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Preface

to the Third
Edition

ORGANIC EVOLUTION |is the greatest general principle in biology.
Its implications extend far beyond the confines of that science, ramify-
ing into all phases of human life and activity, Accordingly, an under-
standing of evolution should be part of the intellectual equipment of
all educated persons.

Like the first two editions of [ntroduction to Evolution this edi-
tion is intended to form an introduction to organic evolution for readers
unacquainted with the subject. | have tried to make it understandable
for students who have little or no background in biology, geology. and
other cognate fields. At the same time, [ have attempted to be sufficiently
comprehensive in my discussions so that more advanced students will

a
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find the book useful, especially in aspects of evolution outside their
own fields of specialization. To this end I have included in the bibliog-
raphies at the ends of the chapters references that will enable students
to explore the subject matter of the chapter more extensively than be-
ginning students may wish to do.

As with the first two editions, this edition stresses the facts of
evolution—as revealed by anatomy, embryology, the geologic record,
geographic distribution, and so on. These discussions have been brought
up to date, with extensive rewriting to keep abreast of changing con-
cepts and new research. Beyond revision of the older discussions, iwo
of the principal changes in this edition are the addition of discussions
of (1) evolutionary implications of modern research in the rapidly ex-
panding field of molecular biology, particularly of comparative studies
of DNA and of protein structure, and {2) modern theories of the origin
of life on the earth, logether with supporting evidence.

Several chapters are devoted to a discussion of theories of how
evolution occurs—the operative forces and factors, These chapters also
have been extensively rewritten. The contributions of genetics and
population genetics are introduced in such a manner that readers with
little background in genetics and mathematics can fallow the thinking.
in a book of this size, which emphasizes the facts of evolution, it is
impossible to present these theories at full length, but the present dis-
cussion should prove sufficient for most needs of students using the
book. Each instructor will supplement the text material in his lec-
tures as he thinks best, of course. Frequent references to more extensive
discussions will enable students to find additional details and points of
view,

In a very real sense it is impossible to acknowledge adeguately the
assistance given by others in the preparation of this book, I am in-
debted to countless scientists both known and unknown to me. My
gratitude continues to the many persons who made substantial con-
tributions to the first two editions. In the preparation of the third edi-
tion | gratefully acknowledge the assistance of Henry 5. Homn and
Albert E. Wood, who read the entire manuscript; of Morris Goodman
and Alexander 5. Wiener, wha read portions of it; and of Leigh Van
Valen. who offered many helpful suggestions after critically reading
the second edition. While these people have contributed greatly to the
merits of the book, of course they are entirely without responsibility
for any deficiencies it may have.

Many people have contributed to the illustrations in the book It is
4 pleasure to acknowledge my continued indebtedness to Louise F. Bush,
who made a large proportion of the drawings.

Authors and publishers have been most generous in permitting me
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to borrow illustrations. The legend for each borrowed figure credits the
source, but | should like to list the individuals who responded to my
request for original drawings and photographs: L. W. Erbe, Sidney W.
Fox, Glenn L. Jepsen, H. B. D. Kettlewell, and Lyman 5. Rowell.

Finally, it is a pleasure to express my gratitude to my efficient
typists, Jeannette Brown and Jeanne O'Connor.

Paul A. Moody

Burlington, Vermom
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1

Evolution
as Seen in
Perspective

ORGANIC EVOLUTION Bv the term “evolution” we mean the
sort of change for which we commonly use the word “development.”
We speak of the evolution of the <olar system, the evolution of the
earth, the evolution of the airplane, and the evolution of the auto-
mobile. In such cases we are referring to the changes that have occurred
in solar system, earth, airplane, or automobile.

The evolution with which this book is concerned involves a special
form of the broader meaning of the term: orcanic evorution. This sub-
division of evolution deals with changes undergone by living things,
plants and animals. For our purposes we may define organic evolution
as the theory that plants and animals now living are the modified
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descendants of somewhat different plants and animals that lived in
times past. These ancestors, in their turn, are thought of as being the
descendants of predecessors that differed from them, and so on, step
by step, back to a beginning shrouded in mystery.

In the preceding statement the words “modified descendants™
deserve special emphasis. The word "modified” refers to the element of
change that we have just mentioned as inherent in the whole idea of
evolution. The word “descendants”” introduces an idea not present in
the broader use of the term “evolution.” When we speak of the
evolution of the automobile we make reference to the changes occurring
in the transition from the “horseless carriage” of a bygone era to the
model currently advertised. We do not think of the older automobiles
as being the parents or ancestors of the newer ones in any literal
sense. Makers of automobiles learn from the experience gained with
older models how to improve and modify their products so that later
models are different from, and on the whole better than, earlier ones.
But the later models are not literally the offspring of the earlier ones.
Contrariwise, it is exactly this ancestor-descendant relationship that
is visualized in the term “organic evolution.” Later animals are thought
of as the diréct genetic descendants of somewhat differing ancestors
that Formerly lived on the earth.

The reader will have noted that the definition of organic evolution
just given differs from the popular concept of the meaning of evolution.
If the proverbial “man in the street” is asked the meaning of the word,
he is likely to reply, “Man came from monkeys.” This exclusive pre-
occupation with man is perhaps natural in a person little acquainted
with, or interested in, the remainder of the living world. To a biologist
the evolution of man is but one portion of the vast drama of evolutionary
change including all living things. Each animal alive today is the
product of long evolutionary history.

Another shortcoming of the man in the street's definition lies in
the fact that he pictures one modern form as descended from another
modern form. Man and monkey are contemporaries, both products of
long evolution. It is as incongruous to speak of one as the descendant
of the other as it would be to speak of one member of the sophomore
class in college as the descendant of another member of that class.
What, then, is the evolutionary interpretation of the relationship existing
between monkey and man? Rather than being a father-to-son relation-
ship, it is more comparable to a cousin-to-cousin relationship. You and
your cousin have a pair of grandparents in common. Modern man and
modern monkey are thought of as having shared a common ancestor in
the distant past. From this common ancestor both inherited some char-
acteristics in which they still resemble each other. Was this common
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ancestor a man or a monkey? He was neither. He was a form that
had the potentiality to give rise to a monkey, on the one hand, or to
give mise to a man, on the other. There is no evidence that any of the
modern animals we know as monkeys have that potentiality.

BEGINNINGS OF THE EVOLUTION IDEA  Many people seem
to think that the whole idea of evolution started with a man named
Darwin. This belief probably arose from the fact that Darwin’s great
book, The Origin of Species, published in 1859, was the first widely
read book on evolution published in English. This classic in our field
had twe main objectives: to convince people that evolution is indeed
a fact and to present evidence in support of Darwin’s theory of the
means by which evolutionary change occurs. This theory is called
“natural selection”; it represents Darwin's special contribution to evolu-
tionary thought. The fundamental concepts of natural selection are pre-
sented in Chapter 2 and are further elaborated in Chapters 19-21.

Ideas that by one means or another evolution does occur far
antedated Darwin, however. In fact, such ideas are probably as old as
human thought. As soon as man had attained sufficient intellect to
observe the similarities and differences among the animals and plants
surrounding him and to speculate about them, he undoubtedly began
to form crude ideas of evolution. Certain it is that by the time he had
learned to record his thoughts so that posterity might read them,
concepts of evolution wers present in his mind. Not that these early
concepts correspond in detail with our modern ideas of evolution—
far from it. They were highly speculative, frequently colored with
mythology, and represented at their best what we might think of as
“good guesses,” since in part they were subsequently proved correct.
But in them we see, though dimly, the outlines of the idea that the
living world is one and that living things change, giving rise to new
formes.

The ancient Greek philosophers afford evidence of these early
gropings for an explanation of the earth and its inhabitants, Space
forbids mention of more than a few of these pioneers in human thought.
One was Asvaxmianoer, whose adult life spanned the first half of the
sixth century s.c. According to Anaximander, men were first formed as
fishes: eventually they cast off their fish skins and took up life on dry
land. Here we have one of those “good guesses.” As will be evident
after perusal of Chapter 9, modemn evidence supports the view that a
distant ancestor of man was indeed a fish. How much credit should be
accorded Anaximander for speculations which proved to contain this
kernel of truth?

XENOFHANES was in part a contemporary of Anaximander, although
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he lived on into the fifth century .c. Xenophanes is credited with being
the first person to recognize that fossils, such as petrified shells em-
bedded in rocks, represent the remains of animals that once lived.
Today we take the idea for granted, but that fact should not lessen
our appreciation of the insight shown by the first person to grasp it.
Truth is "“obvious” only after its discovery. Xenophanes also realized
that the presence of fossils of marine animals on what is now dry land
indicates that the ocean once covered the area.

The fifth century s.c. also saw the man who has been hailed by
Osborn (1896) as “the father of the Evolution idea”: Emrepociss.
According to this philosopher, plants arose out of the earth, as sub-
sequently did animals, Animals arose as unattached organs and parts
that joined together in haphazard fashion. Most of these conglomera-
tions wese freaks and monsters incapable of living, but ‘occasionally a
combination of organs appeared which could function as a successful
living organism. Such successful combinations survived and populated
the earth, while the incongruous assemblages died. It is possible to see
in this account the first glimmerings of the idea of the survival of the
fittest, an idea which formed such an important part of Darwin's
theory of natural selection 23 centuries later. But the danger is great
of “reading into” such ancient writings ideas that were not actually
in the mind of the author. Empedocles included man among the beings
formed in the manner described.

The fourth century sic. Is memorable for the life and work of
Awistorie, well termed by Locy (1925) “the greatest investigator of
antiquity.” Best known to us as a philosopher, Aristotle possessed far
more of the spirit of scientific research than did his predecessors or
most of his successors for centuties to come. Thus, within the limits
of the materials and methods available to him he carried on investi-
gations in such diverse fields as marine biology, anatomy, embryology,
and the metamorphosis of insects. Although the accuracy of his sci-
entific observation excites our admiration, we find lees to admire in
his speculations concerning evolution, There he failed to follow the
ideal which he himself propounded: “We must not accept a general
principle from logic only, but must prove its application to each fact:
for It is in facts that we must seek principles, and these musi always
accord with farts.” Yet our censure must be temperate, since the store
of “facts” available to Aristotle was totally inadequate as a foundation
For the activity of his towering intellect.

We shall confine our attention to one contribution made by
Aristotle to evolutionary thinking: He maintained that there is com-
plete gradation in nature, The lowest stage is the inorganic. Organic
beings arose from the inorganic by direct metamorphosis. He conceived
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the organic world to consist of three states: (1) plants; (2) plant-
animals, a transitional group in which he included sponges and sea
anemones; and (3) animals, characterized by feeling or sensibility.
Within the animal group he constructed a genetic series leading from
the lowest forms up to man, placed at the apex. Hence, we may think
of Aristotle as the father of those “family trees” that have been so
conspicuous in writings on evolution ever since. It is to be noted,
however, that his tree had no branches; it was a straight line from
polyps to man. Nor did his tree contain any prehistoric animals. Unlike
Xenophanes, Aristotle failed to appreciate the true significance of fossils.
More accurate diagrams of relationship were far in the future. The
first tree of life to possess branches and to be influenced by appreciation
of the importance of fossils was published by Chevalier de Lamarck
in 1802 (in his Philosophie Zoologique),

One is tempted to remark at this point that thinking on evolution
stood still during the more than 2000 years that ssparated Aristotle
from Lamarck. Such a statement would be extreme, vet true in the
main. In this long interim what of real significance for evolution was
occurring? During this time science, in' the modern meaning of the
term, came Into existence and developed. Little by little that body of
facts accumulated which, as we have seen, Aristotle recognized as the
essential basis for the formulation of general principles. Without such
a foundation thinking on evolution would have remained forever mere
speculation. Accordingly, we can recognize the importance to evolution
of developments occurring during these 20 centuries, while at the same
time realizing that we lose but little when we omit a discussion of
evolutionary ideas prevalent during that time. The foundations were
not ready to recelve the superstructure until the nineteenth century A.p.

Mo complete survey of the history of evelutionary thought is
possible within the confines of this volume. Interested readers are re-
ferred to books listed at the end of this chapter. The present aim has
been to demonstrate that thinking about evolution is as old as human
thought and to mention a few of the first contributions to the subject.
The theory proposed by Lamarck is discussed briefly in Chapter 17.
Darwin’s contributions are referred to repeatedly throughout the book

(e.g., pp. 406—414).

EVOLUTION AND THE CHURCH The idea of evolution shares
with various other scientific advances, such as the idea that the earth re-
volves, the distinction of having been opposed in times past by religious
leaders. The latter were, of course, primarily interested in the application
of evolution to man. or rather in making certain that evolution did not
apply to man. It was felt that in some way man was degraded if one
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admitted any connection between him and the lower animals. Ad-
mittedly, also, the story of man’s origin through evolution does not
agree in detail with the story of his crigin through spedal creation as
contained in the first chapters of Genesis. Wise churchmen like St
Augustine and 5t. Thomas Aquinas early recognized that these chapters,
while expressing important religious truths concerning the Creator,
should not be regarded as literal history, Unfortunately, both for
religion and for science, the leadership of these men was little followed.

The controversy that climaxed after the appearance of Darwin's
Origin of Species has now largely subsided. For the most part the
churches recognize evolution as the means by which the Creator works.
Some portions of Protestant denominations, commonly called “funda-
mentalist,” still deny the truth of evolution. There are fundamentalists
in the Roman Cathalic Church also, but that church does not officially
oppose evolution, even of man, so long as no attempt is made to
explain the origin of the human soul by this means. This is a restriction
readily accepted by the present author since in his opinion the soul
does not come within the province of science (p. 227). Readers in-
terested in the relationship of evolutionary thinking to religion are
referred to Chapter 22.

PLAN OF THE BOOK Evelubon manifests itself in varied aspects
of the living world—in structure, in chemical composition, in the
nature of life processes (metabolism), in embryonic development, in
the chemical nature of blood, in the manner in which animals are
distributed over the earth and adapted to differing environments, in
the classification of animals, and in the remains of prehistoric animals
preserved to us as fossils. In the next chapter we shall summarize
some ideas of the nature and causes of evolutionary change, ideas which
will be of use to us in understanding the varied manifestations of
evolution. Then the factual contributions to the study of evolution
made by various fields of biology are considered. Finally, Chapters
17-21, we shall discuss in more detail the means by which evolutionary
change occurs:

References and Suggested Readings

Darwin, C, On The Origin of Species by Means of Natural Selection,
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2

Changing
Animals

THE FACT OF CHANGE We mentioned (p. 1) that organic
evolution deals with changes undergone by living things, plants and
animals. Some readers who are not used to thinking of these matters
may feel that we are making an unwarranted assumption when we
speak of animals changing. The fact that they do change has by no
means always been recognized. Indeed, until quite recently in the
history of human thought most people believed that the animals living
today were created as they now are, once and for all, as recorded in
the first chapters of Genesis, This belief was championed by many
eminent scientists of former times. Among these was Carolus Linnaeus,
the eighteenth-century Swedish naturalist who founded the system of

.3
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classification still used (see Chap. 15). Linnaeus assigned scientific
names to great numbers of plant and animal species and genera. He
believed that these species were for the most part the ones created as
described in Genesis. As his knowledge expanded, however, he modified
this view to the extent of conceding that new species might arise
through hybridization (cross mating) between the original species. In
view of this widespread belief in the fixity of species, how Is it that
we now speak of animals as changing? In other words, what makes us
think that the kinds of animals living today are not the kinds of
animals that have “always" existed?

The direct evidence on the question just raised comes from the
“rocord of the rocks”—from the remains of animals that formerly
lived but are now known to us only as fossils. In fairness to Linnaeus
we should recall that almost nothing was known about fossils in his
day. As we shall see in Chapters 8-12, this geologic record demon-
strates that hosts of animals not present in the modern world formerly
lived. What became of them, and what was their relationship to
modern animals? According to one point of view, formerly widely
held, they became extinct, leaving no descendants. Perhaps widespread
calamities (such as floods) effected the wholesale removal of these
ancient animals. And perhaps they were then replaced either by new
animals especially created for the purpose or by animals that mi-
grated in from regions of the earth untouched by the catastrophe in
question. This THEORY OF CATASTROPHISM Was prevalent among biologists
of past centuries. The eminent French biologist Baron Georges Cuvier,
whose life spanned the close of the eighteenth century and the first
part of the nineteenth, was one of its most powerful exponents.

We note that according to the theory of catastrophism the “new”
animals inhabiting a given region after a catastrophe would not be the
descendants of the “old” animals formerly found in the region. They
would be fresh creations, created either in the region in question or
eleewhere. This idea stands in direct contrast to the idea of organic
evolution, which holds that the “new” animals are modified descendants
of certain of the differing animals that formerly existed, in that region
or some other. Not that all the old animals left modified descendants—
far from it. Evidence indicates that only a small minarity did; the rest
became extinct without issue.

THE CHANGING WORLD Returning to our orginal question
concerning the fact of changes in animals, we may note that we should
expect such change even if the geologic record did not afford a direct
testimony of it. It is a truism that change is the only unchanging aspect
of our world, So far as we can judge this has always been true. The
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physical world has undergone great changes, Periods of glacial cold
have alternated with periods of tropic heat. The floors of shallow seas
have been elevated to form lofty mountain ranges, and the latter in
turn have been worn down to low hills and plains and perhaps
eventually covered by the sea once more. Aquatic environments, the
home of great proportions of the animal kingdom, have undergone
continual change, The oceans have changed the least, yet even here
changes have occurred, for example, in temperature and in salinity. The
oceans have also fluctuated greatly in depth, particularly along the
margins of continents. Elevation and subsidence of areas of the earth’s
crust have been involved in this Auctuation as has, during glacial
periods, the locking up of vast quantities of the earth’s water supply in
polar icecaps and their extensions equatorward. The environments of
freshwater animals have been even more subject to change. Rivers and
lakes are notably short-lived, changing features of the landscape. Ter-
restrial environments are most variable of all. As a rule terrestrial
animals face great fluctuations in temperature, humidity, and other
environmental factors, even changes between night and day or summer
and winter.

What have such changes in the external world to do with changes
in animals themselves? Simply this: If 4 species of animal is to succeed
it must at all times be adapted to its environment, [f the environment
changes, as we have seen that it does repeatedly, the species must
either adjust to that environmental change or die. The geologic record
is full of examples of animals that did not adjust 1o changed conditions
and hence became extinct.

We may well note at this point that change in one species will
inevitably lead to changes in other species. Change in the organic
environment of an animal may be at least as important as change in
its physical environment. For example, an animal may become adapted
to a diet consisting of a certain plant, as the koala (the marsupial
“teddy bear”) is dependent upon a diet of eucalyptus leaves. If the
climate changes so that the plant can no longer exist in the region,
the animal either must change its food habits or become extinet in that
region. If it becomes extinct, that Fact will affect the fate of fesh-
eating animals (predators and parasites) that had been dependent upon
the plant eater as part of their food supply. And changes in numbers
of predators will affect the numbers of other species of plant eaters
preyed upon. So one change sets off a whole series of other changes.

Thus we see that changes in the physical environment and changes
in the organic environment make change in a species inevitable if it is
‘@ continue inhabiting this changing world. As we have intimated,
these changes must adapt the species to live under the conditions in
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which it finds itself or, alternatively, to live under some conditions
available to it, by migration perhaps. In the following chapters we
shall see examples of such adaptations in modern animals, Despite
changes necessitated by the requirements of life under particular con-
ditions, species retain basic similarities of structure that can best be
explained as indications of their ancestry. Both the adaptive changes
and the basic similarities are important to the study of evolution.

CHANGING GENES  We noted that the geclogic record gives
testimony that animals do change and that the demands of living in a
changing world ensure that animals must change. We may now note
that animals possess within themselves the seeds of their own changes.
Nearly everyone has at least heard of the units of heredity called cenes.
These submicroscopic structures are found in the nuclei of the myriads
of cells composing our bodies and the bodies of other animals and
plants. Genes are concerned in the determination of what an individual's
characteristics shall be, and they form the principal hereditary link
between one generation and the next. To a very large extent the
characteristics of an offspring are determined by the genes he receives
from his parents: from his mother through the egg or ovum and from
his father through the sperm cell that fertilizes that ovum. The point
we wish to emphasize here is that genes are not unchanging units;
they undergo changes called murarions. When a gene mutates, the
result is a gene that conditions production of a changed characteristic.
For example, if the gene originally participated in production of brown
eve color, the mutated gene might fail to play its role in formation of
brown pigment; the eve would be a color other than brown. The matter
of mutation will be referred to in other connections later (pp. 416-422);
at present we merely wish to point out that it provides animals with a
means by which change can occur and, indeed. inevitably will occur,
since mutatipne arise spontaneously at a fairly constant, though slow,
rate.

CHANGES IN ANIMALS AND THE MECHANISMS OF EVOLLU-
TION We may appropriately inquire at this point: What happens
to inheritable changes (mutations) after they appear? In later Chapters
15-21 we shall discuss the nature of mutations and of the forces that
play upon them. In the present connection it is sufficient to state a
few general principles that will be useful in the following discussion of
the varied manifestations of evolution.

NATURAL SELECTION Much of our thinking on the causes of
evolutionary change has its roots in Darwin’s great book, The Origin
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.

Fig- 21. Charles R. Darwin at the. age of 40, (Courtesy of
the Smithsonian Institution, and of Science, 130 (1959),
No. 2387, p. 1451.)

of Species by Means of Natural Selection. Charles Darwin (Fig. 2.1)
was born on the same day as was Abraham Lincoln, February 12, 1809.
He developed his theory as a resull of observations made on a Fve-
vear voyage around the world. Immediately after graduation from
Cambridge University he was appointed naturalist on the sailing vessel
H.M.5. Beagle, about to depart on a surveying voyage. Mbpst of his
time was spent along the coast of South America, Observations on
this continent and on neighboring islands (e.g,, Galapagos, pp. 200-
310) profoundly influenced Darwin’s thinking. We shall refer 10 some
of his observations when in later chapters we discuss

the mani-
testations of evolution, Many readers will be interested

in Darwin's
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own account of the voyage (Darwin, 1845), as well as in biographies
of Darwin (e.z., de Beer, 1963; Irvine, 1955).

Darwin introduced the term NATURAL SELECTION to convey the idea
that nature exercises selection somewhat as an animal breeder does
when he wishes to improve a stock of domestic animals. The breeder
selects as parents of the next generation those individuals possessing
qualities he wishes his stock to have. At the same time he prevents the
reproduction of individuals that lack the desired qualities. Thus selec-
tion by breeders (artificial selection) has two aspects, one positive and
the other negative. Similarly, natural selection is both positive and
negative in its working.

Directing attention first to the negative aspect, we can readily
understand that if a bedily change is harmful, so that possessors of it
are not so well adapted to life as they would have been without it, the
change will be a handicap. Possessors of such a handicap may not live
to maturity or if they do live they may not reproduce or if they do
reproduce they may not produce as large a proportion of the next
generation as do their unhandicapped brethren. As a result the harmful
change will tend to disappear in subsequent generations.

This negative aspect of natural selection is important to animals as
a conservative or stabilizing force, ensuring that undesirable changes
are weeded out and discarded from the species. Negative selection
helps to keep the species always at its “adaptive peak” by preventing
establishment of changes that would lessen perfection of adaptation to
the epvironment in which the species lives. Negative selection is a
preserver of the status quo; it is constructive insofar as deviations
from the established norm would be detrimental to the species. But
real progress is seldom achieved by enforcing conformity to established
patterns. Accordingly we look to the positive aspect of natural selection
for the means of progressive change,

If we say that a bodily change is beneficial to its possessors, we
mean that the latter will have an advantage over their fellows who
lack the change, If conditions are such that competition is keen, this
advantage may be sufficient to make a difference in ability to survive
or to produce offspring or both. If it is, possessors of the change will
produce more than “their share” of offspring. If these offspring inherit
the change, the result will be that among them will occur a greater
proportion of individuals possessing the change than possessed it in
the parental generation. Let us suppose, for example, that under a
certain set of circumstances it is beneficial to an animal to have long
legs, the better to run away from enemies. If some members of the
species have longer legs (the result of mutation or recombination,
p. 11) than do others, the longer-legged individuals may survive the
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ravages of their enemies better than do the shorter-legged members.
There will be a tendency For the long-legged individuals to live long
enough to become parents and hence to produce a larger proportion
of the next generation than do their shorter-legged fellows. As a result,
long legs will be possessed by larger numbers of the second generation
than possessed them in the first. If this same trend continues for
several or many generations, eventually the whole population may
come to possess the benelficial change. This, in simplified, nontechnical
terms, is the central idea of the positive aspect of natural selection.
More complete statements, with a discussion of the forces operative,
are found in the closing chapters of this book (pp. 406—488). The
central idea, however, will be found most useful in interpreting the
manifestations of evolution discussed in the chapters immediately
following this one.

We note that positive natural selection resembles positive artificial
selection in that in both instances individuals possessing some special
attribute are favored to become parents of the next generation. In
artificial selection the favored individuals are the ones possessing some
quality desired by the breeder. In natural selection the Ffavored in-
dividizals are the ones possessing some quality that renders them better
adapted than their fellows for life under the circumstances in which
they find themselves. In bath instances the desirable quality or change
will be likely to be of more frequent occurrence in the next generation
than it was in the Former.

POSTADAPTATION AND PREADAPTATION Qur discussion so
far has emphasized more and more perfect adaptation to a stable en-
vironment in which the species is already living. This type of adapta-
tion is called rosTaparraTion, since the species has already entered the
environment, and additional adaptation merely perfects the animal for
living under the conditions prevailing. Much evolutionary change is
of this nature.

On the other hand, a bodily change may or may not be of value in
the environment in which the species is living but would be beneficial
in some other environment. If possessors of this change can reach that
other environment, they may thrive there, with the result that the
change may increase in frequency as generations pass in the new
environment. Eventually the change may characterize all inhabitants
of the new environment, becoming for this population “standard equip-
ment,” This phenomenon of a change that, though it may not be bene-
ficial in the original environment, fits an animal to invade another
environment is called PREADAPTATION Or PROSPECTIVE ADAPTATION (Simp-
son, 1953).
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Sometimes the change in question may be useful in the original
environment and yet be of such a nature that it preadapts its possessor
for life in another environment, Crossopterygian fishes (pp. 167-169),
for example, had a fin adapted for locomotion in the water, yet the
fin had within it a skeleton that could be made over to form a limb
for locomotion on land. Thus we say that the skeleton of the cros-
sopterygian fin (Fig. 9.18, p: 168) was preadaptive for life on land.

Apparently preadaptation has played an important role in pro-
gressive evolution, by which we mean the production of radical changes
in animals, as contrasted with the perfecting of adaptation to the en-
vironment in which the animal is already living. To be sure, the
perfecting of the adaptation of a species to its environment is in a
sense progressive. Yet such a process, useful as it is, does not usually
lead to radical change in structure, It is one thing for a fish to become
more and more perfectly adapted for life in the water and quite
another thing for it to climb out of the water and enter the new en-
vironment of air. Fishes (i.e.,, the Crossopterygii) possessing structures
preadapted for life on land could make the change; other fishes did not.

MEETING ENVIRONMENTAL CHANGES Consideration of pre-
adaptation has introduced a new factor into our discussion, that of
change in the environment. In earlier pages of this chapter we noted
that environmental change has occurred repeatedly throughout the
history of the earth. How do specizs of animals meet such changes?

In the first place, species frequently meet changed conditions by
succumbing to them—by becoming extinct. Such extinction of a species
or type of animal may be worldwide or it may involve only certain
regions of the earth. Thus, for example, at the close of the Mesozoic
era the dinosaurs became extinct throughout the earth. On the other
hand, in much later times the camels; formerly inhabitants of North
America, became extinct on that continent while remaining existent in
Asia, Africa, and South America (e.g., llama) (Fig. 13.5, p. 284).

Another manner in which animals may meet change in their
environment is by being sufficiently adaptable or versatile so that they
can live under a great variety of conditions. While this seems not to
have been a very common solution of the problem, various examples
come to mind. The rats and mice that dwell with us in our houses as
unwelcome guests originated in Asia but are =0 adaptable to all manner
of conditions that they have become practically worldwide in distribu-
tion, Apparently cockroaches, which have survived virtually unchanged
all the vicissitudes of the earth since the days before the great coal
deposits were formed, owe their vast lease on life to 4 similar ability
to adapt to whatever may befall them. Other examples might be cited,
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but we may content ourselves by mentioning that man himself, thanks
to employment of his intelligence, is the supreme example of ability to
live under widely diverse conditions.

A third way in which animals may meet changes in environment
is by undergoing changes themselves. This is the commonest method
of solving the problem by species that do succeed in solving it. In
Chapter 17 we shall discuss a theory that changes in the environment
directly produce or call forth appropriate corresponding changes in
animale—the theory of the inheritance of acquired characters. Since, as
we shall see, there is little positive evidence that this phenomenon does
occur, we shall concentrate attention here upon MUTATIONS 35 3 source
of bodily change in animals, As we shall see later, there are other
sources of genetic variability than mutations. But in order to present
the principles of natural selection as simply as possible we shall con-
centrate on mutations in our present discussion.

As noted before, mutations are changes in genes that result in
changes in the bodies of animals possessing the changed genes in
appropriate proportion (see pp. 371-378). Mutations occur at random,
without regard to the needs of the individuals in which they occur. If
the mutations are harmful in their effect, they will be eliminated by the
negative action of natural selection discussed above. However, if the
mutations are beneficial, they will be preserved, and the number of
individuals possessing them will be increased in subsequent generations
by the positive action of natural selection. Experiments showing that
natural selection actually does operate as we postulate are briefly dis-
cussed in Chapter 20. Positive selection of beneficial mutations may
lead to more perfect adaptation to an existing environment or, al-
ternatively, to adaptation to new conditions when the environment
changes.

We have seen that when the environment changes a species may
become extinct, Sometimes, however, though most of the members of
a species may fall to survive, a few members; usually the possessors
of changes (mutations) adapting them to the new conditions, will sur-
vive. The surviving few then become the progenitors of . ture gen-
erations that inherit the changed condition, permitting lire in the
changed environent,

If a species becomes extinct, the result is an ENVIRONMENTAL NICHE
—a possible place and means of livelihood—left vacant. There may be
in the vicinity, however, some other species possessed of structures
that preadapt it for life in the vacant niche. For such a species the dis-
appearance of the former species would be the opening of a door to
opportunity. Sometimes the environmental niche remains vacant for
a long time before a species appears that is adapted to occupy it. Thus
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Simpson (1953) has pointed out that the niche left vacant by the
extinction of ichthyosaurs (reptiles, contemporaries of the dinosaurs
having highly fishlike body form: Fig. 3.5, p. 30) was unoccupied
until the advent of dolphins and porpoises 30 or more millions of
years later.

Accordingly we see that possession of bodily changes, the result
of fortunate mutations, may enable animals to meet changing en-
vironments in one of two ways: (1) In some cases possessors of
changes among members of the species already present in the environ-
ment may be enabled to survive while their fellows cannot. (2) In
other cases the species already present in the environment may become
extinct, but other species possessing structures that preadapt them to
life in the miche left vacant may be enabled to move in and occupy
that niche.

A specific example may help to make clear the application of the
general principles we have been discussing. We have already referred
ko the fact that the crossoptervgian fishes gave rise to the first land
vertebrates, the amphibians. This was one of the greatest changes lo
occur in the evolution of vertebrates. More information concerning it
is found in Chapter 9, This change occurred near the end of the period
of geologic time known as the Devonian (p. 146). Prior to that time
all vertebrates had been water dwellers, Hence the dry land environ-
ment was an unoccupied environmental niche as Far as vertebrates were
concerned. As mearly as we can picture it from our great distance in
time, the course of events ran somewhat as follows.

During the dry seasons some ponds probably dried up completely
while others were reduced to stagnant pools of foul water, overcrowded
with fishes. Under such conditions most fishes must have died, as they
do when similar conditions arise today. But among the fishes in those
Devonian ponds were some that were preadapted for invasion of the
unoccupied environmental niche just across the water line. These were
the crossopterygian fishes. Two of their maost striking preadaptations
were (1) the skeletal structure of the fins, providing raw material for
a limb that could support the body and accomplish locomotion even
when the body was no longer buoyed up by surrounding water
(Fig. 2.2), and {2) an air bladder connected to the pharynx and
capable of being used as a simple lung for respiration in the air.

We may picture some of these crossoplerygian lishes as making
use of their preadaptations to crawl from their fetid poals, probably at
first in search of fresher and less crowded ones (Romer, 1959), Pre-
sumably the first overland excursions were brief. And probably very
few of the crossopterygian fishes succeeded in making even this much
departure from ancestral habits. Ploneering is seldom a mass phe-
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to pharynx mouth cavity

Lobe fins

Fig. 22 DHagram of crossopterygian fish dissecied to show three ways in
which It was preadapted for life on land

nomenon. Eventually, however, there must have arisen small populations
of crossopterygian descendants increasingly emancipated from life in
the water and finally making use of it only as a place to spawn and
lay their eggs, as most amphibians do to this day. The earliest
descendants (labyrinthodonts, p. 169) seem to have been fish eaters.
This increasing emancipation from life in the water would be accom-
plished by that postadaptation of which we have spoken. The principal
mechanism involved in the change from water to air was doubtless the
positive aspect of natural selection—the favoring of individuals pos-
sessing changes (arisen through mutation) that more adequately fitted
them for life on land than their fellows.

“"MANY ARE CALLED BUT FEW ARE CHOSEN" We have
stressed the point that the numbers of individuals involved in making
the dramatic change from water to air were probably small. The great
bulk of fishes, even of the crossopyterygian fishes, stayed in the water,
living and dying as might be determined by stringency of conditions
confronting them, A few were the ploneers into the new environment
outside the water,

As Simpson (1953) especially has pointed out, rates of evolutionary
change vary greatly, from animal to animal and from time to time. We
may be sure that the “chosen few” among crossopterygian descendants
in the Devonian were in a highly unstable condition as regards adapta-
tion, At first they must have been barely able to meet requirements of
life in the new environment: life must have been & “nip and tuck”
affair. Under such precarious conditions any slight improyement might
have made an important contribution te survival and hence have been
favored by natural selection. This fFact, together with the small numbers
of individuals involved, would have been conducive to rapid evolution.
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(The influence of numbers upon rates of evolutionary change is dis-
cussed in Chapters 18, 19, and 21.) Consequently, the shift from water
to land probably occurred quickly, in terms of geologic time, though
millions of years were involved.

One reason for mentioning here the small numbers of transitional
forms and the brief span of the world’s history in which they lived is to
point out that these facts may explain in some measure why we seldom
find fossils of actual transitional forms between one major group of
animals (such as fishes) and another major group (such as amphibians}.
Transitional forms are so seldom found, in fact, that one school of
thought claims that they never existed and that one group arose from
another by one sudden change (“systemic mutation” of Goldschmidt,
1940). This idea has been expressed by the striking statement: “The
first bird hatched from a reptile’s egg.” It seems more likely, however,
that Simpson is correct in postulating that transitional forms did occur
but that they were so relatively few in number and occurred during such
a brief interval of geologic time that chances of finding fossils of them
are small. Moreover, in the following chapters we shall note examples
of transitional forms whose fossils have been discovered. Chapter 8
presents additional information concerning reasons why the geologic
record is incomplete.

POTENTIALITY PLUS OPPORTUNITY We may appropriately
mention at this point an erroneous idea prevalent among many people
who know little about evolution. This is the notion that if evolution is
a fact all animals must be constantly tending to become “higher” ani-
mals or, in its most exaggerated form, that all animals must be tending
to become man. One sometimes hears the argument that evolution
cannot be a fact because if it were there would be no “lower” animals
lefi—they would have all become men long since! Thoughtful con-
sideration of the foregoing discussion will demonstrate the fallacy of
such an idea. We have seen that animals are constantly tending to be-
come adapted to the environment in which they live. Hence most fishes,
either today or in Devonian times, may be thought of as tending to be-
come "better” fiches; only a few, and that in one stage of the earth’s
histary, became amphibians. Among the latter, in turn, only a few mem-
bers of one group had the potentialities, and the opportunity, to become
reptiles; the rest remained amphibians, becoming adapted to a variety
of habitats, Thus it must have been always, and with all groups of
animals. To only a minority of any group befell at once the potentiality
and the opportunity for radical change into something different.

As we look about us today we see animals, each the product of
long evalution, each occupying its own environmental niche in the world.
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The modern amoeba in its drop of water is admirably adapted to the
conditions of life as it finds them. It is not tending to become a “higher
animal.” There already are higher animals filling the available niches.
But hundreds of millions of years ago there were no higher animals;
then some one-celled animals having the necessary potentialities were
presented with the opportunity to enter the vacant “higher-animal
niches” and did so. But still the “one-celled-animal niches” remained
and continued to be occupied by amoeba and its relatives to this day.
Is not the modern amoeba as successful in being an amoeba as we are
in being human beings?

In the following chapters we shall note many instances of pre-
adaptation as well as of the perfecting of adaptation of new structures
once they have appeared (postadaptation). In later chapters more com-
plete discussions of the principles of evolutionary change, just sketched
in the broadest possible strokes, will be discussed. The detasils of theory
can best be understood and appreciated after we have acquired a back-
ground of fact.
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Evolution
as Seen in
the Structure

of Modern
Animals

MORPHOLOGY Structure is the easiest aspect of an amimal to
study, Perhaps it is for this reason that knowledge of animal structure
dates fram ancient times and was, Indeed, the first aspect of biology
to develop. The study of structure is called morrnorocy, a word of
slightly broader meaning than the more familiar term “anatomy,”
which is nearly synonymous. Biologists had not progressed far in the
study of morphology before they were impressed by similarities among
different animals and began to speculate on the reasons for these
similarities.
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ANALOGY Why are different animals similar in structure? In the
first place, there is no cause for surprise in the fact that animals living
in the same environment or having similar methods of locomotion,
obtaining food, and so on resemble each other. Fishes and whales are
both faced with the problem of moving rapidly through water. What
could be more natural than that they both should have streamlined
body forms and should be propelled by the thrust of powerful tails
against the surrounding water? Or again, birds and bats utilize the

Fig. 31 Comparpson al vertebrate wing
structutws. (From. The Dinossur Besk by E H
Colbert: Copyright 1945, 1951 by the American
Museum of Matural History. Used with
permicsion of the author and McGraw-Hill Baok
Company,)
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air as a mediam of locomotion. Both, therefore, possess wings which,
like the wings of an airplane, support the body In the air and, unlike
the wings of an airplane, serve as the mean: for forward propulsion.
The reader can readily supply additional examples from his own
observation. When animals live similar lives they usually resemble
each other to some extent, the similarity being connected with the
similar functions that their bodies serve. Similarity of structure con-
nected solely with similarity of function is termed ANALoGY: structures
exhibiting it are said to be analogous.

Insects resemble birds and bats in the possession of wings. The
insect wing somewhat resembles a structure molded in plastic. Both
the wing and the outer covering (exoskeleton) of the body contain a
complex material (nitrogenous polysaccharide) called chitin. The wing
is stiffened by a series of hollow tubes, the “veins” (Fig. 9.13, p. 165),
The whole forms a lifeless structure operated by muscles attached to
its base.

The wings of bird and bat are quite otherwise (Fig. 3.1); The
supporting surface of the bird wing is composed of feathers; that of
a bat wing, of a membrane formed of modified skin, The feathers, in
the one case, and the membrane, in the other, are supported by an
internal skeleton of bone, a very different material from the chitin of
the insect. The skeleton of these wings forms a series of segments.
The segment attached to the body is supported by a single bone
(Fig. 3.1), the numerys, To the free end of the humerus two bones
attach, the rapius and uiva. Next comes a group of little bones, the
canpats (corresponding to man’s wristbones), then the METACAMPALS
(corresponding to the bones in the palm of man’s hand), and finally
the pHALANGES (corresponding to the bones in man's fingers). In the
bat the first “finger,” corresponding to the human thumb, is short and
tipped with a claw, while the other four fingers have long, slender
metacarpals forming stiffening supports, like the ribs of an umbrella,
for the wing membrane. In the bird the carpals, metacarpals; and
phalanges are partly fused into an irregularly shaped bone serving
to support the feathers of that part of the wing. We see, then, that
the wings of insects are really very different from the wings of birds
and bats. We may conclude that analogous similarities are on the
whole superficial in nature.

HOMOLOGY In describing the skeleton of the wings of birds
and bats in the preceding paragraph we repeatedly referred to the
skeleton of the human arm to make our meaning clear. It is already
evident, therefore, that considerable similarity exists between the
skeletons of the arm of man and of the wings of bird and bat. The
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Fig. 3.2 Forelimbs of mun and of several mammals adapted for walking
and running. Roman numerals identify the five digits (After Le Conts,)

similarity is particularly clear in the case of the bat, The similar
segments found in arm and wings may be listed as follows, starting
at the shoulder (Fig. 3.2): (1) humerus, (2) radius and ulna, (3) carpals,
(1) metacarpils, and {5) phalanges. Here is similarity of structure not
readily explained as connected with similar function.

Figure 3.2 presents, along with the forelimb of man, the limbs of
four mammals adapted for more or less rapid movement over the
surface of the carth, A glance at the figure suffices to reveal that dog.
pig, sheep, and horse all have their forelimb skeletons constructed of
bones arranged according to the same pattern. True, there are modifica-
tions. In the pig two of the “fingers” are much larger than the other
two, whereas in the sheep only two are present, forming the support
of the so-called “split hoof.” The two remaining fingers are the third
and fourth (in numbering, the human thumb is designated as 1, the
“index linger” as II, and so on). Digit Il is the only one remaining
intact in the horse; its enlarged fingernail forms the solid hoof. In
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the horse the radius and ulna are fused together, and the metacarpal
of digit IIl is greatly enlarged and elongated, forming the so-called
cannox sont. Closely attached to the rear surface of the cannon bone
are two slender bones known as the sprint soNEs; they represent re-
duced metacarpals of digits Il and IV,

Directing our attention to animals living in the water we note
that whales, seals, and sea lions have their forelimbs modified into
paddle-like flippers. Dissection of one of these flippers reveals that its
skeleton is composed of the same five segments we noted in the arm
of man and in the limbs of terrestrial mammals (Fig. 3.3). The seg-
ments are shortened, but they are all there in the order listed above.

Fig. 3.3, Skeleton of a whalebane whale, The upper figure
ghows vestiges of the pelvic girdle and hind limb: p. pubis; fsch,
ischinm; {, femur. (After Romanes; from Guyver, Anbmel Biology,
Harper & Brothers, 1948

Thus we see that among birds and mammals limbs adapted for
grasping, lying. running, and swimming are all constructed upon the
same basic pattern. They share a fundamental similarity of structure
that is evidently entirely unconnected with the uses to which they are
put. How can we explain the origin of similarity of this kind, similarity
that has no relation to function—which indeed exists in many cases
despite dissimilar functions?

One way in which we might answer this question is that of the
biologist who first called attention to the fact that a basic pattern
underliee all these forelimbs. That was Baron Georges Cuvier, the
eminent French comparative anatomist of the past century. Cuvier
was not convinced of the truth of evolution. He believed that each
species of animal has been created separately, an idea usually referred
to as the theory of sreciat czeamion. But if species were separately
created, how could similanities among them arise? Obviously they
would be similar if they were created to resemble one another. More
specifically, we might assume that in shaping forelimbs the Creator
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used a certain pattern: When He created the hand of man He modified
that pattern in a certain way; when He created the wing of a bat He
modified the pattern in a different way; when He created legs adapted for
rapid running He modified the pattern in still a different way; and so
on. According to this theory there Is no genetic relationship between
man, bat, and horse; all they have in common is that they were made
by the came Creator, using 4 common pattern.

Most modern biclogists do not find this explanation satisfying.
For one thing, it is really not an explanation at all; it amounts to
saying, “Things are this way because they are this way.” Furthermore,
it removes the subject from scientific inquiry, One can do no more
than speculate as to why the Creator chose to follow one pattern in
creating diverse animals rather than to use differing patterns.

Hence most modern biologists explain the origin of similarities
that have no relation to similar functions in a different manner. They
are convinced that the similarity exists because the animals concerned
inherited the structure from an ancestor that they shared in common. We
have seen that the vertebrate forelimbs, for example, appear to be
modifications of a five-fingered (restanacryy) limb having one upper-
arm bone (humerus), two lower-arm bones (radius and ulna), wrist-
bones (carpals), and metacarpals and phalanges arranged to form five
kingers (Fig. 3.2), Why are such diverse limbs as those of man, bat,
bird, whale, horse, and s0 on all modifications of this pattern? The
evolutionary explanation is that these animals all inherited the limb
pattern from an ancestor that had the pentadactyl limb in more or less
typical form. When the descendants of this ancestor took to life in the
water, to locomotion through the air. or to running over hard ground
they made over what they had in the way of limbs to serve the new
functions. But despite the reconstruction necessary the indelible traces
of the inherited pattern still remain. Thus, in contrast to the theory of
special creation, the theory of creation by evolution maintains that
different animals are related to each other in the sense of direct in-
heritance.

In our discussion we have noted two types of similarity. Similarity
connected with similar functioning we have ascribed to analogy, We
shall find useful a term for similarities not connected with similarifies
of function: the word momoroey. Two organs in different animals are
analogous if they are used for the same Function: mwo organs in dif-
ferent animals are homologous if they have the same fundamental
structure, whether or not they are used for the same function.

