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PREFACE

The study of evolution at the molecular level has experienced two
periods of exciting development during the past two decades. The first
period started when the techniques of amino acid sequencing and
protein electrophoresis were introduced in evolutionary studies in the
early 1960s and lasted for about 10 years. During this period the
approximate constancy of the rate of amino acid substitution in evo-
lution and the extensive protein polymorphism in natural populations
were discovered. These new findings led to the proposal of various new
evolutionary theories, some of which were quite controversial. Con-
troversy was particularly heated over Kimura’s neutral mutation the-
ory, which proclaimed that most amino acid substitutions and protein
polymorphisms are caused not by Darwinian selection but by neutral
mutation and random genetic drift. At the same time, the discovery
of approximate constancy of amino acid substitution provided new
methods for dating the evolutionary history of organisms as well as
methods for constructing phylogenetic trees from molecular data. In
the 1970s evolutionary geneticists were extremely busy examining
the validity of the new evolutionary theories and applying the new
methods of constructing phylogenetic trees.

The second period started only a few years ago and is not yet over.
This period was initiated by introduction of a new set of biochemical
techniques: DNA sequencing, recombinant DNA, and restriction en-
zyme methods. These new techniques have already uncovered many
unexpected properties of the structure and organization of genes (e.g.,
exons, introns, flanking regions, repetitive DNA, pseudogenes, gene
families, and transposons) and of their evolution. It is now clear that
most genes do not exist as a single copy in the genome but, rather, in
clusters, and that the number of genes in a cluster varies extensively
from cluster to cluster. Comparison of nucleotide sequences from div-
erse organisms indicates that the rate of sequence change in evolution
varies considerably with the DNA region examined and that the more
important the function of the DNA region the lower the rate of se-
quence change. Furthermore, the extent of genetic variation unde-
tectable by protein electrophoresis is enormous. These discoveries
again have led a number of evolutionists to propose new evolutionary
theories such as concerted evolution and horizontal gene transfer.



Although many other exciting discoveries will undoubtedly be
made in the near future, it now seems appropriate to examine and
summarize in book form the general implications of these new find-
ings, together with those in the first period of development. Such a
book is needed not only for students and scholars of evolution but also
for biologists in general. However, it is not an easy job for one or two
persons to write such a book, because the subject is so diversified and
the progress in each area is so rapid. We therefore decided to produce
a book on molecular evolution with the help of experts from various
specialized areas of the subject. This was facilitated by a symposium
on “Evolution of Genes and Proteins” which we organized for the joint
meeting of the Society for the Study of Evolution and the American
Society of Naturalists held at the State University of New York at
Stony Brook, June 23-24, 1982. This symposium was attended by more
than 500 scientists and students from the United States and abroad.
In this symposium we attempted to cover all important areas of study
in molecular evolution, inviting both molecular biologists and popu-
lation, biologists. Each symposium speaker was then asked to write a
chapter of textbook, rather than a usual symposium paper, in order
to make the book understandable to a wide range of readers, from
students to active researchers.

“'While a book written by multiple authors has a definite advantage
in" covering the latest developments in diverse areas of a subject, it
suffers from such deficiencies as heterogeneity of writing style, repe-
titions, and inconsistencies. In the present book we have worked to
minimize these deficiencies by making extensive editorial changes of
original manuscripts; in some cases we even rewrote parts of the
original text. However, we have tried to avoid any change of an au-
thor’s opinions even if they contradicted another author’s views. In
the forefront of research, scientists do not always agree with each
other, and this disagreement often becomes an impetus for further
progress. The reader will notice that there are some inconsistencies
in the use of scientific terminology. For example, a noncoding DNA
sequence between two coding regions of a gene is called an intervening
sequence (IVS) in Chapter 1 but an intron in the other chapters. We
have left such inconsistencies, becausé no consensus has yet been
achieved in the scientific community for these terms.

The chapters of this book can be divided loosely into three groups.
The first group includes the first four chapters, all of which are con-
cerned with the long-term evolution of DNA. In Chapter 1 Edgell and
his associates discuss the evolution of globin gene clusters as a model
case of gene evolution. Globin genes have been very important in
elucidating the evolutionary change of gene structure in the last few
years. In Chapters 2 and 3 the evolutionary significance of gene du-
plicaton and the mechanism of concerted evolution are discussed in
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PREFACE

the light of new findings at the DNA level. Chapter 4 deals with the
evolutionary change of mitochondrial DNA. Mitochondrial DNA
evolves much faster than nuclear DNA and thus is very useful for
studying the phylogenetic relationships of closely related species.

