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Introduction

In October, 2017, one of the Danish state television channels, DR2, broad-
cast two programs about current religious opposition to Darwin’s theory of
evolution'. Much of this opposition originated in the United States, and was
aimed at preventing the teaching of evolution in schools. The attacks on
Darwin’s theory (by now, not a theory but a well-established scientific fact)
were twofold. First the claim that it is not true, and secondly, pointing out
that historically, Social Darwinism has led to horrible consequences.

One of the arguments against the truth of Darwinian evolution is that it
violates the second law of thermodynamics, according to which the disorder
of the universe always increases with time. How then can life on earth, with
its amazing order, be possible?

The answer is that the earth is not a closed system. A flood of information-
containing free energy reaches the earth’s biosphere in the form of sunlight.
Passing through the metabolic pathways of living organisms, this informa-
tion keeps the organisms far away from thermodynamic equilibrium, which
is death. As the thermodynamic information flows through the biosphere,
much of it is degraded to heat, but part is converted into cybernetic infor-
mation and preserved in the intricate structures which are characteristic of
life. The principle of natural selection ensures that when this happens, the
configurations of matter in living organisms constantly increase in complex-
ity, refinement and statistical improbability. This is the process which we
call evolution, or in the case of human society, progress?.

The second prong of the religious attacks on Darwinism deserves to be
taken very seriously. Herbert Spencer, after reading Darwin’s The Origin of
Species, coined the phrase “the survival of the fittest”, and he is considered
to be the father of Social Darwinism. Darwin’s half-cousin. Sir Francis
Galton, founded the eugenics movement; and Thomas Henry Huxley, one of
Darwin’s strongest supporters, emphasized ruthless competition as the main
mechanism in evolution?.

Historically, Social Darwinism and the eugenics movement did indeed
lead to horrors, the worst of these being the genocide committed by the
Nazis during World War II in the name of “improving the race”. Also today,
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3Darwin himself believed that symbiosis and cooperation played an equally important
role, see Chapter 4



racism and exceptionalism are behind the neoconservative ideas which are
driving the world towards a thermonuclear catastrophe?.

The two programs broadcast by DR2 also focused on recent plans of
humans to take evolution into their own hands, and to breed superhumans
through eugenics and genetic engineering, making use of the rapidly develop-
ing techniques of modern biology. But the Darwinian picture itself provides
the strongest possible argument against human intervention into the evolu-
tionary process. According to the scientifically accepted picture, the earth
is approximately 4.54 billion years old. Soon after its formation, the low-
est forms of life appeared. These are thought to have derived their energy
from iron-sulphur reactions at vents on the ocean floor, where super-heated
mineral-rich water met the colder water of the ocean. Since this early origin
of terrestrial life, ecosystems harmoniously tuned and balanced by the forces
of natural selection have evolved. This immensely long period of natural evo-
lution must be respected. Any human intervention into the process would
be clumsy and disastrous.

Why is human solidarity needed so urgently?

Today the world is faced by three extremely serious dangers. We cannot be
at all sure that we will get through the 21st century without a catastrophe.
The three greatest threats will be discussed in more detail below, but briefly
they are as follows:

e The threat of an all-destroying thermonuclear war
e The threat of catastrophic climate change

e The threat of a global famine leading to as many as a billion human
deaths

In order to avert these threats and to pass safely through the next short
period of history, we urgently need human solidarity.

The ideas of Social Darwinism and the Eugenics Movement undermine
human solidarity. This is not the moment for genetic improvement of the
human race! Genetic evolution proceeds extremely slowly, but today tech-
nological and political change are moving with blinding speed - constantly

4See Chapters 7 and 8.



accelerating speed. So fast, indeed, is the speed of change, that it threatens
to shake human civilization to pieces.

For the sake of survival in a desperately precarious time, we can afford
to allow humans to lose a percentage or two of their IQ’s or to become very
slightly less athletic, if that is the consequence of failing to breed humans
as though they were farm animals. In any case, the horrors committed by
the Nazi’s during World War II in the name of “improving the race” should
serve as a warning.

Today we live at a time of crisis for human civilization and the biosphere.
We have a responsibility to save the planet for the sake of our children and
grandchildren, and for the sake of all future generations. We need to save
the earth for the sake of the animals an plants that might become extinct if
we do not act to help them. No one can do this alone, but acting together,
we can succeed. As Helen Keller said, “Alone we can do so little; together
we can do so much!”
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Chapter 1

WHAT IS SCIENCE? WHAT
IS RELIGION?

What is science?

In his autobiography, Charles Darwin says that “science consists in arrang-
ing facts in such a way that general conclusions may be drawn from them”.
In other words, scientists try to find patterns in our observations of nature.
These patterns stand temporarily as “laws of nature”, until exceptions are
found. Very often it is possible to use such patterns or laws to make accu-
rate predictions about the future, and when this is possible, it strengthens the
credibility of the pattern that was used to make the predictions. Thus the
test of a law of nature is its usefulness in making predictions about the future;
and scientists find it hardly worthwhile to talk about assertions from which no
predictions can be made.

When exceptions to natural laws are found, they are of extreme importance,
and great efforts must be made to clarify the situation: If an exception to a
natural law is found to be genuine, it means that the law must be modified,
and this is the way scientific progress is made; hence the extreme importance
of exceptions, and the massive attention which is given to them by scientists.