These terms can be readily illustrated in connection with the
Forclimbs just discussed. We have seen that the wing of an insect is
analogous to the wing of the bird; i.e.. both wings are used for flight.
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The insect wing is not homologous to the bird wing, however, since
the structures of the two wings differ greatly. The wing of the bird
is analogous to the wing of the bat since they are both used for Aight.
In this case, moreover, the two wings are also homologous, since they
both have the same fundamental structure, both being modifications
of the pentadactyl limb. For the same reason the leg of the horse is
homologous to the wing of the bird, although the leg of the horse is
not analogous to the wing of the bird. since the two limbs are used
for different functions. Thus organs in different animals may be
analogous but not homologous, analogous and homologous, or homol-
ogous but not analogous.

According to the most generally accepted interpretation, homologous
structures owe their fundamental similarities to common ancestry.
They are indications, remaining in modern animals, of what the an-
cestors of these animals were like. In a sense all modern animals are
“made over” animals—the made over versions of their ancestors. And
just as a made over garment if examined closely may reveal some
indications of its former state, so modern animals reveal to a dis-
cemning eye what the characteristics of their ancestors must have been,
For this reason the discovery and analysis of homologous structures
forms one of the most powerful tools used in tracing the evolutionary
histories and relationships of antmals.

In this discussion we have illustrated homology with examples in
which the fundamental similarities are casily seen. In all fairness we
should mention that tracing homologies is frequently difiicult. For
example, there is convincing evidence that the “hammer” and “anvil”
{malleus and incus) of the chain of three bones in our middle ear are
homologous to two bones that formed the articulation of the lower
jaw to the skull in our reptilian ancestors (articular and quadrate bones;
see p. 198). In this case careful investigations of modern animals, of
embryonic development, and of fossil forms were needed before the
homology became evident.

ADAPTIVE RADIATION  The concept of adaptive radiation may
be illustrated by the limb structure of mammals. Mammalian limbs,
like those of other vertebrates aside from fishes, are modifications of
the pentadactyl limb. Primitive, ancestral mammals are believed to
have been short-legged, five-fingered creatures living on the ground
(or in trees?) but having limbs not strongly medified for any particular
type of locomotion. Animals living on the ground are called terresrriaL
in Fig. 3.4; insect-eating (insectivorous) mammals such as the shrews
form modern representatives of them. Mammals possessing this primi-
tive limb structure are placed in the center of the disgram, Of the lines
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Fig. 34, Adapiive radiation In limb structure of mammals.

radiating from this central point one leads to AzBoREAL, 3 term for tree-
dwelling forms, which in one way or another have adapted limbs for
life in trees; squirrels, sloths, monkeys are among the examples.
Another line leads to agmtat, representing mammals adapted for flight.
Only bats occupy the position at the terminus of this line, since they
are the only truly flying mammals. Somewhere along the line we should
place such gliding forms as the wrongly named “Aying” equirrel. It
will be noted that the diagram represents the lines leading to arboreal
and to aerial as not entirely independent. A single line is shown
emerging from terrestrial and then dividing into the two branches.
This arrangement was made to suggest the probability that the an-
cestors of Aying mammals lived in trees, i.e., that life in trees preceded
flight. Perhaps gliding formed the transitional type of locomotion be-
tween climbing and true fight.

Continuing around the diagram in a clockwise direction we come
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to the line ending in cursoriaL. This term refers to mammals, like horses
and antelopes, that have developed limbs suitable to rapid movement
over the surface of the ground. Part way along this line we should
place animals with less strongly modified limbs, such as wolves, foxes,
hyenas, and lions:

A line leading downward ends with the term rossomiar, applying
to burrowing mammals. Some of these, like the moles, have modified
their forelimbs into such specialized and powerful digging organs that
they are poorly adapted for locomotion on the surface of the ground.
Others, like pocket gophers and badgers, are expert diggers but have
retained limb structures enabling them to move about on the surface.

Finally, 2 line leads to the term aguaTic. At the end of this line we
find such mammals as whales and porpoises, with limbs so strongly
modified for life in the water that they cannot move about on land.
Part way along the line we should place seals, sea lions, and walruses,
mammals with limbs strongly modified for life in the water yet re-
taining some ability to move about on land. Still nearer the center on
this same line we should place such accomplished swimmers as otters
and polar bears, mammals equally at home in water or on land.

All the mammals mentioned as belonging on one of the radiating
lines have limbs more or less adapted for some particular mode of
locomotion. All lines start from a common center representing the short,
pentadactyl limbs of terrestrial mammals, From this center evolutionary
lines tadiate out in varipus directions. Hence ADAPTIVE RADIATION is
evolution in several directions starting from a common ancestral type.

What is the relationship of adaptive radiation to homology and
analogy? All the limbs mentioned are homologous to each other, since
they are all variations of the pentadactyl limb. But for the most part a
given limb is only analogous to others on the same radiating branch of
the diagram. Thus the leg of the antelope is analogous to the leg of the
horse, since they have the same function, but not to the leg of the mole.

What does the diagram of adaptive radiation indicate about the
ancestry and evolutionary relationships of the animals included? In the
first place we recall that, if the evolutionary interpretation is correct,
possession of homologous structures is evidence of common ancestry.
All the animals included in the diagram have modified pentadactyl
limbs; hence they must be related to each other. Possession of this
common limb pattern does not indicate close relationship, however,
since the pattern is shared not only by all mammals but also by birds,
reptiles; and amphibians—by all vertebrates except fishes, in other
words.

What of the animals grouped together on one of the radiating
lines? Are they related to each other? We have just noted that posses-
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sion of the pentadactyl pattern indicates that they are distanily related,
but does their position together on one of these lines indicate that they
are closely related? The answer is evident if we recall that the groupings
on the radiating lines are based upon possession of analogous similarities

and that possession by two animals of analogous similarities is not in
itself indicative of common ancestry,

PARALLEL EVOLUTION As examples of cursorial adaptation we
have mentioned antelopes and horses. These two are placed on the
same branch of the diagram because they have limbs serving the same
function. But, as just mentioned, possession of analogous similarities
does not indicate relationship. Both antelopes and horses are believed
to have evolved from ancestors having short, pentadactyl limbs (“ter-
restrial,” Fig. 3.4); both have achieved elongated, slender limbs adapted
for rapid running. But the antelopes have developed two toes on each
foot (after the manner of the sheep shown in Fig. 3.2), while the horses

Fig. 33 Convergent wvolution exhibited by a fish xhark), 2
reptile (lehthyaseurms), and & mammal (dolphing, all
srongly adapted for aquatic like. (From Lull, The Waps of
Lite, Harper & Brothers, 1047.)
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have developed but cne toe (Fig. 3.2). Both have achieved the same
goal but have done so separately and in differing ways.

When we see two forms independently undergoing similar changes
in the course of their respective evolutionary histories we say we have
a case of paraLLrL TvoruTion if the animals concerned are closely related
ar CONVERGENT EvoLuTION if the animals are more distantly related. The
distinction between the two terms is not clear-cut. In the case of the
horse and antelope we have two forms that are not closely related;
they belong to different orders of mammals (p. 480). Therefore we
might regard their evolution as a case of convergence. On the other
hand, evolution of different mwo-toed mammals (e.g., the antelope and
the deer) would form an example of parallel evolution, as would the
development of Aipperlike forelimbs by seals and walruses.

Sometimes convergent evolution Involves organisms even less re-
lated to each other than are different orders of mammals, Thus the
whales and their relatives such as porpoises evolved a fishlike body
form, and so did the extinct reptile [ehthyosaurns (Fig 3.5). The wings
of the bee, bird, and bat afford another striking example of con-
vergence.

In summary we may point out that paralle! and convergent evolu-
tion lead to production of analogous similarities. On the other hand,
homologous similarities are indications of the persistence of ancestral
structure throughout all the vicissitudes of evolutionary change

HOMOLOGY IN SKULL STRUCTURE Use of forelimbs for Il-
lustrative purposes in the preceding discussion was dictated by the
clarity with which the several points could be shown and by the rela-
tive ease with which the structures could be understood by readers
unacquainted with the details of vertebrate anatomy. Actually, how-
ever, our illustrative material might have been drawn from any portion
of the body. All systems and parts of the bodies of vertebrates exhibit
the fundamental similarities we have designated as homologous. For
example, the skulls of vertebrates have received exhaustive investigation.
Studies reveal that from fish to man a common pattern of bone arrange-
ment is found; evolution has consisted of gradual reduction in numbers
of bones, through loss and through fusion of one bone with another,
and of changes in function and in relative size. Figure 3.6 illustrates the
point that the skulls of amphibians, reptiles, and mammals are based
upon this common pattern. The figure also demonstrates a progressive
reduction in the number of bones and the corresponding increase in
the importance of such bones as the frontals and parietals as the brain
underlyving them increases in sizee Why do skulls of such diverse
animals give evidence of having been constructed on a commen pat-
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(See Zangerl, 1948)

tern? Because if the evolutionary interpretation is correct, the diverse
animals all inherited that pattern from a common ancestor.

We might continue to pile example upon example, but every reader
who has taken a course in elementary zoology or in comparative
anatomy can supply his own. Such courses are filled with examples of
homology and, indeed, are constructed with the latter as a fundamental
tenet. Why, for example, do students of comparative anatomy dissect
the common cat? Not because they are particularly interested in cats as
cats, but because the anatomy of the cat is 1o a considerable extent
typical of the anatomies of all mammals, including man, By studying
ane mammal the student can learn much about all mammals, because
of the fundamental similarities, homologies, found everywhere in
mammalian structure.

HOMOLOGY IN BRAIN STRUCTURE Although we have stated
that homology characterizes all bodily systems, our examples thus far
have been confined to the skeletal system. Figure 3.7 [llustrates the
point that the “soft parts” of the body present comman patlerning as
well as do the “hard parts. It is evident from the figure that brains
of vertebrates, ranging from fishes to mammals, are constructed of
similar series of parts: OLFACTORY LOBES, crmEBRAL HEMISPHERES, OFTIC
LOBES, CEREBELLUM, MEDULLA, and other less prominent divisions and sub-

divisions. As we progress through the series some lobes become more
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Fig. 3.7. Comparson of the brains of a series of vertebrates,
Dorsal view. [(After Guyer, Animal Biology, Harper &
Brothers, 1948.)

prominent than others. In particular the cerebral hemispheres, much
smaller than the optic lobes in fishes (Fig: 3.7), become in mammals
the dominant portion of the brain, hiding the remains of the optic
lobes heneath them so that the latter are not visible in the view of the
mammalian brain shown in the figure. Despite the differences connected
with differing functions, however, the common pattern of brain struc-
ture is clearly evident. The reader can now readily form his own con-
clusion as to the reason for this fact

HOMOLOGY IN INVERTEBRATES Homology is by no means
the exclusive attribute of vertebrates. We have concentrated attention
upon vertebrates because the structure of vertebrates is better known
to the average reader than is the structure of invertebrates, The latter,
however, also show common patterns of structure upon which are
superimposed modifications connected with differing functions. One of
the most instructive examples of this phenomenon is derived from the
mouthparts of insects. This example gains added interest from the
fact that it was known to Darwin and cited in his Origin of Species.

Insects considered most primitive by entomologists have mouth-
parts adapted for cutting and shredding plant tissues. The common
grasshopper is a typical example (Fig. 3.8). Its mouth is provided with
a pair of manpmues that act like jaws in cutting and biting, They move
in a horizontal plane, in contrast to the vertical movement of the lower
jaw of vertebrates. In the mouth there is a tonguelike structure called
the HyroPHARYNX. Accessory to the mandibles are two pairs of mouth-
parts unlike anything possessed by vertebrates. These are called,
respectively, the rirst and seconp maxiiag; they aid in the process of
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conveying food into the mouth. They are provided with short, feeler-
like processes called pairs. In the grasshopper the pair of second
maxillae enter into the formation of & Lasum or “lower-lip."" There
also is present a Lasrum or “upper lip.”

Starting with the cutting or mandibulate pattern of mouthparts
just described we can trace an adaptive radiation comparable to the
one illustrated by vertebrate forelimbs. For example, the honeybee has
adapted the mouthparts for its particular means of food gathering
(Fig. 3.3). The mandibles continue to function as jaws but are used
principally not for cutting food but for “working” the beeswax until
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it is pliable and in condition to be utilized in construction of honey-
comb. Food consists of the nectar of flowers drawn up into the mouth
through a pumplike arrangement consisting of a tube with a plunger
within. The tube is not a solid structure but is improvised by bringing
together the pair of first maxillae and the labial palps. The plunger
within the tube is a tonguelike structure formed from a portion of the
labium. A muscular sac at the upper end of the tube acts in sucking
up liquids much as does the rubber bulb of a medicine dropper
(pipette).

Butterflies and moths also have a tube through which nectar from
fowers is drawn into the mouth (Fig. 3.9). As in bees, suction is
produced by a muscular sac connected to the tube; there is, however,
no plunger (tongue) in the tube. In many butterflies and moths the
tube is long and slender and when not in use is coiled like a tiny
watchspring under the animal’s head. This slender tube is composed
of the pair of first maxillae elongated, hollowed out on their adjoining
surfaces, and held together by interlocking grooves and ridges. Mandi-
bles and second maxillae are rudimentary, excepl in one family of
moths which have retained biting mouthparts, thereby adding evidence
in support of the view that sucking mouthparts, possessed by other
moths, are in reality “made over” from the biting and cutting type.

A third modification is possessed by the true bugs (order Hemip-
tera), They have a proboscis somewhat like a hypodermic needle which
they thrust through the skin of plant or animal to withdraw underlying
juices (Fig. 3.9), Though the most notorious member of the group Is
the bed bug, by far the larger number of true bugs suck the juices of
plants and of other insects rather than the blood of vertebrate animals,
Unlike a hypodermic needle the proboscis is not thrust through the
skin by sheer force applied to it The creature wielding it is too tiny for
that. Rather, a hole is drilled for its insertion, the drilling being done
by two pairs of sharp, piercing bristles (Fig. 3.9). The innermost pair
of these is formed from the first maxillae, hollowed out on their
adjoining faces to form the walls of two tubes. Plant and animal juices
are sucked through the larger, dorsal tube; saliva may be forced out-
ward into the puncture wound through the smaller, ventral tube
(Fig. 3.9). On either side of the first maxillae are the mandibles, also
modified to form piercing bristles. In drilling the hole the four bristles
slide up and down independently, the mandibular pair being the more
active In the process. This hypodermic arrangement is encased for a
portion of its length in a rostrum or beak formed of the second maxillae
(Fig. 3.9),

The two-winged flies, the housefly being the most familiar ex-
ample, have a proboscis formed from labrum, hypopharynx, and
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labium (second maxillae; Fig. 3.9). In some flies the proboscis terminates
in 2 pair of broad, soft pads (labella) pierced by many pores which
function in “sponging up” liquids; in biting flies the proboscis is modi-
fied for piercing.

Proboscis

Labella

Palps of
first maxilla

Proboscis
{ First maxiilae )

BUG BUTTERFLY

Fig. 3.9. Muouth parts of bug. housefly, and bu
bug shows the beak attached to the head; lower
of the beak cat away to reveal the cross section, with an enl

of the brstles at the right. Mandibular bristies ROKDAL vt sestii

shown in diagonal
shading;, 15t maxillary bristles, solisd black: 2nd i I
beak, onshaded maxillag, forming the

erfly. Upper drawing of the
drawing shows a portian
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We see, then, how a set of “standard parts" (labrum, mandibles,
hypopharynx, and first and second maxillae) have been modified to
serve such diverse food habits as cutting and shredding plant tissues,
sucking nectar from fowers (by two different types of mechanism),
piercing the skin to suck juices of plants or animals, and gathering
liquid from the surfaces of food particles. Why are such diverse
mechanisms based upon the same underlying pattern? Evidently the
basic pattern of mouthpart structure was inherited from an ancestor
shared by all these modern insects. As noted above, the mandibulate or
cutting mouthparis represent the type from which all the others are
believed to have arisen through adaptive radiation.

SERIAL HOMOLOGY  Thus far we have spoken of the homology
of an organ in one animal with an organ in another animal, We have
said, for example, that the wing of the bird is homologous to the arm
of man. There is another type of homology in which two or more
structures in one individual are compared. Fundamental similarity of
structure between one part of an animal and another part of the same
animal is called sertaL HOMOLOGY,

An example of serial homology is seen in the arm and leg of man.
The segment of each that is attached to the trunk has 4 single bone
as skeletal support; in the arm this bone is called the humerus (Fig.
3.2), and in the leg it is called the revon. In the succeeding segment of
the arm and leg there are two bones, which are called radius and ulna
in the arm and ris1A and rivuLa in the leg. Then come a group of wrist
and ankle bones, respectively, which are called carpals in the arm and
taRsaLs in the leg. Next are the bones of the palm of the hand and the
sole of the foot, metacarpals and meratarsats, respectively. Finally, the
bones of fingers and toes are called rHaraxces in both cases. Evidently,
then, our forelimbs and hind limbs are modifications of the same
fundamental pattern, modified for grasping and handling in the one
case and for locomotion in upnight posture in the other.

Much more elaborate examples of serial homology are afforded by
the jointed appendages of invertebrates. Examination of the numerous
appendages of a lobster or crayfish reveals that those in different parts
of the body have much resemblance despite the fact that they are
modified for a variety of functions (Figs. 310 and 3.11). The most
conspicuous pair are the “pinchers” or cuetae, used by the animal in
grasping food and in fighting. Just behind the chelae are the four pairs
of warxing tecs, used in slow locomotion along the bottom of the
stream in which the animal lives. Behind the walking legs and attached
to the abdomen are several pairs of swnasmerers (XIV and XVI in Fig.
3.11; not shown in Fig. 3.10), These are small appendages; their name
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gives a false impression of their importance in swimming. In females
masses of eggs become attached to them, hanging like tiny bunches of
grapes while embryonic developmen! progresses, In males the first
pair of swimmerets (XIV in Fig. 3.11) is modified for the transference
of sperm cells to the female. A broadly expanded, somewhati paddielike
structure will be noted at the end of the abdomen (Fig. 3.10). When
the animal wishes to move rapidly it flexes or bends its abdomen
powerfully, this terminal structure offering resistance to the water much
as does an oar. As a result the body shoots backward with greal speed.
The termmal structure employed in this maneuver is composed of a
flap (telson, Fig. 3.10) attached to the last segment of the body,
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augmented by flattened appendages on either side, the urorovs (Fig.
3.10; XIX in Fig. 3.11).

Anterior to the chelae is found a succession of appendages modified
for a variety of functions. Some of them, MaxmuLIFEDS and MAXILLAE (Vi
and V in Fig. 3.11), aid in grasping food and conveying it to the mouth.
One pair, the manomees (111 in Fig. 3.11), crush the food, Two other
pairs, the antennae and antessuees (11 and | in Fig. 3,11), form sensory
"feelers.”

The great variety of functions served by the appendages of the
crayfish are evident from the foregoing summary. Careful study reveals
that they are all modifications of a single pattern. We have spoken of
a five-fingered (pentadactyl) pattern underlying vertebrate forelimb
structure; similarly, we might say that a two-fingered pattern underlies
the structure of crayfish appendages. This two-fingered structure is
called a mmamous arrenpace and is well illustrated by the typical
swimmeret of a crayfish (XV1in Fig. 3.11), The basal portion of the
appendage, proTovootrE, is unpaired but may consist of more than one
segment. Attached to the protopodite are the two “fingers,” each com-
posed of several or many segments. The “linger”" nearest the midline
of the body is called the swvoronrrs and the lateral one the exorooire.
The labeling of Fig. 3.11 indicates clearly how, starting from this
primitive arrangement, appendages adapted for the wide variety of
functions have been derived by modification, and in some cases the
loss, of one or another of the original parts.

What are the implications of serial homology for evolution? It
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will be noted that arthropods, such as the crayfish, have bodies com-
posed of a series of METAMERES or somites (this segmentation is par-
ticularly clear in the abdomen of the cravfish, Fig. 3.10); Each metamere
is provided with a pair of jointed appendages, modifications of the
biramous pattern, It would seem that the common ancestor from which
these arthropods inherited the arrangement described must have had
2 body composed of a series of metameres, somewhat like the earth-
worm's, and had each metamere equipped with a pair of biramous
appendages in typical form. In descendants from this ancestor some
of the metameres became fused together, to form a cerraLOTHORAX 2s
in the crayfish (Fig. 3.10) or to form a separate head and thorax as
in an incect. At the same time appendages attached to different meta-
meres of the body became modified to serve a variety of functions, Thus,
like homology in general, serial homology finds its most reasonable
explanation in a theory of descent with modification, i.e., of evolution.

Since the biramous pattern underlies the appendages of all mem-
bers of phylum Arthropoda, the insect mouthparts discussed earlier
are made over appendages of this type, connected to the metameres
that fused to form the head.

VESTIGES Vestigial or rudimentary organs are parts of the body
that are relatively small in size and have little, if any, ascertainable
function. In every case of importance to the study of evolution they
appear to represent useless remnants of structures or organs which
are large and functional in some other animals.

The most [amiliar vestigial organ in man is the vesmirorM
areenpix (Fig. 2.12), “Vermiform” suggests its wormlike appearance.
The appendix attaches to a short section of the large intestine called
the caecum, and the latter is located at the point where the large in-
testine is joined by the small intestine. The caecum is a short pouch,
ending blindly except for the small opening into its extension, the
appendix.

If we study the digestive systems of other mammals we discover
that carnivorous (flesh-eating) mammals have the caecum reduced to a
short, blind pouch much like our own. Cats, for example, have a short
caecum, with no appendix at all. On the other hand, if we study
hetbivorous (plant-sating) mammals having simple stomachs more or
less like ours we find that the caecum is a large pouch, in some cases
as capacious as all the rest of the digestive system put together. In
some herbivorous mammals it is broad throughout its length. In others
it tapers to a point at its free end. The combined length of caecum and
appendix in a rabbit, for example, is about 18 in_ {Fig. 2.12). For the
first 12 in. or so it is a broad, thin-walled pouch containing 4 spiral
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fold or valve that increases the internal surface. The terminal five or six
in. of it has thicker walls and no spiral valve and corresponds Lo our
appendix.

The large caeca of herbivorous mammals form storage compart-
ments in which partly digested food remains while bacterial action
takes place upon it. One of the most abundant constituents of plant
tissue i cellulose, The digestive Auids of mammals contain no enzymes
that digest this substance, For this reason man, for example, could
derive no appreciable nourishment from a diet of paper, a product
consisting largely of cellulose. Certain bacteria, however, can break
down cellulose into chemical compounds the body can utilize. In the
caeca of herbivorous mammals such bacteria have time to act on the
cellulose, thereby retrieving for the animal a portion of its diet that
would othenwise be wasted. Accordingly the caecum is a valuable organ
for many herbivorous amimals.

How do we happen to have a caecum and associated appendix?
Our diet consists of both plant and animal material, but in the prep-
aration of plant material for human consumption we eliminate most
of the cellulose (in the “woody’" portions). We do not use our cagcum
and appendix as a container for food undergoing bacterial action. Then
why do we have them? The most reasonable explanation seems to be
that we Inherited them from some remote ancestor having a diet that
necessitated such adjuncts to the digestive system. When the descen-
dants of this ancestor eventually changed their food habits the caecum
and appendix, no longer useful, decteased in size until they became
mere remnants of the Functional organe they once had been,
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It is difficult to explain the presence of useless vestiges upon a
basis of special creation without imputing to the Creator some lack of
skill in planning or construction. Accordingly, opponents of the idea
of evolution commonly maintain that organs like the appendix are not
useless at all, that they have functions that we have never been able
to discover. Clearly, the burden of proof lies with the affirmative in the
matter of proving the usefulness of vestiges for which no functions
have ever been discovered. Many readers can testify from personal
experience that if the appendix has a function at all it is so unimportant
that the advantages of having the organ removed far cutweigh the
disadvantages.

Other vestiges are found in the human body. For example, in the
inner angle of each of our eyes there is a little fold of flesh called the
semnusaR Foup (plica semilunaris; Fig. 3.13). This corresponds to a
structure that in many lower animals is a movable third eyelid, the
NicTITATING MmEmpRANE, lying under the other eyelids and sweeping
across the eye from the inner angle outward. In many animals, for
example, owls, the nictitating membrane is transparent, affording a
means of cleaning and lubricating the surface of the eyeball without
obstructing vision in the process, even for the fraction of a second
necessary to wink the other two eyelids. In horses the membrane is
well developed, containing cartifage. When the eye is strongly retracted
the membrane extends across it for about an inch. The membrane is
variably developed in other mammals and in lower vertebrates.

Mictitating membeane . Semibinar foid

HOESE KIAN

Fig. 313. Mictitating membrane (third eyelid) of owl and
horse, and vestigial semilumar fold of man (Mainly aftes

Romanes. Dartoiv and After Darwin, 3rd ed, Open Conrt
Publishing Company, 1901}

The tails commonly possessed by both wild and domestic mammals
are familiar to everyeme. A chain of vertebrae confinuous with those
comprising the remainder of the vertebral column forms the skeletal
axis of the tail, attaching just behind the pelvic girdle (the bones to
which the hind limbs articulate). In man a much reduced string of
vertebrae, partly fused together, arises at this same point and curves
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forward, instead of extending out into an external tail. This structure,
called the coccyx, clearly homologous to a group of reduced tail verte-
brae (Fig. 12.7, p. 240).

Everyone who has watched a horse on days when biting flies
were bothersome is familiar with the way in which this animal can
twitch certain areas of the skin, All observers of horses also will
recall the manner in which the animal can move and turn its ears the
better to hear sounds coming from different directions. Although we
do not have these capabilities we commonly have vestigial muscles
connected with our skin and ears. Generally these muscles do not
function, though some individuals can demonstrate the ability to move
the scalp or “wiggle” the ears.

Although the list of vestigial organs in man is long, the above
sample will suffice. We must not create the impression, however, that
vestiges are the exclusive attribute of man. It may safely be stated
that every specialized animal retains some vestigial structures in its
anatomy. Snakes, for example, are noted for lack of limbs, yet a few,
such as boas and pythons, possess in appropriate position in the body
tiny bones which seem to represent the last vestiges of pelvic girdle and
hind limbs, Similarly, whales have no hind limbs, yet in the position
where hind limbs if present would occur small bones are found that
seem to represent vestiges of pelvic girdle and hind limbs (Fig. 3.3).

Vestigial structures in the leg of the horse have already been
mentioned (p. 25): the splint bones representing the metacarpals of
digits I1 and V. These vestiges are slender bones of variable develop-
ment sometimes partly fused to the cannon bone (metacarpal of digit
I11) supporting the hoof. The lower end of each splint bone is bluntly
pointed and without connection to other bones.

Birds are characteristically flying animals, yet a few are flightless.
One of these, the kiwi of New Zealand, possesses useless vestiges of
wings supported by tiny replicas of the usual bones of a bird wing
{(Fig. 3.1). Feathers covering the body conceal these vestigial wings
from view,

How are we to explain the presence of useless structures such as
those described above? Are we to suppose that creatures were “de-
liberately™ made with structures that would never be of use to them? Or
does it seem more reasonable to conclude that the kiwi, for example,
inhetited its wings from an ancestor which was a flying bird and
hence had use for wings?

Occasional biologists doubt that structures usually classed as
vestigial are in fact without function. It has been maintained, for
example, that the small bones we have spoken of as vestigial hind limbs
in whales are not such at all but are bones having the function of
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stiffening the walls of the anus, the posterior opening of the digestive
tract. Most students of anatomy are not in accord with this view.
Occasional mistakes may be made in labeling small organs as vestigial,
but it seems entirely unlikely that the percentage of error is high. To
most biologists, therefore. the presence of small organs that seem to
have no function in themselves but correspond to functional organs
possessed by other animals indicates inheritance from common ancestry.
Descendants having use for the organ In question retained It as a
functional organ; in descendants having no use for it the organ became
reduced in size.

References and Suggested Readings

Darwin, C., On the Origin of Species by Means of Natural Selection,
London, John Murray, 1859, (See p. 6 for listing of reprint edi-
tions.) Note especially chap. 13 of the 1st ed. or chap. 14 of the
6th ed.

Dewar, D., Difficulties of the Evolution Theory, London, Edward Amold,
1931,

Guyer, M. F., Animal Biology. 4th ed., New York, Harper & Row,
1948,

Lull, R. 5., Organic Evolution, rev. ed., New York, Macmillan, 1947.

Romer, A, S, The Vertebrate Body, 2nd ed., Philadelphia, W. B.
Saunders, 1955,

Snodgrass, R. E,, Principles of Insect Morphology, New York, McGraw-
Hill, 1935,

Zanger], R.. “The methods of comparative anatomy and its contribution
to the study of evolution,” Ewolution, 2, 351-374 (1948),



4

Evolution

as Seen in

Embryonic
Development

HOMOLOGY IN EMBRYOS In the preceding chapter we saw that
similarities of adult structure not connected with similar habits and
adaptations are most reasonably explained as the result of inheritance
from common ancestry, In the present chapter we shall consider
similarities existing among embryos.

It is a striking Fact that there are not only many evidences of
common patterns in the adult structures of diverse animals but evi-
dences of common patterns in embryonic development. Indeed, the
two phenomena are related, since embryonic development is the process
by which adult structure is attained. We might anticipate, therefore,

i
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that similar final results would usually be achieved by similar develop-
mental processes.

Some of these embryonic similarities are displayed in Fig. 4.1,
which represents six stages in the embryonic development of six dif-
ferent animals, ranging from fish to man. Each sequence begins with
a single cell, the rerTiLIZED EGG of ovum, shown at the bottom of each
of the six vertical columns. To facilitate comparison the ova are all
drawn about the same size, although there are actually large size
differences. Thus the human ovum measures only about 459 in. in
diameter while the ovum of a shark measures in the neighborhood of
two ins. Each is a single cell, however, containing genetic contributions
from both mother and father. Size differences depend mainly upon the
amounts of food matertal—yolk—present.

Inspection of Fig. 4.1 reveals the great similarity of the early
embryonic stages of all the forms shown. The embryos in the second
and third horizontal rows from the bottom are so similar that only
an expert could tell them apart if they were misplaced. By the stage
represented in the fourth row, the fish and salamandzr have acquired
more identifying characteristics, but even in the stage represented by
the fifth row the similarities of embryonic lizard, opossum, monkey,
and man are most striking. We see, then, that the embryos of these
diverse animals all follow a common pattern at first but progressively
diverge from this pattern as they approach their respective adult
morphologies, As Karl E. von Baer, pioneer embryologist of the last
century, expressed it, “During its development an animal departs
more and more from the form of other animals” (as translated in de
Beer, 1958),

Why do we find evidence of common pattern in embryonic de-
velopment? This is the same question asked in the preceding chapler
about common pattern in adult structure, and the answer is similar.
The common pattern of embryonic development seems most reasonably
explained as having been inherited from an ancestor common to all
the animals possessing the similar embryonic developments, Explana-
tions not involving common: ancestry may take two forms. It may be
maintained that the Creator created each species separately but saw fit
to confer on different species similar processes of embryonic develop-
ment. Or it may be maintained that mechanical and physialogical
necessities operating in development bring about the similarities—that
there is, in effect, no other road that an ovum could follow in its
development to the adult state. Similar physical forces undoubtedly
have similar effects in producing basic similarities among embryos.
Yet detailed similarities in development, like those to be considered
presently, seem not to be completely explained as the result of such
similar forces.
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SHARK SALAMANDER |IZARD| OPOSSUM | MONKEY MAN
Ll

GHll slits and fore

Fig. 4.1. Comgparative embryology from fizh to man. (Modified from Gregory.
W. K. and M. Roigneau, introduction to Humad Amstomy, American
Museum of Natural History, 1938 Couwrtesy of the American Museum of
Natural History)
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HOMOLOGY IN EARLY DEVELOPMENT  The earliest stages of
embryonic development, even in much more diverse forms than those
included in Fig. 4.1, which after all are all vertebrates, are remarkably
similar—so much so that it is possible to design a “typical” diagram
of early stages in development. Figure 4.2 shows typical development
of an ovum containing little volk, for example, starfish and sea urchin
eggs among invertebrates or amphioxus eggs in phylum Chordata, the
phylum to which vertebrates and a few other animals belong. In its
essential features, however, the sequence of changes shown char-
acterizes all animals. Figure 4.2 is related to Fig. 4.1 in the following
manner. Stage @ of Fig. 4.2 represents a fertilized ovum like those
shown in the bottom row of Fig. 4.1. Stages f and g represent the stage
shown in the second horizontal row of Fig. 4.1. Thus stages b through
e stand in between the bottom and the second rows of Fig. 4.1, and

Animal pole

@ B D

Vegetal pole

Cleavage Vegetal
cavity pole cavity

Fig. 4.2 Typical early embryonic development: g, b and i are shown
cat i half. (From Guyer, M. F., Animul Biology, dth ed, Harper
& How, 1938)
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stages It and i are slightly later stages than the stage shown in the
second row of that figure.

Figure 4.2 demonstrates that the fertilized ovum undergoes a
series of cell divisions. The original single cell divides into two (&), then
each of thess two divides into two in turn, the result being a four-celled
stage (c). The cells continue to divide, so that we have successively an
eight-celled stage (d), a 16-celled stage (¢), a 32-celled stage and so on.
As the process continues there comes into existence a ball of cells, more
or less hollow in the center, called a sLastuta; g in Fig. 4.2 represents
a blastula sliced open to reveal its internal cavity, the CLEAVAGE cAVITY.
Essentially, a blastula is an embryo composed of a single layer of cells,
as shown in the figure. This one-layered stage then proceeds to convert
itself into a two-layered embryo, the castruta (i), Gastrula formation
occurs in a variety of ways, various expedients being resorted to if
the presence of yolk impedes the process. Figure 4.2 shows the relatively
simple process possible when the cleavage cavity is not obstructed with
yolk. One side of the blastula swings inward (h); this in-bending,
accompanied by continued cell division, suffices to produce the con-
dition shown at /.

With attainment of the gastrula stage an embyro shows forecasts
of things to come, The cells remaining on the outside constitute a layer
called the ecropemm, obviously in position to form the outer surface of
the body. The cells that fold inward form a layer called the svvooEexm
lining the newly formed cavity, the arcuexTerRON, The latter is the begin-
ning of the digestive tract. The archenteron has but one opening to
the exterior, the aastorore, In many invertebrates the blastopore be-
comes the mouth, at or near the anterior end of the body. In vertebrates,
on the other hand, the region of the blastopore becomes the posterior
or tail end of the body, though usually the blastopore itself does not
remain as the posterior opening of the digestive tract, the anus.

Almost at once a third layer, the mesoperm, forms: although this
is not shown in Fig. 4.2, it can be visualized as located in the remnant
of the cleavage cavity, between the ectoderm on the ocutside and the
endoderm on the inside.

The ectoderm gives rise to the external surface of the body, in-
cluding such things as skin, <«ales, feathers and hair and to the
nervous system and the sensory membranes of the sense organs. The
endoderm lines the digestive tract and gives rise to plands associated
with digestion, such as liver and pancreas. The lining of the lungs of
land-dwelling vertebrates also arises from the endoderm. The mesoderm
forms almost everything else: muscles, bones, kidneys, connective
tissue, and so on,

The pattern of development illustrated above may be said to
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consist of the following sequence: (1) single cell; {2) successive cell
divisions to form clusters of two, four, eight, 16, and so on, cells; (3) a
one-layered stage; (4) a two-layered stage: (5) a three-layered stage.
The uniformity of occurrence of this pattern of development through-
out the animal kingdom, from worms to man, is remarkable.

At least two factors must be operative in the production of this
niniformity: In the first place, the number of ways in which an organism
consisting of multitudes of cells arranged in layers can arise from a
single cell must be limited. In part, then, the uniformity is imposed by
those mechanical and physiological necessities mentioned previously.
Such necessities would operate to produce similarities in the broad out-
lines of development. Similarities in details of development, on the other
hand, are more likely to have resulted from a second factor: inheritance
from common ancestry.

VON BAER'S RULE Long before belief in evolution became
prevalent, biologists arranged animals into a “scale of beings,” starting
with simpler organisms and advancing to more and more complex
ones. It was noted that the embryos of the more complex, “higher,”
organisms somewhat resembled the organisms lower on the scale.
Difference of opinion arose as to whether the resemblance was between
embryos of higher organisms and adults of lower organisme or between
embryos of higher organisms and embryos of lower enes. As the
science of embryology advanced, thic second interpretation was rec-
ognized as being correct. Early in the nineteenth century, von Baer,
from whom we have already quoted, formulated this principle as
follows: “The young stages in the development of an animal are not
like the adult stages of other animals lower down on the scale, but
are like the young stages of those animals” (de Beer's translation,
1958).

Later in the century, when belief in evolution became wide-
spread, von Baer’s rule was interpreted to mean that such similarities
between embryos result from inheritance from common ancestry, as
mentioned above, In other words, embryos exhibit homologous simi-
larities just as adults do, and the evolutionary interpretation of these
similarities is the same as it is for homologous similarities of adulis.

THEORY OF RECAPITULATION Not everyone agreed with von
Baer's principle. Later in the nincteenth century Emst Haeckel
strongly supported the theory that the embryos of higher animals
repeat the wiult stages of their ancestors (Haeckel, 19035). This was
the theory of recapitulation or biogenetic law and is tersely sum-
marized by the statement: “Ontogeny recapitulates phylogeny.”
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Ontogeny is the life history of the individual, starting with the ovum;
phylogeny, as the term was used by Haeckel, is the series of adult
ancestors of the individual in question. Haeckel maintained that in
some way the adult condition of an ancestor is pushed back into
embryonic development so that embryos of descendants pass through
that ancestral adult stage. We shall see presently, for example, that
in one stage the human embryo resembles a fich embryo. Haeckel
would not have been satisfied with such a statement; he would have
insisted that the human embryo at that stage resembles an adult fish.
The recapitulation theory was a stimulus to research in embryology,
but as investigation led to more complete knowledge of the subject it
became evident that Haeckel was wrong and that von Baer had been
right. The pros and cons of this intellectual conflict are ably set forth
in de Beer's Embryos and Ancestors (1958),

HOMOLOGIES IN HUMAN EMERYOLOGY

IF the evolutionary interpretation of von Baer's rule is correct, we
should be able to learn something of the evolutionary relationships
of animals by comparing their embryologies (ontogenies), a point
stressed by Darwin himself. Related organisms may be expected to
show similarities in their patterns of development. Furthermore, as
noted in our discussion of Fig, 4.1, the more closely related two
animals are, usually the greater will be the propartion of their ontogenies
exhibiting similarities. Thus the human embryo and the monkey embryo
are similar throughout much more of their development than are the
human embryo and the fish embryo (Fig: 4.1).

Turning to our own embryology, we recall that each human being
begins life as a single cell, the fertilized ovum. This was formed by
the union of a sperm cell produced by the father with an ovum produced
by the mother. The first cell divisions with which the fertilized ovum
begins its development are much like those diagramed in Fig. 4.2. As
a result of repeated cell division a ball of cells is formed. This is
similar to the blastula (Fig. 4.2) except that it is at first not hollow.
As shown in Fig. 4.3, a cavity soon forms, following which an outer
layer, the TRorHoBLAST, and an inNex cett Mass can be distinguished. At
about this stage the embryo digests its way into the wall of the uterus
of its mother, where it comes in close contact with the latter’s blood.
This blood supplies the embryo with food and oxygen and removes
waste products, The trophablast forms the means of contact between
the embryo and the maternal bloodstream and contributes to the
formation of the embryonic membrane known as the cworion. The
embryo itsell develops in the inner cell mass.

49120
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disc

Yolk sac

Trophoblast

> Chorientc villi

coulom

Fig. 43 Human embryonic development diiriog the figst 12 g5 13 days
following Fertilization. (Based on several sources including Gilbert, M, 5.
Biography of the Unborn, Copyright 1928 The Willlams & Wilkins Compuny.)

The inner cell mass soon becomes differentiated by the formation
of two cavities separated by a double layer of cells (Fig. 4.3C). The
upper cavity is called the astiion, the lower one the voix sac, and the
double layer separating them is referred to as the EMBRYONIC DISC,
The embryo itself forms from this embryonic disc, the two layers of
which are the ectoderm and the endoderm. Hence this two-layered
stage of the human embryo corresponds to the gastrula stage of typical
development (Fig. 4.2), although it differs from the typical form in
appearance and in method of formation. There is interest in the fact
that gastrulation and mesoderm formation in the human embryo, as
in the embryos of other mammals, are more like these processes in
large-yolked egge (e.g. reptiles and birds) than they are like the
processes in small-yolked ones (e:g.. Fig. 4.2). This is true despite
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the absence of yolk. The explanation of this Fact will become evident
from the discussion following.

AMNION, YOLK SAC, AND ALLANTOIS The amnion, yolk sac,
and allantois are called extraembryonic membranes because they are
attached to the embryo but are not part of it. As soon as the embryo
passes beyond the embryonic disc stage, the amsion surrounds the

Placenta

\} Umbilical
_g.' cord

J

Fig. 44. Human embryonic development during the third weelk.
Longitudinal (sagittal) sections through the embryo and membranes,
Ectoderm Indicated with solid black, endoderm with cross lines,
mesoderm with. fine dots. (After Arey, L B, Derelopmental Aratomy,
7th ed, W. B. Saunders Co., 1965))
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embryo, enclosing it in liquid and thus protecting it from mechanical
and other injuries (Fig. 4.4C).

To understand the other two membranes we must examine the
eggs of reptiles and birds (Fig. 9.23, p. 173). These animals lay eggs
that are deposited in nests or buried in the s0il and have an outer
protective shell, Within those chells must be stored enough food (yolk)
to nourish the embryo until it is ready to hatch and begin active
foraging for its food. The large, yellow, globular volk in a hen's egg
is familiar to everyone. The embryo develops on top of this mass, and
early in its development a large vorx sac grows out from the embryo
and encloses the yolk. The lining of the yolk sac contains cells that
digest the yolk, the products of digestion being carried to the embryo
by blood vessels, Although most mammalian embryos obtain their
nourishment in an entirely different manner, they nevertheless develop
yolk sace connected to the digestive tract just as do reptile and bird
embryos (Figs. 4.4, 4.8, and 4.9),

The atrantoms connected to reptile and bird embryos is also a large,
useful membrane (Fig. 9.23, p. 173). It spreads around beneath the
shell and shell membranes and serves in respiration and excretion
(pp. 173-174). In most mammals, Including man, the allantois is much
reduced In size (Fig. 4.4C). Since the human embryo obtains its oxygen,
as well as nourishment, from the mother’s blood through the placenta
(see below) and passes its waste products into the mother's blood, we
may wonder why an allantois develops at all.

Considering the three extraembryonic membranes together, we
see an example of a common embryonic pattern illustrative of von
Baer's rule. Modern reptiles; birds, and mammals are similar in that
they develop these membranes. We interpret this similarity as evidence
that these three groups had a common ancestor. What was the nature
of that ancestor? Embryology by itself cannot tell us, but as we shall
see in Chapter 10, there is strong evidence that reptiles were ancestral
to birds and to mammals. Accordingly, the membranes are thought to
have originated when a group of prehistoric reptiles first developed the
ability to produce eggs that no longer needed the protection of water
(as frogs" eggs do: pp. 173-174).

We note that the three membranes differ in their importance to
the human embryo and to most other mammalian embryos. The
amnion continues to serve the same function it does for reptile and
bird embryos. The yolk sac, on the other hand, has lost its Function
as a container of yolk, Why has it not disappeared completely? Does
it still, perhaps, have some function? Embryologists have found that
for some mammalian embryos, at least. it has a use, though one
entirely unrelated to yolk. In these cases it contains the primordial
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germ cells—cells that later develop into sperms and ova. These
primordial cells migrate into the reproductive organs when these organs
form in the embryo.

As for the greatly reduced allantois, it contributes to the forma-
tion of the umbilical cord and placenta (Figs. 4.4 and 4.10; see below).
In come mammals other than man (e.g., sheep) it retains one of the
functions it has in reptiles and birds: that of a storage bag for urine
produced by the embryo (see Ballard, 1964).

SOMITES Returning to the embryo itself, we note that during the
first few days it grows rapidly. In Fig. 4.4 most of the trophoblast
shown in Fig. 4.2 has been removed, with only that portion (the
PLACENTA) most directly connecting the embryo to the wall of the
uterus being shown. The embryonic disc becomes elongated, and the
cavities above and below it become enlarged. Almost immediately the
disc forms the beginning of the central nervous system. Two parallel
NEURAL FOLDS are thrust up into the overlying amniotic cavity (Figs,
4.4 and 4.5B). These folds become more and more elevated above the
surface of the embryonic disc, Eventually they bend toward each other
and fuse to form a nzuraL Tue. As shown in Fig. 4.5C, fusion of the
folds occurs first in the middle of the “back™ (really dorsal surface) of

MNeural plate

Fig. 45. Human embryonic development during the third and fourth weeks,
Dorzal view, showing the "back” of the embryve. [After Arey, L B,
Developmental Anatomy, 7th ed, W. B. Saunders Co., 1965.)
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the embryo, progressing from that point toward the head or anterior
end and toward the tail or posterior end (Fig. 4.5D) as though being
closed by zippers. The neural tube is wider at the anterior end than
it is more posteriorly. The anterior portion will form the smamn;: the
rest the srmvaL conop.

