaidis, Dimitra Chalkia, Zhenguo Lin,
Masafumi Nozawa, and Sabyasachi Das. Hie Lim
Kim, Zhenguo Zhang, and Sayaka Miura also
helped me in preparing several figures used in this
book. I also would like to express my gratitude to
Jan Klein, Pekka Pamilo, Wojtek Makalowski, Tat-
suya Ota, and Alex Rooney, who read the entire
manuscript of the book and provided constructive
comments. I am extremely grateful to Tina Kushner,
who prepared the final manuscript with great care
and helped me in organizing the References list.

The work in this book was partly supported by
research grants from the National Institute of Health
and the National Science Foundation. Part of the
book was written when [ was a visiting professor at
the Tokyo Institute of Technology, Tokyo, Japan. I
am grateful to Norihiro Okada for his hospitality
during my visit.
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