We seem to live in a universe in which the behavior of matter and energy
is predictable. For example, if you put a coin into a box and shut the lid,
you can say with some confidence, “The coin is inside the box”, even though
you cannot see the coin. From this assertion, many predictions follow: You
can predict that if you shake the box, the coin will rattle. The box will be
slightly heavier than before because of the presence of the coin. An X-ray
photograph would reveal the coin. If you open the box again, the coin will still
be there, and so on. It would be hard to live in a world where this degree of
predictability did not hold.
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Besides predictability, the universe in which we live seems to have another
remarkable characteristic: The most general and fundamental laws of nature
that have been discovered have great simplicity and mathematical beauty.
Pythagoras and his followers were the first to discover that “mathematics is
the language of nature”.

Pythagoras, who lived from 582 B.C. to 497 B.C., is one of the most im-
portant and interesting figures in the history of European culture. It is hard
to decide whether he was a religious leader or a scientist. He was a leader
and reformer of the Orphic religion of ancient Greece, and he was the first
maintain that mathematics is the key to the understanding of nature. In the
Pythagorean view of nature, mathematical harmony governs the fundamental
laws of the universe. In the Pythagorean ethic, the highest vocation is that of
the philosopher, and the aim of philosophy is to understand nature through
the discovery of the mathematical relationships which govern the universe.

Today, much of what Pythagoras hoped to achieve in mathematics has been
attained. For example, quantum theory has shown that the inner structure of
an atom is governed by mathematical relationships closely analogous to those
governing the harmonics of a lyre string. We have indeed found mathematical
harmony in the fundamental laws of nature; but one can ask whether phi-
losophy has brought harmony to human relations, as Pythagoras would have
hoped!

As examples of the simplicity and beauty of the fundamental laws of nature,
we can think of Maxwell’s equations for electromagnetic fields, or Schrodinger’s
non-relativistic wave equation for electrons, or Dirac’s relativistic wave equa-
tion. All of them require mathematical language to be properly expressed, and
all have great mathematical beauty. In fact, P.A.M Dirac, whose relativistic
wave equation was just mentioned, wrote a famous paper in the Canadian
Journal of Physics, where he maintained that the beauty of fundamental phys-
ical laws can be taken as a fact of nature, and therefore we can find new laws
by following our sense of mathematical beauty. Apparently this method of
research worked for him!

Furthermore, all of the fundamental laws of nature that have until now been
discovered, fit together in a self-consistent way. Therefore, when something
new is discovered, the first reaction of the scientific community is to see how
the new discovery is related to the entire existing body of knowledge. If no
relationship can be found, then either the new discovery is suspect or else it
is of enormous importance. In any case, no one rests until the situation is
clarified.

Modern astronomy has shown the Universe to be almost unimaginably
large. Wikipedia states that: “The size of the Universe is unknown; it may be
infinite. The region visible from Earth (the observable universe) is a sphere
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Figure 1.1: Paul Adrian Maurice Dirac (1902-1984), discoverer of the rela-
tivistic wave equation that holds for electrons and other spz'n-% particles. He
maintained that since mathematical beauty is a characteristic of the most fun-

damental physical laws, we can find new ones by following our sense of math-
ematical beauty.
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with a radius of about 46 billion light years, based on where the expansion
of space has taken the most distant objects observed. For comparison, the
diameter of a typical galaxy is 30,000 light-years, and the typical distance
between two neighboring galaxies is 3 million light-years. As an example, the
Milky Way Galaxy is roughly 100,000 light years in diameter, and the nearest
sister galaxy to the Milky Way, the Andromeda Galaxy, is located roughly
2.5 million light years away. There are probably more than 100 billion (10!)
galaxies in the observable Universe.Typical galaxies range from dwarfs with
as few as ten million (107) stars up to giants with one trillion(10'?) stars, all
orbiting the galaxy’s center of mass. A 2010 study by astronomers estimated
that the observable Universe contains 300 sextillion (3 x 10?*) stars.”

Among this incredibly vast number of stars it is believed that there are
innumerable stars that have planets similar to the Earth and hence able to
support life. We also now know that given conditions that are favorable to
life, it will almost certainly develop and evolve. The Earth seems to be only of
extremely minor importance on the scale of the Universe. Given these facts,
and given that the fundamental laws of nature are mathematical, I find it
difficult to believe that the entire Universe and the laws that govern it were
arranged for the benefit of humans, especially since humans have only existed
for a brief instant on the time-scale of the Universe. If asked where the Universe
came from and why, the scientist must answer with honesty, “I don’t know”.

The blindness of science

Ethical considerations have traditionally been excluded from scientific discus-
sions. This tradition perhaps has its roots in the desire of the scientific commu-
nity to avoid the bitter religious controversies which divided Europe following
the Reformation. Whatever the historical reason may be, it has certainly be-
come customary to speak of scientific problems in a dehumanized language, as
though science had nothing to do with ethics or politics.

The great power of science is derived from an enormous concentration of
attention and resources on the understanding of a tiny fragment of nature; but
this concentration is at the same time a distortion of values. To be effective,
a scientist must believe, at least temporarily, that the problem on which he or
she is working is more important than anything else in the world, which is of
course untrue. Thus a scientist, while seeing a fragment of reality better than
anyone else, becomes blind to the larger whole. For example, when one looks
into a microscope, one sees the tiny scene on the slide in tremendous detail,
but that is all one sees. The remainder of the universe is blotted out by this
concentration of attention.