As we see in Fig. 4.5 and subsequent figures, rows of blocklike
somites form on both sides of the developing neural tube. These are
more or less cubical blocks of mesodermal tissue forming between the
ectoderm and the endoderm. The ectoderm is molded over them so that
their outlines are visible externally, The first ones form just posterior
to what will be the head, and later ones are added progressively, as
shown. Somites form, among other things, the beginnings of the
80DY MUSCULATURE.

We should now stress that mesoderm formation in this somite
pattern is a very widespread embryonic pattern Indeed, much more
widespread than is the pattern of extraembryonic membranes discussed
above. In fact it is a pattern that characterizes the embryos of all
vertebrates (see Fig. 4.1, third row from the bottom). In line with
von Baer’s rule, therefore, we suspect that it forms one indication
that all vertebrates had a common ancestor.

What was the nature of this ancestor? Again, embryology by
itself cannot answer, but we learn from the fozsil recard that the first
vertebrates were swimming animals of a type we may loosely char-
acterize as “fish” (although the first ones did not have jaws of the sort
possessed by most of the fishes with which we are familiar; see
pp. 165-166), These first vertebrates had elongated bodies with muscles

Mytemes

Venebral rolumn

Fig- 4.6. Locamotor apparatus of a typical leleost fsh. IAfter Gregory, W. K.
and M. Roigneau, [ntroductinon to Huran Anatarmny, Ameriean Musssing: of »
Natural History, 1934. Courtesy of the American Museum of Natural History,)
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arranged in the form of segmental myoromss, somewhat as does the
modern perch (Fig. 4.6). Having the beginnings of the muscular system
arranged in the form of a series of block-like somites would seem to
be preparation for the formation of series of myotomes of the type
possessed by fishes and other vertebrates that swim by undulations
of the body (Fig. 4.7), or, for that matter, by elongated land animals
such as salamanders, lizards and snakes that also move by undulations
of the body.

Fig. 4.7, Action of segmental body muscles in producing
swimming movements In the aguatic larva of the salamander
Ambystoma, The andulations result from alternate flextces on the
right and left sides of the body, and these fesures are
produced by contraction of & number of adjacen! myolomes,
Each flexure starts near the head and travels toward the

tail by coniraction of one myotome after snother an the iail
end of the flexure, accompanied by refaxalion of one myotome
after ancther on the head end of the Nexure. As these bends

in the body travel backward they press against the surroinding
water, and glve the taill a scolling motion. Thus the body s
prapelled forward (After Coghlll, G. E, Anatomy and the
Probilerr of Behmotonr, Cambridge University Press, 1929.)

But why do all other vertebrate embryos also begin their muscular
systems with such a pattern of somites, even though, like birds and
most mammals including man, the adults have entirely different methods
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of locomotion than do fishes? The most reasonable answer seems to be
that this is an embryonic pattern inherited from aguatic ancestors.

BRANCHIAL GROOVES  While the neural tube and somites have
been forming, other changes have also taken place (Fig. 4.8). The
heart has started to form, for example (Fig. 4.9). As the body increases
in size, the embryo bulges up more and more into the amniotic cavity.
Soon the embryo is free from underlying tissues, remaining attached
to the wall of the uterus by the stalklike umerticar coxp (Fig. 4.10;
Fig. 10.12, p. 200). This cord contains blood vessels carrying the
embryo’s blood to and from the rLacenta (Fig. 4.10), whers it comes
in close contact with the mother’s blood, though the two bloods are
separated by thin membranes. As shown in the figure, “buds” repre-
senting the beginnings of arms and legs have appeared, as also have
the eves.

Also noticeable in Figs. 4.9 and 4.10 are the BRANCHIAL GROOVES
in the lower head and neck region. As indicated in Fig. 4.1, this is

Fig- 48, Human embryo of about 20 days,
to reveal the embryo. (Alter Comer. G, W, in Contribiutions fo
Embryolegy, Camegie Instilution of Washington, Val, 20, 1929,

Amnion pattially cut away
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Branchial grooves

Fig. 49. Human embryo of the fourth week. (Based in part on an embryo
in the collection of the Department of Embryology of the Carnegie
Iastitution of Washington.)

also an extremely ancient embryonic pattern, shown by all vertebrate
embryos. What is its significance?

Corresponding to the grooves on the outside of the body is a
series of pharyngeal pouches in the wall of the digestive tract, in the
region called the pharynx, In fish embryos the grooves on the cutside
finally meet the corresponding pouches from the inside. A perforation
then occurs, converting the grooves into slits or cleft=—openings di-
rectly from the pharynx to the exterior of the body. What is the
Function of these gill slits? Figure 4.11 presents diagrams of the head
of a shark with portions of the surface cut away so that mouth,
pharynx, and connected structures may be seen. As the fish swims,
water is taken into the mouth and passes to the exterior through the
gill clefts (note the arrows). As it passes through the clefts the water
bathes the s lining the walls of the clefts. The gllls are soft,
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Branchial grooves s

Chorienic villl

Fig. 410. Human embryo at the end of the first month 7 mm.), (Based
His, and on Gilbert, M. S, Biograyhy of the Unborm, Copyright “;E b o
Willlams & Wilkins Company.)

fleshy structures with surfaces richly supplied with capillaries of the
blood system. Since the blood in the capillaries e separated by only
a thin membrane from the water passing through the clefts, means
Is provided for the taking on by the blood of oxygen dissolved in the
water and for the giving up to the water of carbon dioxide carried by
the blood. This is the mechanism by which the fish breathoo '

Why do the embryos of other vertebrates, such as reptiles, birds,
and mammals, which never breathe by means of gills; develop branchial
grooves and pharyngeal pouches as though they were going to have
gill slits? Evidently this is an embryonic pattern found in fish embryos
and inherited by the descendants of the fishes, including the land-dwell-
ing vertebrates,

It is probable that the ancestral fishes inherited the embryonic
pattern from still more remote ancestors in which gill slits served
more for food collecting than for respiration. This is in connection
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External gill slit

Internal gill slits

Dorsal aorta

Aortie [ Efferent branchial
arch artery
Afferent
branchial

Heart
Yentricle

Gill cleft Ventral aorta

Fig. 411, Respiratory mechanism {upper diagram), and heart and aortic
arches {lower diagram) of a fish (shark). A “window" has been cut into

the pharyne. In the upper diagram arrows indicate paths of water currents.
In the lower diagram arrows indicate direction of blood flow.
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with the filter feeding referred to on p. 68, but a discussion of it
would lead us too far afield (see Romer, 1962; Carter, 1967).
Although no gill slits develop in the human embryo or in the
embryos of other mammals, birds, and reptiles, the pharyngeal pouches
contribute to the developing organism. Thus the middle ear and its
connection to the throat (pharynx), the eustachian tube, develop from

the first pouch, and the thymus and parathyroid glands develop from
other pouches.

Fig. 412 Cervical fistuls
ariginating from the
seconl pharyngral pouch,
{From Arvey, I B., De:
velaprtental Anatorry, 7ih
ed, W. B. Saunders Co.,
1965.)

Occasionally a perforation will occur between 3 pharyngeal pouch
and its corresponding branchial groove. The result is 3 CERVICAL FISTULA,
an opening from the nasal cavity or throat to the surface of the head
below the ear or to the surface of the neck, the exact location de-
pending on which of the pouches forms the fistuly (Fig. ¢12). A
cervical fistuls, then, results from return by one pharyngeal pouch to
embryonic procedures normal to a fish embryo but abnormal for
human embryos. Abnormal structures of thie kind, reminiscent of
normal embryonic structures of ancestors, are called REVERSIONS OF
ATAVISMS.

AORTIC ARCHES Although the human embryo doss not develop
gills, it forms a series of blood vessels in a pattern like that Followed
by fish embryos, which do develop gills. These blood vessele are the
AORTIC Arces (Fig, 4.13). Typically, there is an aortic arch running
through the tissue separating each pharyngeal pouch from it neighbur,
as shown in the figure. Blood is propelled forward by the heart, enters
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Ventral sorta

Ventricle ! 4 Lung bud
Atrium Darsal aorta
Liver
Spinal cord
Yolk zac
Stomach

Fig. 413 Human embryo of 4 mm. dissected to show digestive tract and
aortic arches. (After Arey, L. B.. Developmental Anatomy, 7ih ed.
W. B. Saunders Co., 1965.)

the ventral aorta, and then passes through the aortic arches into the
dorsal aorta. In fishes a gill develops in the wall of each pharyngeal
pouch, as noted above. The aortic arches supply blood to these gills
(afferent branchial arteries, Fig. 4.11) and remove blood from the
gills, conveying it to the dorsal aorta (efferent branchial Arteries,
Fig. 4.11).

Why do the embryos of terrestrial vertebrates that do not develop
gills nevertheless develop a series of aortic arches as though preparing
to supply gills? Evidently we see here inheritance of another embryonic
pattern from remote ancestors that were fishes, in the broad sense of
the term.

In the human embryo six pairs of aortic arches appear, although
not all are fully developed at any one time. (They occur in pairs because
the. pharyngeal pouches are paired on the right and left sides, respec-
tively, of the pharynx.) The six pairs of arches have a varied fate. Three
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of them disappear. Of the other three, one persists in connection with
the system of arteries supplying blood to the head (carotid arteries),
another persists on the left side as the connection between the heart
and the dorsal aorta, and the third (actually arch number six) forms
the pulmonary arteries conveying blood to the lungs. Thus we see how
arteries “designed” for one purpose are made over to serve other
functions when the original function is discarded or becomes obsolete.

HEART We have mentioned the heart as the organ propelling the
blood forward into the ventral aorta, and so to the aortic arches.

The heart appears first in a form like that of the hearts of fish
embryvos. A typical fish heart has four chambers (Fig. 4.14). Blood
from the veins is received by the smus VENOsUS, a collecting chamber
that sends it on to the atrium. The atrium sends the blood into the
VENTRICLE, the most muscular chamber of the heart. The ventricle forces
the blood into the fourth chamber, the CONUS ARTERIOSUS, which sends
it into the ventral aorta, (The fourth chamber s sometimes called the
bulbus cordis, based on a technical distinction thar need not CONCem
us.)

Atrinm

Si
Aortic srches et oy

Veins

Veniral sona

artericsus

Fig: 414, Heart and aortic arches of a telepat
fish. (See Fig, €.11), Arrow indicates direction
of blood Bow.

Hence, in effect, the fish hearl is a single Pump composed of four
parts arranged in tandem and having as its function the sending of
blood to the gills, In man and other terrestrial vertebrates that have
no gills the heart is a double pump, having two attia (plural of atrium)
and two ventricles, One ventricle ( typically the righy one) sends blood
to the lungs; the other ventricle, having received aeriated blood from
the lungs (through the left atrium), propels the blood throughout
the body through the arteries. Separation between right and left pumps
is not complete in most reptiles, though it is in birds and mammals,
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The point of interest at the moment is the fact that the fsh
embryo patiern of four chambers in tandem is found in the early
embryos of these vertebrates that will develop the double-pump adult
structure. By various means in different species the single-pump arrange-
ment {s converted by later embryos into the double structure char-
acterizing the adult heart. Details of the processes will be found in
discussions of comparative embryology and anatomy {eg., Ballard,
19&4),

PHARYNGLULA In summary we may note that an early embryo in
the stage we have been discussing is sometimes called a rHARYNGULA.
The pharyngeal pouches, with their corresponding branchial grooves,
the aortic arches, the heart of four chambers in tandem, and the
somites all characterize this stage (although the somites first put In
their appearance somewhat before it). The pharyngula Is evidently a
very ancient embryonic pattern. Indeed, as stated by Ballard (1964):
“All vertebrate embryos at this stage have acquired a similar and
nearly complete set of organs, similarly arranged, which constitutes
the BASIC PATTERN OF VERTEBRATE ANATOMY" (emphasis in original),

We have concentrated upon only a small sample of the ways in
which the human embryo resembles embryos of lowsr vertebrates.
Many other traits might be cited. For example, there are bars of
cartilage in the walls of the pharyngeal pouches. In fishee these
cartilages stiffen the walls of the pharynx and support the gills. In
embryos of higher vertebrates the cartilages appear in typical arrange-
ment and then are made over to serve a variety of other functions,
forming especially the jaws, the skeletal support for the tongue, and
cartilages of the larynx. Other examples range all the way from kidneys
to brains, But the examples given suffice to illustrate the general prin-
ciple of embryonic homologies, though we might cite one additional
example, that of the Taw (Fig: 4.10). At this stage the human embryo
seems: prepared to provide us with as adequate  tail as that possessed
by any lower mammal—our dog and cat companions, for example.
The tail reaches ite maximum relative length when the embryo is
about six weeks old. At that time its length may be about one-sixth
that of the embryo. But as the body grows, the tail fails to keep pace.
Soon it is lost to view externally, persisting as the vestigial cocoyx
mentioned earlier (p. 43).

HUMAN FETUS  So far our account of human embryology has
brought us through only the first of the nine months of prenatal de-
velopment (Fig. 4.10). At this time the embryo is only about | in.
long. It continues to grow and develop rapidly, By about the end of
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Fig. 415, Human embryos and fetuses. A, fifth week
(13 mm.), C, seventh week (15 mm.), D, seventh
week (23 mm.). (Based on His, and on Gilbert,

M. 5, B
Unbora., Copyright 1938 The Williams & Wilkins Cnm;:::;:rhy oTah

(10 mm.). B, sixth week
week (17 mm.). E, eighth
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the second month the developing individual has a distinctly human
appearance; and thenceforth by convention it is called a fetus rather
than an embryo (Fig. 4.15).

EMBRYONIC SIMILARITIES AID IN CLASSIFICATION Earlier
in the chapter we noted that embryos of diverse animals tend to
resemble each other more than the adults do (p. 46). This being the
case, we may anticipate that embryonic similarities will aid us in
classifying animals when such classification is difficult on the basis
of adult anatomy. Such an anticipation is justified in many cases, but
there are cases in which the vounger stages are more unlike than are the
adults. This is particularly true among invertebrates having complex
life histories in which the younger stages are free-living forms strikingly
adapted to meet varied needs of larval existence (see de Beer, 1958).
Nevertheless, embryonic similarities may be useful in helping us to
classify organisms.

As an illustrative case we may consider the Tunicates. One of the
simpler members of the group is Molgula (Fig. 4.16). This is a small,
soft-bodied creature living in the sea and attached to rocks, the
pilings of wharves, and the like. Its outer surface is a tunic (hence the
name “tunicate”) of cellulose, It has a method of feeding that is very

Fig. 418, Internal analomy of an adult
tunicate (Molgula). Diagrammatic. (From
Buchsbaum, R. M., Animals Without Backbones,
rev, ed. Copyright 1938 and 1948 by The
University of Chicago. Used by permission of
The University of Chicago Press)



68 Introduction to Evalution

commen among aquatic invertebrates: filter feeding (p. 62), Clams
and oysters, for example, obtain their food in much the same manner.
The food consists of tiny plants and animals in the seawater, which is
literally strained to obtain the organisms suspended in it. The water
enters the mouth, propelled by the beafing of countless; microscopic,
hairlike structures called cilia. As shown in the figure, this water enters
a pharynx having its walls perforated by large numbers of openings
(gill clefts). In the sides of these openings other cilia aid in trapping
food particles and in conveying them into the intestine. After having
passed through the gill clefts, the strained water enters a cavity known
as the atrium, from which it is propelled o the exterior,

Partly because of this similarity of feeding to that of such molluscs

as clams and oysters, tunicates were at one time considered molluscs, or
relatives of mollusecs,

m'l tubular nerve eord

Pharyngeal gill slits

Fig. 4.17. Internal anitomy of a larval hinicate (Malgula), Diagrammatic,
(From Buchsbapm, R. M., Animals Withows Rackbones, n.-s. ed.iguwﬂ;hlf 1933
and 1988 by The University of Chicago. Used by permission of The

University of Chicago Press))

Later the young or larval stages of tunicates were discovered.
Unlike the adults, these larvas are free-swimming tadpolelike creatures
(Fig: 417), The swimming tail i stiffencd by a sorocuoso. [The
notochord is an unsegmented rod that is located in vertebrate embryos
in the position later to be occupied by the vertebr

al column or back-
bone, In a few relatives of vertebrates, €8, Amphioxus, and in a very

few vertebrates, e.g., lampreys, it persiste throughout life as an elastic,
stiffening rod.). The pharynx with its aypy CLEFTS is forming. And there
is a small raty and sPivAL cop porsar in position. These are three of
the most distinctive characteristics of phylum Chordata (the
to which all vertebrates belong) and are m
sessed by members of phylum Mollusca. Evidently, therefore, tunicates
belong in phylum Chordata. [Filter feeding, incidentally, is found in
some other members of this phylum, &, Amphioxus, and the am-
mocoete larva of the lamprey (see Carter. 1967),]

ost unlike structures pos-
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Was the ancestor of tunicates more like the larva or more like
the present adult form? As in most cases where there is no definitive
information, both points of view have been held. Those who consider
that the ancestor was a free-swimming creature regard the sessile
adult as 4 highly specialized descendant. On the other hand, perhaps
the ancestor was a sessile, filter feeder. In view of the widespread
occurrence of filter feeding among invertebrates, this seems a reasonable
conclusion. According to this view, “The tail frst appeared as an
adaptation in the larva, rendering easier the search for a suitable place
in which the animal could ‘settle down’” {Romer, 1962). Such an
Interpretation would suggest that in the evolution of chordates the
free-swimming habit arose by the elimination of a sessile adult stage,
organisms that had previously been larvae becoming capable of re-
production (a phenomenon commeonly known as neoteny; see de Beer,
1958).

ORIGIN OF THE METAZOA

We conclude our discussion of evolutionary aspects of embryology
with an enigma of long standing. If, as is commaonly believed, single-
celled organisms preceded many-celled ones in the waters of this
planet, by what sort of process did the many-celled descendants arise
from their single-celled ancestors? Or, in terms of the animal kingdom,
how did the Metazoa arise from the Protozoa?

It has long been thought that embryology may give us evidence
on which to base an answer to this question, We return for a moment
to our discussion of the very first stages in embryonic development
(Fig. 4.2), In this figure we see how a single-celled embryo (the ovum)
i5 transformed into a many-celled embryo by steps summarized on
P. 50. Many people think that this series of steps shows us how,
long ago, single-celled adults gave rise to many-celled descendants, In
fact this point of view was strongly stressed by Haeckel in connection
with his recapitulation theory (p. 50),

Now, even though we no longer agree that embryos of higher
organisms repeat the adult structures of their ancestors, we may
nevertheless regard this fundamental similarity in early embryonic
pattern as significant evidence as to the probable nature of the em-
bryonic pattemn followed by the earliest many-celled organisms. Ac-
cording to this view, many-celled organisms arose by a process of
division and subdivision of single-celled ones, forming at first clusters
of similar cells.

Organisms composed of clusters of cells exist today., Three of
them are shown in Fig. 4.18. The species of Gonium shown consists



70 Introduction fo Evolution

Pandarina

Fig. 4.18. Three organlsms comprised of clusters ‘or colomies of cells.
See lent.

of only four cells bound together by a gelatinous matrix. Each of the
four cells is capable of reproduction, either singly (asexual reproduc-
tion) or by two cells fusing together to form a zygote (equivalent to
a fertilized ovum). In either case the cell, be it single cell or zygote,
divides into two cells, each of which divides into two again (as in
Fig. 42 a, b, and ). In other species of Gonium there are more cell
divisions and hence attainment of 16 or 32 cells (as in Fig. 4.2 ¢ and {).
A similar situation is found in Pandoring, successive cell divisions
giving rise to clusters of eight, 16, or 32 cells, depending upon the
species.

In organisms of this type we seem to see the embryonic pattern
shown in Fig. 4.2 at its lowest level by creatures that progress only
part way through the patten. Other organisms progress Ffurther;
Volvox, for example, consists of thousands of cells, though it is a
hollow ball not unlike a blastula (Fig. 4.2¢) in essential structure.

Do we find organisms that are like the gastrula (Fig. 4.2i) in essen-
tial structure? Members of phylum Coelenterata—including, among
others, jellyfishes, sea anemones, and corals—resemble 2 gastrula in
being composed of two layers, ectoderm and endoderm. No well-
organized mesoderm is present, though between the ectoderm and
endoderm there is a jellylike material (mesoglea) that may contain some
cells. There are other similarities to a gastrula, includjn'g the presence
of but a single opening into the central digestive cavity, This opening
serves as a mouth and also for the ejection of undigested material. We
should mention, however, that this gastrulalike adult structure is not
attained by the embryonic process of infolding shown in Fig. 4.2h.
Instead the blastula becomes completely filled with cells, elongates, and
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According to the hypothesis we have been explaining, coelenterates
are the most primitive of the many-celled animals, and they arose from
single-celled ones by a process essentially similar to that shown in Fig.
4.2, except that a planula would be substituted for stage h. Such a view
is widely held (e.g., see Marcus, 1958). According to this view the
coelenterates then gave rise to such other organisms as the flatworms
(phylum Platyhelminthes),

Someone may ask, “lsn’t one cell dividing to form two, the two
dividing to form four, and so on about the only way in which a single
cell could give rise to a2 many-celled organism, either in embryology or in
evolution?” Other ways are possible; one has been seriously suggested
for the origin of the metazoa: The hypothesized process is called
CELLULARIZATION. Suppose we have a single-celled organism containing
several or many nuclei instead of a single nucleus. Such organisms are
known. If cell membranes should develop around each nucleus, walling
it off from its neighbors, the multinucleated single-celled organism
would be converted into a multicellular organism (Fig. 4.19).

Fig. 419. Hypothetical diagram to Ulusirate the idea of cellularization.
A, multinucleated single-celled organlsm. B, multicellular organism arising by
development of cell membranes around each nuclens of A See text,

Had#i (1963) hypothesized that cliated protozoa with many nuclei
gave rise by cellularization to very simple members of phylum Platyhel-
minthes, the Acoela of class Turbellaria. These minute flatworms are cil-
iated and have no digestive cavities. According to this view, then,
protozoa gave rise to simple flatworms (Platyhelminthes), and the
coelenterates are the somewhat simplified descendants of members of
this phylum, not their ancestors (see de Beer, 1954).

What was the origin of the metazoa? We have presented two con-
trasting views, According to one view the earliest stages of embryonic
development may afford a clue to the answer. According to the other
view these earliest stages do not afford a clue to the answer. The answer
is really not known and probably never will be. Only if there were a
fossil record of the transitional forms would we actually know what
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transpired hundreds of millions of years ago. Why bother to ask the
question, then? Man's desire to understand, even though he must be
content with answers having varying degrees of probability, is a power-
ful stimulus to the development of human knowledge. Much knowledge
is gained in pursuit of even elusive goals, as we shall see again when
we discuss the origin of life itself in Chapter 7.

CONCLUSION

In this chapter similarities of embryonic development have been
stressed, We have noted that all animals above single-celled protozoa
are similar in the early stages of development and that in general there
is a direct relationship between similarity of adult structure and the
proportion of embryonic development that is similar in different ani-
mals. Thus, dissimilar animals are found to follow like paths of develop-
ment for a time and then to diverge. each going its own way. The more
dissimilar the animals the shorter the period of embryonic development
that they share in common. Why do dissimilar animals share any
similarity of embryonic development at all? The most reaconable ex-
planation seems to be inheritance from common ancestry. In accordance
with this view we may picture two species descended from a common
ancestor, That ancestor had a certain pattern of embryonic development:
Both species inherited the pattern. But each species proceeded to evolve
in its own way; thus eventually each came to differ from the ancestor
and from the other species. Consequently the later portions of the
embryonic developments of the two species differ, even while both
retain certain features of the pattern of early embryonic development
inherited from the common ancestor,

Evidently, then, embryonic similarities are found in only those por-
tions of development that two species share in common. The human
embryo, for example, is never a fish or a fish embryo, vet it follows a
course of development similar to that of a fish embryo up to a point
representing the stage at which the line leading eventually to man di-
verged from the line leading eventually to modern fishes.
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2

Evolution
as Seen in
Chemical Composition,
Genes,
and Proteins

THE TWO PRECEDING chapters discussed the evolutionary significance
of similarities in adult structure and in embryonic development. They
dealt with structures that can be seen with the unaided eve or with a
small amount of magnification. Now we turn our attention to funda-
mental similarities that in many cases cannot be seen but must be
studied by the methods of the chemist, the biochemist, the serologist,
and the physiologist.

CHEMICAL COMPOSTTION

Perhaps basic to all other cimilarities is the fact that of the 100 or so
known chemical elements, all living things are largely composed of



Chapter 5 Chemical Compaosition, Genes, and Froteins 75

four: carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). Other
elements—Ffor example, phosphorus, potassium, and sulphur—are pres-
ent in smaller amounts and play vital roles in the processes of living
(metabolism). Why are the “big four” so predominant in all living
things, be they bacteria, earthworms, or human beings? One reason
undoubtedly is that these elements are abundant in the earth or its at-
mosphere. Yet silicon is also abundant, but it is of small importance in
the composition of living things. The fact that carbon Is quadrivalent—
capable of combining simultaneously with four other atoms—and thus
can form the basis for extremely complex compounds is no doubt the
most important reason for its primacy in living things.

Counld living things have been composed mainly of elements other
than C, H, O, and N7 This is an interesting question, but its discussion
would take us too far afield. Briefly we may answer “probably not” in
an atmosphere in which oxygen predominates, as it does on our earth,
but “perhaps” on a planet having an atmosphere of a different type, for
example, ammonia. {See Blum, 1955, chap. 6, for further discussion of
the importance of the environment in determining the chemical com-
position of living things.)

What do C, H, O, and N form in living organisms7 In these, from
70-20 or more percent by weight is comprised of warer—H:0. Water
enters into-all life processes; without it life as we know it could not
exist.

Otherwize we may say that the “big four” characteristically form
three classes of compounds and their derivatives in all living things:
CARBOHYDRATES, FATS (lipids), and rrotEmNs (including nucleoproteins).
Here is another fundamental similarity. Carbohydrates (e.g., sugars,
starches, and cellulose, the stiffening, fibrous material in plants) are
composed of C, H, and O, with the latter two elements present in the
same proportons that they are in water. Fats are also composed of
these same three elements, but the oxygen comprises a smaller pro-
portion of the fat molecule than it does of the carbohydrate maolecule,
Other elements, such as nitrogen and phosphorus, also may be present
in fats (lipids). Proteins, familiar to us in “lean meat” (muscle), are the
most complex substances known. They always contain carbon, hydro-
gen, oxygen, nitrogen, and sulfur. Other elements, such as phosphorus,
may also be present and important to the functioning of the protein,

What are the functions of these compounds in the economy of the
organism? Carbohvdrates and fats are “fuel,” supplying energy needed
for living processes (metabolism), As mentioned above, the complex
carbohydrate cellulose is important as a structural component in plants.
But of the three classes of compounds we must accord primacy to pro-
teins. They and their derivatives (1) form the basic structural com-
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ponents of living things, and (2) many of them serve as enzymes, with-
out which living processes could not occur.

Nearly everyone knows that most organisms are composed of one
or more ceLts, Cells are usually microscopic in size: they are the “build-
ing blocks” of which the tissues of plants and animals are composed.
Although cells vary widely in shape and other properties, they are so
similar (n fundamental plan that we can draw a diagram of a “typical”
cell stressing the points shared in common (Fig. 5.1). These complex
structures in the cell are composed mainly of proteins and protein deriv-
atives. In “higher” organisms the cells join together to form Tissues,
and these combine to form orGaxs (e.g., skin, liver, intestine, kidney,
muscles, and brain). Hence we see the basic importance of proteins as
components of structure.
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Fig. 5.1, Diagram of a “typical” cell to Indicate

something of the complexity of structuee rovealed by the
electran microscope. Mozt of the structures are commonly
found in cells, though some types of celly lack some

of the structures shown. (From Cell Strnicture and Function by
Ariel G, Loewy and Philip Siekevite Copyright i 1953

by Holt, Rinehart and Winston, Inc. Reprinted by
permission of Helt, Rinehart and Winston, Inc)
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But of perhaps even greater interest is the function of some pro-
teins as enzymes. Enzymes are organic catalysts. A catalyst is a sub-
stance that accelerates a chemical reaction. In the case of the chemical
reactions Important 1o the processes of living, without enzymes the
reactions would occur so slowly as to be totally ineffective. Thus it is
no exaggeration to say that life as we know it would be impossible
without enzymes, that is, without proteins.

Enzyme-controlled reactions are most familiar to the average per-
son in the process of digestion—the breaking down of starches into
sugars or of proteins into amino acids, for example. But enzymes also
function in the reverse direction: in the building up of sugars into
starches or of amino acids into proteins. In fact nothing occurs within
the body without the appropriate enzyme control. We note from the
foregoing that enzymes (proteins) themselves are only formed through
the action of other enzymes (proteins). Since, as we stated earlier, pro-
teins are the most complex compounds known, the formation of a pro-
tein molecule reguires the cooperation of an amazingly complex array
of enzymes.

Proteins are synthesized within the individual cells. Each cell re-
quires many kinds of proteins (to serve as structural components and
as enzymes). Hence the complexity and multiplicity of enzymes in a
single cell stagger the imagination, and we ask: “What brings order
out of chaos? Where are the controls?™

A huge body of evidence indicates that control rests with the
GENEs In the curomosomes (Fig. 5.1). The most characteristic com-
ponents of chromosames are NucteorroTeINs. These are complexes con-
sisting of proteins joined to NuciEic Acips, At the present time it seems
that the nucleic acid is the more important portion of the molecule as
the controlling mechanism in the cell,

There are two kinds of nucleic acid: mmonvcieic Acto (rxa) and
DEOXYRIBONUCLEIC ACID (DuaA). DMNA is characteristic of the chromosomes,
and in these days we usually think of DNA as composing the genes
themselves. Both DNA and RNA consist of long chain molecules in
which sugar and phosphate alternate regularly, A side group, organic
base (purine or pyrimidine), is attached to each sugar, In RNA the
sugar is ribose; in DNA it is deoxyribose.

DNA
The structure of DNA has been so widely publicized and so generally
discussed wherever biology is mentioned that a brief summary will

suffice us here.
The chains of alternating sugar and phlosphate molecules men-
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tioned above may be likened to the sides of a ladder (Fig. 5.2b). The
rungs of the ladder are composed of a pair of organic bases joined to-
gether by hydrogen bonds in such a way that adenine (A) in one chain
is bonded to thymine (T) in the other and that cytosine (C) in one chain
is bonded to guanine (C) in the other (Fig. 5.2a and b). And the
whole “ladder” is twisted to form a helix (the Watson-Crick model,
Fig. 3.2¢).

Each of the chains is composed of a unit of structure called a
NUCLEOTIDE Tepeated over and over again. A nuclectide consists of a
sugar compound joined to a phosphate compound and to an organic
base (A, C, G, or T). When DNA duplicates itself the chains become
separated by breaking of the hydrogen bonds between bases, Then each
single strand serves as a template or pattern for formation of a new
strand just like the one from which it separated. For example, a nucleo-
tide containing the base thymine (T) fits into place so that the thymine
binds to adenine (A) in the strand. Nucleotides containing C bind to G
in the strand, and so on. Thus a new strand complementary to the one
serving as template is built up nucleotide by nucleotide.

We focus attention primarily upon the arrangement of the base
pairs: A-T (adenine-thymine), T-A, C-G (cystosine—guanine), and
G-C. Seemingly these may be arranged in any sequence down the
length of the DNA macromolecule and are in fact arranged so as to
convey information, much as the letters in this sentence are arranged
to convey information to the reader.

Since the pairing is always complementary (A with T and C with
C) we customarily cencentrate attention on the seéquence formed by
bases in one-half of the “ladder” only. Thus in Fig. 5.2b, we might
attend to the sequence of the left side only: ATGTC, knowing that the
corresponding right-hand portion must be TACAG. The thought is
that ATGTC, for example, forms a code that contains information of
importance 1o the cell. AGCTA would code for different information,
just as the meanings of different words differ. A four-letter alphabet
may seem small, vet if we imagine the almost infinite number of
‘sequences possible with Four "letters,” singly and in multiples, we
appreciate the true possibility of coding complex “messages™ by this
means. This is especially evident when we realize that the DNA in a
single cell contains literally billions of these base pairs (“letters”).

In one sense we may compare the DNA to the tape of a tape
recorder, If we wished to we might record on tape the directions for
making a pie or building a house or operating a piece of machinery.
Similarly, the DNA contains the "directions” for operating the cell in
which it is found. It exercises the control mentioned previously. If the
cell needs a certain enzyme, the DNA sees to it that the enzyme is
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formed. This carries us beyond the analogy of our familiar tape
recorder into the analogy of coded information supplied a computer
that can respond by control of automated machinery. We begin to
appreciate something of the remarkable properties of DNA,

This appreciation is heightened when we recall that the DNA can
duplicate Itself, leading to duplication of the chromosomes (mitosis)
and eventually to duplication of the cell liself in the process that we
customarily call cell division. It is a computer that can produce dupli-
cates of itself and of the building in which it is housed!

Let us think now of a very special cell, the fertilized ovum. If this
is a human fertilized ovum it normally contains 23 chromosomes from
the mother and 23 chromosomes from the father. If current thinking
is correct, the combined DNA from the two parents contains complete
coded instructions for the making of a new human being. We must not
forget, though, that environment plays a vital role in determining the
nature of the “finished product.” We customarily think of the im-
partance of environment acting upon a child after birth, but environ-
ment within the uterus before birth is at least as important.

The fertilized ovum divides to form two cells. Preceding this
division the DNA has duplicated itself so that one cell has exactly
the same DNA as the other. Each of these cells, in turn, divides to
form two, with DNA replication as before. Each of the resulting four
cells divides, and so on until the billions of cells composing a human
body are produced. The resulfing cells become spécialized into brain
cells, liver cells, muscle cells, skin cells, and s0 on. But because of the
manner in which each cell arises by division of a predecessor cell, each
cell has in theory exactly the same coded information in its DNA that
every other cell has or that the original fertilized ovum had. Obviously,
a liver cell, for example, will not use much of this information—only
those genes appropriate to liver function actually will be working. The
manner in which genes (meaning sections of DNA) are turned on and
off, as one operates a light switch, is a fascinating field of investigation,
but its discussion would lead us far afield here.

Since each cell contains the coded information for production of an
individual of its species, we might expect that the information would be
similar in two species if the organisms themselves were similar. To
return to our tape recorder analogy: Taped instructions for building a
wooden house would be expected 1o resemble taped instructions for
building another wooden house more than they would instructions for
building a brick house. In a somewhat similar manner, the coded in-
Formation in the DNA of a dog might be expected to resemble the
coded information in the DNA of a wolf more than it would the in-
formation in the DNA of a cat. This suggests the possible value of a
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comparative study of DNA's to supplement comparative study of adult
structures (Chap. 3),

For such a study we might wish to obtain a complete transcription
of the coded message in the DNA of each species. The practical diffi-
culties involved are enormous and at present are insurmountable for
such complex organisms as cats and dogs, though good beginnings
have been made with viruses and bacteria. As a substitute for such a
complete analysis, however, we may employ a technique that rests on
the ability of separated strands of DNA to “recognize” each other.

The double-stranded nature of DNA is indicated in Fig. 5.2. By
suitable methods the DNA can be “melted,” breaking the hydrogen
bonds and permitting the single strands to separate into two inde-
pendent sugar-phosphate chains, each sugar attached to its base (A, C,
G, or T). Under suitable conditions the strands will rejoin to form the
double strand again. In this rejoining A always joins to T and C to G
as they did originally.

Making use of this property, Hoyer and co-workers (1964, 1965)
have developed a4 method for estimating the amount of similarity be-
tween the DNAs of two species. The DNAs are "melted,” as men-
tioned, into single strands. Then single-stranded DNA of one species
(Species A) is broken into small fragments. These fragments are
brought into contact with the single-stranded DNA of the other species
(Species B). A Species A Fragment containing a sequence of organic
bases complementary to a sequence in some region of the Species B
strand will combine with that region to form a double strand. Any
Species A fragments that are complementary to no region of the Species
B strand will remain uncombined (Fig. 5.3). Thus the greater the num-
ber of Species A fragments that “recognize” some portion of the
Species B strand the closer the similarity between the genetic messages
contained in the DNAs of the two species. The actual technique of the

Species A= fragments of
iingle strands of DNA

Speclew B-intact
angle strandy of ONA

Fg. 23  [llustration of the idea forming the basis af tests of
similarities betwesn TNAs derived from different organisma, Species

A fragmeni= that have complementary sequences of nucleotides

to srguences found in species B DNA becams bonded to the latter
Species A fragments that do not have complementary sequences of
nurlestides to sequences found in species B PNA remaln unattached.
Ser lext
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tests is more complicated than this oversimplified account indicates, and
there are variables and sources of uncertainty in interpretation, Never-
theless, in broad outline the picture is clear: Similarities of the genetic
messages do correspond to structural similarities as these are expressed
in accepted classification.

We might pause to ask, "Are these similarities In DNA structure
homologous or analogous?” We noted on pp. 21-23 that analogous
similarities arise when different organisms become adapted to live
similar lives (e.g., bird and bat). Moreover, the similarities are of a gen-
eral nature, not usually extending to details (e.g., bird wing composed
of feathers and bat wing of skin). The DNA similarities, on the con-
trary, exist despite differing adaptations, and they are often tremen-
dously detailed similarities.

Figure 5.4 shows the relative similarities to human DNA of a
series of other DNAs. As would be expected (Chap. 12), the DNA of
the chimpanzee wis most similar. In Fact the method used did not
demonstrate differences between the two DNAs, but that must not lead
us to conclude that differences do not exist—they will probably be
demonssrated by future research. The gibbon, another of the great
apes, also has DNA very much like that of man.

Less similarity was shown by the DNAs of monkeys, and sHll less
similarity characterized the DNAs of tarsiers and lemurs (slow loris,
galago, and lemur), As we shall see in Chapter 12, lemurs and tarsiers
are classified in the order Primates with ourselves (and the monkeys
and apes), but are quite unlike us in many ways.

The tree shrews occupy an interesting position since they are
sometimes regarded as primitive members of the order Primates and
sometimes as members of the order insectivora (with shrews, moles,
hedgehogs, and their relatives). This question is discussed further in
Chapter 12; here we note with interest that these tests show that tree
shrew DNA is less like human DNA than is lemur DNA but is more
like human DNA than is hedgehog DNA.

The mouse is included as a representative of the mammalian order
Rodentia. The chicken (class Aves) represents the only nonmammalian
creature included in the figure, but in other tests fish DNA has been
found to be less similar to mammalian DNA than is the DNA of birds.

However, any conclusions based on these results must be tentative
anly. This type of investigation is new, accompanied by many variables
not all of which have been explored, and hence results are of a pre-
liminary nature. In the paper presenting the data an which Fig. 5.4 is
based, Hoyer and Roberts (1967) likened the situation to the early
stages of the development of an oil field: “A small area has been
worked, enough to have given tetumms on the effort invested. A much
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Fig. 54. Relative similarities to human DNA of DNAs
from other vertebrates, The reaction of human DNA
with itself under experimental conditions is arbitrarily set
at 100% . (Data from Fig. 16, p. 460, of Hoyer, B. H,,
and R. B. Roberts, “Studlis of muclele acid intetactions
using DNA-agar,” in Taylor, J. H. (ed)) Molecular
Genetics, Part [, New York, Academic Press, 1967,
PP, 425-479.)

larger area has had only wildcat drilling.” But what has been done is
enough to indicate that important oil reserves are there and that they
“are bound to pay off when they are worked intensively.”

Another word of caution is important at this point. Almest in-
evitably pioneer and exploratory experiments, like most of those de-
scribed in this chapter and the next, are performed with material from
only a small number of individual specimens—not infrequently from a
single specimen. This situation anses from the complexity of most of
the procedures and their expense in time and money. But equally im-
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portant is the fact that specimens of unusual species cannot usually be
obtained in quantity. If one wishes to study the DNA of the galago,
for example, how many lemurs of this species can one obtain to work
on? Ideally one should have a large sample of the species, representing
the entire range of variation within it (a point of view strongly em-
phasized by Rasmussen, 1969). But suppose this is impossible. Perhaps
only a single specimen is available or at best two or three specimens.
Is it better to make use of this specimen or to do nothing? “It is better
to light one candle than to curse the darkness”

Nevertheless, the number of specimens utilized does place a limita-
tion upon conclusiveness of the interpretations drawn. In the investiga-
tion just discussed, for example, the comparison of galago DNA with
human DNA is valid only insofar as the galago DNA used is typical of
all galago DNAs and the human DNA is typical of all human DNAs.
We are acquainted with the fact that every human individual differs
somewhat in genetic structure (i.e., DNA) from every other individual
(with the possible exception of identical twins). No doubt if the genetics
of galagos were known, the same situation would be found among
them, But in the type of experiment we are discussing here, we assume
that the comparisons being made are between those portions of the
DNA that all men share in common and those portions of DNA that
all galagos share in common. OF course we can never prove that these
portions of the DNA are what is being compared until we can do the
experiments on many specimens in each species as mentioned in the
preceding paragraph. But in the meantime useful tentative conclusions
are possible. In the present instance there s reassurance in the fact that
the three lemur DNAs (slow leris, galago, and lemur) agreed closely in
the magnitude of their reaction with human DNA (Fig. 5.4).

If the DNA does contain the coded instructions For “building” an
organism, we should expect that the DNAs of two organisme would be
similar insofar as those organisms are similar. The DNA message of all
vertebrates (aside from cyclostomes) must contain the instructions for
building a backbone (vertebral column). This part of the message would
be similar to a point but also dissimilar in some respects since there
are many types of vertebral columns. The DNA of 4 fish contains in-
structions for forming scales of a certain type, that of a bird contains
instructions for forming feathers, and thay of a mammal contains in-
structions for forming hair. While all mammals have the genetic mes-
sage for forming hair, some of them have the instructions for forming
the forelimb Into 2 wing, others for forming it into a hoof, and others
into a Aipper (Fig, 3.4, p. 28), Even closely related species must have
some differences in their DNA instructions- otherwise they would not
be separate species,
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FROM DNA TO PROTEIN-THE GENETIC CODE

Precisely what does the DNA do? Earlier we stressed the importance
of proteins as structural components of cells and as enzymes. A mount-
ing body of evidence indicates that the principal function of DNA is
to control the production of proteins and to determine their nature.
Since nothing happens in an organism, either an adult or an embryo,
without the action of enzymes (p. 77), control of enzyme production
is the most fundamental function that DNA could have.

Before we consider how DNA accomplishes its task we must say a
word about the structure of proteins. Although proteins are the most com-
plex compounds known, they are composed of long chains of simpler mol-
ecules called amino acips. Twenty amino acids are commonly found in
the proteins of all living things—another fundamental similarity (Table
5.1). Apparently these amino acids may be arranged In all possible
sequences in the chains composing a protein. A chain of amino acids
is called a roLyPEPTIDE cHamv. A protein may consist of one polypeptide
chain, but it usually consists of two or more chains. Thus a malecule
of hemoglobin in the red blood cells consists of four chains: a pair
called a chains that is identical in amino acid sequence and a pair called
3 chains that is alike in sequence. The = chains contain 141 amino acid
residues each; the # chains contain 146 amino acid residues each. Hence
the entire macromolecule of hemoglobin contains 574 amino acid
residues. (An amino acid residue is an amino acid joined to another
one by a petide linkage, Fig. 7.1, p. 118.)

Table 51. THE 20 AMING ACIDS COMMONLY FOUND IN ORGANISMS

Amtino Aeid Abbreviation Amino Actd Abbrevintion
Alanine Ala Leucine Leu
Arginine Arg Lysine Lys
Asparagine Asn Methionine Met
Aspartic acid Asp Phenylalanine Phe
Cysteine Cys Proline Pro
Glutamine Gln Serine Ser
Glutamic acid Glu Threonine Thr
Clycine Gly Tryptophan Trp
Histidine His Tyrosine Tyr
Isoleucine le Valine Val

The sequence in which the amino acids are arranged in the poly-
peptide chains is called the primary structure of the protein. The chains
are coiled: this coiling is called the secondary structure. And the coiled
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chains are folded in intricate fashion: tertiary structure. This folding is
important in the functioning of the protein as an enzyme. The pattern
of the folding is determined by physical forces acting between amino
acids. Hence the primary structire in large measure determines the
tertiary structure. We now direct our attention to this primary structure.

As we have seen, DNA consists of a long chain of nucleotides.
Proteins consist of one or more long chains of amino acids. It is “the
central dogma” of molecular genetics that the lincar sequence in the
DNA determines the linear sequence in a polypeptide chain (Yanofsky,
1967). Much experimental evidence supports this theary.

If the theory is correct, how does the DNA accomplish its task?
DNA is composed of only four kinds of nudeotides, those containing
A, those containing C, those with G, and those with T. There are 20
kinds of amino acids to be arranged. Obviously the correspondence
cannot be one-to-one between nucleatides and amino acids. An im-
pressive body of evidence indicates that three adjacent nucleotides form
a “code word” designating a particular amino acid. The letters AC G,
and T can be arranged in 64 different combinations of three. This is
more than enough to account for 20 aming acids, Apparently some
amino acids are coded for by more than one nucleotide triplet, This is
like the occurrence of synonyms in & human language.