The second group consists of Chapters 5 to 9, which are mainly -
concerned with the genetic variation within species. The major issue
in these chapters is the maintenance of genetic polymorphism in nat-
ural populations, and data on both protein and DNA polymorphisms
are examined. The controversy over the neutral mutation theory is
still alive. However, unlike a decade ago, neutralists and selectionists
are no longer hostile to each other, and the gap between the views of
the two groups of scientists has narrowed substantially. Data on DNA
polymorphism are still scanty compared with those on protein poly-
morphism but clearly show that the genetic variability at the DNA
level is enormous. In Chapter 8 Avise and Lansman show that mito-
chondrial DNA is a useful genetic material for tracing back the evo-
lutionary history of populations.

The last four chapters, which make up the third group, deal with -
several current evolutionary theories. (Chapter 9 can be included in
this group as well as in ‘the second group.) In Chapter 10 Jukes
presents an in‘eresting theorv on the evolution of the amino acid
{(genetic) code, taking advantage of recent discoveries of non-universal
amino acid codes ih mitrochondrial genes. In Chapter 11 Kimura
discusses recent developments in the neutral theory of molecular ev-
olution. In Chapter 12 Hall describes experimental observations on
the evolution of new metabolic functions in microorganisms. The last
chapter is concerned with transposons, i.e., genetic elements which
move within and between chromosomes. The evolutionary significance
of transposons is still largely speculative, but they are potentially
important in explaining the existence of repetitive DNA in higher
organisms.

We would like to express our hearty thanks to the contributors of
this book for writing excellient chapters and for being tolerant of our
editorial suggestions and changes. We hope our joint enterprise will
be successful in bringing the latest knowledge of molecular evolution
to both students and scientists who are interested in the diversity and
evolution of organisms. ‘ ‘

MasaTosH1 NE1
RicHarD K. KOEHN
November 17, 1982
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CHAPTER 1

EVOLUTION OF THE MOUSE
B GLOBIN COMPLEX LOCUS

M. H. Edgell, Stephen C. Hardies, Betty Brown, Charlie
Voliva, Alison Hill, Sandra Phillips, Mary Comer, Frank
Burton, Steven Weaver, and Clyde A. Hutchison III

xceptionally well studied gene system and hence
lent molecular data base with which we can artic-

issues. Those
issug will be addressed more fully either elsewhere ih this volume or
in phe technical literature. '
One can imagine using comparative biochémical genetics as a
ethod of recognizing important components ¢f a complex gene system
like the B globins. Utilizing such a strategy, one might compare the
B globin gene clusters of various species/Such as the mouse, rabbit,
goat, and human in order to identify copéerved features in the loci. In
such a manner, assuming that the géquence features important to
globin metabolism will have changéd less than other features, one
would expect to find the importafnt regulatory elements relatively
conserved. This approach seems threatened by the considerable diver-
gence in gene organization actually found when one compares the
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FIGURE 1. Mammalian B globin complex loci.

characterized complex globin gene loci (Figure 1). The gene clusters
do not in fact share the same number of gene-like structures, and
therefore it is not a trivial matter to decide which genes are to be
compared to which (i.e., which are the evolutionarily homologous or
“orthologous” sequences in the various species). That there has been
considerable divergence in the organizational features of the gene
family when one compares different species seems to be a general
property of the genome and is not just a special property of the globins.
Hence, the identification across species of the gene pairs that are truly
orthologous becomes a serious issue. Generally, we feel that the reg-
ulation of a gene system is intimately tied into the structural features
of the gene cluster. This unexpected degree of structural divergence
must, therefore, cause us to at least consider the possibility that the
regulatory features of the various globin clusters may not, in fact, be
identical. "

MOUSE B GLOBINS

The mouse B globin haplotype, [Hbb]?, specifies four B-like proteins:
two adult B globins and two nonadult B globins (Russell and Mc-
Farland, 1974). However, the 65 kilobases (kb) of DNA cloned from
this locus contains seven gene-like structures (Tilghman et al., 1977;
Jahn et al., 1980; Edgell et al., 1981) with sequence homology to the
adult B globin genes (Figure 1). Three of these were shown by sequence
analysis (Jahn et al., 1980; Konkel et al., 1978, 1979; Hansen et al.,
1982) to correspond to known B globin proteins: the adult proteins d-
major (dmaj) and d-minor (dmin) and the nonadult protein y. In order

2
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to have unique gene names and to retain the traditional gene/allele
nomenclature, we have renamed the adult genes 1 and B2 to replace
the B previously used for both adult genes (3™ and ™", respectively).
The four additional genes were given the designation Bh, which refers
to “beta homologous.”