The system of rewards and punishments in the training of scientists pro-
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Figure 1.2: The blindness of science: Enormous concentration of attention on
a small fragment of reality blinds the researcher to the larger whole.
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duces researchers who are highly competent when it comes to finding solutions
to technical problems, but whose training has by no means encouraged them
to think about the ethical or political consequences of their work.

Scientists may, in fact, be tempted to escape from the intractable moral and
political difficulties of the world by immersing themselves in their work. Enrico
Fermi, (whose research as much as that of any other person made nuclear
weapons possible), spoke of science as “soma” - the escapist drug of Aldous
Huxley’s Brave New World. Fermi perhaps used his scientific preoccupations
as an escape from the worrying political problems of the ’30’s and ’40’s.

The education of a scientist often produces a person with a strong feeling
of loyalty to a particular research discipline, but perhaps without sufficient
concern for the way in which progress in that discipline is related to the general
welfare of humankind. To remedy this lack, it would be very desirable if the
education of scientists could include some discussion of ethics, as well as a
review of the history of modern science and its impact on society.

The explosive growth of science-driven technology during the last two cen-
turies has changed the world completely; and our social and political institu-
tions have adjusted much too slowly to the change. The great problem of our
times is to keep society from being shaken to pieces by the headlong progress
of science, the problem of harmonizing our social and political institutions
with technological change. Because of the great importance of this problem,
it is perhaps legitimate to ask whether anyone today can be considered to be
educated without having studied the impact of science on society. Should we
not include this topic in the education of both scientists and non-scientists?

Science has given us great power over the forces of nature. If wisely used,
this power will contribute greatly to human happiness; if wrongly used, it
will result in misery. In the words of the Spanish writer, Ortega y Gasset,
“We live at a time when man, lord of all things, is not lord of himself”; or as
Arthur Koestler has remarked, “We can control the movements of a spaceship
orbiting about a distant planet, but we cannot control the situation in Northern
Ireland.”

To remedy this situation, educational reforms are needed. Science and
engineering students ought to have some knowledge of the history and social
impact of science. They could be given a course on the history of scientific
ideas; but in connection with modern historical developments, such as the in-
dustrial revolution, the global population explosion, the development of nuclear
weapons, genetic engineering, and information technology, some discussion of
social impact could be introduced. One might hope to build up in science
and engineering students an understanding of the way in which their work is
related to the general welfare of humankind. These elements are needed in
science education if rapid technological development is to be beneficial rather
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than harmful.

What is religion?

All known human societies have religions; and this is true not only of societies
that exist today, but also of all past societies of which we have any record.
Therefore it is reasonable to suppose that the tendency to be religious is an
intrinsic part of human nature. It seems to be coded into our genes.

If evolutionary forces have produced the human tendency to be religious,
then it must have had some survival value. My own belief is that religion
helps us because it is a mechanism for the preservation and transmission of
human cultures. All living organisms on earth hand on information from one
generation to the next in the form of messages coded into their DNA and
RNA. Humans are unique in having also evolved extremely efficient non-genetic
methods for transmitting information from one generation to the next, through
our highly developed languages.

Cultural evolution is responsible for the success of our species. We dominate
the earth because of cultural evolution. Thus if religion is a mechanism for the
preservation and transmission of particular cultures, it would confer a great
advantage to those societies that possessed religions, and a tendency to be
religious would be favored by the Darwinian forces of natural selection.

Is there a conflict between science and religion?

Is there a conflict between science and religion? This is a frequently-asked
question, and many different answers have been given. My own opinion is that
there are two aspects to religion - ethics and cosmology. I think that when we
talk about cosmology, there is often a conflict between science and religion.
But with respect to ethics, there is very little room for conflict because science
has almost nothing to say about ethics.

Why do I say “almost nothing” instead of “nothing”? It is often said that
ethical principles cannot be derived from science, that they must come from
somewhere else. Nevertheless, when nature is viewed through the eyes of mod-
ern science, we obtain some insights which seem almost ethical in character.
Biology at the molecular level has shown us the complexity and beauty of
even the most humble living organisms, and the interrelatedness of all life on
earth. Looking through the eyes of contemporary biochemistry, we can see
that even the single cell of an amoeba is a structure of miraculous complexity
and precision, worthy of our respect and wonder.

Knowledge of the second law of thermodynamics , the statistical law favor-
ing disorder over order, reminds us that life is always balanced like a tight-rope
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walker over an abyss of chaos and destruction. Living organisms distill their
order and complexity from the flood of thermodynamic information which
reaches the earth from the sun. In this way, they create local order; but life
remains a fugitive from the second law of thermodynamics. Disorder, chaos,
and destruction remain statistically favored over order, construction, and com-
plexity.

It is easier to burn down a house than to build one, easier to kill a human
than to raise and educate one, easier to force a species into extinction than
to replace it once it is gone, easier to burn the Great Library of Alexandria
than to accumulate the knowledge that once filled it, and easier to destroy
a civilization in a thermonuclear war than to rebuild it from the radioactive
ashes. Knowing this, we can form an almost ethical insight: To be on the
side of order, construction, and complexity, is to be on the side of life. To
be on the side of destruction, disorder, chaos and war is to be against life, a
traitor to life, an ally of death. Knowing the precariousness of life, knowing
the statistical laws that favor disorder and chaos, we should resolve to be loyal
to the principle of long continued construction upon which life depends.