If we grant that a series of nucleotide triplets in DNA determines
a ceries of amino acids in a polypeptide chain, we still have the question:
How is this accomplished?

Seemingly, in the first step of the process DNA serves as a
template (pattern) for the formation 6f a molecule of RENA. As noted
earlier, RNA differs from DNA in the sugar incorporated. Like DNA,
it Is composed of a long chain of nucleotides, and there are four types
of these: one with adenine (A), one with cytosine (C), one with guanine
(G), and one with wraril (U). Note that thymine in DNA is replaced
by uracil in RNA. Uracil bonds with adenine.

At the top of Fig. 5.5 we represent a bit of DNA by two rows of
letters standing far the two strands of the molecule. For clarity each row
is divided by dashes into triplets, although no such divisions exist in
the actual molecule. One of the strands serves g 2 template for forma-
tion of the RNA molecule. If this is the lower of the two strands, the
first base in the strand s G; an RNA nudeotide containing C is fitted
into place here. The cecond DNA base is A: this directs that an RNA
nucleotide containing U shall join onto the first one. And so it goes,
nucleotide by nucleotide, until the complete RNA chain is formed as
“directed” by the DNA strand. '

We recall that the DNA is part of a chromosome in the nucleus.
The newly formed RNA strand detaches itself from the DNA and
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Fig. 5.5. Simplified diagram of the highlights of the process
by which the sequence of nuclectides in DNA s translated
into a sequence of amino acids in a protein (polypeptide)
;:!pnﬂidpniinn of messenger RNA and transfer RNA

lext.

moves out of the nucleus, into the cytoplasm of the cell. Here it does
its work, Because it carries the “instructions” from the nuclear DNA
into the cytoplasm it is called messences mwa (Fig. 5.5).

In the cytoplasm the messenger RNA in ils turn serves as a tem-
plate or pattern for the assembling of amino acids into polypeptide
chains. How do the amino acids “find their way" into position? They
do so through the agency of another type of RNA called transrer or
soLunie ’¥A. A transfer RNA molecule consists of a chain of about 80
nucleotides folded and looped In a pattern that may resemble the
dlagrammatic representation of it in Fig. 5.5 (Holley et al., 1965; Madi-
son ¢t al,, 1966). As the figure indicates, at one point the transfer RNA
molecule is attached to an amino acid and at another point there is a
so-called coding site that “recognizes” the appropriate triplet of bases
in the messenger RNA strand. Such a triplet of bases in the messenger
RNA constitutes a code word or copon. The coding site in a transfer
ENA molecule is called an axricopos. As indicated in the figure, an anti=
codon probably consists of three bases complementary ta the three
composing the corresponding codon.

Presumably, each of the 20 amino acids has its own specific type
of transfer RNA, and in cases where synonvms occur each amino acid
may be represented by two or more types of transfer RNA, each type
with its appropriate anticodon to fit one of the synonymous codons.

In Fig. 5.5 three transfer RNA molecules are represented. The one
on the left has the anticodon ACC and has just paired with the codon
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UGG. As it did so, it added Trp (tryptophan) to the growing poly-
peptide chain. The second transfer RNA molecule, with the anticodon
UUU, is even now pairing with its appropriate codon and adding Lys
(lysinie) to the polypeptide chain. As soon as this second transfer RNA
molecule has become detached, the third molecule will move into posi-
tion, adding Tyr (tyrosine) to the chain. Then a fourth transfer RNA
molecule {not shown) will add another Trp (tryptophan), and =0 on
to the end of the messenger RNA strand.

Thus, through the agency of messenger RNA and transfer RNA,
the linear sequence of triplet bases in the DNA molecule has been
translated into a linear sequence of amino acids in a polypeptide chain
that will form part of a protein. Since this s the impaortant point for
our present purposes, we have omitted many of the details of the
process. At each step enzymes are involved. Energy must be expended
to accomplish all this; the energy is supplied by adenosine triphosphate
(ATF). And small bodies in the cyvtoplasm, called ribosomes, have im-
portant Functions in bringing the transfer RNA molecules into correct
position on the messenger RNA strand. The process could not occur

without the cooperation of all of these, but a description of their
roles would lead us too far afield.

THE GENETIC CODE The messenger RNA codons are said to
constitute a genetic code. Table 5.2 iz 3 “dictionary” of this code, listing
the 20 common amino acids and their corresponding codons. Since most
of the amino acids mav be coded for by more than one codon (ie.,
synonyms occur) the code is sometimes said to be “degenerate.”” Seem-
ingly, in many cases it is the first two bases that are important, the base
found in third position being more or less irrelevant. Thus, having G
and U in first and second position, respectively, seems to be important
in coding for valine, but the third posiion may be occupied by U, G,
C, or A Such considerations have suggested that the code may have
eriginated as-a doublet code, the third base having been added Iater in
evolution (Jukes, 1966; also pp. 128-129),

We are just at the dawn of knowledge about the evalution of the
genetic code, Perhaps the most pertinent question we can ask at present
ie this: Do all organisms use the same code (is the code “universal”)?
This would be equivalent to all people speaking the same language, We
might anticipate that all organisms using the same code have a comman
ancestry, however remote, from which the basic essentials of the code
were inherited. Changing from ane code to another would not be ac-
complished so easily as when people of differing ancestry learn to use
the same language. The genetic code as we know it was worked out
through the efforts of many people investigating viruses and micro-
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organisms, especially bacteria. Our knowledge of the application of the
code to other organisms is still fragmentary, though it increases steadily.
One investigation indicates that the codon AAA codes for lysine in both
the colon bacillus (Escherichia coli) and in the liver cells of a rat
(Lengyel et al., quoted by Abelcon, 1963). In this we jump all the way
from a bacterium to a mammal. The same jump was made when another
investigation indicated that transfer RNA from E. coli, carrying leucine,
participated normally in the synthesis of rabbit hemoglobin (Ingram,
1963).

Table52. DICTIONARY OF THE MESSENGER RNA CODONS*

First Third
Nueleo- Secand Nucleotide Nucleo-
tide u C A G tide

UUU Fhe UCUSer UAU Tyr UGU Cys
UUC Phe UCCSer UACTyr UGC Cys
UUA Leu UCA Ser UAA Ochre  UGA Cys*
UUG Leu UCGSer  UAG Amber UGG Trp

CUU Leu CCUPro  CAUHis CGU Arg
C CUC Leu CCCPro CACHis CGC Arg
CUA [eu CCAPre CAACGIn CGA Arg
CUG Leu CCGTro CAGGIn CGG Arg

AUU lle ACUThr  AAU Asn AGU Ser
A AUC lle ACCThr AAC Asn AGC Ser

AUA lle ACAThr AAALys AGA Arg

AUGMet ACGThr AAGLys AGG Arg

GUU Val GCU Ala  GAU Asp GGU Gly
G GUC Val GCC Ala  GACAsp GGC Gly
GUA Val GCA Ala GAAGlu GGA Cly
CUG Val GCG Ala  GAGGlu GGG Gly

& abbieviations for tamies of amins acids arv those given b Table 21 [“Ochre” and

“smber” signal the termimation ol & pulypeptide chain. they wre somewhat like punctustion
marks I a sestence) Based on the resarches al Mirenberg, Ochos. Khorana, and many

U

Oprng Qroac O>AC OpAC

WUGA codes for cystelne in some organizmns but not in the bacterium Escherichin
eoll, where It [s & chain terminalor.

In an extensive investigation, Marshall, Caskey, and Nirenberg
[1967) studied recognition of 50 codons by transfer RNA from three
sources: (1) a bacterium (E. coli). (2] an amphibian (Xenopus, the South
African clawed toad), and (3) a mammal {guinea pig). All three types
of transfer RNA responded to the same codons. “Thus an essentially
universal genetic code is demonstrated.” Yet there were differences in
the extent to which the different transfer RNAs responded fo syn-
onymous codons. For example, transfer RNAs bearing alanine and de-
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rived from all three organisms responded to GCU, GCC, GCA, and
GCG (Table 5.2). But the amphibian and mammalian transfer RNAs
responded only slightly to GCG, whereas the bacterial transfer RNA
responded best to GCG. Similar differences were observed with other
transfer RNAs. When such differences occurred, the two vertebrate
RNAs responded similarly; the difference lay in their response as com-
pared to the response of bacterial RNA,

So we have the suggestion that each organism may have its own
“preferred” codon for a given amino acid. In somewhat similar manner
an American speaks of the “hood” of his automaobile, while a Briton
calls it a ““bonnet.” The same idea is also suggested by an investigation
demonstrating that transfer RNA from E. coli does not respond well
to messenger RNA from tobacco mosaic virus (Fraenkel-Conrat, 1964).
Fraenkel-Conrat commented: "It is as if the genetic code, although
universal in principle, contained varying dialects, the cells of different
species using different versions of the general language.”

So a small beginning has been made in what we may call a “com-
parative anatomy” of the genetic code. Only a few organisms have been
studied to date. Further studies of the code in viruses, microorganisms,

plants, and animals will yield results of the greatest interest for evolu-
Hon.

COMPARATIVE ANATOMY OF PROTEINS

We have summarized the manner in which the DNA operates to de-
termine the sequence of amino acide in a protein, We also have stressed
the fundamental importance of proteins as structural components of all
living things, and as enzymes, Since there could be no life without pro-
teins, there could be no evolution without them. Hence they are of great
interest for the student of evalution.

In their role 2s enzymes, proteins control all of the processes of
living (metabolism) and, 1n embryos, the processes of development.
Working hand in hand with envitonmental forces, enzymes control
the destiny of the organism. The organism’s ability to adapt to its
environment is thus dependent an proteins. This means that they will
be subject to natural selection,

As a consequence, proteins are acted upon by opposing forces: (1)
a tendency to remain unchanged as, through the DNA, they are in-
herited from ancestor to descendant, and (2) a tendency to change in
response to the requirements of differing environments. Same enzymes
are needed to serve functions common o large groups of organisms;
even in some cases common to almest al organisms. We might expect
that such proteins would change buy Jittle throughout evolutionary his-
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tory. A case in point is cytochrome ¢, a protein possessed by virtually
all organisms that utilize oxygen for respiration. It is concerned with the
oxidation of food, the process by which most organisms are supplied
with energy.

CYTOCHROME ¢ In its pure form cytochrome c is a pinkish com-
pound. Its molecule is composed of approximately 100 amino acids, the
number varying slightly in different species. Thus it is a relatively small
protein and also a simple one since it is composed of a single poly-
peptide chain, The sequence of amino acids in cytochrome ¢ from
human heart tissue is shown in Figure 5.6. This is a typical example of
what is called the “mammalian type” of cytochrome ¢ found in such
diverse organisms as baker's yeast, Neurospora (a bread mold), moth,
tuna, rattlesnake, chicken, kangaroo, domestic rabbit, dog, pig. sheep,
cow, horse, rhesus monkey, man, and doubtless many other forms not

yet analyzed

Arety]-Gly-Asp-Val-Glu-Lys-Gly-Lys-Lys-Tle-Phe-lle-Met-Lys-
1 10
Cys-Ser-Gln-Cys-His-Thr-Val-Glu-Lys-Gly-Gly-Lys-His-Lys-
L—Heme—1! 20
'I"hr-GI?-Pm-AsnaLI.'Lt-Hh-ﬂl}‘-LethbGl}*-&rs-Lys—Th:-GI!_.'-
3p w0
Gln-Als-Pro-Gly-Tyr-Ser-Tyr-Thr-Ala-Ala-Asn-Lys-Asn-
£
Lys-Gly-lle-Ile-Trp-Gly-Glu-Asp-Thr-Len-Met-Glu-Tyr-Leu-Glu-
&0
Asn-Pro-Lys-Lys- Tyr-lle-Pro-Gly-The-Lys-Met-lle-Fhe-Val-
70 a0
Gly-He-Lys-Lys-Lys-Glu-Glu-Arg-Ala-Asp-Le-lle-Als-Tyr-
20
Lew-Lys-Lys-Als-Thr-Asn-GluCOOH
100 104

Fig. 5.6. Amino acid sequence of human heart
cytochrome ¢. See Table 51 for meanings of abbreviations.
{Redrawn, with slight changes in abbreviations, from

Fig | of £ L Smith, aml £ Margoliash, "Evolution

of cytochrome ¢ Federafion Proceedings, 25 {19e4],
12431247

All of these forms, from yeast to man, appear to have cytochromes
¢ that are homologous—based on the same pattern, The situation seems
directly comparable at the molecular level to the common pattern upon
which vertebrate forelimbs are based, at the level of gross anatomy
(Chap. 3). And just as we attributed the homology of limb structare to
inheritance from common ancestry, we see In the homologous structure
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of all these cytochromes ¢ evidence of inheritance from common an-
cestry. In this case, since the series runs from yeast to man and prob-
ably also includes the higher plants, we have evidence that most of the
organic world descended from a remote common ancestar. This points
to a single origin for most of the living things on earth.

In view of the fact that knowledge of the genetic code is based
largely on research with a bacterium (E. coli), there is interest in the
question of whether bacterial cytochrome ¢ is based on the same pattern
as are the cytochromes of other organisms. The evidence to date is
conflicting. Some bacterial cytochromes seem o have an entirely dif-
ferent pattern (e.g,, Pseudomonas), Yet one bacterium (Rhodospirillum)
is found to possess a cytochrome-like protein that seems a variation of
the pattern called mammalian-type (see Smith and Margoliash, 1964;
Dayhoff, 1969a, 1969b). We await with anticipation results of further
research.

Can the similarity of all these mammalian-type cytochromes ¢ be
explained on any other basis than that of common ancestry? To what
extent must all cytochromes ¢ be alike if they are to Function normally
in the cell? It has been found that in all of 20 species investigated 35
of the positions in the chain are invariant, each position always being
occupied by the same amino acid. Most strikingly, the sequence num-
bered from 70-80, inclusive, in Fig. 5.6 is identical in all these widely
diverse forms. On the basis of statistical analysis, Fitch and Margoliash
(1967) concluded that substitution of other amino acids in from 27-29
of these 35 positions would be harmful, Byt conversely, the remainder
of the pesitions can be occupied by various amino acids without im-
pairing the function of the molecule. Similarities in most of the poly-
peptide chain, therefore, are not something imposed by functional neces-
sity,

Someone may suggest that the similarities argee through con-
vergent evolution from different ancesirips {pp. 30-31). In our earlier
discussions we noted that similarities ascribable to convergence tend to
be superficial similarities arising by response to the same or similar
enviranments. [n the present instance the similarities involve minute
details of molecular structure in organisms adapted to life in the widest
diversity of environments. Hence it seeme most probable that the
similarities are truly homologous, rather than simply analogous,

The degrees of similarity in cytochromes ¢ correlate well with the
known relationships of the organisms and with the probable lengths of
time since the postulated common ancestry occurred (Table 5.3). Thus
the pig, cow, and sheep, all even-toed, hoofed mammals (order Artio-
dactyla), have identical cytochromes ¢ The horse {order Pericso-
dactyla) differs from the cow at only three points in the chain of amino
acids. Man differs from his fellow primate, the rhesus monkey, at only
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one point in the chain, but his cytochrome ¢ differs from that of the
dog and horse in 10 and 12 respects. Mammals differ from birds by
about these same numbers and from fishes by a greater number, as
would be expected.

Table5.3. RELATIVE DIFFERENCES IN CYTOCHROMES ¢
DERIVED FROM DIFFERENT ORGANISMSe

Probakle Time
Since Divergence

from Common

Aming Acid Ancestry, in
Species Compared Differences Millions of Years®
Man—rhesus monkey 1 50-60
Man—horse 12 FO-73
Man—dog 10 70-75
Pig—cow-—sheep 0 —_
Horse—cow 3 6065
Mammals—<chicken 10-15 280
Mammals—tuna 17-21 400
Vertebrates—yeast 4348 1000-2000

® Modified from Table 1 of Smith and Margollash, 1984,
* Estimates supplied by G. G. Simpson and stated by him to be “subject to large

errom,”™

The fact that vertebrate cytochrome ¢ differs from that of yeast at
only 4348 paints is eloguent testimony of the basic similarity of or-
ganisms far removed in the scale of life. Not included in Table 5.3 is
the bread mold (Neurospora), which differs from vertebrates by at
least 40 amino acids (Heller and Smith, 1965). Interestingly, it differs
from yeast by 39 amino acids. Since yeast and Neurospora are related
organisms, Heller and Smith suggested that evolutionary change may be
much more rapid among microorganisms than among higher organisms.

Why did some portions of the cytochrome ¢ molecule remain un-
changed throughout evolutionary history, and why did other portions
change? Tt is tempting to speculate that the invariant portions represent
structures that could not change if cytochrome ¢ were to continue to
do its work in metabolism. Perhaps the portions that did vary were
either (1) unimportant in the function of the molecule or (2) responding
to differing requirements faced by differing organisms. The second
alternative is in line with thought concerning natural selecHon as an
evolutionary force. While it is interesting to speculate about these ques-
tions, a fuller discussion of them would be out of place in an elementary
textbook. See Jukes (1966, Chap. 6), Margoliash and Smith (1965), and
Simpson (1964) for further discussion.

The list of proteins for which the sequence of amino acids has been
analyzed is steadily increasing. Space permits us to include but one
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. (Based on the work of Braunitzer,
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a chains and two identical 8 chains, with 2 total of 574 amine acids. As
indicated in Fig. 5.7, the « and 8 chains agree at many points and may
have had a common evolutionary origin (Ingram, 1963; Jukes, 1966).
To each of the polypeptide chains is attached an iron-containing mole-
cule called a heme group. Functionally the four heme groups are the most
important part of hemoglobin since they serve for the temporary at-
tachment of oxygen so that it may be transported to the tissues. But
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the polypeptide chains themselves are of most interest for evolutionary
studies, since the heme group is the same In all hemoglobins,

We think of hemoglobin in connection with red blood, but actually
hemoglobins are widely distributed throughout the organic world. For
example, they are found in yeast, molds, the root nodules of leguminous
plants, some ciliate protozoa (such as Paramecium), nematode worms,
annelid worms, some crustaceans, many molluscs, a few insects, as well
a5 in almost all vertebrates (Gratzer and Allison, 1960). These diverse
hemoglobins have many features in common, but evolutionary studies
to date have emphasized the hemoglobins of vertebrates.

Among the vertebrates, the four-chain structure already described
is found in all forms except the jawless cyclostomes—the lamprey and
the hagfish, As we shall see (p. 163), these lowly vertebrates may be
modern remnants of the stock from which all vertebrates arose, The
hemoglobin molecule of the lamprey consists of a single polypeptide
chain with its heme group and hence is only about one-fourth as large
as are the hemoglobin molecules of true fishes, amphibians, reptiles,
birds, and mammals. This suggests that a single-stranded stage may
have preceded the four-stranded one in the evolution of vertabrate
hemoglobin.

The sequences of amino acids in the « and 2 chains have been
most thoroughly analyzed for human hemoglobin, but enough is already
known about the sequences in other mammals to make comparisons
profitable. In general, as we should expect, the amount of difference is
roughly proportional to the evolutionary “distance” between the mam-
mals concerned. Thus there are 17 differences between the o chain of
man and that of the horse (Zuckerkand| and Pauling, 1965) but only
one difference between the o chains of man and gorilla (Zuckerkandl,
1963). The comparable numbers of differences in the & chains are 26
and one, respectively.

Turning to our own order, Primates, we find that the a chain
varies but slightly from one extreme of the order to the other (with
the interesting exception of the baboon), On the other hand, g-like
chains vary considerably. Thus the » chain of one of the lemurs {Lemur
fulous) differs from the human chain by only six amino acid replace-
ments while the  chains differ by 23 replacements (Buettner-Janusch
and Hill, 1965). The hemoglobins of other lemurs differ from human
hemoglobin even fess,

Among the anthropoid apes (gibbon, orangutan, chimpanzee, and
gorilla), both & and 2 chains are almost identical with the corresponding
human chains, Thus the chemical structure of this protein reinforces
the anatomical structure in emphasizing the closeness of the biological
relationship between these apes and oureelyes (see also pp. 107-112).
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ABNORMAL HUMAN HEMOGLOBINS  Occasionally a person
may have hemoglobin that differs from the normal hemoglobin pictured
in Fig. 5.7. Usually the abnormal hemoglobin differs from normal by
only one amino acid replacement. The known number of abnormal
hemoglobins is large, and new ones are constantly being found. Best
known is the one that causes sickre-cere aNemia. Normal hemoglobin is
called ua A; sickle-cell hemoglobin iz called wn s. Careful analysis has
shown that the « chains of the two are alike and that there is only one
difference in the # chains. In Fig. 5.7 we note that the sixth amino acid
from the beginning of the 8 chain is glutamic acid. In us s this position
is occupied by valine (Ingram, 1963). Thus the change of one amino
acid in this case is sufficient to cause hemoglobin to become so abnormal
that persons who inherit the gene (altered DNA) for it from both
parents (are homozygous, p. 358) suffer a severe, usually fatal disease.

Later we shall discuss the Forces of natural selection acting upon
the sickle-cell gene (pp. 430-431). We mention these hemoglobins here
because they represent mutations and, as we noted in Chapter 2, muta-
tions are given great importance in modern theories of evolution.
Furthermore, this affords an example of the manner in which mutations
can arise by a change in the DNA molecule.

From Table 5.2 we note that the RMA codons for ghitamic acid are
GAA and GAG (corresponding to DNA triplets of CTT and CTC, re-
spectively). The RNA codons for valine are GUU, GUC, GUA, and
CUG, Hence, if the human codon for glutamic acid were GAA, for
example, substitution of U for A (uracil for adenine) in the middle
would change the codon to one for valine (GUA), GAG would be
changed to GUG by the same means. For our present purposes the sig-
nificance of this lies in the fact that an important genetic change (muta-
tion) may arise through no greater change in a DNA molecule than
substitution of one nucleotide for another. Here we seem to see muta-
tion reduced to its lowest common denominator.

In this chapter we have discussed briefly some pioneering studies
on the comparative structures of (1) DNA and (2) proteins derived from
diverse organisms. While we bear in mind the caution necessary in
basing conclusions on preliminary studies using small numbers of in-
dividuals (pp. 83-84), we find that such studies supplement and com-
plement studies on comparative morphology and embryology. Much
of significance to the study of evolution is expected to emerge from

future investigations of the structure of genes and proteins.
In the next chapter we shall continue our discussion of the “com-

parative anatomy” of proteins, briefly describing results obtained with
the techniques of serology.



98 [lutroduction to Evelution

References and Suggested Readings

Abelson, J., "Transfer of genetic information,” Science, 139, 774-776
(1963},

Blum, H. E., Time's Arrow and Evolution, 2nd ed., Princeton, Princeton
University Press, 19535,

Bryson, V., and H. ], Vogel (eds)), Evolving Genes and Proteins, New
York, Academic Press, 1965.

Buettner-Janusch, J., and R. L. Hill, “Evolution of hemoglobin in
primates,” in Bryson and Vogel (above}, pp. 167—181.

Cold Spring Harbor Symposia on Quantitative Biology, vol. 31, The
Genetic Code, Cold Spring Harbor, New Yaork, Cold Spring Harbar
Laboratory of Quantitative Biology, 1966.

Dayhoff, M. Q., "Computer analysis of protein evolution,” Scientific
American, 221, §7-95 (1969a).

Dayhoff, M. O,. Atlas of Protein Sequence and Structure, 1969, ath ed.,
Silver Spring. Maryland, National Biomedical Research Foundation,
1969hb,

Fitch, W. M., and E. Margoliash, “A method for estimating the number
af invariant amino acid coding positions in a gene using cytochrome
¢ as a model case,” Biochemical Genetics 1, 65-71 (1967),

Fraenkel-Conrat, H., “The genetic code of a virus,” Scientific American,
211, 46-54 (1964),

Gratzer, W. B, and A. C Allison, “Multiple hemoglobins,” Cambridge
Philesophical Society, Biological Reviews, 35, 359-506 [(1960),
Heller, )., and E L. Smith, “The amino acid sequence of eytochrome ¢
of Newrospora crassa,” Proceedings of the National Academy of

Sciences, 54, 1621-1625 (1965).

Holley, R. W., I, Apgar, G. A. Everett, J. T. Madison, M, Marquisee, S.
H. Merrill, |, R. Penswick, and A, Zamir, “Structure of a ribonucleic
acid,” Science, 147, 1462-1465 (1965).

Hoyer, B. H., B. }. McCarthy, and E. T. Bolton;, “A molecular approach
in the systematics of higher organisms.” Scirnce, 124, 950-967
(1964).

Hoyer. B. H., E. T. Bolton, B. J. McCarthy, and R, B, Roberts, “The evo-
lution of polynucleotides,” in Brysan and Vogel (above), pp. 581-
590,

Ingram, V, M,, The Hemoglobins in Genetics and Evolution, New York,
Columbia University Press, 1963.

Jukes, T. H., Molecules and Evolution, New York, Columbia University
Press, 1966,



Chapter 5 Chemical Composition, Genes, and Proleins 99

Madison, J. T., G. A. Everett, and H. K. Kung, “On the nucleotide
sequence of yeast tyrosine transfer RNA,” in Cold Spring Harbor
Symposia on Quantitative Biology (above), pp. 409-416.

Margoliash, E., and E, L, Smith, “Structural and functional aspects of
cytochrome ¢ in relation to evolution,” in Bryson and Vogel
(above), pp. 221-242.

Marshall, R. E, € T. Caskey, and M. Nirenberg, “Fine structure of
RNA codewords recognized by bacterial, amphibian, and mam-
malian fransfer RNA,"” Science, 155, 820-825 (1967).

Rasmussen, D. [, “Molecular taxonomy and typology,” BioScience, 19,
418420 (1969).

Simpson, G. G., “Organisms and molecules in evolution,” Science, 146,
1535-1536 (1964).

Smith, E. L., and E. Margoliash, “Evolution of cytochrome ¢, Frdera-
Hon Proceedings, 23, 1243-1247 (1964),

Yanofsky, C., “Gene structure and protein structure,” Scientific Ameri-
can, 216, 80-24 (1957).

Zuckerkandl, E, "Perspectives in molecular anthropology,” in S. L.
Washburn (ed)), Classification and Human Ewvolution, Chicago,
Aldine Publishing, 1963, pp. 243-272.

Zuckerkandl, E, and L. Pauling, “Evolutionary divergence and con-
vergence in proteins,” in Bryson and Vogel (above). pp. 97-166.



e

Evolution
as Seen in
Serum Proteins
and in

Blood Groups

SERUM PROTEINS

THE BEST WAY to study similarities and differences among proteins
is to compare their amino acid sequences. We have exemplified results
of such studies in our discussions of cytochrome ¢ and hemoglobin,
Nothing in our discussion hinted at the complex testing procedures,
the time consumed, and the cost of such studies, however, Investiga-
tions of this type are progressing steadily, but it will be a long time
before amino acid maps such as Fig. 5.8 will be available for many of
the proteins in which students of classification and evolution are in-
terested. In the meantime, other actually older methods of comparing
proteins are available and yield results of value.

o0
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The techniques we have particularly in mind depend upon the
fact that an animal will form anTmomss to complex compounds such
as proteins if these compounds are foreign to that animals body.
Antibody formation is well known to everyone as one of the means by
which our bodies protect themselves against bacteria and other disease
organisms. Not so generally understood is the fact that the same
antibody-forming mechanisms will be called into play if even harmless
proteins are inoculated into the body, providing the protein is not a
normal constituent of that body.

Antibodies formed by an animal against a foreign protein will
react with that protein in ways that can be seen and measured. But
these antibodies also will react with other proteins that are similar in
chemical nature to the protein against which the antibodies were
formed. Because of this fact antibodies can be used for lesting the
relative similarities of proteins even when maps of amino acid sequences
are not available,

As an example let us suppose that we wish to test the degree of
similarity of blood serum proteins in subhuman mammals to such
proteins in man, We may proceed as illustrated in Fig. 6.1. We take

RABBIT SERUM
Asiliserum containing
= antibodies againot
i human seram
Human serum placed in
each tube

Dog serum ——————

S

Fig. 1. Principle of the precipitin test applied
to investigation of animal relationships,
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some human serum and inject it into the body of an animal that will
form antibodies against it. In the figure we have used & rabhit; various
other creatures, e.g., domestic fowl, would serve as well. Any substance
that will stimulate the formation of antibodies is called an anTicen:
The rabbit's body responds to the inoculated human antigen by forming
antibodies. These are found in the blood serum of the rabbit; serum
containing antibodies is called aAnTiISERUM,

Blood is removed from the rabbit, and the sérum is separated
from the blood cells. The rabbit serum with its antibodies against
human serum now serves as a delicate test fluid. In the upper test
tube shown in the figure some of it is mixed with human serum, thus
bringing together antibodies and the type of antigen that caused the
antibodies to be formed. Antigen-antibody reaction occurs, the visible:
result being the formation of a soft, white precipitate that settles to
the bottom of the test tube, Antibodies that react with the antigen to
form a precipitate are called preciriming, so the test we are describing is
called the rrecirmiv TEST.

When antibodies react with antigen of the type against which
they formed a homologous reaction is said to have occurred. What
will happen if the antibodies are mixed with an antigen other than
the one against which they were formed (heterologous reaction)? The
second test tube in Fig. 6.1 contains antibodies against human serum,
but in this case this antiserum is mixed with chimpanzee serum.
Will antibodies formed against human serum react with chimpanzee
serum? As intimated above, they will do so if the proteins in human
setum and the proteins in chimpanzee serum are the same or chemically
similar. The fact that they are very similar indeed is demonstrated by
finding that the second test tube contains ss much precipitate as the
first one. This result is typical of actual experimenis.

The third test tube in the figure shows another heterologous test:
antibodies formed against human serum reacting with baboon serum.
Evidently baboon serum is less like human serum than is chimpanzee
serum because we find a smaller volume of precipitate formed. This
indicates that baboon serum is sufficiently like human serum so that
antibodies formed against the latter “recognize”™ some of the proteins,
Yet many of the proteins are different and so do not react with anti-
human antibodies.

The fourth tube in the figure shows another heterologous test:
antihuman antibodies mixed with dog serum. Here we have shown no
precipitate. indicating that proteins in dog <erum are so unlike proteins
in human serum that antihuman antibodies will not react with them
With same powerful antiserums a small amount of precipitate may be



Chapter &  Serum Proteins and Bloed Groups 103

formed. Probably all mammalian serums have some similarities in their
proteins.

From our simple illustration we see that the precipitin test enables
us to determine the relative similarities of antigens to the antigen that
caused antibody formation. In this example relative amounts of pre-
cipitate demonstrate (1) that chimpanzee serum is more similar to
human serum than are baboon serum and dog serum and (2) that
baboon serum is more similar to human serum than is dog serum.
Thus we have a means of testing similarities of proteins. even when
the amino acid sequences in those proteins have not been analyzed.

So far we have spoken of amount of precipitate formed. Some
means of measuring the precipitin reaction must be employed, Actually
measuring the volume of precipitate, while most obvious, for technical
reasons is the poorest type of measurement. Much better is the method
in which the amount of nitrogen in the precipitate js determined. Anti-
gen and antibody in this instance are both proteins. As we have seen,
proteins are characteristically nitrogen-containing compounds. So if we
measure the amount of nitrogen we have a measure of the amount of
protein, since the twp are proportional.

Before the precipitate settles to the bottom of a test tube there is
a time when the particles are in suspension throughout the tube, giving
the liquid a turbid or “milky” appearance, Thus the reaction may be
measured by measuring this turbidity, Various photoelectric instruments
are avallable for measuring turbidities of suspensions. Among them
are spectrophotometers and the Libby Thotronreflectometer.

RABBITS AND RODENTS My graduate students and | used the
photronreflectometer in a study of the similarities of the serums of
rabbits to those of other mammals {Moady, Cochran, and Drugg,
1949). The antiserum used in this case was formed by male domestic
fowl that had been inoculated with domestic rabbit serum, The results
are summarized diagrammatically in Figure 6.2. The numbers along the
baseline represent successive dilutions of the antigens. These are
doubling dilutions; each one has just half the antigen concentration of
the one immediately preceding it. We might expect that the most
concentrated solution of antigen (1) would produce the greatest tur-
bidity when mixed with a constant guantity of antiserum. But too
great a concentration of antigen inhibits precipitate formation (the
so-called prozone effect). In this case the strongest reaction eccurred
in dilution 5, as indicated in the diagram.

By plotting the amount of turbidity obtained when a constant
quantity of antiserum is added to each of the antigen dilutions and
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Fig- 6.2 Serofogical relationships of lagomorphs to
several other mammals, Turbidity (photronrefleclometer)
teit. (From Moody, P. A, V. A, Cochran, and H. Drugg.
“Sgrological evidence on lagomorph mlationships,”
Evalution, 3 (1949), 25-33.)

then cormmecting with a line the points plotted, we obtain a curve such
as the curves shown in the figure, The total amount of turbidity
obtained in the homologous reaction (that with domestic rabbit serum)
is the greatest, as indicated by the size of the area under the curve
(solid line). But the reaction of the antiserum (formed against domestic
rabbit serum) with cottontail rabbit serum is almost as great. Thus
these two have very similar serum proteins. The much smaller areas
subtended by ‘all the other curves indicate that these other mammals
have but slight serological similarity to rabbits (Fig. 6.2). Thus protein
structure demonstrated by serological methods indicates that the two
rabbits are closely related bat that all the other mammals tested are
only distantly related to rabbits.

These results confirm the wisdom of placing hares and rabbits
in a separate division in classification (order Lagomorpha). Sometimes
they have been classed with rats, squirrels, woodchucks, and their kin
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as members of order Rodentia (all have gnawing teeth). But our results
indicated that the serums of the two rodents tested (rat and guinea pig)
are very unlike rabbit serum and hence suggested that rodents and
hares and rabbits should not be combined in one order, Separation
into the two orders mentioned is now common practice on the basis
of anatomical differences; serology confirms the results of anatomical
studies.

Qur results suggest that order Lagomorpha and order Rodentia
are not even closely related. Human serum (order Primates) reacted
with anticabbit antibodies as strongly as did the rodent serums, and
beef serum (order Artiodactyla) reacted more strongly than they did
(Fig. 6.2),

We have stressed the point that protein structure, revealed by
amino acid analysis or serological methods, supplements anatomical
structure as a means of reaching conclusions concerning animal rela-
tionships and evolution. Indeed, from the pioneer investigations of
Nuttall (1904) to the present, most serological results have served
to confirm the generally accepted classification based on morphology.
This would be expected if both morphological and serological sim-
ilarities are attributable to inheritance from common ancestry. The
fact that serological results confirm relationships as determined by
morphology when these relationships are clear and firmly established
promotes confidence in the validity of serological findings in cases
where morphology does not by itself afford clear and unequivocal

evidence as to relationships.

WHALES Whales afford a case in point. It is believed that they
evolved from terrestrial mammals. Yet almost all aspects of their
anatomy are so strongly modified for aquatic life that there remain
few anatomical clues as to their relationships to other mammals.
Serological tests indicate that their serum proteins are most like those
of the even-toed hoofed (order Artiodactyla) mammals (Nuttall, 1904;
Boyden and Gemeroy, 1950). This might mean that whales sprang
from primitive artiodactyl stock or that both arose from the same
ancestral Condylarthra (pp. 204-205). We shall not know the correct
answer until the fossil record of whale evolution becomes more com-

plete than it is at present.

PORCUPINES Another problem to which serology has contributed
answers involves the guestion of the relationship between New World
porcupines and African porcupines. Both have quills and some skeletal
similarities concerning the attachments of the jaw muscles. Yet they
differ in many respects, The quills of the African porcupine are much
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larger. African porcupines burrow in the ground; American porcupines
live in trees. Fossil evidence indicates that porcupines appeared in
the Old World and in South America in Oligocene times but that none
lived in North America until the Pliocene (p. 146). If the porcupines
had a common origin, how did some of them reach South America
and others Africa without passing through North America? While it
is possible, as suggested by Darlington (1957), that both they and
monkeys may have passed through North America without leaving
Fossil evidence as yet discovered, the guestion remains a troublesome
one. Land bridges from Africa to South America, rafting across the
Atlantic Ocean, and island hopping via Antarctica have all been in-
voked to explain this peculiar distribution,

Perhaps the African and American porcupines are not closely
related at all. They both may have evolved independently from rodents
known to have been widely distributed before the first porcupines
appeared (Wood, 1950). If so, we should expect their proteins to be
quite unlike. This is indeed the case (Moody and Doniger, 1956). The
serum proteins of the two are very different, no more alike than they
are similar to the proteins of the guinea pig and the agouti, two rodents
of South American origin. In passing we may note that quills are
medified hairs and that various other relatively unrelated mammals
have evolved quills and spines from hair (e.g., the European hedgehog
and the spiny anteater of Australia, Fig. 13.2, p, 275).

MUSK OX One more enigma to the solution of which serclogy
has contributed is the musk ox, a shaggy denizen of Arctic regions.
It is obviously a member of the family of artiodactyls to which cattle,
bison, buffalo, sheep, and goats belong: family Bovidae. But is it more
closely related to cattle and bison or to sheep and goats? On the one
hand it has sometimes been regarded as an arctic bison and hence
closely related to cattle. On the other hand fossil evidence seems to
indicate that its relationship is to goats rather than to cattle and their
allies. Serological tests by the present author indicated that its rela-
tionship is to sheep and goats (Moody, 1958). Figure 6.3 indicates this
and also demonstrates the value of reciprocal tests in serological studies.
An antimusk ox antiserum gave a lirge reaction with sheep and goat
serums. An antigoat antiserum gave a large reaction with musk ox
serum, thus confirming the preceding test. Finally, an antibeef anti-
serum gave a small reaction with musk ox serum, thereby confirming
the small reaction given by the antimusk ox anticerum when tested
with beef serum. Incidentally, the tests also indicated the known close
relationship 1o each other of sheep and goats as well as that of beef
and bison
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Antimusk ox Antigoat Antibeef
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Fig. £3. Serological relationships of the musk ox to other members of Family
Bovidae. Turbidity {phobronrefleclometer) tests. Absdasal szale s in precentage,
the strength of the homologous reaction with each antiserum being

designated as 100%. (Drawn by Multon M. Miller, |r.; from Moody, P. A.
"Serological evidence on the relstionshipe of the musk ox,” Journal

of Mammalogy, 39 [1958), 534-559.)

PRIMATES Space limitation forbids discussion of many other
contributions of serology to the study of animal relationships (for
example, see Wemyss, 1953; Leone and Wiens, 1956; Pauly and
Wolfe, 1957; Leone, 1964; and the bibliographies of these papers).
One additional program of investigation should be mentioned because
it bears on the interesting guestion of the similarity of man’s proteins
to those of his fellow primates, especially the great apes. On preceding
pages we mentioned the striking similarity of human DNA to chim-
panzee DNA (p. 82), of human cytochrome ¢ to that of the rhesus
monkey (p. 93), and of human hemoglobin o that of the great apes,
with the hemoglobin structure being almost Identical (p. 26). Good-
man (1962, 1963a, 1963b, 1967) investigaled similarities of serum
proteins. In doing this he separated serum proteins into their con-
stituent parts, albumins and globulins, and employed a different
serological technique from the technigues described previously, In this
method (the Quchterlony technique) two antigen solutions and an
antiserum solution are brought into simultaneous contact with a block
of agar-gel, as shown in Fig. 6.4 The solutions diffuse into the gel,
and when antibodies come into contact with the corresponding antigen
a band of white precipitate forms. When the bwo antigens are identical
all components of both react with the antiserum where they come into
contact (Fig. 6.44), When the heterologous antigen differs from the
homologous one, not all the antibodies react with the heterologous
antigen; some diffuse on until they eventually come into contact with
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Fig. 64 Prnciple of the Quchterlony test of sernlogical relationships;

1, 2, and 3 are tiny wells ar reservoirs on three sldes of & block of agar-gel.
1 and 2 contain antigens; 3 contains an antiserim,

A. Reaction of identity. Reservolr | contains the homologous antlgen, X, iis
paris or components being represented by the letters a, b, ¢, 4, and =
Reservoir 2 contains an antigen, X!, that has the same components. Reservoir 3
cantalne antibodles against these components, The antigens and antibodies
diffuse into the bleck of agar until an antigen meets the corresponding antibody,
When antibody antl-a meets antigen component a, the two react, forming a
precipitate. The same happens when anti-b meets antigen component b,

and so on. The result is the band of precipitate in the agar block. Since the
homologous and heterologous antigens, X and X!, have ldentical components all
antibodies react with both, forming a band uniform in its right and left arms,
B. Reaction af partial Identity, with wingle spur. Reservoir 3 contains the same
antisérum as in the preceding case, and reservoir 1 the homologous antigen,
Resgrvoir 2 contains antigen Y having components a, ¢, and d. Sinee
antigen Y lacks components b and e, antibodies anti-b and anti-e find nothing
in that antigen to react with, and so0 continue 10 diffuse through the agar

until they meet componunts b and e diffusing inward from antigen X
{horizontal arrow), At this point precipliation occurs, forming the

spur indicated.

€. Reaction of partial identity, with bilateral spurs. The same antiserum is
used again, but this time resetvoirs 1 and 2 both contuin heterologous antigens
lacking same components of the antigen against which the antiserum had

been formed. A spur is formed on the right side where antl-c and anti-d meet
< and d diffusing in from antigen Y. A smaller spur is formed on the jeft

side where anti-b meets b diffusing In from antigen 2 (Reprinted from
Goodman, Morris, “Evolution of the immunologic species specificity of human
serum profeins,” Human Biclogy, 3 (1962), No. 2, 104-150, by permission

of the author and Wayne State University Press. Copyright 1962 by

Wayne State University Press.)

homologous antigen, when they then react to from a line of precipitate-
that appears as a "spur’” (Fig. 6.48).

Using this technique Goodman has demonstrated that the cerum
proteins of man and the chimpenzee are exactly alike so far as this
test will indicate (reaction of identity, Fig. 6.44), The proteins of
man and the gorilla are almost exactly alike, though a very slight spur
forms against the gorilla, indicating that gorilla protein differs from
human protein in some small respect. Interestingly, some (but not ally
of the proteins of these two African apes differ as much from sach
other as they differ from human proteins. On the other hand, the
proteins of the Asiatic apes, orangutan, and gibbon, are Inssi like
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human proteins than are the proteins of the African apes. On the
basis of these findings and of the strong similarities in other respects
just noted, Goodman has proposed that the chimpanzee and gorilla
should no longer be considered members of the ape family [Pongidae
(p. 231)) but should be classed along with humans in the family
Hominidae. This is not the place to enter into a technical discussion of
just how “human” a creature must be to be included in the family
Hominidae, but the suggestion emphasizes another striking similarity
between the African apes and ourselves.

Interestingly, this similarity also has been demanstrated by the
use of a different type of serological test: complement fixation. The
technique used employs minute amounts of the reagents and hence is
called microcomplement fixation. Purified albumins from various species
of primates have been the material tested. Among the findings is the
fact that gorilla and chimpanzee albumins are no more similar to each
other than either is to human albumin (Sarich and Wilson, 1967,
1967b). The albumins of orangutan and gibbon are less similar to
human albumin and the albumins of Old World monkeys are much
less similar than are the -albumins of the African apes.

There are other wavs of analyzing proteins than those discussed
so far. Mixtures of proteins, as found in blood serum, for example,
may be separated into their component parts by subjecting the mixture
to the influence of an electrical field (electrophoresis). The same technique
may be applied to other mixtures of compounds from plant and animal
tissues (see Sibley and Johnsgard, 19592). Mixtures also may be sepa-
rated by the differential rate at which they diffuse through filter paper
moistened with a suitable solvent or through other media (chro-
matography). These techniques, alone and combined, are being applied
to problems of classification and evolution, but space forbids our
discussion of them. Interested readers will find typical examples in

Leone (1964).

BLOOD GROUPS

In connection with our discussion of serological tests we may ap-
propriately mention some evolutionary aspects of the blood groups.
So far we have been emphasizing similarities of proteins. The chemical
substances that determine blood groups are compounds of high molec-
ular weight found on the surface of red blood cells. They combine
several kinds of sugars (carbohydrates) with fatty acids and are called
glycolipids (Watkins, 1966). Since the synthesis of glycolipids involves
enzvmes (proteins), the blood group substances are not far removed
from the primary gene action we have discussed.
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Nearly everyone is acquainted with the fact that all human beings
belong to one or another of four blood groups: O, A, B, and AB. The
basis of this grouping is the presence or absence of two glycolipids
called A and B. People belonging to group O have neither of these
substances on their red blood cells. People of group A have substance
A only. People af group B have substance B only, People of group AB
have both substances. Since these substances are antigenic, their
presence can be detected by the use of test fluids containing the cor-
respanding antibodies.

The presence of substances A and B is determined by genes, as
we have implied. and these genes are inherited according to the
principles of Mendelian genetics (Chap. 17), though in the slightly
complicated form known as multiple alleles. Space limitation prevents
a description of the precise mode of inheritance: this is discussed in
textbooks of genetics (e.g., Moody, 1967),

From the standpoint of evalution, substances A and B are of
interest because of their distribution (1) among the human racial
groups and (2) among the other primates, especially the great apes.