We have done extensive cross-hybridization analyses to define the
locations of repetitive sequences within the complex locus (Figure 2).
At least six repetitive DNA families have been defined in the locus.
The fraction of sequence that is repetitive is not uniform within the
B globin locus. At the resolution of Haelll fragments probed with
labeled genomic DNA, the embryonic region contains only 15% repe-
titive DNA as compared to 50% in the adult region (F. Burton, pers.
comm.).

We have examined the other B globin haplotype prevalent in Mus
musculus, [HbbY, by library construction, cloning and characteriza-
tion (Weaver et al., }981). Given the considerable degree of organi-
zational divergence between species, we were interested in determin-
ing the degree of homology existing between two haplotypes. At the
level of electron-micrographic heteroduplex analysis,we have found
very few differences between the haplotypes (Figure 3). There is an
interesting pair of insertions in [Hbb]" near the B2 gene, but in general
the haplotypes are quite homologous. However, not all of the struc- .
tures within the locus are evolving at the same rate. For example, as
we will demonstrate later, Bh2 and Bh3 are evolving much more
rapidly than the functional genes. Therefore, the observed extent of
homology implies either that the two haplotypes have only recently
become distinct or that there is nonreciprocal sequence exchange be-
tween the two haplotypes on a quite large scale.

The [HbbY haplotype gives rise to only a single adult B globin.
However, both B1 and B2 are transcribed in this haplotype (S. Weaver

i

y BhO phl gh2 Bh3 Bl p2

4+

FIGURE 2. The B globin complex locus in Mus musculus haplotype (HbbI".
Functional genes are indicated by the large filled-in blocks and pseudogenes
by the hatched blocks. The smaller filled-in blocks of various shapes mark the
location and size of the repetitive sequence family which we have most
extensively characterized. The stick/flag symbols tag the locations of at least
five other repetitive sequences. These latter sequences are probably quite
short. ’

3
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FIGURE 3. Homology relations between two globin haplotypes of the mouse
(M. musculus). The stippled regions between the two maps indicate where
“perfect” heteroduplexes form when examined by electron microscopy. The A
and B inserts are each approximately 1.5 kilobases in length.

and B. Brown, pers. comm.). Sequence data from the first coding block
of the two genes (S. Weaver, pers. comm.) suggest that they have
identical coding sequences. Pfesumably, these adult genes have been
subjected to a recent gene conversion event. The s allele of 81 is very
homologous to the dmaj sequence, but the 2*™" gene is quite different
from the other three adult genes. .

HOMOLOGY WITHIN THE COMPLEX B GLOBIN
LOCUS

Globin genes consist of three coding blocks (exons) and two intervening
sequences (introns). A comparison of the large intervening sequences
(IVS28) of B1°™% and B2 indicates considerable divergence (Figure
4). It is usually concluded that because the intervening sequences
(IVSs) are more divergent than their associated coding sequences, they
must be under less selective constraint than the coding blocks (Chap-
ter 11 by Kimura). This interpretation is quite consistent with our
observation that the nucleotide sequences of the J¥’Ss are more diver-
gent than those found in coding blocks, It has been known for a long
time that mutations do not distribute“themselves uniformly within a
sequence (Benzer and Champe, 19¢1; Drake, 1970). Mutational hot-
spots and differences in rates for ransversmns and transitions have
been identified in many gifferent systems. Although some of this may
be due to selection, thege effects are usually attributed to the nature
of the nucleotide sequences -and mutational processes. Clearly the
number of observed differences we see between two sequences is a
complex function of nucleotide sequence and depends on both muta-
tional susceptibility and selective constraints.

Generally, the number of observed mutations is considered to be
equal to the intrinsic mutation rate times fixation processes. In the
absence of selection, the observed mutation rate within a sequence is
* dependent on both sequence susceptibility and repair. For example, a
poly(T) sequence will accumulate more changes due to ultraviolet
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