War is based on destruction, destruction of living persons, destruction of
homes, destruction of infrastructure, and destruction of the biosphere. If we
are on the side of life, if we are not traitors to life and allies of death, we
must oppose the institution of war. We must oppose the military-industrial
complex. We must oppose the mass media when they whip up war-fever. We
must oppose politicians who vote for obscenely enormous military budgets
at a time of financial crisis. We must oppose these things by working with
dedication, as though our lives depended on it. In fact, they do.

But let us turn to religious ethics. Not only do they not conflict with
science, but there is also a general agreement on ethical principles between the
major religions of the world.

The central ethical principles of Christianity can be found in the Sermon
on the Mount and in the Parable of the Good Samaritan. In the Sermon on
the Mount, we are told that we must not only love our neighbors as much as
we love ourselves; we must also love and forgive our enemies. This seemingly
impractical advice is in fact of great practicality, since escalatory cycles of
revenge and counter-revenge can only be ended by unilateral acts of kindness.

In the Parable of the Good Samaritan, we are told that our neighbor,
whom we must love, is not necessarily a member of our own ethnic group. Our
neighbor may live on the other side of the world and belong to an entirely
different race or culture; but he or she still deserves our love and care.

It is an interesting fact that the Golden Rule, “Do unto others as you would
have them do unto you”, appears in various forms in all of the world’s major
religions. The Wikipedia article on the Golden Rule gives an impressive and
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Figure 1.3: A painting illustrating the Parable of the Good Samaritan
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fascinating list of the forms in which the rule appears in many cultures and
religions. For example, in ancient China, both Confucius and Laozi express
the Golden Rule, but they do it slightly differently: Zi Gong asked, saying, “Is
there one word that may serve as a rule of practice for all one’s life?” The
Master said, “Is not reciprocity such a word?” (Confucius) and “The sage has
no interest of his own, but takes the interests of the people as his own. He
is kind to the kind; he is also kind to the unkind: for Virtue is kind. He
is faithful to the faithful; he is also faithful to the unfaithful: for Virtue is
faithful.” (Laozi)

In the Jewish tradition, we have “The stranger who resides with you shall
be to you as one of your citizens; you shall love him as yourself, for you were
strangers in the land of Egypt” (Leviticus) In Islam: A Bedouin came to the
prophet, grabbed the stirrup of his camel and said: O the messenger of God!
Teach me something to go to heaven with it. The Prophet said: “As you would
have people do to you, do to them; and what you dislike to be done to you,
don’t do to them. This maxim is enough for you; go and act in accordance
with it!” (Kitab al-Kafi, vol. 2, p. 146)

The principle of reciprocity is an ancient one in human history, and it
is thus embedded in our emotions. It is an important part of human nature.
Reciprocity is the basis of non-market economies, and also the basis of social in-
teractions between family members, friends and colleagues. In hunter-gatherer
societies, it is customary to share food among all the members of the group.
“Today I receive food from you, and tomorrow you will receive food from me.”
Similarly, among friends in modern society, no payment is made for hospitality,
but it is expected that sooner or later the hospitality will be returned.

According to Wikipedia “Reciprocity in Social Psychology refers to re-
sponding to a positive action with another positive action, rewarding kind
actions. As a social construct, reciprocity means that in response to friendly
actions, people are frequently much nicer and much more cooperative than
predicted by the self-interest model; conversely, in response to hostile actions
they are frequently much more nasty and even brutal.” As Wikipedia points
out, reciprocity can also be negative, as in the case of escalatory cycles of
revenge and counter-revenge.

The Buddhist concept of karma has great value in human relations. The
word “karma” means simply “action”. In Buddhism, one believes that ac-
tions return to the actor. Good actions will be returned, and bad actions will
also be returned. This is obviously true in social relationships. If we behave
with kindness and generosity to our neighbors, they will return our kindness.
Conversely, a harmful act may lead to vicious circles of revenge and counter
revenge, such as those we see today in the Middle East and elsewhere. These
vicious circles can only be broken by returning good for evil.
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Figure 1.4: This painting illustrates the concept of karma. A lady gives books
and clothing to a poor student. Later she receives a gift from a neighbor. There
may sometimes be a direct causal connection between such events, but often
they are connected only by the fact that each act of kindness makes the world
a better place. (Himalayan Academy Publications, Kapaa, Kauai, Hawaii.)



18 ETHICS AND EVOLUTION

However the concept of karma has a broader and more abstract validity
beyond the direct return of actions to the actor. When we perform a good
action, we increase the total amount of good karma in the world. If all people
similarly behave well, the the world as a whole will become more pleasant
and more safe. Human nature seems to have a built-in recognition of this
fact, and we are rewarded by inner happiness when we perform good and kind
actions. In his wonderful book, “Ancient Wisdom, Modern World”, the Dalai
Lama says that good actions lead to happiness and bad actions to unhappiness
even if our neighbors do not return these actions. Inner peace, he tells us, is
incompatible with bad karma and can be achieved only through good karma,
i.e. good actions.

In Buddhist philosophy, the concept of Karma, action and reaction, also
extends to our relationship with nature. Both Hindu and Buddhist traditions
emphasize the unity of all life on earth. Hindus regard killing an animal as a
sin, and many try to avoid accidentally stepping on insects as they walk.

The Hindu and Buddhist picture of the relatedness of all life on earth has
been confirmed by modern biological science. We now know that all living
organisms have the same fundamental biochemistry, based on DNA, RNA,
proteins and polysaccharides, and we know that our own human genomes are
more similar to than different from the genomes of our close relations in the
animal world.