In all human races we find people who belong to each of the
four blood groups. That is, no race is completely lacking either sub-
stance A or substance B, and no race is characterized by the possession
of either substance by all members of the race. American Indians form
the nearest exception to this statement; among most tribes the number
belonging to group O is extremely high, reaching 100 percent in some
South American groups. Nevertheless, Indians taken as 4 whele cannot
be said to lack A and B completely,

Human races differ in the proportions of the population belonging
to each of the four groups. For example, approximately 47 percent
of white Americans or western Eurepeans belong to group O, 43 per-
cent to group A, 7 percent to group B, and 3 percent 1o group AB,
Thus about 46 percent of that population possesses A, alone or com-
bined with B, while only about 10 percent possesses B, alone or
combined with A. On the other hand, among Chinece the percentages
are-about as follows: group Q, 30 percent; group A, 25 percent; group
B, 35 percent: and group- AB, 10 percent. In contrast to western
Europeans, therefore, only about 35 percent of Chinese possess sub-
stance A, alone or combined with B, whereas about 45 percent possess
B, alone or combined with A. Interestingly, geographically intermediate
populations show intermediate percentages, Thus as one travels east-
ward across Eurasia one encounters decreasing percentages of sub-
stance A and increasing percentages of substance B, These gradients
probably arose through past migrations of peoples, including wars of
conquest, always potent means of distributing genes of the invaders
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among the invaded. But the reasons for the difference between the
gcng;aphic extremes, Chinese and western Europeans, must still be
sougnt,

Data concerning blood groups have been collected for great num-
bers of ethnic and national groups (see pp. 263-265; also Wiener,
1962; Bovd, 1950; Mourant, 1954; Mourant and Kopeé, 1958), In some
cases the nature of the blood group proportions in a given population
has aided anthropologists in determining the relationships of that
population to others (see our discussion of human races, pp. 262-267;
also Boyd, 1950 and 1964).

Tables1. ABO BLOOD GROUPS AMONG THE GREAT APES®

Q A B AB

Chimpanzes E 108 o ]

Gibbon o 3 11 10

Orangutan o 22 1 3
Gorilla

Lowland 0 (1] o 0

Mountain 0 - )] 0

*From Wiener and Moor-Jankowsk), 1958, Table 1. Kumbers given are sctual mum-
ber of indlviduals tested,

Turning to the anthropoid apes, we find the blood group dis-
tributions shown in Table 6.1, Here we note differences among the
genera in the distribution of the antigens. Thus chimpanzees seem
never to have developed substance B, The two kinds of gorillas seem
to differ in which antigen is present, though in this case the numbers
are too small to warrant firm conclusions. Interestingly, groep O, a
large group and frequently the predominant one in our own species,
is poorly represented among the apes.

The gorilla presents a contrast to the other three apes: while in
the latter, as in man, the antigens are found on the red blood cells,
in the gorilla they are absent or nearly so from the red blood cells but
present in the cells of organs and in secretions—as they may also be
in man (Wiener and Moer-Jankowski, 1968). Studies of proteins dis-
cussed earlier have shown striking similarities between the two African
apes; here we have an interesting difference between them, In this re-
spect the chimpanzee resembles man more closely than does the gorilla.

Blood grouping tests have been performed on many Old World
monkeys, Differences also are found among them. Thus all rhesus
monkeys scem to belong to group B, while baboons may belong to
any one of the four groups (only three group O baboons have been
encountered to date; Wiener and Moor-Jankowski, 1969), For further
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details and for information on the presence in subhuman primates of
such blood cell substances as M, N, H, Rh, and others see Wiener
{1965), and Wiener and Moor-Jankowski (1968), and references given
in these papers.

In summary we see in these cellular antigens another line of
evidence pointing to the relationship of man to other primates. As
we noted, the antigens are gene determined. The chemical difference
between substances A and B is not great. We may anticipate, therefore,
that a simple mutation in a gene concerned with production of one of
them could result in production of the other one (or of no antigen at
all, resulting in group O in Individuals homozygous for the mutated
gene). Because of the relatively simple genetic basis, the same mutation
may have occurred more than once in the history of primate evolution.
This being the case, we do not assume that all possessors of antigen A,
for example, inherited that antigen from a common ancestor. Such a
view might lead to the absurd conclusion that people who belong to
group A are more closely related to chimpanzees than are people whe
belong to group B (Table 6.1)!

What, then, is the basic similarity between man and the other
mammals that is expressed in the common possession of the blood
group antigens? It'is a basic similarity of germ plasm, demonstrated by
the fact that genes possessed by man and at least his nearest relatives
are so similar that when they undergo mutation the products of the
latter are identical or closely similar. Here is another example of that
parallel evolution already mentioned (p. 30). Doubtless such basic
similarity of germ plasm underlies all the morphological, biochemical,
and serological similarities we have called homologies and interpreted as
indicative of common ancestry. But in the case of the blood groups the
relationships between genes and their products (antigens A and B)
appear to be more direct and clearly evident than are relationships
between genes and many of the other characteristics of animals. Hence
antigens A and B afford more distinct evidence of fundamental simi-
larities existing between germ plasms than is supplied by characteristics
whose genetic basis is not so thoroughly known. (Recall also wr dis-
cussion of comparative studies of DNAs, pp, 81-84))

This chapter discussed studies of serum proteins and red blood
cell antigens using the varied techniques of serology. In some of the
Emdiﬂ tlﬁ" number of indlwd“ﬂ-l 5P¢'CiTI1E'.I'IS I.I.5Ed wWas 5ma"‘ md wWe
remember the caution needed in basing general conclusions on small
numbers (pp. 83-84), Nevertheless, serological investigations have
abetted other methods of analyzing proteins and studies of anatomy
and embryology in indicating the relationships among organisms. Anal-
ysis of such relationships is basic to the study of evolution,
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e
Life’s
Beginnings

HOW DID LIFE on earth begin? The answer is that we do not know
and probably never will The origin of life occurred more than three
hillion years ago and was not the type of happening to leave a clear
indication of its course of events in the fossil record. Why, then; do
we discuss the question at all? The best we can do is to point out
what miglt have happened. As we shall see, attempts to do that have
added greatly to our knowledge of biochemical events of a type that
may have occurted under primitive conditions both before and after
recognizable living organisms appeared. Gaining knowledge of this
kind is intellectually <atisfying. But It also contributes to two areas of
great interest at present: (1) the guestion of life on other planets and

s
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(2) the attempts to create life in the laboratory. The other planets
differ from earth in many respects; may we expect that life in some
form may be present? If so, what form may we expect life to have
when atmospheric and other conditions are unlike those found on
earth?

THE PROBLEM  Our discussion will be based upon two assump-
tons:

1. We shall assume that life on earth originated on this planet.
The postulate is sometimes made that life originated elsewhere in the
universe and migrated to earth through space. Such an “explanation”
raises as many problems as it solves and merely removes the problem
to some distant, unknown point in space,

2. We shall assume that the living state arose from the nomliving
state. This is called abiogenesis and is generally believed not to occur
at the present time, though as Darwin pointed out long ago, if it did
occur at the present time hordes of organisms already in existence
would destroy the newly arising protoplasm, But some three billion years
ago there were no organisms, not even bacteria. The earth was sterile,
#s surgeons use the word. Newly arising protoplasm would have had a
chance for survival.

In preceding chapters we emphasized the importance in living
things of (1) proteins and (2) nucleic acids, Proteins supply structural
components for erganisms, and they serve the absolutely essential role
of enzymes, Among other things, enzymes are needed in the formation
of nucleic acids. Nucleic aclds provide the templates (pattern<) For the
formation of proteins and the means of inheritance, Thus we have a
circle: Proteins depend upon nucleic acids: nucleic acide depend upon
proteins. To a considerable extent the probiem of the origin of life
resolves itsell into the problem of opening this circle—how did this
mutual interdependence of proteins and nucleic acids begin? Which
came firsl, proteins or nucleic acids? Or were both developed con-
currently? How could the first proteins have been formed if there were
no nucleic acids to serve as templates for them? How could the frst
nucleic acids have been formed if there were no proteins to serve as
enzymes? Enzymes are organic catalysts. Various Inorganic substances
also have catalytic action—might some of them have served in place
of enzymes in the formation of the first nucleic acids (and of proteins,
too, since in modern cells enzymes are necessary to the production of
proteins)?

Furthermore, we have the problem of energy, The living processes
that we combine under the term “metabolism” require the expenditure
of energy. Included among these energy-requiring processes is the manu-
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facture of proteins and nucleic acids. What is the source of this energy?
For most modern organisms the source is the sun. Through the process
of photosynthesis green plants capture some of the sun’s energy.
Animals eat the plants and thereby obtain the energy they need
(carnivores get their supply by eating animals that have eaten plants).
Photosynthesis is a highly complex process involving many enzymes.
It could hardly have been present on earth before there were any
proteins to serve as enzymes. 50 we have another circular arrangement
ta be opened up. Before there were enzymes making possible modern
photosynthesis, what sources of energy could have been utilized by
the first arganisms? What sources of energy could have made possible
the synthesis of the first proteins and nucleic acids?

The questions we have asked are the fundamental ones. The dis-
cussion that follows consists largely of attempts to answer them.

THE PROTEINS-FIRST HYPOTHESIS

Which came first, proteins or nucleic acids? Not surprisingly, two
schools of thought have developed on this question, We shall employ
the term “‘proteins-first hypothesis” for the idea that proteins came first
and that only later did the present dependence on a nucleic acid code
develop. We shall use the term “gene-first hypothesis” for the opposite
idea: that nucleic acids capable of self-replication came first and sub-
sequently took upon themselves the task of organizing amino acids
into polypeptide chains (proteins).

As we noted in Chapter 3, each polypeptide consists of a series
of amino acid residues (amino acids joined together by peptide linkages,
Fig. 7.1). It usually has been assumed that the amino acids first ap-
peared and then were joined together into polypeptides. This idea has
been challenged, as we shall see (p. 125).

What raw materiale were present for manufacture into proteins?
There was the ocean with its salts, The protoplasm of all living things
is a salt solution. Then there was the atmosphere with its chemical
compounds. There is general agreement that the primitive atmosphere
did not contain free oxygen—in chemical terms it was a reducing
atmosphere rather than an oxidizing one. What did it contain?

Here again we have two opinions: Most investigators have con-
cluded that the primitive atmosphere contained large amounts of
ammonia (NH:) and methane (CHi), as do the present atmospheres:
of Jupiter, Saturn, Uranue, and Neptune. (Arguments supporting this
view will be found in Miller and Urey, 1959). Other investigators have
concluded that the principal constituents were carbon monoxide (CO),
carbon dioxide (CO.). nitrogen (Ni), and hydrogen (Hi). (Arguments
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supporting this view, which seems to be favored by geologists, will
be found in Abelson, 1966.) We shall not attempt to judge the relative
merits of these two hypotheses. Rather, we shall ask; Could the
‘substances mentioned in either hypothesis serye as ingredients for the
formation of amino acids?

We must also ask: What sources of energy might have been
present that could have been utilized in this energy-requiring process?
We may mention four: (1) ultraviolet radiation from the sun, (2)
ionizing radiation from the sun (e.g., protons, electrons, and x-rays),
(3) electrical discharges (e.g., lightning), and (4) heat (e.g., from
volcanoes; Ponmamperuma, 1965).

Starting with the pioneer experiments of Stanley Miller (1953),
many experiments have been performed utilizing one or another of
these energy sources applied, typically, to mixtures of methane, am-
monia, and water {see Fox, 1965a). In Miller’s experiment the mixture
was boiled and the vapor subjected to an electrical spark. After a time
the apparatus was found to contain amino acids and other substances
of considerable complexity. Other experiments have employed varving
methods and sources of energy, but the results have agreed in showing
that in the absence of life amino acids can be generated by these
means.

Would the same result follow if the atmosphere consisted of CO,
CO: Nz H:? Under experimental conditions Abelson and his col-
leagues found that mixtures of CO, N., and H: would react to form
HCN (hydrogen cyanide) and that when the latter was subjected to
ultraviolet radiation the amino acids glycine, alanine, serine, aspartic
acid, and glutamic acid were formed (Abelson, 1966), So we see that
according to either hypothesis of the nature of the primitive atmosphere
amino acids might have been obtained by nenbiological means.

Could amino acids have been joined into polypeptide chains under

Aming acid Amino acid Amino | [Carboxyl|
P
H,H—tIZH--C- E!ﬂ'f_E—H-fﬂ—cu,u--n:H—cH—r—ml—m—mlu--[t'ulypeptide]
LE k, ll, ;;
L Dipeptide |

Fig. 7.1.. Joining of two amino acids throagh dehydeation condensation o
form a dipeptide. the lirst step In the formation of a polypeptide chain.
(The initials Ry and R Indicate radicals or side chains, the portion of the
amino acid molecule that gives it ity distinctive attributes.) (Modified
from Calvin, M_ "Chemical evolution® Procesdings of the Royal Society of

Lomdon, Series A, 288 (1963), 441—$56. Used permission of the suthor
and The Roval Society.) % :
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nonbiological conditions? In modemn organisms this joining is accom-
plished through the action of enzymes. How could it have been ac-
complished before there were any proteins to serve as enzymes?

The combining of smaller molecules to form larger ones (macro-
molecules) is called polymerization. As Calvin (1965) has pointed out,
the polymerizations in which we are interested here involve removal
of molecules of water: dehvdration condensation (Fig. 7.1). In the
first line of the figure we see at the left abbreviated structural formulas
of two amino acids side by side. A rectangle of dashed lines surrounds
the elements composing a molecule of water. When this molecule is
removed the amino acids are joined together (peptide linkage) to form
a dipeptide. The same process occurs over and over again to form
longer and longer chains of amino acid residues—polypeptides (poly-
mers).

Calvin (1965) listed three possible conditions that might lead to
such polymerization in the absence of enzymes: (1) Experiments by
Fox and his colleagues indicate that if amino acide become dry (de-
hydrated) and are then subjected to heat, polymerization will ensue,
with the formation of proteinlike substances called “protencids” (pp.
121-123). {2) If amino acids became adsorbed on a clay or mineral
surface the activity of the water might be reduced and polymerization
might occur (Bernal, 1959). (3) The presence of certain substances
might promote polymerization even in aqueous media. In Calvin's
laboratory cyanide compounds have been found to cause formation of
dipeptides and even of linkages of four amino acid residues (tetramers;
Calvin, 1965). Since cyanide compounds are among the substances
formed when ingredients believed to have been present in the primitive
atmosphere are subjected to ultraviolet rays {or other sources of
energy; see the preceding), the catalytic action of such compounds
may well have been important in the formation of the first polypeptides.

Phosphate compounds also probably were present before the advent
of life. Experiments repotted by Young (1965) indicate that such com-
pounds may catalyze amino acid polymerization to produce macro-
molecules of proteinlike complexity (“protencids,” p. 121 ).

These few examples will illustrate reasons for thinking that
polypeptides could indeed have been farmed by nonbiological processes.
Importantly, even fairly simple polypeptides may have had some cata-
lytic activity and thus have served as the first enzvmes. With the
advent of enzymes an important step would have been takeni toward
the origin of life. In this connection it is interesting that the modern
enzyme ferredoxin consists of enly 55 amino acid residues. It is an
important enzyme in many organisms (Arnon, 1965). Furthermore, it
lacks many of the 20 amino acids characteristic of most proteins. Eck
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and Dayhoff (1966) postulated that the original ferredoxin molecule
was based on a repeating sequence of alanine, serine, aspartic acid,
and glycine. Abelson (1966) pointed out that these amino acids are
those produced most readily from hydrogen cyanide (p. 118).

5o far we have followed the line of thinking that amino acids
were formed at first and then were joined together into polypeptides.
As noted previously, this ides has been challenged. Matthews and
Moser (1967) found that with ammonia as a catalyst hydrogen cyanide
and water are converted directly into polypeptides, seemingly without
an intervening stage of free amino acids. The polypeptides formed were
analyzed and found to contain 12 or more of the amino acids com-
monly found in proteins. This experiment may indicate that synthesis of
the first polypeptides was more direct than we had supposed.

Could these first polypeptides (simple proteins) have reproduced
themselves? Reproduction is an essential characteristic of living things.
In modern organisms proteins do not usually duplicate themselves di-
rectly—production of new proteins is under the control of the elaborate
DNA-RNA mechanism discussed previously, Do we have any evidence
that in the absence of this mechanism proteins may produce replicas
of themselves? Various investigators have suggested the possibility
that some polypeptides may be at least weakly self-replicating (e.g..
Sagan, 1963). Steinman and Cole (1967) presented ‘experimental evi-
dence that peptide production could be stimulated by peptides already
present without the participation of nucleic acids. Evidence of a different
type is perhaps fumnished by the causative agent of a disease in sheep
called scrapie. The agent seems to be a protein of low molecular weight
capable of duplicating itself in the absence of DNA and RNA (Gib-
bons et al., 1967). These may be straws in the wind indicating that
future research will demonstrate that, under some conditions at least,
proteins can reproduce without the nucleic acid mechanism commonly
found in modern organisms,

Even if we grant that a protein molecule could arise under
nonliving conditions, be capable of some degree of enzymatic activity,
and be self-duplicating, we have not progressed very far toward
formation of an “organism™ as we usually think of it. Very early some
separation of the proteins from the surrounding water must have
arisen. The first means of separation might be no more than the
surface membrane formed around droplets in a colloidal system:
COACIRVATE DROPLETS. Oparin (1957 and 1962), one of the pioneers in
research on the origin of life, has stressed their importance and has
done extensive research on coacervate droplets produced artificially.
A simple example of coacervate formation is afforded by mixing to-
gether a solution of gelatin and a =olution of gum arabic. The gelatin
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and gum arabic will combine to form droplets floating in the surrounding
medium, The same thing may be done with many substances of high
molecular weight, such as proteins. The droplets differ from the sur-
rounding medium in properties. For example, coacervate drops were
prepared containing gelatin, gum arabic, soluble starch, and the enzyme
amylase (which converts starch to sugars). Starch was present in both
the droplets and the surrounding agueous medium, but as one might
expect most of the reduction of starch to sugar occurred in the draplets,
where the enzyme was concentrated (Oparin, 1959). The literature on
coacervate droplets is extensive. We see in this tendency of molecules
of high molecular weight to aggregate a means by which separation
from the surrounding “soup” may have occurred in primeval oceans.
Perhaps the first proteins may have aggregated to form coacervate
droplets (Oparin, 1965). While such droplets have no permanent mem-
brane surrounding them, and are easily fragmented into smaller drop-
lets by mechanical forces (e.g. shaking), the presence of a surface
layer does make possible selective absorption and accumulation of
substances from the surrounding medium.

We mentioned previously (p. 119) the experiments of Fox and
his colleagues in which proteinlike substances called rroteNoms were
produced by heating together amino acids under anhydrous conditions.
These protenoids have many of the properties of natural proteins (Fox,
1065¢, Table 1), though they lack antigenicity (the ability to stimulate
formation of antibodies) and the helical molecular structure char-
acteristic of proteins. When suitable chemicals are present they may
be Formed without the application of heat to the amino acid solution
{Young, 1965).

When protenoids are dissolved in water by being heated to boiling
and then are allowed to cool, they form tiny spheres suspended in the
water. These are called microsvmnes (Fig. 7.2), While they vary in
size, frequently they are of about the size of bacteria. They also may
be formed without heating by simply cooling a saturated solution of
protenoid from 25-0° C (Young, 1965). Young stated: “They offer
certain advantages over the coacervate in that structurally they are
much mote stable, they are derived from material synthesized under
primitive conditions, and thus are easier to imagine in a primitive se-
quence of events than the coacervate.”

Microspheres exhibit some of the properties of cells (Fox, 1065h).
They divide by fission. The electron microscape shows that the surface
membrane is composed of two layers as in cells (though the membrane
contains no lipids—Ffatty materials—characteristic of true cell mem-
branes). When zin¢ is present the microspheres split ATP (adenosine
triphosphate), a particularly significant reaction in view of the im-



Fig- 72. A: Proteinoid microspheres of approximately 1.5 microns diameler.
B: Hectron microscope micrograph of a sectioned microsphere having a
major-axis length of aboul 2.5 microns, Note the evidence of internal structuze.
iCourtesy of Sidney W. Fox.)
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portance of ATP in providing energy for metabolic processes in living
things (see the following).

The microspheres are not cells, and they are not living, but
perhaps they indicate how precells may have formed in the primeval
oceans. If heat was involved as in Fox's original experiments, it could
have been provided by volcanoes. Indeed. in some experiments Fox
(1965b) placed a mixture of dry amino acids in a depression in a
block of lava. This was then heated in an oven at 170 C for several
hours. A light, amber-colored liquid was formed. When this was diluted
with hot salt solution or “artificial rain” microspheres were formed.

However, a cell consists of much more than proteins enclosed by
a membrane. Could other essential cell constituents have been formed
under nonliving conditions? We have mentioned adenosine triphosphate
{ATP) as the important means by which energy is supplied for living
processes. Could ATP have been formed under primitive earth con-
ditions? One of the ingredients is adenine, the purine most readily
formed from hydrogen cyanide. Experiments indicate that purines and
pyrimidines (p. 77) could have been synthesized under nonbiological
conditions (Orb, 1965). Phosphorus—containing compounds also were
present. In the joining of adenosine to phosphate we have another
dehydration reaction (Fig. 7.3). Experiments reported by Ponnamperuma
(1965) indicate that ATP may be formed in this way by the action of
ultraviolet radiation. In the figure one phosphate group is shown joined
to adencsine (left-hand portion of Fig, 7.3). Adenosine diphosphate
(ADP) contains two of these phosphate groupe; ATP contains three.
These compounds are said to be energy rich because one (in ADP) or
two {in ATP) of the phosphate groups are joined to the molecule by
high energy phosphate bonds. When fuel (e.g., glucose) is oxidized in
modern organisms some of the energy released is trapped when ADP
is converted to ATP by addition of that third phosphate group. The
ATP then reacts with other components of the cell, passing on to them
the energy contained In the high encrgy bond holding this group and
reverting to ADP in the proceee, Energy thus supplied enables the cell
to do its work (e.g., it enables a muscle cell to contract), Thus ATP
is an essential intermediary between the oxidation of carbohydrates
and cell mechanisms requiring energy for metabolic work,

In modern cells the process just summarized is very complex, in-
volving participation of enzymes. It is of particular interest, therefore,
that, Iin the absence of enzymes ATI' with ite high-energy phosphate
bonds was probably formed under primordial conditions. In ATP the
first organisms would have found a preformed source of energy. ATP
was not the only energy rich compound farmed, but it may well have

been the most important one.
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Fig- 3. Dehydration condensations in the formation of nucleic acid (RNA, in
this case). Mote removal of the elemenis of water (dashed-line rectangles)
when adenine, sugar and phosphate join to form a nucleotide [adenylic

acid}, and when twi nueleotides join to form & dinucleotide as a-step in the
Formation of a chain of nucleotides (i e, of a nuclelc actd molecule).
(Modified from Calvin, M., “Chemical evolution,” Proceedings of the Royal
Soclety of London, Series A, 288 (1905), 441386, Used by permission of

the author and The Royal Soctety.)

Could nucleic acids such as DNA and RNA have been formed
under nonliving conditions? We recall that these are formed of chains
of nucleotides and that each nucleotide Is composed of three con-
stituent molecules: a purine or pyrimidine, a phosphate, and a sugar
(ribose or deoxyribose; pp. 77-78). As noted above, purines, pyrim-
idines, and phospharus—<ontaining compounds were evidently formed
under primitive earth conditions. How about the sugars? Here again
we encounter a diversity of opinion. In general, supporters of the con-
cept that the atmosphere consisted mainly of CO, COs Ns, and H:
conclude that sugars would not be formed ar, if formed, would be
rapidly degraded (Abelson, 1966). On the other hand, experiments in
which mixtures of methane, ammonia, and water were irradiated vielded
ribose and deoxyribose among the products produced (Ponnamperuma,
1945), Furthermore, it has long been known that formaldehyde (CHO)
in aqueous solution, under suitable conditions, will condense to form
simple sugars. This might have been a source of sugars in the primitive
“soup.” So while we await further evidence we may answer a cautious
“perhaps” to the question of the nonbiological formation of sugars
needed for RNA and DNA svnthesis,

Given the needed ingredients, could energy sources available on the
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primitive earth bring about the necessary dehydration condensations
(Fig. 7.3) to join them into nucleotides? Here the evidence is still much
more fragmentary than it is for the nonbiological formation of amino
acids and peptides. Schramm (1965) reports experiments indicating that
nucleotides and even polynucleotides are formed when certain phos-
phorus-containing compounds are present under waler-free conditions.
So while we look forward to the results of further research, we may
answer our question with “possibly,”

The possibility that nucleic acids might have been formed by non-
biological processes brings us to the second hypothesis concerning the
nature of the first “living thing”: the gene-first hypothesis (p. 117).

THE GENE-FIRST HYPOTHESIS

Proponents of this hypothesis conclude that life began in the form of
living molecules (sometimes called “naked genes”) having the following
essential properties: (1) the capability of self-duplication or reproduc-
tion, (2) the ability to undergo muitation, and (3) the “ability to in-
fluence the environment in such a way as to insure a supply of the
materinls necessary for the perpetuation of the system” (Horowite,
1959),

The importance of reproduction needs no further emphasis, Muta-
tion is important if evolution is to occur. If the “living molecules”
mutated, then two or more forms of the molecule would be present
and natural selection could operate upon them, assuming that one form
was better adapted to existing conditions than was the other (Muller,
1966).

The importance of the ability to influence the environment to
ensure a supply of needed materials is readily recognized if we realize
that the supply of preformed purines, pyrimidines, phosphates, and
sugars would soon be exhausted. Life could not progress very far with-
out the ability to renew the supply of these raw materials. So living
things must produce enzymes to promote the synthesis of needed
materials (heterocatalysis).

Few investigators would challenge the three criteria of life just
mentioned, though they would differ in the relative impartance to be
assigned each criterion. The main divergence of opinion comes on the
question of whether or not a “naked gene” would really meet these
criteria. For example, would a macromolecule of nucleic acid, a bit of
DNA or RNA, floating freely in the primitive “soup” really be capable
of self-duplication?

In modern organisms, when DNA duplicates, a single strand (e.g.,
a sequence of A-T-G-C-A-C) produces 2 complement of itself (eg.
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T-A-C-G-T-G), Then this in turn may serve as a template for the
formation of the original sequence, e.g., A-T-G-C-A-C. So the original
strand has produced a replica of itself, not directly but in a two-stage
process. Of great importance also is the Ffact that this joining of
nucleotides to form polynucleotides occurs through the action of enzymes
(e.g., DNA-polymerase). Under primitive conditions, could DNA have
duplicated itself in the absence of enzymes? Only fragmentary experi-
mental evidence is available to demonstrate that this might have
occurred (see Schramm, 1965).

If we grant that a self-duplicating nucleic acid could arise in this
manner, we are still faced with the guestion of whether or not it could
influence its environment (heterocatalysis, our third criterion above).
We recall that in modern organisms DNA contains the coded informa-
tion for the production of proteins (enzymes) but that the actual
production of the latter involves an elaborate apparatus of messenger-
RNA, transfer-RNA, ribosomes, and enzymes. There is evidence, how-
ever, that under some conditions DNA may determine an amino acid
sequence directly without the intermediacy of messenger-RNA (Mec-
Carthy and Holland, 1965). Perhaps, also, the first nucleic acid was
RNA, with DNA as a storehouse of genetic information having evolved
later [see Sagan, 1965). Some viruses have RNA only.

Under primitive conditions could a polymucleotide (a sort of pre-
RNA) have controlled the formation of polypeptide chains before there
were any enzymes{ Proponents of the gene-first hypothesis have at-
tempted to suggest ways in which this might have been accomplished
(Muller, 1966). Perhaps there are polynucleotide chains that are weakly
catalytic (enzymatic) in themselves (Sagan, 1965). Such a chain might
have served as a template for the formation of a polypeptide that
would have had some enzymatic ability to promote replication of the
nucleotide chain itself (see Haldane, 1965; Schramm, 1965). Or perhaps
this polypeptide might influence the environment in some other way
favorable to the polynucleotide (stimulating the production of essential
raw materials). In either case a polynuclestide able to do this would
have an advantage over other polynucleotides, would replicate itself
more rapidly than they, and hence would be favored by natural selec-
tion.

Despite the theoretical possibilities, the theoretical difficulties are
sa-great that many investigators conclude that there was no such thing
as a "living molecule”—that life is always the result of the combined
activities of many molecules in a highly organized system. Thus Com-
moner (1964) concluded: “The simplest system capable of self-sufficient
germinal activity and of actual self-duplication is the entire living cell”
(see also Commoner, 1965, and Oparin, 1952).
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FROM PRECELL TO CELL

We may picture a portion of the primitive ocean as containing coacervate
droplets or microspheres (pp. 120-123) that incorporate such complex
molecules as polypeptides—perhaps of even proteinlike proportions—
polynucleotides, adenosine triphosphate (ATP), polysaccharides, and so
on. What does such a structure lack of being a living cell? Its lacks are
of staggering proportions if we compare it with modern cells. Its lacks
are still farmidable but not so overwhelming if we compare it to what
we might regard as minimum requirements for a living cell. Even here
the step is a large one, but it may be the sum of a myriad of small
steps taken when cells first evolved.

Our precell would have to develop the ability to reproduce itself
and to produce enzymes so that it could utilize raw materials available
in its environment. A first consideration in this would be the obtaining
of energy. As we have indicated previously, preformed ATP initially
might serve as such a zource of energy, But that source would soon
become exhausted. This would place a premium upon the ability to
utilize other sources—preformed polysaccharides (sugars) in the pri-
meval “soup,” perhaps. But such sources of energy could only be
tapped if enzymes—at least simple and primitive ones—came into
existence to facilitate their digestion. And so almost at once the precell
would be faced with the necessity of producing enzymes. At first these
may have been relatively simple polypeptide chains.

In the absence of the nucleic acid mechanism. what would de-
termine the sequence of amino acids in a poelypeptide chain? Would
they join together at randomi Experiments indicate that they would
not. When mixtures of amino acids are treated so that peptide linkages
are formed in the absence of nucleic acids and enzymes, these linkages
are not formed at random (Steinman and Cole, 19267). For example;
glycine joins to glycine much more frequently than it does to valine.
The experimenters found that the relative frequencies of the different
linkages depends both on the relative abundance of the different amino
acids and on the differing chemical properties of them, Significantly,
the relative frequencies of the different linkages found experimentally
correspond in general to the relative froquencies of these linkages in
natural proteins (Steinman and Cole, 1967), Thus in natural proteins
glycine—glycine linkages are much more common than are glycine—
valine linkages. This fact suggests that relative abundance and chemical
properties of the amino acids played a role when proteins were first

formed,
Despite the fact that peptide linkages are not formed at random,
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considerable variety would have characterized the polypeptide chains
possessed by the precells we are discussing. Perhaps some of the
precells chanced to contain polypeptides possessing more enzymatic
activity than was possessed by polypeptides in other precells. If the
latter were less successful in obtaining needed energy. natural selection
would operate, favoring the precells with the more efficient polypeptides.
But of course the surviving precells could enly contribute to evolution
if they were also capable of reproduction, passing on the useful poly-
peptides to “offspring.”

Earlier in the chapter we discussed the possibility that reproduc-
tion of proteins might occur in the absence of the present DNA-RNA
mechanism (pp. 120-121). At first this duplication of polypeptide
chains may have been rather inexact as compared to the modern
process. Exactitude may not have been so essential as it is now (see
Commoner, 1965). Even modemn enzymes may vary considerably in
amino acld sequence and still retain enzymatic activity. Recall the
varying cytochromes ¢, all with essentially the same function (pp. 91—
93), This also is true of ferredoxin (p. 119).

Even if inexact duplication sufficed at first, we may be sure that
exact duplication would be preferable in the probable event that some
sequences of amino acids were more potent enzymes than were others.
Thus natural selection would favor any precells capable of exact dupli-
cation. One is tempted to say at this point: “And so the nucleic acid
mechantsm arose.” But how it arose is a difficult question. Did poly-
nucleotides already present develop the capacity to determine the
sequence of amino acids in polypeptide chains that previously had
been self-replicating, even though inexactly? Or did polypeptides orig-
inally determine the sequence of nuclectides In the first nucleic acids—
instead of vice versa as al present (Steinman and Cole, 1967)7 Or was
there some interrelationship between polvnucleotides and polypeptides
from the outset? Perhaps the present genetic code was preceded by some
sart of chemical affinity or “recognition” between a given amino acid
and a specific nucleotide (see Woese et al, 1966). (Proponents of the
gene-first hypothesis would say that the polynucleotides came first and
determined the development of the first polypeptides.) All we really
know is that self-replicating nucleic acids determining the sequence of
amino acids in polypeptides did in fact arise. And we may be reasonably
sure that the present elaborate genetic code has undergone an evolution
from simpler beginnings. _

As we noted when we first discussed the code (pp. 88-89), in
the present triplet codons two of the three nucleotides may be more
significant than the third nucleotide. Thus, the codon for valine has
G in first position and U in second position, but the third position may
be occupied by U, C, A, or G (Table 5.2, p. 89), Perhaps, therefore,
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the present triplet code was preceded by a doublet code (Jukes, 1966;
Sagan, 1965). If there were no synonyms (no “degeneracy”) a doublet
code would provide for 16 amino acids. Very probably early proteins
may have been composed of fewer than the 20 common today (recall
ferredoxin with its reduced number as a modern example). The sug-
gestion even has been made that the code originated as a singlet code
(Sagan, 1965). In such a code A, C, G, and T or U would each code
for one amino acid. As Sagan commented: "The catalytic properties of
a protein composed of only four amino acids would be limited, but it
would be a lot better than nothing.”

An enclosed mixture of macromolecules containing polynucleotides
that controlled production of enzymatic polypeptides (proteins) is still
a long way from the modern cell, but it might have been a beginning.
A cell membrane containing lipids (fats) must have been an early
improvement, conferring greater selectivity in the matter of sub-
stances passing into and out of the cell. The cells of modern organisms,
other than bacteria and blue-green algae, contain tiny bodies called
mitochondria, and have the chromosomes enclosed within a nucleus,
Mitochondria are regarded as the powerhouse of the cell since they are
concerned with the formation of ATF mentioned earlier. They and
nuclear membranes must have appeared early in the evolution of
organisms other than bacteria and blue-green algae. Other structures
characteristic of modern cells (Fig. 5.1, p. 76) doubtless had their
evolutionary developments, though detaile of their histories are un-
known to us.

AUTOTROPHY

So far we have pictured the development of an organism living in an
environment devoid of free oxygen, i.e., it was anaerobic. It was also
dependent upon preformed sources of energy, at first such energy rich
substances as ATP and later perhaps preformed sugars. Such an or-
ganism is said to be heterotrophic, There is now general agreement that
the first organisms were heterotrophic (Horowitz, 1945). As such
primitive organisms multiplied, the supplies of these preformed sub-
stances must have become seriously depleted. If so; a premium would
have been placed on the ability to obtain energy from other sources,
especially from the greatest source of energy, the sun, Organisms that
can do this are said to be autotropliic. "And so,” we are tempted to
say, “photosynthesis developed.” Such a statement cloaks our almost
complete ignorance of how it developed. We do have some idea of
when it appeared. Algae living some 2.6 billion years ago testify to its
presence.

Photosynthesis, the process by which plants containing the green
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substance chlorophyll manufacture carbohydrates, is so complex that
its details did not become fully known until our own time. In principle
it may be expressed very simply:

6C0O: + 6H:O + energy —— GiHi=0s + 604

Utilizing energy from the sun, six molecules of carbon dioxide combine
with six molecules of water to form one molecule of glucose and six
molecules of oxygen. The oxygen is liberated into the air. A widely
held theory maintains that all the oxygen in our present atmosphere
arose as a result of this process.

Photosynthesis does not occur as a single step but by a series of
steps. The 6C0O; + 6H:O forms the start for a series of intermediate
substances, many of them of complex chemical composition; CaHuOs
is the final product, the end of the series. All the numerous steps in
the process are catalyzed by enzymes, usually with the collaboration of
complex substances called coenzymes. Without going into detail, we
sense something of the complexity of this wonderful process by which
the sun's energy becomes "locked up” in carbohydrates, later to be
released as the needs of the organism require.

Doubtless this efficient process did not arise in all its complexity
all at once, We may anticipate that it arose by stages, the earlier stages
being less efficient than the modern process. But all this happened at
least 2.6 billion years ago!

Thus autotrophic organisms became independent of the diminish-
ing supply of preformed sources of energy In the primeval “soup.” As
these substances became completely exhausted, most of the primitive
heterotrophs may have become extinct. A few kinds of them probably
survived becaus¢ they evolved the ability to utilize the then newly

developed autotrophs as food. One (or more?) of these survivors then
became the ancestor(s) of the animal kingdom.

AEROBIC HETEROTROPHS

Animals are heterotrophs ultimately dependent on sutotrophs (plants)
for their energy. Even carnivorous animals are but a step away from
this dependence, since the animals they eat are primarily herbivorous
(plant eating). In the cells of animals, and of plants too for that matter,
the chemical reaction given above for photosynthesis is reversed:

CaHOe + 60: —— 6C0: + 6HiO + energy

As we noted earlier (p. 123), the energy released is used 1o add an
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energy rich phosphate bond to adenosine diphosphate, changing it to
adenosine triphosphate (ATP), which transfers the energy to metabolic
processes of the cell.

As in the case of photosynthesis, the simple equation masks a
series of at least 25 intermediate steps requiring enzymes and coenzymes
before the energy is available to the cell in usable form. Doubtless this
complex process also had its evolutionary development from simpler
beginnings. And since oxygen is required for the process the latter
could have developed only as oxygen became available in the atmos-
phere.

MORE THAN ONE ORIGIN OF LIFE?

Better stated, our question would be this: Are all present-day living
things descended from a single group of organisms that arose from
nonliving matter? We have no means of knowing how many “experi-
ments” Ffailed to succeed in making the transition from nonliving to
living or gave rise to organisms inferior in some way so that they were
later eliminated by natural selection. But by analogy with the later
history of evolution we may presume that the number was large,
Thus of the great panoply of reptiles dominating the Mesozoic era
only one group, the therapsids, made the transition from reptiles to
mammals and so became ancestral to the dominant animals of the
Cenozoic (pp. 197-198).

The question we have asked is another one for which we can give
no definite answer, But many students of the subject suspect that all
present-day organisms did share a common ancestor, The conclusion
is based on fundamental similarities, the very phenomenon we have
stressed all along as indicative of common ancestry. Could such detailed
similarities, frequently in extremely complex structures and processes,
have drisen more than once in evolution? We have space for only a few
of many possible examples.

We have stressed the likelihood that the genetic code is essentially
“universal” (pp. 88-90), If such a code had arisen twice, is it likely
that botl codes would have been alike, the same codons designating
the same amino acids in both? This would be like two unrelated peoples
developing the same language independently of each other.

We have stressed, without describing, the complexity of photo-
synthesis. Is it likely that if photosynthesis arose independently in two
evolutionary lines that the sequence of steps and the enzymes involved
would have been the same each time? Many students think this unlikely
and so conclude that all green plants are descended from a single
ancestral group that developed the process.
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We also have stressed the complexity of the process by which all
aerobic organisms, plant and animal, release the energy stored in
carbohydrates, Is it likely that if more than one evolutionary line de-
veloped this capacity the steps and the enzymes would have been the
same in defail in each line?

Biochemists sometimes state that biochemistry is “monotonous.”
By this they mean that wherever they turn they encounter the same
organic compounds serving much the same functions, the same enzymes
catalyzing the same metabolic reactions, and so on. Here we may
recall the widespread occurrence of cytochrome ¢, with its underlying
structural imilarities in widely diverse organisms (pp. 91-93).

We have already stressed the fact that all cells seem to be based
on a common pattern. (Fig. 5.1, p. 76). As we have noted, cells of
bacteria and blue-green algae differ from other cells in some respects,
but resemblances are also evident, as in possession of cell membranes
and DNA-RNA mechanisms.

As genes increased in number in the descendants of a primordial
organism, the DNA strand increased in length and became, with its
associated protein, a structure that we call a curomosome (composed
essentially of nucleoprotein). (The chromesomes of bacteria may con-
sist of nucleic acid only.) Since the chromosomes contain the in-
formation for cell function and reproduction, it is essential that when
a cell divides (reproduces) each daughter cell contains exactly the
same chromosomal material as the cell that divided. This exact par-
titioning of chromosomal material is accomplished by an elaborate
process called mimosis (Fig. 7.4). The mitotic process is basically the
same in most plants and animals. 1t must have arisen early in evolution.
Many students see in this basic similarity of process another reason
for suspecting that most, if not all, modern organisms arose from
common ancestry in the remote past.

We might multiply examples of wide-ranging similarities in chemi-
cal structure and in living processes. While each example taken alone
may be amenable to other explanations, we see why the similarities
taken in their totality point to a unity In all living things. How did the
unity arise? The evolutionary explanation is that it arose through in-
heritance from commuon ancestry.

SUMMARY

We may summarize with the following tentative statements:

1. The first organiems were preceded by a long period of chemical
evolution in which there developed by nonbiological means such com-
plex compounds as polypeptides (proteins), probably polynucleotides
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(nucleic acids), and energy rich compounds such as ATP (adenosine
triphosphate).

2. The first organisms were anaerobic and heterotrophic, de-
pendent upon preformed energy rich compounds.

3. There are two schools of thought concerning the nature of the
first living things: (a) They were “living molecules” (probably of
nucleic acid) capable of self-replication, mutation, and heterocatalysis—
the “gene-first hypothesis.”” (b) They were concentrations of proteins
and other macromolecules separated from the surrounding water by
some sort of surface membrane—the “proteins-first hypothesis.” The
proteins were enzymatic, and thus these precells were capable of
metabolism. They also were capable of reproduction, though the di-
vision of precells may at first have been an inexact procedure.

4. As preformed sources of energy became exhausted, some or-
ganisms developed the ability to capture energy from the sun by
photosynthesis—they became autotrophic.

5. Largely as a consequence of this photosynthesis, the ammos-
phere came to contain large amounts of free oxygen, making possible
the evolution of aerobic organisms, both autotrophic (plants) and
heterotrophic (animals),

6. Organisms living at the precent time probably are remote
descendants from ane kind of original ancestor that made the transition
from the nonliving to the living state—or at most from a very small
number of kinds of such ancestors.
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8

Evolution
as Seen in
the Geologic Record:
Nature of the
Record

IN EARLIER CHAPTERS of this book we saw evolution manifested by
similarities among living animals in chemical composition, structure,
metabolic processes, embryonic development, and serological properties
of the blood. If our conclusion based on what we might term circum-
stantial evidence is correct; in times past animals must have existed that
were the common ancestors from which modern animals inherited these
similarities. Can we find positive evidence that such animals actually
did exist? If so our accumulated circumstantial evidence will be greatly
strengthenied by what we may regard as direct evidence, The nearest
approach to direct evidence is supplied by the geologic record.

1w
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FOSSILS  The geologic record, or “record of the rocks,” is written
in the language of rossis. Any type of remains of a prehistoric animal
may be considered a fossil. In the most frequently encountered fossils
the harder parts of the animal’s body—bones and teeth in the case of
vertebrates, shells of molluscs, and exoskeletons (“shells”) of arthropods
(lobsters, crayfishes, spiders, insects, and their relatives)—are replaced
by minerals: “turned to stone” in popular parlance. After an animal
dies its flesh is destroyed by predatory animals, scavengers, insect
larvae, bacteria, and so on. These destructive forces also act upon bones
and shells, but more slowly. Occasionally such “hard parts” lie in sur-
roundings that protect them from complete destruction, particularly if
the animals lived in the water or, in the case of terrestrial animals, if
the bones or shells were swept into a body of water or onto a flood
plain by a river at a time of flood. The organic matter in bone gradually
disintegrates, leaving the structure somewhat porous. Water seeps into
the interior of the bone, and minerals dissolved in the water are slowly
deposited there. Thus the porosities gradually become filled with de-
posits of such materials as lime and silica. The portions of the original
structure composed of inorganic materials may remain substantially as
they were in life, or they also may be dissolved away and replaced by
minerals. The replacing material may preserve the details of the original
structure with great fidelity or, on the other hand, it may preserve only
the general form of the original. Yet fossils may contain some of the
original materials found in the living organism; for example, amino
acids have been found in fossils millions of years old. Under excep-
tionally favorable circumstances replacement of the type under discus-
sion may even result in preservation of some of the internal organs
(“soft parts”) of an animal.

Natural preservatives sometimes have helped to save animal mate-
rials from destruction. Thus the bones of animals that became mired in
the asphalt or tar pits at Rancho La Brea in California were preserved
bv the action of the crude asphaltic oil. In Poland two skeletone of the
woolly rhinoceros, with some of the flesh and skin preserved, have been
found buried in pil-soaked ground.