The peoples of the industrialized nations urgently need to acquire a non-
anthropocentric element in their ethics, similar to reverence for all life found in
the Hindu and Buddhist traditions, as well as in the teachings of Saint Francis
of Assisi and Albert Schweitzer. We need to learn to value other species for
their own sakes, and not because we expect to use them for our own economic
goals.

Today a few societies still follow a way of life similar to that of our hunter-
gatherer ancestors. Anthropologists are able to obtain a vivid picture of the
past by studying these societies. Often the religious ethics of the hunter- gath-
erers emphasizes the importance of harmony with nature. For example, respect
for nature appears in the tribal traditions of Native Americans. The attitude
towards nature of the Sioux can be seen from the following quotations from
“Land of the Spotted Eagle” by the Lakota (Western Sioux) chief, Standing
Bear (ca. 1834-1908):

“The Lakota was a true lover of Nature. He loved the earth and all things
of the earth... From Waken Tanka (the Great Spirit) there came a great
unifying life force that flowered in and through all things, the flowers of the
plains, blowing winds, rocks, trees, birds, animals, and was the same force that
had been breathed into the first man. Thus all things were kindred and were
brought together by the same Great Mystery.”
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Figure 1.5: Chief Luther Standing Bear, author of “Land of the Spotted Fagle”
and many other books.
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“Kinship with all creatures of the earth, sky, and water was a real and active
principle. For the animal and bird world there existed a brotherly feeling that
kept the Lakota safe among them. And so close did some of the Lakota come
to their feathered and furred friends that in true brotherhood they spoke a
common tongue.”

“The animal had rights, the right of man’s protection, the right to live, the
right to multiply, the right to freedom, and the right to man’s indebtedness,
and in recognition of these rights the Lakota never enslaved the animal, and
spared all life that was not needed for food and clothing.”

“This concept of life was humanizing and gave to the Lakota an abiding
love. It filled his being with the joy and mystery of things; it gave him reverence
for all life; it made a place for all things in the scheme of existence with equal
importance to all. The Lakota could despise no creature, for all were one blood,
made by the same hand, and filled with the essence of the Great Mystery.”

A similar attitude towards nature can be found in traditional Inuit cultures,
and in some parts of Africa, a man who plans to cut down a tree offers a prayer
of apology, telling the tree why necessity has forced him to harm it. This
preindustrial attitude is something from which the industrialized North could
learn. In industrial societies, land “belongs” to some one has the “right” to ruin
the land or to kill the communities of creatures living on it if this happens to
give some economic advantage, in much the same way that a Roman slaveowner
was thought to have the “right” to kill his slaves. Preindustrial societies have
a much less rapacious and much more custodial attitude towards the land and
towards its non-human inhabitants.

We have received many gifts from modern technology, but if we are to build
a happy, sustainable and war-free world we must combine our new scientific
techniques with humanity’s ancient wisdom.

Complementarity

Can two contradictory statements both be true? The physicist Niels Bohr
thought that this could happen, and he called such an occurrence “comple-
mentarity”. I think that I understand what Niels Bohr meant: Whenever we
make a statement about the real world we are making a model which is sim-
pler than what it is supposed to represent. Therefore every statement must to
some extent be false because it is an oversimplification. In fact, a model of the
world is an abstraction, and it is possible to make two conflicting abstractions,
starting with the same real object.

If you say, “The eye is like a camera”, you are making an abstraction by
concentrating on the way that the eye works and the way that a camera works.
Both use a lens to form an image. If you say “The eye is like a small onion”,
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you are again making an abstraction, but this time concentrating the size and
texture of the eye. It is somewhat round, elastic and damp. If you drop it on a
stone floor, it will bounce rather than breaking. Both these abstractions have
a certain degree of truth, although they are contradictory.

Similarly, science and religion are both abstractions, and both oversimplify
the real world, which is much more complex than either of them. Which
abstraction we should use depends on the problem that we wish to discuss. If
we are talking about atomic spectra, then Schrodinger and Dirac should be our
guides. But if the lecture is on how to achieve peace in the world, I would far
rather hear it from Mahatma Gandhi than from either Schrodinger or Dirac.

Right hand, left hand

I vividly remember a speech made by His Holiness Pope John Paul II on the
relationship between science and religion. I think that it was in 1981 or 1982. 1
was in Rome, attending a conference on quantum theory applied to chemistry.
One of the topics at the conference was research on drugs that could be used
for treating cancer. Because of this humanitarian aspect of the conference, the
Italian professor who organized it succeeded in arranging for the participants
to have an audience with the Pope, the day after Easter.

On Easter day itself I was walking through Rome, and I happened to meet
some Swedish friends. They told me that they were about to join a march
protesting against nuclear weapons. They would march through Rome, car-
rying antinuclear banners, and end at the Vatican in time to hear the Pope’s
Easter address. I joined the march with my Swedish friends, and when we ar-
rived at St. Peter’s Cathedral the entire square was full people, packed tightly,
shoulder to shoulder so that one could almost not move. The atmosphere was
a festive one, and our antinuclear banners were matched by religious banners
carried by others in the throng. I had never seen such a large crowd in my life,
but it was a happy crowd.

After a while the doors of the Vatican were opened, and the Pope came
out onto the terrace accompanied by the College of Cardinals. He began to
address us in Latin. We were so far away that we would not have been able
to see or hear him, had it not been for loudspeakers and two large screens
showing his image, with subtitles in Italian and in English.