Not infrequently the buried body and skeleton of an animal dis-
integrate entirely. If the surrounding material is sufficiently firm a cavity
may remain having the exact outlines of the structure that disappeared.
Such a cavity is called a moLp. [t may be filled by natural deposits, form-
ing a xaTurat cast of the form of the original object. Such molds and
casts reveal the shape but not the Internal structure of the original
object. Natural and artificial casts of the interior of the brain cavities
of extinct animals form the only material available for study of the
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brains of these animals. Molds and casts of the burrows made by
prehistoric animals frequently reveal something of the nature of the
animals,

Similar to molds are mvrressions sometimes left by vanished ob-
jects or parts of the body upon the surrounding material. The impres-
sion is made while the latter is soft—like footprints in the snow.
Thanks to such impressions we know something of the shapes and
venations of prehistoric leaves, of the feathers of extinct birds, of the
wing membranes of flying reptiles, of the skin surface of dinosaurs, and
so on. Footprints of extinct animals are also impressions affording much
valuable information about the animals that made them.

Occasionally the disintegrating soft parts of a body leave behind
a thin Fium oF carson. Because of this we know, for example, the exact
body outlines of the extinct swimming reptile [chthyosaurus (Fig. 3.5,
p: 30).

Among the most perfect fossils known are the insects preserved
in asser. Millions of years ago insects became entangled and entombed
in soft, sticky resin exuding from pine trees, just as their modern
descendants may be observed to do today. The resin hardened and
eventually changed to amber, preserving the minutest details of struc-
ture of the coritained insects.

A few extinct animals are known from rrozev srecimens in which
the flesh as well as the bones have been preserved in remarkably fresh
condition for thousands of years, This type of specimen has occurred
principally in northern Siberia where the ground remiins permanently
frozen. The woolly mammoth is the amimal best known from such
SpPeCImens.

There are other types of fossils, but the ones mentioned are most
common and most generally useful, Frequently bones are more or less
distorted or destroyed before fossilization begins or during the process.

“PAGES” IN THE GEOLOGIC RECORD If the history of life on
earth is to be understood, the separate events comprising that history
must be arranged in correct sequence and relationship. Printed records
are firmly bound so that the pages follow one another in correct se-
quence to provide the reader with a coherent and connected account,
But in the geologic record, how are we o tell which i “page 1, which
“page 2" which “page 3,” and so on?

The “leaves” comprising the geologic record “book™ are layers of
rock called sTraTa. A stratum consists of more or less solidified material
that was originally deposited by a carrying agent such as water or air.
By far the larger proportion of the known strata was deposited on what
was then the floor of shallow extensions of the sea. In such shallow seas
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multitudes of animals live, many of them species with calcareous shells
or skeletons. As generation follows generation the shells and skeletons
settle to the bottom in a layer of sediment of ever-increasing thickness.
As time goes on the deeper portions of this deposit are subjected to the
pressure of overlying portions. This pressure, and the cementing action
of chemicals brought in by groundwater, solidify and consolidate the
deposits into rock—limestone in the present example. If a river empties
into this region of the shallow sea, deposits of material transported by
the river mingle with the remains of marine animals. The river brings
the products of erosion of the neighboring land, such as silt and clay,
and mingled with them the remains of aguatic and terrestrial animals,
particularly when the river is at flood stage. So through hundreds and
thousands of vears the sediment accumulates and gradually becomes
consolidated into sepIMENTARY rock. Sedimentary rocks may also be
formed from material originally deposited by a river in its flood plain
or delta. Rocks so formed are some of the richest sources of fossils of
terrestrial animals.

Geologic changes in that region of the earth may eventually result
in a change both in the animals inhabiting that section of shallow sea
and in the materials being brought down by the river. The deposit fol-
lowing such a change naturally will be of somewhat different nature
from the deposit formed before the change. Such changes account in
part for the stratified or “layer cake” appearance of deposits, so evident
in such places as the walls of the Grand Canyon of the Colorade River.
The many strata visible there afford information concerning successive
changes in that region of the earth for many millions of years.

As a general principle we may state that the oldest strata are the
deepest ones and that as we proceed upward in such a series of layers
as that displayed in the walls of the Grand Canyon the strata are suc-
cessively younger and younger in age. This time sequence tollows
naturally from the manner in which the material is deposited, as just
described.

DISTURBANCE OF THE RECORD Interpretation of the sequences
of events in the geologic record would be relatively simple if confusing
and destructive forces were not at work One destructive force is
groson, which removes many “pages,” even entire “chapters,” from
the record. For hundreds of thousands or millions of years a certain
region is covered by challow sea and receives successive deposits. Tf
the earth’s crust is sinking slowly, as portions of the Atlantic coastline
of North America are known lo be doing today, the deposits may
eventually total thousands of feet in thickness, Finally geologic processes
elevate the deposits, and eventually these are formed into a mountain
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range. In the process the deposits formed in the bottom of the sea are
thrust up into the air—thousands of feet up perhaps. As soon as the
strata are expased to the air in this fashion the forces of erosion start
to tear them down, and the rivers transport the products of their
destruction to the neighboring sea, thereby initiating the formation
of new deposits in that sea.

As erosion continues on a newly formed mountain range entire
strata may be worn away, and eventually entire groups of strata. This
process is going on In our present mountain ranges; since it is slow
geologists have ample opportunity to study the strata before they dis-
appear. But consider all the strata that were destroyed before there
were any geologists—or any people at all for that matter. We are told
that at one time the Appalachian chain, including the Green Mountains
of Vermont, the White Mountains of New Hampshire. the Berkshires,
the Alleghenies, the Blue Ridge, and so on was higher than the present
Rocky Mountains. How many “chapters” of the geologic record were
destroyed as these mountains were being worn down to their present
height!

Fortunately strata lost by erosion in one part of the country may
be preserved in another region, But it is not possible to fill in all the
gaps in the record by comparing different regions of the earth’s surface.
Gaps are frequently left in the records of animal life, since a species
of animal found in one part of the country at a certain lime might not
have been an inhabitant of another part of the country at that same
time,

We may suppose that after millions of years of erosion our moun-
tain range is reduced to a row of low hills, Finally another change in
the earth’s crust occurs and the region is dropped below sea level again,
the hills being submerged. Then this newly formed sea floor will begin
to collect deposits again, as did the fioor of this region when we first
began our story of it. The new deposits will be laid down Immediately
on top of whatever deposits were left by the preceding erosion. If
eventually the region ie again lifted into the air where geologists can
study it they will find the old deposits, left from the preceding period
of erosion, and immediately on top of them the new deposits, No re-
mains will be left of the perhaps thousands of feet of deposits that
were eroded away. The result is much like a book that has Chapter 15
immediately following Chapter 3. Fortunately geologists are astute in
detecting such usmconrormiTizs In series of strata, but detecting the
presence of a gap does not necessarily enable one to fll in the lost
history.

Another source of difficulty in interpreting the geologic record lies
in the fact that at times older rocks may come to lie above younger
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Fig. 81. Folding followed by overthrust, one way In
which the fime sequence of strata is disturbed. See text
{From Historical Geology by R. C Hussey. Copyright
1944, 1947 by the McGraw-Hill Book Company, Inc
Used with permiesion of McGraw-Hill Book Company.)
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anes. Figure 8.1 demonstrates graphically one way in which this comes
about. The upper diagram shows a series of strata deposited smoothly,
as described in our hypothetical example. Obviously the older layers
are at the bottom of the series. Then a mountain range is formed by
folding of the earth’s crust. The fold is accompanied by a strong
thrust, from the west in the example diagramed, which displaces a sec-
tion of the crust toward the east, actually sliding it over the strata al-
ready present in that region, as shown in diagram 4 (Fig. 8.1). Such an
OVERTHRUST may extend for many miles. The land surface is subse-
quently sculptured by erosion, many of the signs of the phenomena that
produced the observed sequence of strata being obliterated. Prolonged
study involving large areas suffices to reveal the true explanation, al-
though the latter may not be evident If study is confined to a small area.
Over much of the earth the number of strata exposed on the
surface in any one locality is usually strictly limited. In more level
regions one or a few strata are more often found exposed for study.
The question may arise as to how geologists determine the age of,
for example, a single stratum found exposed in a given region when the
strata immediately older and younger are not available for study. To
solve the problem requires the most painstaking comparison of the
tock in this locality with rock in other localities where the relationships
among neighboring strata are more evident, The comparison Involves
details of the rock structure itself, as well as distribution of "key
fossils” that serve to distinguish rocks formed at one fime from those
formed at other times and characterized by other key fossils. When
possible, reference always is made to a region where the stratum in
guestion can be found in an undisturbed position relative to strata
deposited before and after it (see Dating the Past, pp. 145-148).

INCOMPLETENESS OF THE GEOLOGIC RECORD Of the ani-
mals living at any one time in the history of the earth, how many will
be known to geologists a million or more years later? In the first place
we may subtract most of the animals having no “hard parts”” This
will include most of the protozoa, though some of them, notably the
foraminiferans, produce calcerous shells. These shells, though individ-
vally of minute size, in the aggregate have produced thick deposits of
limestone. Most of the coelenterates and worms also will fail to leave
fossil remains. Among the coelenterates the corals are an exception to
this statement since their calcareous skeletal supports form another im-
portant source of limestone.

Of the animals possessing hard parts, how many will be known
to geologists a million or more years later7 The chances of fossilization
vary greatly. Evidently, from the foregoing account, animals living in
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the ocean have the best chance of being preserved as fossils. Animals
inhabiting fresh water perhaps have the next best chance, while
terrestrial animals have the least chance. In order to be preserved as a
fossil the body of a horse, for example, must be prevented from destruc-
tion. Even the skeleton will disintegrate in a few years if exposed to the
action of predatory animals, scavengers, insect larvae, and bacteria and
the erosive forces of the weather. A dry climate favors preservation of
bones, but even dry bones disintegrate in time. Hence it is necessary
that the bones be protected by being covered. Windblown soil, such as
that which produced the thick deposits of silt known as loess, may pro-
vide the protective covering. Or if the animal becomes mired in a bog
or in quicksand the bones may gradually sink and be covered. The
fossils in the Rancho La Brea asphalt pits are a special case of this
procedure. Or if the bones happen to lie in the flood plain of a river
they may be covered by a deposit of soil left by the river when it over-
flows its banks in time of flood. Or the river, in flood stage, may sweep
the bones into a lake or into the sea, where they will be mingled with
the remains of aguatic animals. Thus, one of the most productive
sources of fossils of Tertiary mammals is the White River Bad Lands
of South Dakota and Nebraska. The material of these beds was laid
down as a flood plain by rivers flowing from the Black Hills, mountains
formerly much higher than they now are. Mammalian remains were
swept down by the rivers and became embedded in the Hood plain.

We see, then, that the chances are against an animal’s “hard parts”
being fossilized, particularly if the animal is a land dweller. OF the
animals that are fossilized, how many will be known to geologists a
million or more years later? A first hazard facing these fossils consists
of the physical, chemical, and geologic processes at work on the deposits
in which the fossils are embedded. If later deposits are piled on the
fossils in question, these may be crushed and distorted. The consum-
mation of such destruction is reached if the deposit finally comes to lie
deep in the earth’s crust with thousands of feet of other deposits above
it. As a result of the tremendous pressure and accompanying heat the
deposit may be so altered that all fossils in it are destroyed. The various
minerals will recrystallize. Rock that has undergone this process of
internal alieration through heat, pressure, and recrystallization is called
METAMORTHIC KOCK, We have mentioned limestone as a prominent sedi-
mentary rock rich in fossils; when limestone is subjected lo the process
described, the product is marble. Metamorphism is 2 most efficient
eraser of fossils,

OF the fossils that escape the destruction just described, how many
will be known to geologists? It is evident that deposits that remain
deeply buried under younger strata or under the sea will remain largely
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unknown. Some exception to this statement is afforded by mines, in the
walls of which fossils may be found. Our knowledge of animals con-
temporanecus with the vegetation that entered into formation of coal
depends to some extent upon fossils collected in connection with the
mining of coal. Borings for artesian wells and oil wells reveal some-
thing of fossils in the strata through which they pass. But on the whole
locating fossils depends largely upon their being exposed an the surface
of the earth. Erosion acts on fossil-bearing rocks, wearing away the
surrounding rock and exposing the fossil. If the latter happens to fall
under the eye of a geologist, well and good, but if not erosion will
eventually destroy it along with the enclosing rock. Erosion is con-
tinually exposing fossils in this way, Most of them are probably never
seen by geologists. The earth is a big place, and geologists are few in
number and strictly budgeted in time and funds.

The wonder is not that the geologic record is incomplete, but that
it is as complete as it is.

THE GEOLOGIC TIME SCALE  The “chapters” of the geologic
record are arranged in chronological sequence, the result being the
geologic time scale (Table 8.1). The time scale is arranged to agree with
the fact that, when undisturbed, older strata lie beneath younger ones.
Thus we begin to read the chart at the bottom instead of at the top.

The total span of geologic time is divided into five large divisions,
called eras (first column of Table 8.1). The oldest era, Archeozoic, is
placed at the bottom of the chart. The eras are subdivided into rexions
(second column). The oldest period within an era is placed at the bottom
of the sequence of periods comprising the era

DATING THE PAST  Table 8.1 includes estimates of the number of
years that have elapsed since the beginning of each of the last three
eras. These figures are rough approximations only, Estimates of the
durations of the various portions of the time scale were originally based
on the rates at which geologic processes are known to occur. Since many
strata originated as deposits in the sea at the mouths of rivers, for ex-
ample, we can gain some concept of the length of time required to pro-
duce a deposit of a given thickness if we measure the rate ar which
modern rivers are depositing sediments in the sea.

With the developing knowledge of radicactivity, more accurate
dating of certain types of deposits has become possible. Many rocks
have built-in “clocks” in the form of radicactive isotopes that change at
a constant rate into the nonradicactive form. If this rate s constant
and known to us, we can estimate the length of time since the rock
was formed by measuring the quantities of the radivactive and non-
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radipactive isotopes present in the rock. For example, uranium emits
helium at  constant rate and is transformed into an isotope of lead.
Thus the sge of uranium-containing rocks can be determined by com-
parison of the proportions of undecayed uranium and of lead present
in the rock. Somewhat similarly, potassium-40 undergoes radioactive
decay to form argon-40 at a constant rate, thereby forming another
“elock’ usable for certain rocks. While the uranium and potassium-—
argon methods are the two best-known methods for measuring the age
of older rocks, radicactivity of other elements also is being utilized with
increasing frequency.

Somewhat different is the fission—track method. If a rock contains
glass or crystals, the surface of these may be etched with hydrofluoric
acid to reveal tracks caused by radiation damage as uranium-238 under-
goes spontaneous fission. The tracks can be seen with a microscope and
counted. From the count the age of the glass or rock can be computed.

The uranium and potassium-argon methods are most widely used
for rocks that are millions of years old, though refinements of the
potassium-argon method have made possible the dating of rocks no
older than 400,000 years or under special conditions even as recent as
30,000 years. The fission—track method may be used for glass as young
as 2000 years (Rainey and Ralph, 1966),

Most widely used for dating in terms of thousands, rather than
millions, of years is the carbon-14 method, however. When nitrogen
atoms in the atmosphere are bombarded with cosmic rays some of the
atoms acquire radioactivity, being changed to an isotope of carban, Ch
This radioactive carbon emits beta rays and becomes nonradioactive at a
constant rate (its half-life is about 5720 years), Since the supply of
carbon-14 atoms is constantly being replaced by the action of cosmic
rays, an equilibrium is established in the atmosphere. The equilibrium
point represents a concentration of radiocarbon atoms at which the
disintegration of “old" ones Is balanced by the formation of new ones.
This equilibrium point is at about one radiocarbon atom for a trillion
“normal” carbon atoms, C*. Except as man of late has been upsetting
the balance with his atomic explosions, this equilibrium remains con-
stant over long periods of time.

Carbon-14 enters normally into the formation of carbon dioxide
in the atmosphere. Plants utilize this carbon dioxide in manufacturing
carbohydrates, and animals eat the plants. Hence the concentration of
carbon-14 in the tissues of plants and animals is about the same as the
concentration in the atmosphere, This is true so long as the plant or
animal is living. But as soon as it diee, no more carbon enters the body
(photosynthesis or food intake, respectively, have ceased). Fellowing
death the carbon-14 already present in the body decays steadily, as
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mentioned above. The smaller the number of carbon-14 atoms remain-
ing, the smaller the amount of radicactivity still remaining. Thus if
we take a piece of ancient wood or bone and measure the emission
of beta rays from its remaining carbon-14 we can estimate the age of
the material, since we know the rate at which these ravs are emitted
in living wood or bone. When this technique has been applied to
materials of known age the demonstrated accuracy has been such as
to give confidence in determinations made on materials of unknown age
(see Libby, 1956).

The carbon-14 method is applicable only to organic materials still
containing carbon; it cannot be used on fossils in which all organic
matter has been replaced by minerals. Since the amount of radiocarbon
present decreases steadily with time, the method can probably never
be used on material older than about 70,000 years. Accurate dating
within that time span will prove most valuable, however. Among the
early inhabitants of North America, for example, were makers of a
particular type of stone projectile point (probably used on darts), the
so-called Folsom points. Pieces of bumed bone found with some of
these points give a carbon-14 date of 9883 years, indicating that these
early Americans lived about 10,000 years ago (Sellards, 1952).

Somie of the physicochemical methods of dating do not depend
upon radioactivity, Thus the rate at which fluarine becomes incorpo-
rated into bones during fossilization has been utilized, Although
variables in the process have yet to be explored, the test gives promise
of usefulness. Utilization of this method contributed significantly to
proof that the “fossils” called “Piltdown man” were a hoax (Weiner,
Oakley, and Le Gros Clazk, 1953).

VISUALIZING GEOLOGIC TIME = Unavoidably our ideas of time
are conditioned by the length of the human life <pan and its subdivision
into periods (infancy, youth, and s0 on) and years. The term "a
million years” is so far outside our experience as to be meaningless to
most of us. Multiples of a million years are, if anything, even less
meaningful. We may have the vague impression that a million vears is
“a very long time,” and that a thousand million years is “a very, very
long time.” But in other connections a thousand years also seems “a
very long time.” Indeed, all periods longer than a human lifetime or two
have a tendency to fade into vagueness for ws, Such units of time as
years, months, weeks, days, minutes, and seconds have meanings
within the range of our experience. Since many resders look forward
to the coming of the year A.p, 2000, let us condense our time scale so
that 2000 years becomes the equivalent of 1 minute (min).

On such a speeded-up time scale Columbus discovered America
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about 14 seconds (sec). ago! The Age of Pericles, the culmination of
“ancient” Greek civilization, began about 1 min and 14 sec ago (460
8.c.). The Shang Dynasty in China, the first one for which records
exist, began about 1 min and 51 sec ago (1700 s.C.).

How long has man been present on earth? As we shall see in
Chapter 12, our answer depends upon our definition of “man.” There
is still no consensus as to when our own species (Homo sapiens) first
appeared. But about 4 hours {hr) and 10 min ago on our speeded-up
time scale; a related species, Homo erectus, was living in Java (500,000
years ago; pp. 250-253); and about 14} hr ago manlike creatures called
the australopithecines (pp. 243-250) were living in Africa (1,750,000
years ago).

Turning our attention to the statements of years given in Table 8.1,
we note that on our speeded-up time scale the dinosaurs became extinct
and the Cenozoic began slightly under 22 days ago. (Note the sudden
change in unitz from hours to days.) Similacly the Mesozoic, the Age
of Dinosaurs, began about 80 days ago (2 months and 20 days). Taking
a giant step backward we find that the Paleozoic began about 7 months
ago.

We niow have records of fossil bacteria that lived about 3 billion
years ago: on our time scale this would be about 35 manths, or a little
less than 3 years. The age of the earth ic estimated to have been al
least half again as great, perhaps 4} years on our time scale.

In summary, life has existed on this planet for “3 years,” but man
(the upstart), even when we define “man” most broadly, has been
around for only about half a day and his written history began less than
2 minutes ago.
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Evolution
as Seen in
the Geologic Record:
Precambrian
and Paleozoic
Eras

SINCE 50 LITTLE is known of Archeozoic and Proterozoic life, it is
convenient to refer to these eras collectively as “Precambrian.” Cam-
brian rocks are the oldest ones in which abundant fossils are found

{Table 8.1, p. 146).

PRECAMBRIAN

Various methods of measurement and computation agree in estimaling
that the earth ls at least 4500 million years old (see, for example,
Tilton and Hart, 1963, and Ulrych, 1967). Doubtless at first the planet
was unsuitable for the existence of living things. How soon did they
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appeari Fossils believed to be those of bacteria have been found in
South African rocks dated as being slightly over 3000 million (3 killion)
years old (Barghoorn and Schopf, 1966), and fossils that may be those
of algae have been found in South African rocks older than 3200
million years (Engel e al,, 1968). In North America the Gunflint chert
on the north shore of Lake Superior contains microfossils of bacteria
and probable blue-green algae (Cloud, 1965; Schopf ef al., 1965). The
potassium-argon method indicates that this rock is nearly 2000 million
years old. Since it is probable that these early algae were autotrophic,
photosynthesic evidently had a very ancient erigin (pp. 129-130). Well-
preserved microfossils interpreted as those of both green and blue-green
algae have been found in Australian rocks estimated to be 700-900
million years old, though in this case radioisotope dating has not been
made (Barghoorn and Schopf, 1965).

In addition to these fossils, indirect evidence that life was present
in Archeozoic oceans is furnished by deposits of crarurre in rocks of
this era. Graphite, the "lead” of our pencils, is composed of carbon, as
Is coal. In later periods of earth history deposits of carbon in the
form of graphite and coal represent the remains of vegetation. Ac-
cordingly, we may reasonably conclude that Archeozoic graphite also
was derived from simple plant life, probably in the main from algae.

The presence of iron ore in Archeozoic rocks also Is sometimies
considered evidence of the existence of life, since jron ore Frequently
represents the result of bacterial action. Since, however, iron ore may
be deposited by processe< that do not involve the action of living
things, the evidence here is not so conclusive as it is in the case of
graphite.

Limestone in deposits of this era also may have been derived
from living organisms. The fossils of algae, mentioned above, are of
this nature. Some of the limestone deposits from later periods represent
the massed shells of such protozoans as foraminiferans and the skele-
tons of such coelenterates as corals. Yet some limestone is of inorganic
origin, and hence the mere presence of limestone does not prove that
life existed at the time the deposit was formed.

Like rocks of the preceding era, many Proterozoic rocks were
subjected to metamorphism, with consequent destruction of any fossils
they may have contained. However, since there are large deposits of
unmetamorphosed Proterozoic rocks, the scarcity of fossils in the latter
is somewhat surprising. The most abundant fossils from this era consist
of globular masses of limestone representing the remains of colonies of
ALGAE. Many of these deposits are of large size, analogous in numerous
ways to the coral reefs in our present oceans.

Animal fossils from this era are conspicuous by their rarity. Fos-
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sils of radiolarians and foraminiferans (protozoans that secrete shells
of silica and calcium carbonate, respectively) have been reported, as
also have fossils of brachiopods (see p. 153), the spicules of sponges,
and even the impression of a jellyfish. Were there many-celled animals
(Metazoa) living in the Proterozoic? There is no consensus on the
answer. Some investigators have reported affirmative evidence, yet
Cloud (1965} concluded that “there are vet no records of unequivocal
Metazoa in rocks of undoubted Precambrian age’”” We await Further
investigations with interest.

The fossils most generally accepted as derived from a Proterozoic
animal consist not of the remains of the animals themselves but of
casts of the homes of the animals. In the bottoms of shallow portions
of modern oceans avnpud worss, marine relatives of our common
earthworm, live in burrows. These burrows are not temporary affairs
like the tunnels of earthworms but have definite walls secreted by
their inhabitants. Casts that seem to have been formed in burrows of
this type are found in Proterozoic deposits.

If we are correct in interpreting the Proterozoic worm burrows
as evidence that annelid worms existed in this era, we must conclude
that much evolution had oecurred prier to and during the Proterozoic
era. Unfortunately a fossil record of that history was for the most
part never formed, has not been found yel, or was irrecoverably lost.

PALEOZOIC ERA

The beginning of the Paleozoic era is known to us from the earliest
deposits bearing abundant fossils. This era is much the longest of the
ones following the Proterozoic, and it is divided into seven periods, of
which the Cambrian is the first or oldest [Table 8.1, p. 146).

CAMBRIAN PERIOD  Between the rocke remaining to us from
the Proterozoic era and the first ones representing the Cambrian period
occurs a gap in the fossil record representing in all probability a lapse
of many millions of years. In view of these lost chapters in the record
we need not be surprised that the story of animal evolution does not
commience in the Cambrian where it left off at the end of the
Proterozoic era. In place of the paucity of fossils characteristic of Pro-
terozoic rocks we find in Cambrian deposits abundant fossils, par-
ticularly in the later deposits of the period. Cambrian oceans teemed
with a wide variety of invertebrates.

One reason for the increase in completeness of record may lie in
the fact that in the interim between Proterozoic and Cambrian animals
possessing hard parts (shells and exoskeletons) increased greatly in
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Fig. 2.1. Brachiopods, at-
tached to rocks by their
pedicles. Mote the larger size
and differing shape of the
half-shell pierced by the

pedicle,
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Fig. 2. Typical Cambrian trilobites. (Reprinted by permission from Textbook
of Gealogy, Part I, Histérical Geolagy, by L V. Pirsson and C. Schuchert,

published by John Wiley & Sons, Inc., 1915)
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numbers. BRacHIOrODS constituted an important portion of the Cam-
brian fauna. These animals are enclosed within shells consisting of
two portions or valves. Unlike the shells of bivalve molluscs, such as
clams, the two valves are unsqual in size (Fig. 9.1), and they are
dorsal and ventral shells rather than two lateral shells. Molluscs them-
selves are represented in Cambrian seas by a few swans and, near the
close of the period, rare cernatorans (p. 158), Worm surrows, recalling
those of the Proterozoic, are abundant in some Cambrian deposits.

The dominant animals in the Cambrian seas were the TRILOBITES,
constituting some 60 percent of the known inhabitants of those seas.
They were small animals for the most part, ranging between one and
four inches in length, the giant among them being 18 in. long. The
examples presented in Fig. 9.2 are typical. Figure. 9.3 shows a trilobite
with such structures as antennae and appendages restored to the
appearance presented in life.

Fig. #3. Trilobite anatomy.
[After Beecher.)

The first thing to note about trilobites is that they are members
of the phylum Arthropoda, to which such creatures as lobsters, cray-
fishes, spiders, and insects also belong. The general similarity to a
lobster, for instance, is evident in the shell-like exoskeleton, the seg-
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mented body, and the jointed appendages. Arthropods form the “high-
est” (most complex and specialized) phvlum of invertebrates. Thus in
the first geologic period that we know from adequate fossil material
the highest invertebrate group of animals is represented. This fact
indicates that a great proportion of the evolution of invertebrates had
already occurred, although our records of its history are almost entirely
lacking. Since trilobites appeared on the scene with such apparent
abruptness their origin is uncertain. It seems reasonable to believe that
they evolved from annelid worms, the other great group of inverte-
brates having segmented bodies., Evidence that annelid worms were
present in the Proterozoic will be recalled.

Our knowledge of life in Cambrian seas would be confined almost
exlusively to shells and exoskeletons were it not for a most fortunate
and unusual fossil discovery in the Burgess shale of British Columbia.
The fossils consist of thin carbon films (see p. 139) showing in amazing
detail the structures of the animals from which they were formed.
Both hard and soft parts are shown by these carbonaceous films. Amang
the remains are trilobites preserved with their limbs and antennag,
delicate arthropods like the modern brine shrimp, annelid worms com-
plete with setae (bristles), and details of the internal OTgans, SPONges,
and such sofi-bodied creatures as jellyfish. One of the most interesting
members of the assemblage is an onychophoran. The onychophorans
are peculiar, warmlike arthropods exemplified by the modemn Peripatus
(Fig. 9.4). Their particular interest lies in the fact that they combine
characteristics of arthropods with those of annelid worme. Thue they
strengthen the evidence that arthropods evolved from annelids.

Fig. 24, Peripatus, an onychophoran.

Thanks to the rare fortune of the Burgess shale fossils we know
that the Cambrian seas supported a wealth of invertebrate life of kinds
not ordinarily preserved as fossils: Perhaps we should have inferred
that this world of soft-bodied marine animals existed, but certainty is
more satisfying than inference.

In conclusion we note two general facts about Cambrian animals.
They all lived in the ocean; none were land dwellers. They were all
invertebrates; no representatives of phylum Chordata, comprised of
the vertebrates and their kin, are known from this stage in the world’s
history.
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The Cambrian was s very long period. It was probably some 100
million years in duration. Comparison of earlier Cambrian fossils with
those from later portions of the period reveals that much evolutionary
change occurred during the course of this long period.

INVERTEBRATE EVOLUTION FOLLOWING THE CAMBRIAN

TRILOBITES As we have seen, trilobites were the dominant animals
in Cambrian seas. Following that period they gradually declined in
numbers and relative prominence. During the Silurian period trilobites
with bizarre shapes and spines appeared (Fig. 9.5). This type of
specialization apparently forms one indication that a group has become
highly specialized for a particular mode of life and has correspondingly
lost the plasticity that would enable it to adapt to other modes of life
should conditions change. The spines in this instance may have served
for protection from predators, if there were any present capable of
preving on trilobites (cephalopods or early fishes perhaps?).

Fig. 9.5, Silurian trilobites, (Reprinted by permisslon from Teathook of
Geology, Part I, Historical Geology, by L. V. Pimson and € Schuchert,
published by John Wiley & Sons, Inc, 1915)

By Mississippian times trilobites were rare. Many species of sharks
with flat, “"pavement” teeth adapted for crushing shells of molluscs and
arthropods doubtless contributed to the decline in numbers.

No trilobites survived the end of the Paleéoroic era. When the
curtain rose on that era more than 300 millions years previously they
had occupied the center of the stage. It is perhaps fitting that their
extinction marked the closing act of the Paleozeic drama.
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Tentacles

Septum

Fig. 9.6. Chambered nautilus, with shell cut longitudinally to show the.
chambers. [Afier Hancock.)

CEPHALOPODS  Cephalopods became prominent in the Ordo-
vician period. This group of molluscs includes squids, octopi, and
nautili. The chambered nautilus (Fig. 9.6) of our modern oceans presents
a structure not unlike that of its Ordovician ancestors, The animal
itself is soft-bodied and unsegmented; it possesses a pair of eyes and
a cluster of extensible, sucker-bearing arms or tentacles around the
mouth. As shown in the figure, the animal lives in the outermost
compartment of its tapered shell When it grows it moves outward,
adding to its shell and secreting behind it a wall or seprum. Thus the
shell eventually consists of a series of chambers or compartments,
evidence of successive stages in the growth of the animal {(Fig. 9.6).
Where each septum joms the side wall of the shell & line of attachment,
called a suture, is formed. In the earliest cephalopods the suture lines
were smooth curves (Fig, 9.7). In later periods cephalopods having
suture lines following complex configurations were found, as noted in
the following. Cephalopods having smoothly curved suture lines are
called sauriows. Interestingly enough, both our modern nautili and
these earliest cephalopods were of this type. The principal difference
between the shells of Ordovician nautiloids and those of their modern
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Fig. 2.7. Ordovician nautileld cephalopods.
(Reprinted by permission from Testbook of
Geology, Part [, Historical Geology. by

L V. Pirsson and C, Schuchert, published by
John Wiley & Sons, Inc, 1915}

descendants relates to the coiling of the shell. Some of the Ordovician
cephalopods had straight shells (Fig. 9.7), others were loosely coiled,
while still others were closely coiled like those of modern nautili, In
Fig, 9.7 the smooth sutures are visible in places where the outer surface
of the shell has been chipped away. Cephalopods included the largest
animals living in Ordovician seas; some of the straight-shelled forms
reached a length of nearly 30 ft.

With the advent of Devonian times a new group of cephalopods
appeared. These were the ammonites, in the first of which the suture



Fig. 9.8. Devonian ammonites (goniatites)
showing wavy suture lines. (Reprinted by
permission from Textbook of Geology, Parf
il, Historical Geology, by I ¥V, Firsson
and C Schuchert, published by John Wiley
& Sons, Inc., 1915.)

lines presented a wavy or “loop-and-saddle” appearance (Fig. 9.8).
With the passage of time ammonites increased in relative abundance
and variety, their progressive evolution being especially marked during
the Permian. This foreshadowed their great expansion during the
Mesozoic era (pp. 182-183),

CORALS, CRINOIDS, AND BRACHIOPODS The first corats ap-
peared among the coelenterates in the Ordovician period. We noted
above evidence that jellyfishes were present in the Cambrian period.
Apparently, however. no coelenterates in that period developed the
ability to secrete calcium carbonate, thereby forming what is for the
coral animal at once its skeleton, its apartment house, and its memorial
monument. Each of the pits or hollows on the surface of a piece of
coral represents the point of attachment of a tiny sea anemone-like coral
animal (Fig. 9.9). One generation builds upon the foundations laid down
by lts predecessors. Hence coral rock, built up at times into great reefs
in the ocean, is the result of cooperative action of countless hordes of
coelenterates over great periods of time. Much limestone originated in
this way,

During the course of geologic time corals have waxed and waned
in abundance. Their profusion in warm oceans of the present day is
well known to all visitors to these regions.

crixomos are members of the phylum Echinodermata, along with
such spiny-skinned creatures as starflishes and eea urchins. Crinoids
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Fig. 29. Coral. A, coral animals {polyps) seen from above, and, at lelt,
the empty caps remaining after their death. B, coral palyps of o species
suggestive of Hydra, a free-living coelenterate.

first appeared in the Ordovician. Sometimes called sea lilies, they look
like Aowers growing in the ocean (Fig. 2.10). The stem or stalk attach-
ing the creature to the ocean foor is composed of piled rings fastened
together. Those rings, freed by disintegration of crinoid stems, are
immensely abundani in many Ordovician, and later, rocks, Crinoids
reached the peak of their development in Mississippian times and then
declined, becoming relatively rare by the Permian period. But they still
exist in modern oceans. Incidentally, starfishes themselves first appeared,
though as rarities, in Ordovidan seas.

The history of sraciiorops (p. 155) parallels that of crinoids in
some respects. They reached their evolutionary zenith in Devonian
times and continued prominent throughout the Mississippian, when
forms having long spines radiating from their shells occurred. They
were abundant in the Permian but declined markedly by the end of
that period. Their importance in prehistoric oceans far outweighed their
prominence today.

Space forbids a discussion of many other invertebrates prominent
in Paleozoic seas, such as graptolites and bryozoans. Interested readers
will find discussions of them in books on historical geology such as
those listed at the end of this chapter.
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Fig. 9100 A simple crinoid.

EURPYTERIDS AND SCORPIONS Among the interesting inverte-
brates of Silurian limes were the wusypremins or “sea scorpions” (Fig.
9.11), They were a group of arthropods that had made a small begin-
ning in the Cambrian but did not constitute an important feature of
the fauna until the Silurian. These remarkable arthropods were small
for the most part, though one had a bodv length of seven feet and
was probably the largest arthropod that ever lived.

Closely similar to eurypterids in many ways, and probably de-
scended from them, were scogrions not unlike those of the present day
(Fig- 9.12). These and murenes existing at the time may have been
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Fig 911, Silurian eurypterid. 1, dorsal view, 2, veniral view.
{Reprinted by permission fram Textbook of Geology, Part I,
Historical Geelogy, by L V. Pirsson and € Schuchert, published
by John Wiley & Sons, Inc. 1915.)

terrestrial, thereby eaming the distinction of being the first known
animalé to live on land. The evidence is incondusive, however.

INSECTS The earliest known winged insects lived during the Penn-
sylvanian period, the time of the luxuriant plant growth that later
became some of our largest deposits of coal. Remains identified as
those of wingless insects such as springtails and silverfish have been
found in Devonian deposits. From what ancestors did the insects arise?
Various previously existing arthropods have been suggested. but at
present the answer to the question is uncertain.

Most of the Pennsylvanian insects were of archaic types not now
living, though one struck a distinctly modern note: the cockroach
(Fig. 9.13). Although cockroaches constitute only about 1 percent of
modern insect faunas, they formed about 60 percent of insects living
in Pennsylvanian times. Some reached a length of four inches. They
were strikingly similar to their modern descendants in structure. It is
a remarkable fact that while some animals are undergoing great
evolutionary changes others continue virtually unchanged for millions
of years. Dynasties of animals wax and wane, but the cockroach goes
on forever.

Aside from cockroaches the most numerous insects were of a group
now extinet, the patropicrvorrera (Figo 9.13). These insects are of
interest as the probable ancestors of all other winged insects. Large
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Fig. 2.12. Scorpions of Silurian age. A, dorsal view of
one species, B, ventral view of a different species,

{After Pocock; reprinted by permission from Textbook of
Geology, Part Il, Historical Geology, by L, V., Plrsson
and € Schuchert, published by John Wiley & Sons,
Inc., 19215.)

size characterized many Pennsylvanian insects. Thus one of a group
of insects closely resembling modern dragonflies had a wingspread of
about 34 in., making it the largest insect ever recorded.

Interestingly, those first insects had mandibulate mouthparts of
the general type we used as a starting point in our discission of the
adaptive radiation of insect mouthparts (pp. 33-37).

Carpenter (1952) listed the three main steps in insect evolution
as (1) development of wings, (2) development of ability to fold the
wings over the abdomen—in contrast to the stiffly protruding wings of
dragonflies and Paleodictyoptera (Fig. 9.13)}—and (3) development of
complete metamorphosis with larval and pupal stages. The Ffossil
record indicates that these major steps had all been taken by the end
of the Pennsylvanian period.

Permian insects were quite unlike those of the preceding period.
They averaged smaller in size; cockroaches formed a decreased propor-
tion of them. Many varieties were of types not now living, but early
in the Permian such modern orders as dragonflies, mayflies, true bugs
(Fig. 3.9, p. 36), lacewings, and scorpionflies appeared. Beetles and
staneflies are found in late Permian deposits (Carpenter, 1952).
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Fig. 13, Pennsylvanian insects. Paleodictyoptera (upper,
and jower right). Cockroach (lower loft), {Reprinted by
permissian fram Textbook of Gealogw, Part 11, Historical
Gealogy, by L V. Pirsson and C. Schuchert, pabliched

by Johin Wiley & Sons, Inc,, 1915.)

VERTEBRATES IN THE PALEOZOIC

As noted earlier, no representatives of phylum Chordata have been
found among fossils of Cambrian age (p. 156). Ancestral forms were
doubtless in existence, but they may not have attained the traits we
regard as characterizing the phylum Chordata (p. 68). Romer (1959
and 1967) has suggested that invertebrates that were filter feeders
(pp. 67-68) may have been ancestral to both echinoderms and chor-
dates. Such forms weuld not have had hard parts and hence would
have been unlikely to have been preserved as fossils, Thus the first
chordate fossils known are bony scales in deposits of Ordovician age
—tantalizing evidence that armored vertebrates, perhaps ostracoderms,
were living at that fime.

OSTRACODERMS AND FISHES  The first known vertebrates were
the osteacoorams, They lived in the Silurian period and much more
abundantly in the Devonian. Like modern cyclostomes (lampreys and
hagfishes) they had mouths without jaws, and they had no paired
pectoral and pelvic fins. Fossils suggest that the early ones, at least,
were filter feeders (Romer, 1967), They are commonly called “armored
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Hg. 914 An ostracoderm (armored fish), Cophalaspis; length ane fool or less.
(From Comparative Anatory, by H. V. Neal and H. W, Rand, Copyright

1936 by McGraw-Hill Book Company, Inc Used with permission

of the McGraw-Hill Book Company

fishes” because many of them had armor plate covering the head
(Fig. ©.14) and, in some species, part of the body. The armor of these
little creatures may well have served as protection from predatory
eurypterids (Romer, 1959 and 1967). The suggestion also has been
made that it served to reduce the amount of body surface exposed to
unfavorable osmotic action (pp. 338-344),

Ostracoderms were probably the ancestors of the first fishes to
possess jaws. Here again the fossil record is incomplete. The jaws are
believed to have originated from a gill arch (bones supporting a gill),
but fossils showing this impartant change are still unknown.

The first fishes with jaws are called AcANTHODIANS (Fig. 9.15).
Fragmentary fossils indicate their presence in Silurian times, but they

Fig. 235, An acanthodian fish (Climatius) from the Peévonian;
length aboiit 3 inches. (After Romer, A. S., Vertebrate Paleontology,
Copyright & 1933, 1945, and 1966 by The University of Chicage,
Used by permission of The University of Chicago Press.)
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are best known from Devonian deposits. Almost as ancient (early
Devonian) were a varied assemblage of fishes known as the pLaconerms.
Fishes having jaws are conveniently divided into two main classes:
(1) cronpeicuTayes, fishes with cartilaginous skeletons, such as dog-
fishes and sharks, and (2) ostercuritves, fishes with skeletons composed
mainly of bone, such as sturgeon, gar pike, trout, salmon, bass, perch,
and tuna. Placoderms are regarded as ancestral to the Chondrichthyes
and acanthodians as ancestral to the Osteichthyes, though the pos-
sibility remains that acanthodians may have been ancestral to both
(Romer, 1966).

Since Chondrichthyes have skeletons of cartilage, prehistoric repre-
sentatives are known mostly from such hard parts as teeth, spines, and
scales, In the case of Cladoselache (Fig. 916), however, we are more
fortunate: the outline of the body and some details of skin and
muscles were preserved in the fossilization.

Fig. 2.16. A Devonlan shark, Cladoselache; length about 3 feel

Turning to the Osteichthyes, we note that they are commonly di-
vided into two subclasses. suncrass actvorrerycn (ray-finned fishes)
includes most of the forms we are familiar with as food and sport
fishes. sunciass sarcorreevcil (Romer, 1966) (Reshy finned fishes) in-
cludes the lungfishes (Dipnoi) and the Crossopterygii, a group repre-
sented by the ancestors of the first amphibiane and by the coelacanth
fishes, Because of their ancestral position, the crossorrerven (lobe-

Fig. 9.17. Crossopterygian Hsh, Eusthenopleron; length about 2 Feet. [After
Rovmond, P. E. Prelistoric Life. 1939; used by permission of
Harvard University Press.)
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finned fishes) are of particular interest to us. Each pectoral and pelvic
fin had a thickened, fleshy base (Fig. 9.17), Within these fleshy bases in
such a species as Eusthenopteron were skeletal elements capable of
developing into the stiffening supports for limbs of terrestrial verte-
brates (Fig. 9.15).

Fig. 9.18. Skeletal elements in the fin of the crossoplerygian
fish, Eusthenopteron (left), and in the limb of the Paleoralc
amphibian Eryops, (right). H, humerus. R, radius. U, ulna.
{After Gregory; from General Zoology by Storer and Usinger,
dth ed Copyright @ 1885 by McGraw-Hill, Inc. Used wilh
permizsion of MeGraw-Hill Book Ca)

Crossopterygians, like lungfishes and like some modern actinop-
terygians such as the gar pike, had air bladders connected to the
pharynx. Such a connection makes possible filling of the bladder with
air from the exterior. Thus gar pikes and some modern lungfishes,
when the surrounding water becomes stagnant and unfitted for respira-
tion by means of gills, rise to the surface and gulp in air. Their air
bladders function as lungs. Accordingly we see that Crossopterygii of
Devonian times possessed a mechanism capable of developing into the
respiratory system needed by terrestrial vertebrates—an example of
preadaptation (pp. 17-18). In many of the modern bony fishes, on
the other hand, the air bladder has no opening to the pharynx; gas
pressure in the bladder is regulated through action of the blood system.
Thus the bladder serves as a swim bladder, a hvdrostatic organ enabling
the fish to adjust to varying pressures at different depths.

Ancestral crossopterygians also shared with lungfishes another
feature useful for respiration in air. The external nostrils, instead of
opening into blind pouches as they do in most fishes, connected to
openings in the roof of the mouth. Thus terrestrial descendants of the
Crossopterygil could breathe through the nose, with the mouth closed.
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The nearest living relative of these ancestral crossopterygians is
the coelacanth fish (Latimeria), discovered in 1938. Previously the
coelacanths were known only from fossils; they were thought to have
become extinct at the close of the Cretaceous period. Then in the
winter of 1938-1039 a specimen was caught off the coast of South
Africa. Intensive search for other specimens was fruitless at first, but
since 1952 several specimens have been obtained near the Comoro
Islands off Madagascar. The drama of discovery connected with the
first and second specimens makes a fascinating story as told by the
scientist most concerned, |. L. B. Smith (1956). The modern coelacanth
differs from ancestral lobe-finned fishes by having only a remnant of
an air bladder (Millot, 1954), used for fat storage, and no internal
nostrils. Yet the creature is of great interest because of the strong
possibility that it has retained many primitive characteristics of tissues
and internal argans and hence may give us clues as to the nature of
these features in the ancestral Crossopterygii. The lobe fins are of
especial interest; they have complex musculature, and observation of
living specimens indicates that the fins are capable of a great variety
of movements (Millot; 1955). “It is plain that the fish can crawl about,
in the water at least” (Smith, 19548).

LABYRINTHODONT AMPHIBIANS The Crossopterygii gave rise
to the first amphibians, the tAsveTHODONTS, A few remains indicate
that the transition occurred in the Devanian. These first amphibians
were long-bodied, weak-limbed creatures, somewhat “lizardlike” in
appearance (Fig. 9.19). The lobe fins inherited from their crossopterygian
ancestors had been transformed to serve as supports for the body in a

Fig. 9.1%. A labyrinthodont emphibian, Diplovertebron; about 2 feet long.
(After Raymond, P. E.. Prehistoric Life, 183%; used by permission of
Harvard Unlversity Press.)
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medium, air, which did not buoy up the body as had the water of the
old environment, Figure 2.18 shows the skeletal elements in a typical
crossopterygian fin and in the limb of an early amphibian.