At the end of the Pope’s address to the crowd, the Cardinals went into the
Vatican and the doors were ceremonially closed, but the Pope himself walked
down the steps of the terrace and into the crowd, where he mingled with
everyone, shook hands with as many as he could, and talked with as many as
he could. This showed remarkable courage, since he had only recently recovered
from almost-fatal gunshot wounds at the hands of a would-be assassin.



22 ETHICS AND EVOLUTION

A

Figure 1.6: His Holiness Pope John Paul I1

On the appointed day for our audience, which was the day after Easter,
we ascended the stairway to the audience chambers at the top of the Vatican,
passing the impressive and colorful Swiss Guards on the way, and also passing
beautiful tapestries that covered the walls.

The Pope was very busy because of his obligations to the many pilgrims
who had come to Rome to celebrate Easter. We were told that it would be
at least an hour before the Pope could address us. During that time we were
free to wander about the audience chamber and to look at the tapestries. We
would know when the Pope was about to arrive, because the lights would
become brighter for the sake of the television, and because we would hear a
choir singing. Then we should take our seats and wait for the Pope’s arrival.

It happened just as we had been told. After an hour or so, the lights went
up and we heard the choir singing. We took our seats, and a few minutes later
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the Pope arrived. As he began to speak with us he gave the impression of an
energetic and physically strong person, with an extremely modest, attractive
and charismatic personality.

The Pope spoke in English, both to us, and to a much larger public, since
his address was televised. He talked about the relationship between science
and religion, mentioning that one of the topics to which our conference had
been devoted was the treatment of cancer. He said that science had done very
much to improve human health and comfort. Science and technology have
given us the material goods of our modern world. However, Pope John Paul
told us, material goods are not enough to ensure happiness. It is possible to be
very well off from a material standpoint, but at the same time, very miserable.
He said that for happiness, we also need ethics and wisdom - the traditional
wisdom of humanity. By “the traditional wisdom of humanity”, I think that
he meant the wisdom that is preserved in the world’s religions, but he did not
specifically mention religion.

When he had finished talking, the Pope came down to the floor of the
audience chamber and shook hands with us. All through his speech a baby had
been crying, and the Pope, who was undoubtedly used to such disturbances,
made a point of kissing the baby. He shook my hand too. There was a Polish
professor named Wlodzimierz Kolos with our group, and when the Pope came
to the place where Kolos was standing, he stood and talked with the professor
for about two minutes.

I was curious about what the Pope and Kolos had been saying to each
other, but I did not have a chance to ask on that occasion. However, a year or
so later I met Prof. Kolos at another conference, and I asked him. He replied,
“I don’t remember. I see the Pope so often that I don’t remember what we
said on that particular occasion.”

I was astonished, and I asked Kolos to explain. He told me that when Pope
John Paul took his summer vacations, he lived in a large villa near to Rome.
He had the custom of inviting philosophers, theologians and scientists (many
of them Polish) to visit him there for informal discussions. They always sat
around a large table and talked about subjects like the relationship between
science and religion. On those occasions, the Pope did not wear his robes of
office, but only ordinary clothing. Every session ended with a discussion of the
current situation in Poland.

Due to the Pope’s efforts, the situation in Poland improved, and he also
helped to make a reconciliation between science and the Catholic Church. I
regard it as a great privilege to have seen his courage at Easter, and to have
heard him speak. He is very justly regarded as one of the greatest Popes of all
time.
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I also had the privilege of hearing His Holiness the 14th Dalai Lama of
Tibet speak on the same topic, the relationship between science and religion.
The Dalai Lama was visiting Denmark, and I was invited to a lecture by him,
arranged by the Danish-Tibetan Society.

The lecture took place at a very large hall called Forum, and such was the
interest in his talk that the hall was completely filled. There were many flowers
to greet the Dalai Lama, and many yellow-robed monks to assist him. When
he began to talk, he gave the same impression as Pope John Paul II had done
- energy and physical strength, combined with modesty and an attractive and
charismatic personality.

Unfortunately, the acoustics of the hall were terrible, and it was difficult to
hear what he said. The problem was made worse by his special accent as he
spoke in English. Nevertheless, I managed to understand quite a bit of what
he said.

The Dalai Lama told us that we need two hands for our tasks in life, the
right hand and the left hand. Without both hands, we cannot cope properly
with the problems of life. These two hands, both of which we need, are science
and ethics. It was essentially the same message as that of Pope John Paul.
The two hands are different, but both are needed.

How are science and religion related to war?

What is the relationship between science, religion and war? We mentioned that
the world’s major religions have at their core the principle of universal human
brotherhood, which, if practiced, would be enough to make war impossible.
However, the principle of loving and forgiving one’s enemies is rarely practiced.

Many wars have been fought in the name of religion. We can think, for
example, of the Crusades, or the Islamic conquests in the Middle East, North
Africa and Spain, or the wars between Catholics and Protestants in Europe, or
the brutal treatment of the native populations of Central and South America
in the name of religion. The list by no means stops there.

What about science and technology? How are they related to war? As we
start the 21st century and the new millennium, our scientific and technological
civilization seems to be entering a period of crisis. Today, for the first time
in history, science has given to humans the possibility of a life of comfort,
free from hunger and cold, and free from the constant threat of infectious dis-
ease. At the same time, science has given us the power to destroy civilization
through thermonuclear war, as well as the power to make our planet uninhab-
itable through pollution and overpopulation. The question of which of these
alternatives we choose is a matter of life or death to ourselves and our children.