We may note in passing that the idea that Devonian Crossop-
terygii used their fins to crawl out on land does not seem improbable
in view of the nature of the coelacanth fins and the fact that in certain
parts of the world today even some actinopterygian fishes (e.g., “climb-
ing perch”) use their fins in just this manner, climbing trees in search
of insects, The “walking catfish” introduced into Florida, is another
example. The air bladder, inherited by amphibians from crossopterygian
ancestors, served as simple lungs and, as we have seen, the nostrils
were arranged to permit breathing with the mouth closed.

The labyrinthodonts retained many features of their crossoptery-
gian ancestors. Their name refers to a complicated pattern of infolding
that characterized the arrangement of the enamel of the teeth, A similar
arrangement characterized the enamel patterns of crossopterygian teeth.
The dorsal surface of the skull of labyrinthodonts was composed of a
mosaic of small bones fitted together edge to edge. The first diagram
in Fig. 3.6 (p. 32) represents this mosaic pattern, These bones cor-
respond in detail to the bony plates covering the heads of the Crosso-
pterygii (Fig. 9.17). These and other similarities cannot be mere
coincidence; they leave no doubt that amphibians arose from Crosso-
pterygii.

Although these first amphibians possessed many preadaptations
for life in the air, it is likely that most of them spent the greater
portion of their lives in the water, as many amphibians do to this
day (Romer, 1959 and 1967). They had one great advantage over most
fishes, however; they could leave the water when necessity arose,
Under what conditions would it have been desirable to do so7 Ap-
parently they did not leave to escape predatory animals. In their
freshwater environment the ancestors of amphibians were the largest
animals present, Abundant food supply on land can hardly have been
the explanation since these animals were carnivorous, and prospective
prey in the form of animals living on land, it would seem, was much
less abundant than was prey living in the water. The most generally
accepted answer to the question is based on the idea that the ancestors
of amphibians lived in pools that dried up periodically, as do the pools
in which some lungfishes live today. Under conditions of overcrowding
in stagnant water, followed perhaps by complete evaporation of that
water, a premium would be placed on being able to breathe air directly
and to move about on land, perhaps at first in search of a neighboring
pool having better living conditions. Animals able o survive such
stringent conditions were on their way to becoming true land dwellers.



Chapter ¢ Precambrian and Paleozoic Eras 171

Thus, as so often happens, progress occurred under the lash of ad-
versity,

We may note that amphibians—exemplified today by salamanders,
frogs, and toads—have never completely conquered the terrestrial en-
vironment. Their method of locomoetion on land is relatively inefficient.
Their skins do not prevent undue loze of water from the body by
evaporation. And perhaps most impertant of all, many of them must
return to the water to lay their eggs. Some have developed a variety
of expedients to avoid returning eggs to the water, but none of these
expedients hold promise of general usefulness as did the method de-
veloped by the first reptiles (pp. 173-174).

In the water amphibian egee develop much as do fish eggs, and
the aquatic larvae (tadpoles) have many of the characteristics of fishes.
Interestingly enough, the “external gill stage” of an amphibian larva
(Fig. 9.20)—the stage in which branching, frondlike gills project
laterally from the surface of the head—is similar to stages in the de-
velopment of some modern remnants of ancient groups of fishes:
Polupterus, and some of the Dipnoi (lungfishes). If we ever learn of
the larval development of the Crossopterygii we shall probably find
that the latter had an “external gill stage” too. We recall our discussion
of the value of embryonic and larval similarities to evolutionary studies
(Chap. 4).

Tail finy
Eye
il j
5
Adhesive

CGills argan
Fig. 2.20. Amphibian tadpole exhibiting external gills.

The labyrinthodonts themselves were abundant during the latter
part of the Paleozoic, and continued on, though with reduced numbers,
into the early Mesozoic. Their limbs were short, extending laterally
from the body (Fig. 9.19) and forming a rather inefficient locomotor
apparatus wherein an undue proportion of muscular energy was ex-
pended in raising the body off the ground. This inefficiency was prob-
ably mitigated by the fact that labyrinthodonts spent a great portion
of their lives in swamps and streams where water supported much of
the weight of the body. Many of these amphibians were small—only
a few inches long. At the other extreme were animals about ten feet
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long and one, known only from its footprints, that probably weighed
at least 500 lbs,

Most appropriate at this point is mention of a Permian vertebrate
whose anatomical traits were almost equally divided between those of
amphibians and those of reptiles: Seymouria (Fig. 9.21). Probably to be
regarded as an amphibian, it was so like a reptile in many respects
that it has sometimes been classed as a reptile {see Romer, 1966,
pp- 9495, for a summary of its amphibian and reptilian characteristics),
If we knew what kind of egg it laid (see the following) we could be
more certain as to where to place it in classification. But for us Sey-
mouria is chisfly of interest because it shows how small the evolutionary
step was between labyrinthodonts and their descendants the reptiles.
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Fig. 921. A Permlan vertebrate, Seymourin, combining characteristics of bolth
amphibiane ond reptiles: length aboul 20 inches. (Mainly after Case)

COTYLOSAUR REFTILES  The first reptiles were the corviosauns.
Fragmentary fossils indicate that thev first occurred in Pennsylvanian
times, but cotylosaurs of Permian age are much better known All
evidence indicates that they evolved from labyrinthodont amphibians.
Indeed, as noted above in the case of Seymouria, anatomical changes

Fig 22 A Permian cotylosaur replile, Limnoscelis; length about 5 feet.
[Romer, 1959, considered that this creature was amphibious and had  webbed
feet) (After Case, Publication No, 207, Carnegie Instilution of Washington, 1915;)
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involved were small In shape and bodily characteristics cotylosaurs
closely resembled their labyrinthodont ancestors (Fig, 9.22),

Did the first reptiles live in the water or on land? Romer (1959
and 1967) has concluded that they spent most of their lives in the
water, as their amphibian ancestors had done, but that unlike the
latter they laid eggs on land, as aquatic turtles do today, He pointed
out the advantages of laying eggs on land, especially the lessened
danger of having the eggs and voung eaten by predatory fishes, insect
larvae, and the like.

Fig. 923, Embryo of a bird, together with shell,
shell membranes, and extro-embryonic membrones
(Drawn by Lyman S, Rowell)

This important change was made possible by the enclosure of
each egg within a protective capsule containing enough nourishment
to last the embrvo until it had reached a stage when, as a newly
hatched young, it could move about on land and secure its own food.
Figure 9.23 shows the arrangements by which this result is achieved
for bitd embryos; the reptilian egg is identical in its main features. The
capsule mentioned is composed of a suELL and suEiL smEmERANEs; the
shell of reptilian eggs is pliable, in contrast to the brittleness of birds’
egeshells, The embryo itself is enclosed within a bladderlike membrane
called the amwion, This serves as a container for the amwioTic FLom in
which the embryo floats. The fluid protects the embryo from mechanical
injury and from drying. Thus the embryos of reptiles and birds re-
semble those of fishes and amphibians in that all develop while sub-
merged in liquid. In the case of lishe: and amphibians the liquid is the
water of streams and ponds; in the case of reptileés and birds the liquid
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is the fluid bottled up within the amnion. One may speculate that
since the embryos of ancestors had "formed the habit of” develop-
ing in liquid, if descendants were to avoid laying their eggs in water
they would be under the necessity of providing a substitute liquid in
which embryonic development could occur. Incidentally, we may ap-
propriately recall the many respects in which the embryos of higher
vertebrates resemble the embryos of fishes (see Chap. 4).

The voux of the reptilian or avian egg constitutes the stare of food
mentioned above. Water for the needs of the embryo is present in the
volk and also in the aususex (white) of the egg: Early in development
an outgrowth from the body of the embryo surrounds the yolk with
a vouk sac. This, like the digestive system of which it is an out-
growth, is lined with endoderm. The endoderm cells digest the yolk.
The products of this digestion are picked up by the blood, flowing in
the network of blood vessels that permeate the walls of the yolk sac,
and transported to the embryo as nourishment is needed.

Oxygen is another necessity for the embryo, Oxygen is abundant
in the air surrounding the egg, but a means must be provided for
securing It and transporting it to the embryo. The shell and shell
membranes are sufficiently porous to permit air to enter. The blood
serves as an agent of transportation, in this instance through a net-
wark of blood vessels in the walls of an embryonic membrane called
the atrastors (Fig. 9.23), Like the yolk sac, the allantois grows out from
the embryo; it spreads around underneath the shell membranes, where
blood in its blood vessels can pick up oxygen from air diffusing through.
Waste products of embryonic metabolism, principally uric acid (p. 344),
are stored In a portion of the allantois to be discarded when hatching
times arrives,

Thus we see that by means of elaborate arrangements of shell,
shell membranes, yolk sac, amnion. and allantois, reptiles and their
descendants the birds avoided the necessity of laving eggs in the
water as their ancestors had always done. This was ane of the greatest
achievements in the entire history of vertebrate evolution.

What other advances over their amphibian ancestors did the rep-
tiles achieve? Like amphibians, reptiles are “cold blooded,” meaning
that they have but little ability to regulate their body temperature.
Reptiles achieve more of such regulation than do amphibians, but to a
considerable extent body temperature fuctuates with Auctuations of
the surrounding temperature.

Most modern amphibians lack scales on their skin, while reptiles
have coverings of horny scales. This difference in body covering aide
reptiles in living in drier habitats than are possible for amphibians,
since the scaly covering decreases water loss by evaporation from the
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surface of the body. It is noteworthy that when scales are present in
amphibians, as they were in labyrinthodonts and are in reduced form
in the modern limbless caecilians, they are of the bony type char-
acteristic of fishes. Apparently such scales were inherited from the
crossopterygian ancestors of amphibians but have been lost by most
modern representatives of the latter. Homy scales of the type char-
acterizing the surface of reptilian skin formed a "new"” evolutionary
development.

Reptiles have larger brains than have amphibians, the enlargement
of the cerebral hemispheres in particular being a portent of better
things to come.

Reptiles differ from modern amphibians by having one occipital
condyle, the bony knob by which the skull is articulated to the first
vertebra of the backbone, Modern amphibians have two occipital
condyles, but most labyrinthodonts had only one.

The cotylosaur reptiles are of greatest interest to us because they
were the ancestors of higher reptiies and, indeed, the distant ancestors
of birds and mammals. During the Permian and the early part of the
Triassic (Table 8.1, p. 146) the cotylosaurs and their immediate de-
scendants formed a diversified group of reptiles. A few Permian reptiles
were surprisingly specialized. One of the commonest, Dimetradon, is
sometimes called a “finback™ because of the enormous elongation of
the neural spines projecting up From its backbone (Fig. 10.3, pelycosaurs,
p. 186). Too slender to serve for protection, these spines apparently
supported a membrane that stretched down the back like an enormous
fin. But of what use to a land animal is a fin? Speculations are as varied
as they are ingenious: perhaps the best idea is that the membrane
served in connection with control of body temperature, since it presented
a considerable area of skin to the surrounding air (Colbert, 1955).

THERAPSID REPTILES'  Dimetradon, the Permian reptile just men-
tioned, was one of the synapsid reptiles (p. 185), the group to which
the mErarsip or mammal-like reptiles belonged. These latter were
abundant in the second half of the Permian, forming a diversified group
and foreshadowing most of the distinguishing characteristics of the
skeleton of mammals, their descendants. The limbs were better de-
veloped than those of previous reptiles—not so sprawled out at the
sides of the body (Fig. 9.22) but rather brought more directly under
the body for more efficient support and more rapid locomotion. While
reptilian teeth are typically simple cones, therapsids developed teeth
resembling the incisors, canines, premolars, and molars of mammals
(Fig. 9.24). Like mammals, later ones (Triassic, p. 146) had two oc-
cipital condyles in place of the single condyle possessed by other
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Fig. 9.24. Skull of a therapsid reptile From the
Triassic, Bawrin, lateral view. a; angular; d, dentary;
I, lacrimal; m, maxilla; n, nasal; pm, premaxilla;

po. postorbital; prf, prefrontal; sa, surangular;

#rrt, deptomanillary; #7, sguamosal (After Broom and
Boonsira; from Ramer, A. 5. Vertebrate
Paleantology. Copyright © 1933, 1945, and 1966 by
The University of Chicago, Used by permission

of the University of Chicago Press)

reptiles. Compared to other reptiles, they had a smaller number of
bones in the skull, approaching the mammalian number. The pineal
opening, the site of the third or pineal eye in many reptiles, eventually
disappeared. The opening in the temporal region of the skull posterior
to the eye (temporal fenestra) was arranged as it is in mammals.

The lower jaw of reptiles consists of several bones fastensd
together, whereas the mammalian lower jaw consists of a single pair
of bones, the right and left pextarizs, In therapsids of Triaesic times
the dentaries formed most of the jaw, the other bones being reduced
in size (Fig. 9.24), The secondary or “hard” palate separating the
mouth cavity from the nasal cavity above it was present in therapsids,
as it is in mammals.

(In the next chapter we shall continue our account of the evolution
of mammals from therapsids.)

PLANTS

Although this book is chiefly concerned with the evolution of animals,
brief attention to the evolution of plants is appropriate. Our earlier
discussion (Chap. 7) emphasized the dependence of animals on plants
for food supply, either directly or indirectly when carmivores eat
herbivores. Animal life as we know it would be impossible without
plants,

Aside from bacteria, which are sometimes considered plants, the
first plants were the blue-green algae. As we have seen (p. 152), they
existed at least two billion vears ago. They consist of single cells or of
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cell colonies; the cell structure is very simple. More complex cellular
structure is seen in the green algae, which may have ansen from
common ancestors with the blue—greens, probably in Precambrian
times. The green algae have existed at least from early Paleozoic times.
They are regarded as the ancestors of the higher plants,

Fragmentary fossils indicate that land plants were probably living
in the Cambrian period, though the “earliest undisputed vascular plants
are found in rocks of Silurian age” (Delevoryas, 1962). Vascular plants
have a conducting system for transporting fluids throughout the plant.
Clearly such a system is essential if a plant is to live out of the water
and rise above the ground. The first vascular plants were very simple;
consisting of little more than a system of branching stems, without
roots and with no true leaves (e.g., Psilophyton, Fig, 9.25). Plants with
true leaves and roots also are known from the Silurian (the Lycopsida);
probably they evolved from the simpler plants just mentioned. Evi-
dently plant evolution was relatively rapid at this time, for at least in
the later part of the Devonian period plants were large and abundant
enough to form actual forests.

Pl Wamresulon e aehatos

Fig. 9.25. Some of the first land plants. (From Stinen, R, A.. Time, Life, amd
Man, New York, John Wiley & Sons, 1959; seprinted with permiision.)
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A Devonian forest differed greatly from a modern one; however.
Ferni and fernlike plants were abundant, some of them growing to
the size of trees. Plants considered seed ferns were also present, al-
though no actual seeds have been found. A seed is an undeveloped plant
consisting essentially of an embryo together with its food supply
(endosperm) enclosed within a seed coat. Seeds enable a plant species
to survive unfavorable climatic conditions, such as winter temperatures,
and form a ready means of plant dispersal. So the development of the
seed habit was an important milestone in plant evolution. Some of the
seed ferns reached a height of more than 40 ft. and had a trunk
diameter of three feet.

The Mississippian and Pennsylvanian periods are frequently
grouped together under the name Carboniferous. The name refers to
the great deposits of coal found in Pennsylvanian strata. In Penn-
sylvanian times vast expanses of lowland were but slightly elevated
above sea level and hence were perennial swamps. In these swamps,
encouraged by a mild climate, luxuriant plant growth Rourished whose
carbon later became preserved as coal, If a human observer had been
present he would have missed our deciduous trees (such as maple,
beech, and poplar). He would have seen varied conifers and coniferlike
trees, although our familiar pines and firs had not yet appeared. Ferns
would have looked familiar to him, though he might have been sur-
prised by the sight of ferns with fronds five or six feet long and
trunks 50 ft. high. Tree ferns still live in tropical rain forests, however.
The largest trees, and among the most common anes, were the scale
trees, so-called because the surface of the bark had a pattern resembling
the pattern of scales on a snake’s skin. The patterning was produced
by scare left by the bases of closely set leaves. In one of the commonest
genera, Lepidodendron, heights of 100 ft. and trunk diameters of six
feet were attained. Relatives of our modern Equisetum (horsetails),
some of them giant tree-like forms, added to the luxuriant plant growth
destined for conversion into coal.

The Permian period saw marked changes in vegetation, connected
with the creation of upland conditions through elevation of the land.
Swamps became restricted in area, and much of the luxuriant vegetation
of the Carboniferous disappeared, for example, the giant scale trees and
the tree-like relatives of Equisetum, Smaller herbaceous relatives sur-
vived. Conifers became more abundant. Ginkgo trees were present,
much as they are today.

In our brief account we have not attempted to trace evolutionary
sequences among the land plants. It might be tempting to say that the
earliest ones (such as Psilophyton, Fig, 9.25) gave rise to the ferns,
which in turn gave rise to the seed ferns, which were ancestral to more
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advanced seed-forming plants, including the angiosperms (Howering
plants) themselves. But such a statement would be an oversimplification,
mainly unsupported by fossil evidence and posing technical difficulties
at every point. Plant life presents such a profusion of variety that tracing
ancestral lines is most difficult. But as the Paleozoic advanced there
occurred plants representing levels of structure and organization that
must have characterized ancestral forms. For example, the seed ferns
had some of the characteristics of ferns and some of the characterictics
of gymnosperms (such as cycads and conifers), Seed ferns tell us some-
thing of how seed formation began even though they may not have been
the actual ancestors of more advanced types of seed plants.

Very much as with land animals, the evolution of land plants has
been a story of increasing emancipation from life in the water. We have
noted the appearance of a vascular system for conveying fluids to all
parts of tall plants. Increasing adaptation to life on land brought other
changes—none more striking than those connected with reproduction.
At first sperm cells had to reach ova by swimming through a film of
water, Eventually the male sexual form (male gametophyte) became a
pollen grain, enclosed, protected, and capable of wide dispersal, as by
wind and insects. The female gametophyte became a seed, at first not
enclosed within an ovary (gymnosperms) and later protected in this
manner, as in angiosperms (see Cronquist, 1961, p. 778). Angiosperms
themselves seem not to have appeared until Mesozoic times.

References and Suggested Readings

Barghoorn, E. 5., and J. W. Schopf, “Microorganisms from the late
Precambrian of central Australia,” Science, 150, 337-339 (1965).

Barghoorn, E. 5., and . W. Schopf, “Microorganisms three billion years
ald from the Precambrian of South Africa," Science, 152, 758-763
(19a86),

Carpenter, F. M., “Fossil insects,” in Insects. The Yearbook of Agri-
culture 1952, Washington; D.C., United States Department of Agri-
culture, pp. 14-19.

Cloud, Jr., P. E., “Significance of the Gunflint (Precambrian) micro-
flora,” Science, 148, 27-35 (1965).

Colbert, E. H., Evolution of the Vertebrates, New York, John Wiley,
1955,

Cronquist, A., Introdictory Botany, New York, Harper & Row, 1961.

Delevoryas, T., Morphology and Evelution of Fossil Plants, New York,
Holt, Rinehart & Winston, 1962,



180 [nfroduckon to Evolution

Delevoryas, T., Plant Diversification, New York, Holt, Rinehart &
Winston, 1966.

Dunbar. C. O., Historical Geology, 2nd ed. New York, John Wiley,
1960.

Engel, A. E. |., B. Nagy, L. A. Nagy, C. G. Engel, G. O. W. Kremp, and
C. M. Drew, "Alga-like forms in Onverwacht Series, South Africa:
Oldest recognized lifelike forms on earth,” Science, 161, 1005-1008
(1268},

Hussey, R. C., Historical Geology. 2nd ed. New York, McGraw-Hill,
1947.

Millot, [., "New facts about coelacanths” Nature, 174, 426-427 (1954).

Millot, J., “First observations on a living coelacanth,” Nature, 175,
362-363 (1955),

Moore, R, C, Intraduction to Historical Gealogy, Znd ed. New York,
MeGraw-Hill, 1958.

Raymond, P. E, Prehistoric Life, Cambridge, Massachusetts, Harvard
University Press, 1939.

Romer, A. S., The Vertebrate Story, Chicago, University of Chicago
Press, 1959,

Romer, A. 5., Vertebrate Paleontology, 3rd ed. Chicago, University of
Chicago Press, 1966,

Romer, A. 5., “Major steps in vertebrate evolution,” Science. 158,
1629-1637 (1967).

Schopf. 1. W., E. 5. Barghoorn, M. D, Maser, and R. O. Gordon, “Elec-
tron microscopy of fossil bacteria two billion vears old,” Science,
149, 1365-1367 (1965),

Simpson, G. G., The Meaning of Evolution, 2nd ed. New Haven, Yale
University Press, 1967.

Smith, I. L. B., The Search Beneath the Sea. The Story of the Coelacanth,
New York, Holt, Rinehart & Winston, 1956.

Stirton, R. A., Time, Life, and Man, New York, John Wiley, 1959.

Tilton, G. R., and S. R. Hart, “Geochronolagy,” Science, 140, 357-366
(1963).

Ulrych, T. ], "Oceanic basalt leads: a new Interpretation and an inde-
pendent age for the earth,” Science, 158, 252-256 (1967).



10

Evolution
as Seen in
the Geologic Record:

Mesozoic Era

THE 160 MILLION years or more comprising the Mesozoic era are
sometimes called the “age of reptiles,” since during much of this time
the group of reptiles called dinosaurs held undisputed sway over living
things on the surface of the earth while other reptiles dominated the
sea and still others the air.

PLANTS

The Mesozoic also sometimes is called the “age of cycads™ because of
the prominence of cycadlike plants throughout most of the era. Modemn
cvcads, relatively few in number of kinds, resemble small tree ferns

152
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and are sometimes mistaken for small palms by people who are not
botanists. Cycadlike plants existed during the latter part of the Paleozoic,
probably having arisen from seed ferns, but became much more abun-
dant in Mesozoic forests.

In the earlier portions of the Mesozoic cycadlike plants, gingkos
and conifers were most prominent. The presence of flowering plants
(angiosperms, p. 179) is suggested by fossil impressions of palmlike
leaves, but the fossils have not yet revealed the presence of fowers.
During Lower Cretaceous times the angiosperms became well estab-
lished and thereafter spread rapidly over the earth to become the
dominant group they have remained to this day.

CULMINATION OF CEPHALOPODS

AMMONITES  Ammonites were the dominant invertebrates of
Mesozoic seas. We recall that they first appeared in the Devonian (p.
159), probably as descendants of the nautiloids, which had existed from
Ordovician times (p. 158). The nautiloids were characterized by straight
or smoothly curved suture lines formed by junctures of the septa with
the side wall of the shell (Fig, 9.7, p. 159). Ammonites, on the other
hand, had suture lines of some complexity. The Devenian ammonites
(goniatites) had suture lines with a “loop-and-saddle” configuration
(Fig. 9.8, p. 160), Their descendants in later periods of the Paleozoic
retained suture lines of comparable complexity. The Mesozoic, however,
saw an “outburst” of ammonite evolution, accompanied by great in-
crease in complexity of suture lines, More than 6000 species of am-
monites have been described from Mesozoic deposits, Most of these
were relatively small, with shell diameters averaging not more than
four inches. Yet some Mesozoic ammonites attained large size; shell
diameters of five feet were not uncommon, and some species were ten
feet in diameter.

For the most part each individual turn or volution of the coiled
shell was high and narrow in cross section. Lightness of structure char-
acterizing many ammonite shells suggests that their inhabitants were
active animals, perhaps good swimmers. A variety of knobs, spines, and
ridges ornamented shells of a number of species. Many had a trapdoor-
like arrangement (operculum) by which the opening of the shell could
be closed when the body and tentacles were completely withdrawn into
the shell. But in numerous ways the most remarkable feature of
Mesozoic ammonites was the complexity of futing of the margins of
the septa. The intricacy of these lines suggests the tracery of frost pat-
terns on a windowpane or the outlines of 4 fern frond (Fig. 10.1).

The Jurassic period (Table 8.1, p. 146) saw the culmination of the
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Fig. 10.1. Ammonite shell, showing complex suture lines, (Courtesy of Ward's
Matural Science Establishment, Inc, Rochester, N.Y.)

ammonites. They continued into the Cretaceous in diminished numbaers.
During the later stages of their evolution bizarre shell forms occurred.
Some shells showed a partial or complete tendency not to coil. Depend-
ing upon the degree of this tendency, loosely coiled, bent, or straight
chells resulted. Some shells showed coiling of the first portion to be
formed, followed by subsequent formation of a straight shell section.
No ammonites survived the close of the Mesozoic.

We should note that the more conservative group of cephalopods,
the nautiloids, did not share the extinction of their relatives the am-
monites. We recall that the nautiloids were the first cephalopods to
appear (p. 158); they are still represented by a few species dwelling in
modern seas, including the nautilus commonly known as the pearly
nautilus (Fig. 9.6, p. 158).

BELEMNNITES The modern squids and octopi had a host of Meso-
z0ic relatives, the belemnites. In general appearance they resembled the
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Fig. 10.2 Belemmite, restored: length 5 or 6 feet
{After Historical Geology by B. C. Hussey, Copyrigh
1944, 1947 by the McGraw-Hill Book Company, Inc.
Used with permission of McGraw-Hill Book Company.)

modern squid (Fig. 10.2). Their cigar-shaped internal skeletons are ex-
tremely abundant in Mesozoic deposits. They ranged in length from a
few inches to five or six feet. Fortunate occurrence of fossils having the
outlines of the body indicated by a carbonized film informs us that there
were six tentacles and that the latter were provided with hooks, in
place of the sucking dicks possessed by modern squids, Remnants of
the “ink™ by means of which belemnites, like modern squids, formed
a “smoke screen” to facilitate escape are preserved with rare fossils.

The internal skeletons of belemnites were divided into chambers
suggestive of those of the uncoiled nautiloids (Fig. 9.7, p. 159) that were
probably their ancestors. There are indications that the internal skeleton
was a remnant of an external, chambered shell possessed by nautiloid,
or possibly ammonoid, ancestors.

INSECTS

By the beginning of the Mesozoic the insect fauna had changed
markedly from that found in the Permian (pp. 163-164). Most of the
orders not now fourd had already become extinct. By Jurassic times the
incects were “so modern that if we had a collection of Jurassic species
pinned in the usual way, it would not look very different from our
present-day collections, except that there would probably be no flower
insects, such as the bees and syrphid Ries” (Carpenter, 1952). It is
probable that with the appearance of flowering plants in Cretaceous
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times such Hower-visiting insects developed. The finding of two worker
ants in amber of Upper Cretaceous age indicates that social insects were
then in existence (Wilson ef al., 1967). Interestingly, these specimens
indicate the probability that ants evolved from nonsocial wasps.

Looking ahead into the Cenozoic, we note that the insects were all
of modern types. In some groups even the species seem to have been
the same as those existing today. Other groups have undergone greater
evolutionary change during these last 63 million years.

EVOLUTION OF DINOSAURS AND THEIR RELATIVES

On preceding pages we traced the rise of land-dwelling vertebrates from
crossopterygian fishes. We noted that the immediate descendants of the
latter were the labyrinthodont amphibians that, in turn, gave rise to the
cotylasaur reptiles. All this occurred before the beginning of the Meso-
zoic. As noted on page 175, cotylosaurs are important as the ancestors
of higher reptiles (Fig. 10.3).

The cotylosaurs had skulls salidly roofed in the region back of the
eves, the temporal region. From the cotylosaurs arose several lines of
descendants. The trerarstoa or mammal-like reptiles have already been
mentioned (p. 175); they had a single temporal fenestta—an opening
on each side, placed posterior to the eye and rather widely spaced from
the midline of the skull. Therapsid and other reptiles so characterized
are classed together as synarsioa (Fig 10.4).

Some other lines of reptiles have two lemporal fenestrae on each
side of the skull—one near the midline, the other more lateral in posi-
tion (Fig. 10.4). This condition is called diapsid. Among the diapsids the
ARCHOSAURIA are of greatest interest to us, This group includes, among
others, thecodonts, dinosaurs, flying reptiles, and crocodiles,

THECODONTS Triassic riecopowts were the direct ancestors of
the dinosaurs (Fig. 10.3). Most of the thecodonts were small reptiles.
They had narrow skulls that lacked a pireal opening but had the diapsid
characteristic of two temporal openings on each side. The most distine-
vive characteristic of these reptiles, however, lay in their method of
locomotion. Instead of walking or running on all four legs, as a dog
does, many adopted a bipedal (two-footed) type of locomotion, running
on the two hind legs as do many birds, e.g., the robin and the ostrich,
The hind legs were elongated, forming a support upon which the body
was balanced as on a fulcrum (Fig, 10.3). The body projected forward
from this fulcrum, its weight counterbalanced by a long tail projecting
backward. The forelimbs, freed from locomotor duties, were avallable
for use in grasping and handling. Since all the weight of the body was
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Fig. 10.4. Basic structural plans of the skulls of Synapsida and
Archesauria, the latter having diaspid skulls. Note the single
temporal fenestra in the synapsid skull, the two temporal fenestrae
in the diapsid skull. (Redrawn from The Dinosaur Book by

E. H. Caolbert. Copyright 1943, 1951 by the American

Museum of Natural History, Used with permission of the author
and McGraw-Hill Book Company.)

concentrated on the hind legs, the attachment of the latter to the body
was of necessity greatly strengthened. This involved strengthening of
the pelvic girdle and of its attachment to the vertebral column, as well
as the development of a more perfect ball-and-socket joint for attach-
ment of the leg to the pelvic girdle. The legs no longer sprawled broadly
at the sides of the animal, as they had in many earlier reptiles, but were
placed well under the body, with knees turned forward, a position better
calculated for efficient support of weight.

The body form resulting from this adaptation of the thecodonts
for a bipedal gait provides the key to an understanding of dinosaur
structure. The inheritance from thecodont ancestry was never com-
pletely obliterated, even in those dinosaurs which became huge in size
and returned to a four-footed or quadrupedal locomotion. The thecodont
body plan is, as Colbert (1951) has said, “the blueprint to dinosaurian
body form.”

ORDERS OF DINOSAURS The dinosaurs arose from thecodonts in
the Triassic and continued as the dominant land animals throughout the
remainder of the Mesozoic, In reality the dinosaurs did not constitute
a single group; they were divided into two great arders, the sauriscia
and the orsirisciaia. These names refer to the most clear-cut distine-
tion between the two: the structure of the pelvic girdle. The Saurischia
tetained a triradiate arrangement of the pelvic bones similar to thal of
their thecodont ancestors (Fig. 10.5). The 1uium was the bone attaching
the girdle to the vertebral column. To the ilium attached two banes: the
puBts, extending ventrally and anteriorly, and the scuu, extending
ventrally and posteriorly (Fig. 10.5). The socket {acetabulum) for the
head of the femur was located at the junction of these three bones, Since
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Fig. 105, Pelvic gindles of saurischion and omithischian
dinosaurs, (From The Dinosaur Book by E H. Colbert. Copyright
1935, 1951 by the American Museum of Natural History,

Used with permission of the anthor and McGraw-Hill

Book Company.)

the ischium and pubis on one side of the body were usually attached to
the corresponding bones of the other side, a firmly braced tripod for
attachment of the legs to the body was achieved,

The pelvic girdle of the Ornithischia differed from that of the
Saurischia mainly in the structure of the pubis. This bone possessed bwo
prongs (Fig. 10.3), one extending anteriorly and the other posteriorly
and ventrally, parallel to the ischium. The arrangement of the posterior

prong resembled that of the pubis in birds, hence the name Ornithischia
{bird hips).

SAURISCHIA  The Saurischia include the dinosaurs most like their
thecodont ancestors. These are the taErorona, which, like the theco-
donts, were carnivorous and bipedal. They ranged in size from small
animals to Tyrannosaurus, the largest carnivorous land animal we know
(Fig. 10.6). This Mesozoic menace was about 47 ft long and 19 Ft tall
as he stood on his tremendous hind legs, The forelegs were tiny in
proportion to the eight- to ten-ton bulk of the creature; each foreleg re-
talned but two functional digits, armed with hooked claws. The lower
jaw was hinged to the huge skull in s manner to give the animal a
mouth of inordinate gape. The jaws were armed with rows of pointed
teeth, some of them six in. long. This enormous engine of destruction
was obviously well equipped to prey upon its giant herbivorous con-
temporaries.

The largest herbivorous dinosaurs belonged to a second division
of the Saurischia, the savrorona. These creatures departed from the
characteristics of their thecodont ancestors by returning to a four-footed
or gquadrupedal locomotion and modifying the conical teeth of their
carnivorous ancestors, Despite the retumn to quadrupedal locomotion,
however, the forelegs of most of them remained shorter than the hind
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Fig. 106, Tyrannosawrus attacking the horned dinosaur, Triceratops.
(Restorations by Charles R. Knight. Courtesy of the American Museum of
Matural History.)

ones—a telltale trace of their thecodont ancestry. The heads of
sauropods were absurdly small for animals of such great bulk, The
teeth were reduced in size and number. This relatively ineffectual
dental armament suggests dependence upon a soft type of water vegela-
tion for food. Indeed, it is thought that these giants spent much of their
lives in lagoons and swamps. The nestrils of some of them were located
high up on the head, seemingly to make breathing possible while the
mouth was engaged in underwater feeding. Also, the buik was so great
that it is difficult to see how the legs could have furnished adequate sup-
port, for protracted periods of time, without the aid of buoyancy pro-
vided by surrounding water. The weight of an animal varies in propor-
tion to the cube of its length, while the strength of a pillarlike leg in-
creases in proportion to its cross section, which increases only by
squares. Thus, as Romer (1966) has pointed out, if a reptile doubles its
length ifs weight is increased about eight times while the strength of
its legs is increased but four times. The largest species of sauropods
had weights ranging from 30-50 tons. It seems that much of the sup-
port for this weight must have been supplied by water in which the
giants spent the greater portion of their lives.

Brontosanris, one of the largest dinosaurs, reached a length of
about 67 feet and weighed some 30 tons. Much of the length is atirib-
utable to the long neck and tail (Fig. 10.7). The small head contained a
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Fig. 10.7. Bronfosaurus, one of the largest of the dinosaurs. (Restoration by
Charles R. Knight. Courtesy of the American Musedm of Natural History.)

brain disproportionately small even for a reptile, a class not noted for
its brain development.

ORNITHISCHIA Whereas the Saurischia had their major period of
expansive evolution during Jurassic times, living on into the Cretaceous
as indicated in Fig. 10.3, the other great arder of dinosaurs had their
greatest period of development during the Cretaceous. The Ornithischia
were on the whole more specialized than were the Saurischia. One in-
dication is seen in the fact that the Ornithischia departed from the
thecodont pattern of pelvic structure, while the Saurischia retained this
pattern (Fig. 10.5).

All of the Ornithischia were herbivorous. Their teeth weré some-
what leaf-shaped, with serrated edges. Most of the Ornithischia lacked
teeth in the front of the mouth. Presumably this toothless region was
covered with a homy beak somewhat like that possessed by turtles.

A majority of the Omithischia forsook the bipedal gait of their
thecodont ancestors, though in most of these secondarily quadrupedal
forms the disproportionate length of the hind legs betrayved their
ancestry, Among the bipedal ornithischians the forelegs were never so
greatly reduced in size and function as they were among

the saurischian
bipeds
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The Ornithischia fall naturally into four groups or suborders:

1. The ozwirioropa include all the bipedal Ommithischia. Best
known among them are the duckbilled dinosaurs. About 30 ft in length,
these dinosaurs had long, powerful hind legs and somewhat reduced
forelegs. The toothless beak was Hattened and widened to form an over-
sized duckbill, probably used for underwater feeding much as a duck
employs its bill. Mummies show us that the skin was covered with
small scales and that there was webbing between the toes, indicative
of life in swampy regions or along the margins of pools or lakes.

Fig. 10.8. Stegosaurus, the plated dinosaur; length about 20 feet. (From Lull,
R. 5., Orzganic Evolution, rev. ed Copyright 1945 by Richard ‘5. Lull,
Used by permission of The Macmillan Company.)

2. The stecosauria or plated dinosaurs possessed a double row of
projecting plates down the back and spikelike spines on the tail (Fig.
10.8), We may imagine that the thraching about of that tail must have
afforded persuasive discouragement to carnivorous dinesaurs in search
of prey. Although Stegosanrus was quadrupedal, bipedal ancestry had
left its mark in the disproportionately short forelegs (Fig. 10.8). The
skull was inordinately small, housing a brain about the size of a walnut.
This in an animal bigger than an elephant! In the region of the hind legs
was found an enlargement of the spinal cord about 20 Hmes as large
as the brain. It would seem that the brain must have served principally
in connection with the sense organs of the head and with the activities
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of the small, weakly toothed mouth, leaving coordination of the re-
mainder of the body to the spinal cord. Many other dinosaurs also had
sacral enlargements of the cord greater than their brains. The Meso-
zoic era is not memorable for intellectual activity.

3. The asxyrosavria were heavily armored dinosaurs somewhat
reminiscent of turtles or of armadillos in the completeness of their
armor plate. They have been called the “tanks"” of the Mesozoic battle-
field.

Fig. 109, Head of Tricerateps, a giant hormned dinosaur.
Skull about § feet long. (Restoration by John C. Germann.
From The Dinosawr Book by E H. Colbert, Copyright
1945, 1951 by the American Museum of Natural History
Llsed with permission of the author and MeGraw-

Hill Book Company.)

4. The cenarorsia or horned dinosaurs owe their name to posses-
sion of & horn over each eve and a homn on the nose (Fig. 10.9). They
possessed a parrotlike beak and a great frill of bone projecting back-
ward over the neck, While this doubtless served to protect the neck, its
principal function was probably to afford attachment for powerful
muscles. The head in giant ceratopsians constituted an unusually large
proportion of the body. The massive structure and armament of the
“business end” of a horned dinosaur give us some conception of what
was required for successful living in a world inhabited by such
carnivores as Tyrannosawrus (Fig. 10.6).

The ceratopsians were the last dinosaurs to appear on the scene.
Their entire evolution was confined to the second half of the Cretaceous
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period. We may note in passing that the famous dinosaur eggs that have
received so much publicity were laid by a small, ancestral member of

the group, Protoceratops.

EXTINCTION OF THE DINOSAURS For at least 140 million years
the dinosaurs were “lords of all they surveyed.” Then “suddenly,” in
the geologic sense, they all became extinct. Not one dinosaur fossil has
ever been found in deposits more recent than those of Mesozoic age.
Why this mass extinction of creatures that had been successful for so
long?

This is one of the great unanswered guestions of paleontology. As
pointed out by Colbert (1963), the final disappearance was preceded
by a long period during the late Cretaceous when the number of kinds
of herbivorous dinosaurs was declining—perhaps a forewarning of
things to come. But why did no dinosaurs (or ichthyosaurs or plesiosaurs
or pterosaurs, see the following) survive into the Cenozoic? The climate
was changing somewhat, but not very drastically—thus arguing against
the opposed suggestions that either (1) high temperatures or (2) low
temperatures, to which dinosaurs could not adapt, were at the basis of
the extinction. Epidemics, the eating of dinosaur eggs by mammals, and
harmful effects of radiation are among suggested reasons for the ex-
tinction. But none of the suggestions are adequate (see Colbert, 1965,
Chap, 11, for # more complete discussion). Will we ever know the
reasons? At present we can do no better than conclude with Colbert that
this extinction “was complex in nature, the result of many subtle and
interacting causes.”

CONQUEST OF THE SEA Not all the reptiles of this golden age of
reptilian life were dinosaurs. Several groups of reptiles returned to the
sea for a home. Of these aquatic reptiles two are shown in Fig. 10.3:
presiosatns and cHTHyosaurs. Both developed a somewhat fusiform
body shape, but the plesipsaurs had long necks and tails while the ich-
thyosaurs had a fishlike absence of neck and a fishlike fin on the tail
The limbs of plesiosaurs were paddlelike; those of ichthyosaurs were
more like the paired fins of fishes in external appearance. The ichthyo-
saurs even resembled fishes to the extent of developing a dorsal fin (Figs.
3.5, p. 30, and 10.3), Plesiosaurs probably swam rather slowly by an
oarlike action of their limbe. Tchthyosaurs must have propelied them-
selves by undulation of the body, as does a fish (pp. 56-57), using
the limbs as rudders. Thus the ichthyosaurs were much the more rapid
and agile swimmers of the two, occupying the niche in Mesozoic marine
life held by porpoises and dolphins in modern seas.
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Fig. 1010, The mosl speclalized pterosaur, Pleranodon. (From Eaton, Memoirs of
the Connecticut Academy of Arts and Sciences, 2 (1910), 1-38.)

CONQUEST OF THE AIR Another group of Mesozoic reptiles be-
came adapted for Right These were the premosauvrs (pterodactyls)
descended like the dinosaurs from the thecodonts (Fig. 10.3). Pterosaurs
developed membranous wings supported by a modification of the
pentadactyl limb unlike that of either birds or bats (Fig. 3.1, p. 22).
The fourth finger of the hand became greatly elongated, forming sup-
port for the front margin of the wing (Fig. 10.10). The first three fingers
bore claws by which the creature could cling to rocks or to the limbs of
trees, Pterosaurs had small bodies relative to wingspread (Fig. 10.10):
this spread reached 27 ft in the largest species. The bones were hollow,
and consequently light. The sternum or breastbone was relatively large,
Furnishing attachment for breast muscles connected to the wings. This
motor mechanism was probably not of sufficiently great development
to provide for strong and sustained flight. 1t is thought that pterosaurs
used their wings largely in gliding and soaring, launching themselves,
perhaps, from the tops of cliffs. The pterosaur brain was large for a
reptile, the sense of sight being strongly developed, as in birds. Possibly
pterosaurs were warm-blooded; it is difficult to see how a really cold-
blooded animal could maintain the activity necessary for fight,

We may well note at this point that comparison of ichthyosaurs
with fishes and dolphins (Fig. 3.5, p. 30), and of pterosaurs with birds
and bats, presents some of the most beautiful examples available of that
convergent evolution discussed in an earlier chapter (p. 31). It would be
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difficult to find a more fascinating aspect of evolution than that afforded
by study of the variety of ways in which a given problem (e.g., flight)
has been solved independently by differing groups of animals. Some
solutions are better than others. Thus, it has been pointed out that the
pterosaur wing, consisting of an unbroken expanse of membrane sup-
ported only along its outer edge, would not lend itself to agile maneuver-
ing in flight. Also, a tear in it would be more disastrous than would a
tear in a bat's wing, since the latter is supported by four elongated
fingers instead of only one (Fig. 3.1, p. 22). As compared to the attain-
ments of birds and bats, only partial success crowned pterosaur invasion
of the air.

ORIGIN OF BIRDS

The thecodonts have claimed our attention as ancestors of the two
orders of dinosaurs and of pterosaurs. Birds also arose during the
Mesozoic from this same bipedal stock (Fig. 10.3), Indeed, the term
“glarified reptiles” frequently applied to birds suggests the fact that
they are similar to reptiles in many ways.

The principal distinguishing characteristic of birds is the possession
of reatners. But the structure and development of feathers reveal that
they are modified reptilian scales, Birds are warM-sL00DED, a condition,
as mentioned above, that really is necessary f an animal is to be
capable of sustained flight. Birds have an nsuLATING BODY COVERING Of
feathers; this aids greatly in prevention of loss of heat from the body
surface. Modern birds; like pterosaurs, have the light construction
afforded by sortow sones. In flying birds the steanum or breastbone
is greatly enlarged to provide anchorage for muscles operating the
wings. We have seen that pterosaurs also showed development of this
kind. Both birds and pterosaurs have, or had, “Eve srams"—brains
showing pronounced dominance of visual areas, with reduction of the
portions connected with the sense of smell. Birds have a system of
AIR sacs connected to the lungs, Mayr has suggested that these serve
principally as an internal ventilating system, dissipating the heat gen-
erated by the vigorous metabolic activity necessary to flight. Birds have
well-developed legs, with structure similar to that of the legs of some
of the hipedal dinosaurs, Pterosaurs, on the other hand, had very weak
legs. The wing surface composed of feathers is much more efficient,
maneuverable, and readily repaired than was the fying mechanism of
plerosaurs.

Discussions of evolution in former years frequently included men-
tion of “missing links.”” The term was used in various senses but always
included the idea of a form standing midway between two groups of
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Fig. 10.11. Archacopteryz, a
Jurassic toothed bird. ], clavicle:
Iy, humerus; &, scapula; u, ulna
{After Steinmarn-Diderlein:
from Gover, M. F.. Animal
Blology, Harper & Row, 1548.)

animals now clearly separate from each other. In mosi cases such
exactly intermediate forms have not been precerved to us, but the
Jurassic bird Archazopteryx forms a fortunate exception to this lack.
This is clearly a bird, since the imprints of the feathers are preserved
in the fossils (Fig. 10.11), Yel the skeleton was so reptilian that if the
imprints of the feathers had not been preserved, the creature would
probably have been classified as a small, bipedal dinosaur. Relative to
body size the wings were small, and three of the digits of each hand
persisted, armed with claws. Thus the forelimbe were probably used for
climbing as well as for fight. Indeed, the small wingspread suggests that
gliding from a height was a more probable activity than was sustained
Highe.

The tail was long, with a row of feathers along either side of the
slender chain of vertebrae (Fig. 10.11), and clearly reminiscent of the-
codont ancestry (Fig. 10.3). This tail is strikingly unlike that of modern
birds. In them the bony portion of the tail is very short; the length of
tail is due entirely to the length of feathers. Finally we may note that
the jaws of these Jurassic birds, as well as the jaws of come Cretaceous
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birds, were equipped with teeth. In this respect again they resembled
reptiles more than they did modern birds, since the latter are always
characterized by toothless, horny beaks. It is interesting that the
Jurassic birds did not possess the hollow bones characteristic of modern
birds, on the one hand, and of pterosaurs, on the other. Apparently
birds and pterosaurs, both descended from thecedonts, developed hollow
bones independently and at widely differing times. Seemingly we have
here another example of parallel evolution.

ORIGIN OF MAMMALS

It is tting that our discussion of the Mesozoic conclude with the origin
of the animals that were about to inherit the earth.

We noted (p. 175) the occurrence in the Permian pericd of therapsid
or mammal-like reptiles, It will be recalled that these reptiles, especially
the Triassic ones. approached mammalian structure in many ways (Fig.
9.24, p. 176), including the following: (1) teeth differentiated into
incisors, canines, premolars, and molars; (2) two occipital condyles;
(3) reduction in number of skull bones; (4) single temporal opening
(fenestra) having boundaries similar to those of the mammalian tem-
poral Fenestra; (5) lower jaw in which the dentary bone was predom-
inant; (6) presence of a secondary or “hard” palate; and (7) limbs
arranged for more efficient locomotion than that characterizing mest
reptiies,

These therapsid reptiles are regarded as the ancestors of mammals
(Fig. 10.3). The therapsids themselves were abundant in Triassic times
but thereafter gradually declined in numbers. The earliest fossils re-
garded as mammalian are found in late Triassic deposits (Romer, 1967).
Apparently, therefore. the transition from therapsids to mammals oc-
curred at about that time.

Unfortunately the fossil record is most fragmentary at this point.
Also, it is difficult to decide whether the remains that have been found
ate those of advanced therapsid reptiles or those of early mammals. This
uncertainty is hardly surprising in view of the fact that the therapsids
already had approached closely to mammalian structure. The problem
arises as to where to draw the line between therapsid reptiles and
mammals. The decision would be much easier if we knew more of these
Triassic animals than is revealed by their skeletons. Did they have hair
like 2 mammal? If so perhaps it was combined with scales—a condition
still seen on the tail of a modern rat. Did they lay eggs, or were the
voung born as in a mammal? [The diagnostic value of this point is
somewhat lessened by the fact that some other Mesozoic reptiles, e.g.,
ichthyosaurs, bore theit young much as do mammals and by the fact
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that among presently living mammals, the monotremes (duckbilled
platypus and spiny anteater) produce eggs much like those of reptiles.]
Were they able to control the body temperature (warm blooded)? It is
suspected that this ability developed gradually and may have been
possessed by various Mesozoic reptiles. Were the young nourished with
milk secreted by mammary glands of the mother? Since answers to
these questions are denied us, or are largely inferential, we must rely
mainly on conclusions based on the skeletons,

Special importance Is placed upon the manner in which the lower
jaw is hinged to the skull. We have seen that reptiles have several bones
in each half of the lower jaw (p. 176). The dentary is the principal
tooth-bearing bone, but the connection of the lower jaw to the skull
is made by one of the other bones, the articular, which is hinged to
the quadrate bone of the skull. In therapsid reptiles the bones other than
the dentary became progressively reduced in size, while the dentary
itself became progressively larger and extended back toward the
squamosal bone of the skull [Fig. 9.24, p. 176; in this lateral view the
quadrate is hidden by the squamosal {sq) and the articular bone of the
lower jaw is posterior to the surangular (sa)l. Eventually the dentary
became hinged to the squamosal, and the articular and quadrate bones,
greatly reduced in size, lost their function of hinging the jaw and be-
came the malleus and incus (hammer and anvil) of the chain of three
little bones in the middle ear,

In summary, typical mammals have (1) the dentary hinging to the
squamosal and (2) the articular and quadrate present in the ear but no
longer taking part in jaw suspension. As Simpson (1959) has pointed
out, these are related but somewhat separate criteria. Students of the
subject differ in their emphasis upon one or the other criterion in de-
ciding where to draw the line between therapsids and mammals. In-
terestingly, in some representatives of a group of Triassic animals, the
tritylodonts, the articulation of the jaw was contributed to by all four
bones: dentary, articular, quadrate, and squamosal. Thus these creatures
were mammals by criterion one but not by criterion two. They were
reptiles by criterion two but not by criterion one. (For further discus-
sion see Simpson, 1959.)

This difficulty of distinguishing certain therapsid reptiles from
mammals is highly significant. It arises from the existence of a series of
transitional stages linking typical reptiles to typical mammals. People
opposed to the idea of evolution sometimes maintain that the fossil
record never shows transitional forms between one major group and
another. Here we have 4 good example of just such a linking of two
classes: Reptilia and Mammalia.

Evidence accumulates that several groups of therapsid reptiles gave
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rise to descendants that would be regarded as mammals by the criteria
mentioned (Olson, 1959; Simpson, 1959). Some of the lines became
extinct; one apparently led to modern monotremes and another to the
raNTOTHERIA, the group usually regarded as ancestral to marsupials and
placentals (see the following).

Undoubtedly mammals lived in the Jurassic, but they were not a
prepossessing tribe compared to the ruling reptiles of the time. All of
them were small, most of them of the sizes of mice and rats. One species
approached the cat in size and apparently In camivarous food habits,
while one herbivorous species resembled a woodchuck in many ways.
One hopeful portent for the future was presented by the brains of these
early mammals. Although small and primitive, judged by modern
standards, nevertheless the brains seem to have been a considerable
improvement over the brains of reptiles.

Mammalian fossils of Cretaceous age are somewhat more abundant
and complete than are those of Jurassic age. As we have noted, most
of these Mesozoic mammals were small. They were potentially carniv-
arous, but the animals preyed upon were probably insects for the most
part,

By the close of the Cretaceous the two main groups of mammals,
the marsupials and the placentals, were in existence. These groups differ
in many respects. The names suggest their differences in the reproduc-
tive process, The embryos of placental mammals undergo a relatively
long period of development within the uterus of the mother, being
nourished by the mother through the piacexta (Fig. 10.12). As noted
previously (p. 58) blood vessels from the embryo pass through the
umbilical cord to the wall of the uterus, where they come in close con-
tact with the mother's blood. The embryonic blood vessels in this
region give rise to a series of cuorionic viuw; each of these villi is
bathed In the blood of the mother, thereby providing a means for the
ready interchange of oxygen, food, and waste products.

In marsupials, on the other hand, the placents is absent or poorly
developed. The young are born in an extremely immature, almost
embryonic condition. They complete their development while housed
in a pouch, or marsupium, on the abdomen of the mother. Marsupials
also differ from placentals in a number of distinctive skeletal features.

The opossum is the only modern North American marsupial. In-
terestingly enough, marsupials similar to the opossum were living in
the North America of Cretaceous times. Thus the opossum possesses a
unique value in studies of mammalian evolution owing lo its position as
a “living fossil,” giving us a glimpse of what Cretaceous mammals were
like. In Australia, geographically isolated from the rest of the world
from late Crefaceous times at least, marsupials were free from the com-
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Fig. 10.12. Human embryo, with placenta and extra-
embryonic membranes, in position in the uterus
of the mother. {Drawn by Lyman 5. Rowell)

petition of placental mammals and evolved into a great variety of forms:
kangaroos, wombats, bandicoots, koalas, and so on (see pp. 275-277).
Returning to the placentals, we note that development within the
uterus increases the length of time available for embryonic development.
This lengthened development may have been important in making pos-
sible the larger and more complex brains possessed by mammals, as
compared to reptiles. With the larger brains came increased intelligence
—the ability to learn and to modify behavior in the light of experience.
Romer (1967) has suggested that the nursing of young mammals by
their mothers provides a period for the training and teaching of the
young. He stated: “In a sense. we can say that in the nursing habit we
see the establishment of the world’s first educational institution.”
Like their ancestars, the first placentals were insect eaters. For that
reason we classify them as members of the order tvsectivora. Moles
and shrews are the most familiar modern members of this order. Early,
relatively unspecialized insectivores are regarded as the ancestors from
which other orders of placental mammals arose: We placed an insec-
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tivore in the center of our diagram of adaptive radiation among mam-
mals (Fig. 3.4, p. 28).

While the majority of Cretaceous placentals were insect eaters,
evidence is accumulating that evolutionary trends that were to lead
during the Cenozoic to the evolution of the other orders were already
beginning. Thus fossils regarded as those of a primitive primate and a
very primitive ungulate (typical ungulates are hoofed mammals) of the
type known as condylarths (p. 205) have been found in late Cretaceous
deposits In Montana (Sloan and Van Valen, 1965: Van Valen and Sloan,
1965).
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Evolution

as Seen in
the Geologic Record:
Cenozoic Era

ELEVATION OF THE Rocky Mountains, beginning in the Cretaceous,
gradually changed the climate of North America and its topography.
The continent attained nearly the outlines and general appearance it
has today, Geologic changes during this era were largely connected with
the wearing down of mountains, followed by their reelevation through
regional uplift. These phenomena were particularly characteristic of
western North America. Then, in the Pl=istocene period, the face of the
northern porticns of the continent was altered by the action of great
glaciers sweeping southward from arctic regions.

The Cenozoic era is commanly divided into two periods: TerTiany
and guaterNary. The Tertiary began some 63 million years ago. As

]
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shown in Table 8.1, (p. 146), it is divided into a series of epochs. These
were of unequal length. The beginning of each is estimated to have
occurred as follows (Kulp, 1961):

Pliocene: 13 million years ago
Miocene: 25 million years ago
Oligocene: 36 million years ago
Eocene: 58 million years ago
Paleocene: 63 million years ago

These epochs are represented by series of strata cccurring in the order
given and marked by progressive evolution of animals, particularly of
mammals. Indeed, the Cenozoic is sometimes called “the age of tmam-
mals.”

The Quaternary period includes two epochs: Pleistocene and
Recent. The Pleistocene is sometimes called the “Ice Age” because of
recurrent glaciations during it. It began two or three million vears ago,
estimates varying somewhat with the methods of measurement used
(Ericson and Wollin, 1966; Fleischer ¢f al., 1965). The Recent epoch
began with the retreat of the last glaciation, 10,000 years or more ago
(see the following). The Quaternary is probably of greatest interest to
us as the time during which man himself evolved.

CLIMATIC CHANGES AND PLANT DISTRIBUTION During the
first two epochs of the Cenozoic the climate of much of North America
was mild., Much of the interior of the continent was a fat lowland
enjoying a subtropical climate resembling that of Florida. Palm trees
grew as far north as Minnesota and the Dakotas; crocodiles throve in
these same regions. Figs and magnolias grew in Alaska. Temperate
climates extended as far north as Greenland, where such trees as glant
redwoods, beeches, and elms were found.

With the beginning of the Oligocene the climate became slowly
cooler, particularly in the interior of the continent. Palms and large
erocodiles disappeared from northern regions, though small alligators
lived in Nebraska ac late as Miocene times, along with plants similar
to those found at present in our Gulf states. Local arid regions began to
appear on the leeward side of newly elevated mountains, The moisture
carried by westerly winds was condensed and precipitated as rain on the
windward, western slopes of the mountains, as is the case today. The
process culminated with the great regional uplift of the Cordilleran
ranges in Pliocene and Pleistocene times. The widespread aridity of
western North America followed that geologic occurrence.

Starting with Miocene times the aridity gave rise to the great
plains, with their covering of grasses. As we shall see, the presence of
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this glassland played a decisive role in the evolution of horses, as well
as of many other mammals.

The flora of the Miocene world was much like that of the world
we see around us. In plant evolution the changes that have occurred
since then are minor compared to the ones that occurred during earlier
times (Cronquist, 1961).

The glaciation occurring in the Pleistocene has been mentioned.
Actually there were four successive glaciations during this period. Four
times glaciers centering around the Hudson Bay region swept down
over the northern tiers of states, extending into Pennsylvania, southern
Ohio, and llinois. Such an Arctic animal as the musk ox ranged
through Kentucky, Arkansas, and Texas. Each glaciation was followed
by an interglacial period during which the climate in a given region was
as mild as, if not milder than, it is today. The interglacial periods lasted
for many thousands of vears; the shortest is estimated to have been
of 135,000 years’ duration, Some 10,000 years are estimated to have
elapsed since the last glaciation (Libby, 1956), Thus it may well be
that we are at present living in an interglacial period, that the Recent
period of our time chart (Table 8.1, p. 146) really forms part of the
Pleistocene. The extensive ocean ice of the Arctic regions and the
glaciers covering Greenland and the Antarctic continent remind us that
glaciation is not far away. Indeed, it has been estimated that a lowering
of average onnual temperature by only 5° C would bring the ice
sheets down upon us again. Will the glaciers retun? Only our remote
descendants will be able to answer that question with certainty,

MAMMALIAN EVOLUTION iN THE CENQZOIC ERA

Disappearance of the dinosaurs at the end of the Mesozoic left a clear
field for mammalian expansion. We have noted the occurrence in
Cretaceous times of both marsupial and placental mammals (p. 199),
A few of the Cretaceous mammals persisted into the Paleocene, notably
opposumlike marsupials and Insectivores. We recall that the latter are
the group of placental mammals from which the other orders of
placental mammals are believed to have arisen. As we have seen
(p. 201), evolution of some of these orders had already begun before
the beginning of the Cenozoic. The camnivores (flesh eaters) and un-
gulates (hoofed animals) living at this time were gquite unlike their
modern relatives, however, Most of them belonged to groups that
underwent a relatively rapid evolution during the Palescene and Eocesie
and then disappeared Thus they sometimes are called “archaic mam-
mals” to distinguish them from the “progressive mammals,” which
were derived from some of the archaic forms and led to modemn
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types of mammals, Some of the carnivores appear to have been an-
cestral to more progressive flesh eaters, but many of them, called
CREODONTA, appear to have formed evolutionary sidelines (Romer,
1966), Many of the archaic herbivores are included in the order
CONDYLARTHRA, “a truly basic stock from which many, at least, of the
further ungulate orders may well have been derived” (Romer, 1966).

During the Paleocene and Eocene the archaic mammals had their
brief period of ascendancy. Some of the archaic ungulates became quite
large. Uintatherium (Fig. 11.1) with lts curious horns was as large as
a modern rhinoceros but was quite unlike the latter in structure, Among
the archaic carnivores were some resembling modern wolves, weasels,
cats, hyenas, and the like, but only superficially.

Fig 111, Uitatfecium, an archaic hoofed mammal (Alter Osbom.)

The end of the Eocene saw the extinction of the archaic mammals.
Apparently they were not able to compete successfully with the more
progressive mammals developing around them—their own decendants
in some cases.

Turning to the more progressive mammals, we find that the first
rodents and first lagomorphs appeared late in the Paleocene. The begin-
ning of the Eocene saw ungulates of the two orders existing today:
Perissodactyla (odd toed) and Artiodactyla (even toed). Members of
the Condylarthra were probably ancestral to these two orders. Indeed,
representatives of most of the orders of mammals appeared in either
the Paleocene or the Eocene, thus laying the foundations tor evolution
of these orders during succeeding periods of the Cenozoic, Within the
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orders evolutionary changes ran somewhat parallel courses. Ancestors
in each were relatively small and were adapted for an insectivorous
diet or a varied one containing both plant and animal material
{(omnivorous). Tooth structure was still simple as compared to the teeth
of descendants that adopted specialized diets. On the whole, also, the
structure of the limbs was more primitive than that of descendants,
though the wings of bats were almost as highly specialized in the
Eocene as they are today (pp. 485-487).

As samples of such evolutionary histories we shall summarize
those of horses and elephants (proboscideans), We choose these in
preference to others partly because of general interest in the end
products of the evolution and partly because the fossil record is more
complete for them than it is for many other familiar mammals,

EVOLUTION OF THE HORSE

ADAPTATIONS OF THE MODERN HORSE Horses belong to
the order of odd-toed ungulates, Perissodactyla. In Chapter 3 we noted
the limb adaptation of horses for rapid running on hard ground
(pp. 24-25). We recall that digit TII is greatly enlarged and elongated,
its “fingernall” having become thé hoof. The other digits have dis-
appeared, except for the splint bones representing rudiments of meta-
carpale {or metatarsals) of digits II and IV. The metacarpal (or
metatarsal) of digit 1Tl has become the powerful cannon bone of the
slender lower leg of the horse. Since the muscles are concentrated in
the proximal (attached) region of the limb, being connected to the bones
they move by slender tendons, the entire structure forms a light,
rapidly swinging pendulum, admirably adapted for swift movement.
One of the most striking adaptations of the horse’s foot for rapid
running consists of a set of spring ligaments on the posterior surface
of the foot. Figure 11.2 shows the arrangement of some of the principal
ligaments of the forefoot. A large, interosseous tendon (ligament)
arises from the posterior surface of the cannon bone and ends in
movable sesamoid bones that form a pulley arrangement back of the
fetlock joint. As shown, various ligaments connect these sesamoid bones
to the phalanges of the hoof (sesamoid ligaments), The whaole arrange-
ment is elastic and may be compared to a powerful rubber band. When
the weight of the horse is placed upon the foot the toe is bent upward
and the ligaments are stretched. The tension so developed tends to
spring the foot back into its original position (to flex it) and so to
propel the horse forward. Thus the impact of the foot upon hard
ground is translated into upward and forward propulsion as from a
springboard. Camp and Smith (1942), to whom we owe much of our
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knowledge in this matter, state that “the action resembles that of a boy
jumping on a pogo-stick; the harder the impact, the higher the bounce
—up to the capacity of the apparatus.”

The automatic springing action of the ligaments is augmented by
the contraction of the flexor muscles of the leg, the tendons of which
are also attached to the phalanges (in the diagram these tendons are
not shown, though the cut ends at the attachments of one of the
principal ones, Flexor digitalis profundus, are indicated). Near the
upper ends of these tendons check ligaments connect to adjacent bones.
Thus when tension is placed on these tendons—rfor example, by impact
of the foot on hard ground—these check ligaments may be stretched,
reinforcing the action of the ligaments shown in Fig. 11.2 and preventing
injury to the latter by overstretching (sprain).

Cannon bone

Interosseus medius
muscle

Interosseus tendon

Sesamoid bone

Sesamoid ligaments =%
Pad

Tendon of flexor
—=F digitalis profundus
Toes V-IV-11I muscle [cut)

Toe IT1
HYRACOTHERILIM EQUUS

Fig 112 Pad-supported forefoot of Hyracotherium compared with

the springing mechanism in the foot of the modern horse. The pad in
Hyracotherium 1s shown In hlack, as are the tps of digits IV and V.
Tendons and ligoments are shown in white; bones are dotted, (Modilled
from Camp and Smith, “Thylogeny and functions of the digital
ligaments of the harse,” Memoirs, University of Califernia, 13 (1942).)

Horses obtain their food by graring—feeding on such vegetation
as grass covering the surface of the ground. If a long-legged animal is
to do this, some means must be provided for getting the mouth down
to the ground, Lengthening the neck would accomplish the resolt, and to
a moderate degree the neck of the horse has been lengthened. But a
horse has a large and heavy head; there would be obvious mechanical
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Fig. 113, Series of horse skulls in ascending gealogic
order. A, Hyracotherium (Eohippus). 8, Mesolippus.
C. Merychippus (Protolippus). D, Equus, (From Scoit,
W. B, A History of Land Mammals in the Weatern
Hemispliere. Courtesy of the American Phllosophical
Society.)

disadvantage in perching it on the end of a really long neck. To a
considerable extent the problem has been solved for the horse by
lengthening the anterior part of the skull itself. The portion of the
skull anterior to the eyes has been elongated into the well-known
muzzle (Fig. 11.3D), One result of this elongation has been the produc-
tion of a gap in the tooth row between the incisor (front) teeth and
the grinding battery composed of premolars and molars. This toothless
gap is called the diastema (Fig. 11.3D). It is utilized by man as a con-
venient location for the bit used to control the movements of the horse.
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The grinding battery composed of premolar and molar teeth is an
adaptation for the chewing of harsh grasses containing silica. The
food material is so abrasive that it wears away teeth that chew it, and
it must be eaten in large quantities to provide the required nourishment.
The problem is solved by developing teeth that grow as they are womn
away. As shown in Fig. 11.4, each individual grinding tooth is high-
crowned (hypsodont). Such a tooth continues growing throughout a

Fig. 11.4. Molar teeth of
maodern horse and of
Hyracotherinm. A, teeth in
Iateral view. B, crown of
the teeth. (After Osborn.
Reprinted by permission
from Testbeok of Gralogy,
Pary 1, Historical
Geology, by L Y. Pitsson
and C Schuchedt, pub-
lished by John Wiley &
Sons, Inc. 1915.)
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horse’s reproductive lifetime, On the surface of such a tooth there is
exposed a complicated pattern of lines of hard enamel (Fig. 11.4). The
enamel pattern is set in a matrix of softer dentine and cement. The latter
wear away more rapidly than does the enamel, with the result that
the surface is continually maintained in a roughened condition remi-
niscent of the surface of a millstone, the ridges of hard enamel pro-
truding above the dentine and cement. In this manner the horse is
provided with a self-sharpening, self-renewing grinding mechanism for
use on the harsh material comprising its diet.

If space permitted, other adaptations of the horse might be
enumerated, but our purpose will be served by concentrating attention
on those just discussed: (1) enlargement and elongation of digit 111,
with loss of other digits and development of a spring mechanism; (2)
elongation of the preorbital portion of the skull; and (3) development
of premolars and molars into high-crowned grinders that grow as they
are worn away. To these should be added the large size characteristic
of most varieties of horses.

HYRACOTHERIUM Having reviewed the characteristics of the
modern horse we tumn our attention to the characteristics of the first
hotrse of which we have any knowledge: Hyracotherium (also called
Echippus). This animal lived in Europe and North America in Eocene
times.

Hyracotherium differed greatly from our modern horse. In the

Fig. 11.5. Forefeet (left) and hind feet (right) of four horses. A, Hyracotherium,
B, Miohippus. €. Merychiopus. D, Eguus. Not drawn to scale. (A, after

Cope; B and C, after Osborn, From Ramer, A. 5., Vertebrate Paleontology.
Copyright &) 1933, 1945, and 1966 by The University of Chicago. Used

by permission of The University of Chicago Press))
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first place it was small, about the size of a fox terrier. Its legs were
chort and had four toes on the front feet and three on the hind (Fig.
11.5A). We note, however, that digit 11l already showed incipient signs
of predominating. Through study of the scars left on the foot bones by
attachments of ligaments and tendons, Camp and Smith (1942) came to
the conclusion that Hyracotheriim did not have the springing mechan-
ism characteristic of the modern horse (see preceding). Instead the foot
must have been supported by a pad (Fig. 11.2) as in many forest-
dwelling animals, including the tapir, a distant relative of the horse.
The figure shows that the interosseous tendon arose from a muscle
instead of attaching directly to the back of the cannon bone as
it does in the modern horse. Most mammals including hoofed forms
other than Equus have such a muscle, Indeed, occasional horses have
muscle tissue in this tendon. Apparently reduction of fleshy fibers,
virtually changing the tendon to a ligament, has been one of the
evolutionary changes in the evolution of the springing mechanism.
“Muscular tissue, by weakening the tendon, would tend to enfeeble
this [springing] action” (Camp and Smith, 1942).

The preorbital portion of the skull was not elongated; the prbit of
the eye was in the middle, measuring from front to rear (Fig. 11.34),
The molar teeth were not high-crowned grinders. In fact, they were
somewhat like human molar teeth (Fig. 11.4). They had low crowns,
developed pronged roots, and surfaces covered by rounded tubercles or
cusps much as do our own molar teeth.

Olfactory bulls
underncath

Olactory bulb —

Cerebrum

Midbrain A
Cerebellum : ; |
Cpresym Hyrmithirmam  Aeeokipus
{for comparison) Eguus

Fig. 116, Horse brain evolution. Comparison of the brain of Hyracotherium
with that of the apossum and with the brains of Mesokippus and Equus
The horse braips, based on endocranial casts, aré drawn to scale:
Hyracotherium and opossum brains are of about the same size [(After
Edinger, T., Evalution of the Horse Brain, Merolr 25, Geological

Sociely of America, 1948)
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Another most unhorselike characteristic of Hyracotherium was its
brain. Studies of casts of the interiors of skulls {endocranial casts) have
revealed that the cerebral hemispheres were small and smooth; they did
not cover the olfactory bulbs anteriorly or the midbrain posteriorly as
did the cerebra of later horses (Edinger, 1948). In fact, as Fig. 11.6
shows, among brains of living mammals the one most similar to the
Hyracotherium brain is that of the opossum, a relatively primitive
marsupial. Evidently in the early stages of horse evolution brain de-
velopment lagged behind evolution of the limbs. We shall ses that this
also appears to have been true of human evolution (Chap. 12).

Hyracotherium was a forest dweller, a browser subsisting on
soft vegetation quite unlike the food of its plains-dwelling descendants.
Its spreading toes formed better support on the soft forest floor than
does the single hoof of its modern descendant. It probably escaped its
enemies by hiding. as do most forest-dwelling, herbivorous animals, in-
stead of by running away, as must inhabitants of treeless plains.

FROM HYRACOTHERIUM TO EQUUS We have sketched above
the beginning and the ending of horse evolution. What occurred in the
millions of years separating Hyracotherium from its modern descendant,
Equus? Fortunately the intervening history is well documented by
numerous fossils showing the transitional stages of the changes in body
structure required to transform the ancestor into its modern descendant.
Space limitations prevent more than a brief glance at a few of the main
stages, but the interested reader may obtain more detailed information
by consulting references at the end of the chapter.

Figure 11.7 summarizes some of the events in this evolutionary
history. The diagram is designed to emphasize the point that at various
times in the history of horses evolutionary radiations occurred, several
or many forms arising from an ancestor. Thus Hyracotherium gave rise
to several differing lines, one of which led to Mesohippus. This line
included several intermediate forms that we shall not name.

Mesohippus was of about the size of a sheep, different species
vatying from 18-24 ins. high at the shoulder. The greatest change from
Hyracotherium in foot structure was loss of one digit (Number V) from
the forefoot, with only a functionless vestige remaining. Thus both
forefeet and hind feet were three toed, with digit Il predominant (as
in Miohippus, Fig. 11.5B), The foot was still padded as it had been in
Hyracotherinm,

Various species of Hyracotherium showed a progressive tendency
for the premolar teeth to become like the molars in structure (Simpson,
1951). This tendency was continued in Mesolippus: From this point an
in the line leading to the modern horse premolars and molars combined
to form the dental battery.
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Fig. 11.7. Evolution of the horse fumily. Only 2 few of the many evolutionary
fines and of the known representatives in those lines are shown, (Modified
Erom Simpson, G. G, The Meaning of Evolutiiom, Yale University Press; 1967.)
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The most remarkable change from Hyracotheriun was in the struc-
ture of the brain. In Mesohippus the opossumlike configuration had
been lost. The cerebral hemispheres had enlarged and become con-
voluted so that the brain assumed much the appearance of a small
horse brain (Fig. 11.6). How interesting it would be to know what
changes in behavior and intelligence accompanied these anatomical
changes!

Miohippus was much like Mesohippus but of larger size. The
low-crowned teeth and the spreading, three-toed feet indicate that these
were forest horses living on soft vegetation—three-toed browsers like
their ancestor Hyracotherium,

In Fig. 11.7 Miohippus is shown as an ancestor for several radiating
lines. OF these, the line involving the least change led to Hypohippus,
a "Forest horse” living in Miocene and early Pliocene times. This three-
toed browser was much like an enlarged version of Miohippus.

Parahippus, another descendant of Miohippus, presented in its
various species a nearly complete spectrum of transitional stages be-
tween its. ancestor and Merychippus, i.e., between “three-toed browsers”
and “three-toed grazers” (Fig. 11.7). The teeth were becoming high-
crowned grinders (hypsodont), The legs were becoming longer, and
digit 11 was bécoming more predominant than it had been in the
forest-dwelling ancestors.

As indicated in Fig. 11.7, Merychippus was a three-toed grazer
adapted for life on the western plains that arose in the Miocene as a
result of widespread continental elevation. Merychippus carrier farther
the development of high-crowned molar teeth capable of grinding the
harsh grasses growing on those plains. Tooth structure became more
complex, and cement filled what in ancestors had been valleys on the
surface of the molars.

The legs of Merychippus were elongated, with still further pre-
dominance of digit Il (Fig. 11.5C; the elongation is not shown in the
figure, where all feet are shown reduced to the same absolute length
instead of being drawn to scale), “There may still have been a vestige
of the pad, but essentially the animal was now up permanently on
extreme tiptoe, with the weight resting mainly or wholly on the hoof of
the middle toe” (Simpson, 1951). As might be anticipated, Meryehippus
showed an increased development of the ligaments mentioned above as
forming a spring mechanism in the foot of the modern horse. The
relatively short side toes (I and IV) probably did not touch the ground
most of the time, serving as support only “when the foot was under
great pressure or sunk into sand or mud” (Camp and Smith, 1942).

It is also significant that during the course of the Miocene Mery-
chippus underwent striking evolution of the cerebral hemispheres of
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the brain. Later specimens exhibited the fundamental pattern of fissures
(convolutions) that was to characterize later horses, e.g., Equus, Fig.
11.6 (Edinger, 1948),

Merychippus is shown (Fig. 11.7) as the center of another radiation.
Some descendants continued as three-toed grazers, e.g., Hipparion. On
the other hand, Merychippus was ancestral to horses that reduced the
number of digits on each foot to one—the line leading through
Plichippus to Equus. This loss of the side digits was a most striking
evolutionary change. Why did it occur in the Equus line but not in
the other lines? Did the side digits have a function in the three-toed
forms, even the ones in which these digits were short relative to digit
17 This question is wsually answered in the negative, but Simpson
(1951) has challenged such a conclusion. He pointed out that when
a horse is galloping and lands on its middle toe, this toe is bent strongly
upward. As noted above, under such great pressure the side toes of, for
example, Merychippus would touch the ground. Simpson has suggested
that the side toes may have had “an essential function to act as buffers
ta stop the bending of the middle toe at this point and to lessen the
danger of spraining the elastic ligaments by stretching them too far.”
1f this is correct: why did the side toes disappear in the line leading
to Equus? Perhaps because other structures took over the function of
preventing spraining of the spring mechanism. We have mentioned
that in Equus the tendons of long Hexor muscles are connected to
adjacent bones by check ligaments, These assist the other elastic liga-
ments and form part of the spring mechanism, especially under power-
ful stress. Perhaps the safety factor provided by these check ligaments
was not present in the three-toed horses. This is a point on which we
do not have information, however. We may note in passing that the
horse has paid a price for its highly specialized springing foot. Lameness
connected with injury to the elastic ligaments is common.

Some species of Pliohippus had tiny side toes, though in other
species these were represented only by splint bones, as in Equus.
Plichippus attained the size of a modern pony, some 40 in. (len
hands) high. The trends for increase in the preorbital length of the
skull and for increase in size and complexity of the molar teeth con-
tinued.

The transition from Pliohippus to Equus—the genus to which
modern horses, asses, and zebras belong—was a small one, involving
further increase in size and some changes in anatomical details. The
first representatives of Equus appeared in late Pliocene times; during the
Pleistocene the genus achieved worldwide distribution, aside from Aus-
tralia. Although North America has provided the stage for the greater
part of their evolution, horses became extinct on this continent by the
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close of the Pleistocene. Why did they become exfinct? As is true for
the extinction of the dinosaurs (p. 192-193), we can only speculate
on an answer. Was disease involved? Did early man play a role? We
do not know, but we do know that by the time later men reintroduced
horses into. America conditions on our western plains were highly
favorable for them.

In connection with a discussion of the fossil history, we find
interest in the fact that occasionally a modern horse may develop
vestigial toes connected to one of the splint bones (Fig. 11.8). We recall
that the splint bones in the foreleg represent the reduced metacarpals
of digits 1l and IV (p. 206). Here, then, we have another example of
embryonic reversion (p. 62), reminiscent of such a prehistoric horse
as Merychippus (Fig. 11.5C).

1

Fig. 114, Forefoot (A) and hind foot
(B) of a multitoed modern horse,
{From Lull, B 5., “The evolution

of the horse family, as (llustrated in
the Yale collections,” American
letirnal of Science, 23 (1907))

EVOLUTION OF PROBOSCIDEANS

The living representatives of the order Proboscidea are the Asiatic and
African elephants. The two differ somewhat in structure, the most
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Fig. 11.9. Comparison of the heads of Asiatic and African elephanis.
(Fram Guyer, Arimal Biology, Harper & Row, 1948)

obvious difference to a casual observer being in the size of the ears
{(Fig. 11.9). The great palmleaflike ears of African elephants stand in
marked contrast to the ears of Asiatic elephants, Asiatic elephants have
long been domesticated and used as work animals; they are the species
commonly seen in circuses,

ELEPHANTINE ADAPTATIONS Huge bulk is always brought to
mind by the mention of elephants, and indeed many of the bodily
adaptations of elephants are connected with their large size. To support
the weight of the body the limbs have a strong, pillarlike construction.
The feet have retained the full complement of five toes, but much of
the weight is supported not by the toes but by a pad of elastic tissue that
forms both the sole of the short, broad foot and a sort of Functional
“rubber heel.”

Since the body is supported high above the ground on long legs,
the elephant, like the horse; is faced with the problem of reaching the
ground for feeding. We have seen how the problem was solved in the
horse (p. 208). In the elephant the solution was entirely different.
Here the head is so heavy that any lengthening of the neck would be
a great mechanical disadvaniage. Accordingly, elephants are charac-
terized by short necks. Nor is the preorbital portion of the <kull
lengthened, as it is in the horse. Instead we find the development of
the organ that gives the order its name: the proboscis or trunk, This
versatile organ consists of the nose and upper lip greatly elongated. As
everyone who has fed peanuts to elephants knows, the two nostril
openings are at the tip of the trunk, along with a fingerlike projection
(African elephants have two of them) by means of which small objects
may be picked up.

The development of a proboscis has a peculiar effect upon the
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topography of the skull. In most mammals the external nares, bony
openings in the skull at the base of the nostrils, are at or near the
anterior tip of the skull. In mammals that develop a proboscis the nares
recede from the tip; in elephants they have receded so far up the front
of the skull that they appear to be located in the middle of the fore-
head (Fig. 11.10). Presumably this recession of the nares is connected
with the necessity for firm anchorage for the powerful musculature of
the proboscis, Owing to this effect of proboscis development upon skull
topography it is possible to estimate from the structure of the skull the
size of proboscis possessed by a prehistoric proboscidean,

Fig- 1110, Skull of elephani, sectioned longitudinally. 8, brain
cavity, D, diploe {air cells). {, incisor (fosk). m?, m¥, e,

malar teeth. N, nares. [Fram Lull, R. 5., Organic Evolution,

rev. od. Copyright 185 by Richard 5. Lull. Used by
permisslon of The Macmillan Company.)

Another characteristic of the elephant skull is development of ex-
tensive air cells or diploé (Fig. 11.10). While these serve to lighten the
skull, their principal function is probably connected with support of
the heavy head. It will be noted from the figure that an elephant’s “high
forehead” is not caused by brain development but by the presence of
these diploé. The skull is hinged to the vertebral column by the
occipital condyles, which thus constitute the fulcrum of a lever system.
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Increasing the height of the head above these condyles increases the
surface for, and the mechanical advantage of, the muscles and ligament
that support the head. The importance of achieving such mechanical
advantage is evident when we recall that the two tusks together may
weigh more than 400 lb. and be nine to ten feet in length, though the
average size is not so great as this.

The tusks are formed from the right and left second upper incisor
teeth, The ivory composing them consists of the dentine material of the
teeth, no enamel being present except for a small area on the end of the
tusk when it first erupts. A large, open pulp cavity in the base of each
tusk provides for continuous growth,

Mothing about an elephant is more unique than its molar tooth
structure and system of molar replacement. Each individual meolar is
large and consists of fattened plates or lamellae side by side. In cross
section each plate is a fAattened oval, the outer surface being composed
of enamel and the enclosed material being dentine. Cement fills the
spaces between successive plates, so when the tooth has been wom
down somewhat by use, the surface presents the appes  1ce shown

Fig. 1111, Molar tooth of elephant.
A, crown view. B, longitudinal
section. Enamel shown in black,
denting by oblique lines, cemmt by
dots. {From Lull, R. 5., Organic
Evalutian, vev; ed. Copyright 1945 by
Richard 5. Lull Used by permission
of The Macmillan Company.)
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in Fig. 11.11A. Thus, like the molar of the horse but on a much larger
scale, the elephant molar has a grinding surface on which ridges of
enamel protrude, owing to the more rapid wearing away of the softer
dentine and cement.

As everyone knows, during the course of their lifetimes most
mammals have two sets of teeth: the “milk teeth” or deciduous teeth
and the permanent teeth. The permanent teeth replace the milk teeth
vertically; a permanent premolar in the upper jaw, for example, develops
above the corresponding premolar of the milk set and eventually re-
places that tooth by moving down inta the pesition formerly occupied
by it. Thus, early in life a typical mammal has a complete set of milk
teeth all in use at one time and later in life has a complete set of
permanent teeth all in use at one time. Arrangements are quite other-
wise in elephants. While some of the molars are identified as milk teeth
and others as permanent teeth, the individual teeth succeed each other
in series, one at a time, rather than as complete sets. Thus, typically,
at any given time only four molars are in use, one in the upper jaw
and one in the lower jaw on each side. As the molars wear out they
are replaced by others, but replacement is longitudinal not vertical;
the new molar is pushed farward from the rear of the jaw. Figure 11,10
shows this method of replacement in the upper jaw. In the figure the
first molar (m') is present as a worn-out remnant; the second molar
(m°) is shown as the functional one, and the third molar (m") is shown
forming above and behind the second one, as a reserve to replace the
latter when it in turn wears out

EVOLUTIONARY HISTORY

As in the evolution of the horse, proboscidean evolution seems to have
started with a rather small animal living in the Eocene. Mosritherium
(Fig. 11.12) lived in Africa in late Eocene and early Oligocene times.
It was about the size of a tapir, some three feet in height, and probably
had a short, tapirlike proboscis, as indicated by slight recession of the
nasal openings of the skull (Fig. 11.13). The incisors were beginning
to form tusks on both the upper and lower jaws. The molars were
low crowned, possessed two transverse crests each, and occurred in
rows as in most mammals. The longitudinal method of molar replace-
ment came much later,

The relationships of the various later proboscideans to each other
are not entirely certain, The arrangement shown in Fig. 11.12 is prob-
ably correct in broad outline. In the Oligocene we find the two closely
similar genera Phiomia and Paleomastodon. These proboscideans were
larger than Moeritherium, had a longer trunk, showed elongation of
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Fig. 1113, Skull of Moeritheriunt. (After
Andrews; from Romer, A. 5, Vertebrate
Palcontology. Copyright @ 1933, 1945 and
1966 by The University of Chicago; Used by
permission of The University of Chicago Press)

both upper and lower jaws, and had already attained a limb structure
quite like that of modern elephants.

Later epochs of the Cenozoic brought a variety of interesting
proboscideans. One type ranging widely over Eurasia and Africa was
Deinotherium. Oddly, this creature had no upper tusks but had large
lower tusks curving downward and backward (Fig. 11.14). The molars
were low crowned with two or three cross ridges, as shown in the
figure. A diet of soft, succulent vegetation seems indicated. Some
specimens exceeded modern elephants in size.

Another evolutionary line culminated in creatures of elephantine
size having greatly elongated lower jaws: Gomphotherium (Fig. 11.12).
The most extreme jaw recorded was six feet seven inches in length.
Gomphotherium is of interest as the first proboscidean to reach North
America, presumably as a migrant from Asia.

Mastodons formed the culmination of another evolutionary line.
As large as elephants, they roamed North America until a few thousand
years ago, as judged by the fact that their bones are found near the
surface in bogs and swamps. The lower jlaw was short and usually
without tusks, although vestigial lower tusks are found in some speci-
mens. The upper tusks were large, sometimes attaining ‘a length of
nine feet, and curved upward (Fig. 11.12). The molar teeth were
low crowned and long-rooted and had on the surface three or four
transverse crests without cement in the intervening valleys (Fig. 11.15).
We note that this contrasts sharply with the molar structure of ele-
phants (Fig. 11.11). Judging by stomach contents found with some
specimens, mastodons were forest dwellers, including in their diet twigs
of such coniferous trees as hemlock and spruce.
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Fig. 11.14. Doeinatherium: skull and sorface of
molar tooth. [After Gaudry and Andrews;
from Romer, A. 5, Verichrale Maleontology.
Cepyright €0 1933, 1945, and 1966 by The
University of Chicago. Used by permission of
The University of Chicago Press.)

Fig. 11.15. Molar tooth of Mastodon
(Fram Scott, W. B., A Histery of
Land Mamwmals in the Western
Hemisphere. Courtesy af the American
Ihilasophical Seciety.)
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Turning to the true elephants we note that the two modern genera
and the extinct genus {of mammoths) are believed 1o have had common
ancestors in Pliocene times. These ancestors were probably several
species of proboscideans that showed some resemblance to elephants in
tooth structure and are classified as belonging to the genus Stegolo-
phodon (Fig. 11.12; actually the ancestry of elephants is more complex
than this simple diagram suggests; compare Fig. 8 in Aguirre, 1969).
The mammoths were very similar to modern elephants in structure,
though some were larger. Like modern elephants, they had a short
lower jaw. Interestingly, the fetus of the African elephant has an
elongated lower jaw, of somewhat the proportions shown by adult
Moeritherium. As development continues the jaw becomes relatively
shorter (de Beer, 1958). While of course we know nothing of the fetus
of Moeritherium, we may safely surmise that this embryonic pattern
in modern elephants was inherited from distant ancestry (Chap. 4),

During Pleistocene times a variety of mammoths ranged widely
over the earth, including regions with climates unsuitable for the two
modern elephants. Thus the woolly mammoth wandered into arctic
regions, This mammoth is perhaps the most completely known of all
prehistoric mammals, owing to the good fortune that complete carcasses
have been found in the permanently frozen gravels of northern Siberia.
Thus the “soft parts” usually unavailable for study in fossil animals
have been preserved along with the bones. Thanks to this fortumate
preservation, we know that this mammoth was covered with coarse,
dark brown hair having a4 maximum length of 20 in. and with a dense
undercoat of woolly hair about an inch long. The creature has added
interest for us because of cave paintings and carvings of it made by
prehistoric men. Mammoths doubtless formed 5 source of food for men
of the time.
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Evolution
as Seen in

the Geologic Record:
Evolution

of Man

POPE'S DICTUM THAT “the proper study of mankind is Man" may
be taken as symbolic of the enhanced interest most people feel in
members of their own species as compared to their interest in other
portions of the animal kingdom, Probably it is only natural that the
subject of the evolution of man arouses more widespread interest than
does, for example, that of the evolution of the horse. Yet it is un-
fortunate that the “man in the street” thinks of evalution only in terms
of its bearing upon the question of man’s ancestry, instead of recognizing
that man’s evolution is one scene in a much vaster drama, But perhaps
our criticism of myopic vision should be mitigated by the realization

138
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that this restricted view is occasionally encouraged by those who should
know better.

The foregoing is not intended to belittle man or the importance of
his evolution but to suggest the perspective in which all evolution
should be viewed. Many animals have arisen through evolution, among
them man. The same principles at work in the production of other
animals operated in the production of man. Man is the finest product
yet arisen through the evolutionary process, But that is not to say that
the evolutionary process was set in motion in the first place for the
express purpose of producing man.

Why is man the finest fruit on the tree of life? The very fact that
he can ask the question suggests the answer. Man is the only product
of the evolutionary process to develop the mentality to wonder about
himself and his origin and to acquire some measure of knowledge in
the matter. The human mind, then, is the greatest achievement of the
evolutionary process. His mind enables man to wonder and, within
limits, to know and understand. To a considerable and increasing extent,
also, man’s mind enables him to control his environment instead of
being controlled by it as other animals are. Nor should we forget the
emotional and aesthetic attributes of mind that have underlain some of
the noblest achievements of our species.

THE HUMAN BRAIN Because of the preeminent position accorded
the human mind and because of the close association between mind
and the functioning of the brain, we shall place emphasis on the de-
velopment of the brain in our discussion of the evolution of man. Brain
development affords some clue to mind development. It is noteworthy
in this connection that the outstanding achievement of human evolution
was the development of the brain. We have seen that birds specialized
in developing wings, horses in developing legs for running, and ele-
phants in developing tusks and trunk and giant molars, Man specialized
in developing brain. Accordingly, the unique features of man's evolu-
tion are largely concerned with the evolution of this brain. It will
occupy the center of the stage in the following discussion.

Befare proceeding Further a word is in order concerning an omis-
sion that might trouble some readers. We have accorded preeminence
to the human mind but have said nothing about the human 