Science and technology have shown themselves to be double-edged, capable
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Figure 1.7: Three-stage (fission-fusion-fission) bombs may be made enormously
powerful at little extra cost, since the last stage uses ordinary unenriched ura-
nium. A 58 megaton bomb was exploded by the Soviet Union in 1961. It
was roughly 5,000 times as powerful as the nuclear weapons that destroyed
Hiroshima and Nagasaki. At present the total explosive power of the nuclear
weapons in the world is approximately half a million times the power of the
Hiroshima-Nagasaki bombs, enough to destroy human civilization and much of
the biosphere.
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of doing great good or of producing great harm, depending on the way in which
we use the enormous power over nature, which science has given to us. For
this reason, ethical thought is needed now more than ever before. The wisdom
of the world’s religions, the traditional wisdom of humankind, can help us as
we try to ensure that our overwhelming material progress will be beneficial
rather than disastrous.

The crisis of civilization, which we face today, has been produced by the
rapidity with which science and technology have developed. Our institutions
and ideas adjust too slowly to the change. The great challenge which history
has given to our generation is the task of building new international polit-
ical structures, which will be in harmony with modern technology. At the
same time, we must develop a new global ethic, which will replace our narrow
loyalties by loyalty to humanity as a whole.

In the long run, because of the enormously destructive weapons, which
have been produced through the misuse of science, the survival of civilization
can only be insured if we are able to abolish the institution of war.



Chapter 2

EVOLUTION

Linnaeus, Lamarck and E. Darwin

During the 17th and 18th centuries, naturalists had been gathering information
on thousands of species of plants and animals. This huge, undigested heap of
information was put into some order by the great Swedish naturalist, Carl von
Linné (1707-1778), who is usually called by his Latin name, Carolus Linnaeus.

Linnaeus reclassified all living things, and he introduced a binomial nomen-
clature, so that each plant or animal became known by two names - the name
of its genus, and the name of its species. In the classification of Linnaeus, the
species within a given genus resemble each other very closely. Linnaeus also
grouped related genera into classes, and related classes into orders. Later, the
French anatomist, Cuvier (1769-1832), grouped related orders into phyla.

In France, the Chevalier J.B. de Lamarck (1744-1829), was struck by the
close relationships between various animal species; and in 1809 he published
a book entitled Philosophie Zoologique, in which he tried to explain this in-
terrelatedness in terms of a theory of evolution. Lamarck explained the close
similarity of the species within a genus by supposing these species to have
evolved from a common ancestor. However, the mechanism of evolution which
he postulated was seriously wrong, since he believed that acquired character-
istics could be inherited.

Lamarck believed, for example, that giraffes stretched their necks slightly
by reaching upward to eat the leaves of high trees. He believed that these
slightly-stretched necks could be inherited; and in this way, Lamarck thought,
the necks of giraffes have gradually become longer over many generations.
Although his belief in the inheritability of acquired characteristics was a serious
mistake, Lamarck deserves much credit for correctly maintaining that the close
similarity between the species of a genus is due to their descent from a common
ancestral species.

27
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Meanwhile, in England, the brilliant physician-poet, Erasmus Darwin (1731-
1802), who was considered by Coleridge to have “...a greater range of knowl-
edge than any other man in Europe”, had published The Botanic Garden and
Zoonomia (1794). Darwin’s first book, The Botanic Garden, was written in
verse, and in the preface he stated that his purpose was “...to inlist imagina-
tion under the banner of science..” and to call the reader’s attention to “the
immortal works of the celebrated Swedish naturalist, Linnaeus”. This book
was immensely popular during Darwin’s lifetime, but modern readers might
find themselves wishing that he had used prose instead of poetry.

Darwin’s second book, Zoonomia, is more interesting, since it contains a
clear statement of the theory of evolution:

“...When we think over the great changes introduced into various animals”,
Darwin wrote, “as in horses, which we have exercised for different purposes of
strength and swiftness, carrying burthens or in running races; or in dogs, which
have been cultivated for strength and courage, as the bull-dog; or for acuteness
of his sense of smell, as in the hound and spaniel; or for the swiftness of his
feet, as the greyhound; or for his swimming in the water, or for drawing snow-
sledges, as the rough-haired dogs of the north... and add to these the great
change of shape and colour which we daily see produced in smaller animals
from our domestication of them, as rabbits or pigeons;... when we revolve
in our minds the great similarity of structure which obtains in all the warm-
blooded animals, as well as quadrupeds, birds and anphibious animals, as in
mankind, from the mouse and the bat to the elephant and whale; we are led to
conclude that they have alike been produced from a similar living filament.”

Erasmus Darwin’s son, Robert, married Suzannah Wedgwood, the pretty
and talented daughter of the famous potter, Josiah Wedgwood; and in 1809,
(the same year in which Lamarck published his Philosophie Zoologique), she
became the mother of Charles Darwin.

Charles Darwin

As a boy, Charles Darwin was fond of collecting and hunting, but he showed no
special ability in school. His father, disappointed by his mediocre performance,
once said to him: “You care for nothing but shooting, dogs and rat-catching;
and you will be a disgrace to yourself, and to all your family.”

Robert Darwin was determined that his son should not turn into an idle,
sporting man, as he seemed to be doing, and when Charles was sixteen, he
was sent to the University of Edinburgh to study medicine. However, Charles
Darwin had such a sensitive and gentle disposition that he could not stand
to see operations (performed, in those days, without chloroform). Besides, he
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had found out that his father planned to leave him enough money to live on
comfortably; and consequently he didn’t take his medical studies very seriously.
However, some of his friends were scientists,and through them, Darwin became
interested in geology and zoology.

Robert Darwin realized that his son did not want to become a physician,
and, as an alternative, he sent Charles to Cambridge to prepare for the clergy.
At Cambridge, Charles Darwin was very popular because of his cheerful, kind
and honest character; but he was not a very serious student. Among his many
friends, however, there were a few scientists, and they had a strong influence
on him. The most important of Darwin’s scientific friends were John Stevens
Henslow, the Professor of Botany at Cambridge, and Adam Sedgwick, the
Professor of Geology.

Remembering the things which influenced him at that time, Darwin wrote:

“During my last year at Cambridge, I read with care and profound in-
terest Humboldt’s Personal Narritive of Travels to the Equinoctal Regions of
America. This work, and Sir J. Hirschel’s Introduction to the Study of Natural
Philosophy, stirred up in me a burning desire to add even the most humble
contribution to the noble structure of Natural Science. No one of a dozen
books influenced me nearly so much as these. I copied out from Humboldt
long passages about Teneriffe, and read them aloud to Henslow, Ramsay and
Dawes... and some of the party declared that they would endeavour to go
there; but I think they were only half in earnest. I was, however, quite in
earnest, and got an introduction to a merchant in London to enquire about
ships.”

During the summer of 1831, Charles Darwin went to Wales to help Profes-
sor Sedgwick, who was studying the extremely ancient rock formations found
there. When he returned to his father’s house after this geological expedi-
tion, he found a letter from Henslow. This letter offered Darwin the post of
unpaid naturalist on the Beagle, a small brig which was being sent by the
British government to survey the coast of South America and to carry a chain
of chronological measurements around the world.

Darwin was delighted and thrilled by this offer. He had a burning de-
sire both to visit the glorious, almost-unknown regions described by his hero,
Alexander von Humboldt, and to “add even the most humble contribution to
the noble structure of Natural Science”. His hopes and plans were blocked,
however, by the opposition of his father, who felt that Charles was once again
changing his vocation and drifting towards a life of sport and idleness. “If you
can find any man of common sense who advises you to go”, Robert Darwin
told his son, “I will give my consent”.

Deeply depressed by his father’s words, Charles Darwin went to visit the
estate of his uncle, Josiah Wedgwood, at Maer, where he always felt more
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Figure 2.1: Charles Darwin as a young man. Public domain, Wikimedia Com-
mons
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comfortable than he did at home. In Darwin’s words what happened next was
the following:

“...My uncle sent for me, offering to drive me over to Shrewsbury and talk
with my father, as my uncle thought that it would be wise in me to accept the
offer. My father always maintained that my uncle was one of the most sensible
men in the world, and he at once consented in the kindest possible manner. 1
had been rather extravagant while at Cambridge, and to console my father, I
said that ‘I should be deuced clever to spend more than my allowance whilst
on board the Beagle’, but he answered with a smile, ‘But they tell me you are
very clever!’.”

Thus, on December 27, 1831, Charles Darwin started on a five-year voyage
around the world. Not only was this voyage destined to change Darwin’s life,
but also, more importantly, it was destined to change man’s view of his place
in nature.

Lyell’s hypothesis

As the Beagle sailed out of Devonport in gloomy winter weather, Darwin lay
in his hammock, 22 years old, miserably seasick and homesick, knowing that
he would not see his family and friends for many years. To take his mind away
from his troubles, Darwin read a new book, which Henslow had recommended:
Sir Charles Lyell’s Principles of Geology. “Read it by all means”, Henslow had
written, “for it is very interesting; but do not pay any attention to it except
in regard to facts, for it is altogether wild as far as theory goes.”

Reading Lyell’s book with increasing excitement and absorption, Darwin
could easily see what Henslow found objectionable: Lyell, a follower of the
great Scottish geologist, James Hutton (1726-1797), introduced a revolutionary
hypothesis into geology. According to Lyell, “No causes whatever have, from
the earliest times to which we can look back, to the present, ever acted, but
those now acting; and they have never acted with different degrees of energy
from those which they now exert”.

This idea seemed dangerous and heretical to deeply religious men like
Henslow and Sedgwick. They believed that the earth’s geology had been
shaped by Noah’s flood, and perhaps by other floods and catastrophes which
had occurred before the time of Noah. The great geological features of the
earth, its mountains, valleys and planes, they viewed as marks left behind by
the various catastrophes through which the earth had passed.

All this was now denied by Lyell. He believed the earth to be enormously
old - thousands of millions of years old. Over this vast period of time, Lyell
believed, the long-continued action of slow forces had produced the geological
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features of the earth. Great valleys had been carved out by glaciers and by
the slow action of rain and frost; and gradual changes in the level of the land,
continued over enormous periods of time, had built up towering mountain
ranges.

Lyell’s belief in the immense age of the earth, based on geological evidence,
made the evolutionary theories of Darwin’s grandfather suddenly seem more
plausible. Given such vast quantities of time, the long-continued action of
small forces might produce great changes in biology as well as in geology!

By the time the Beagle had reached San Thiago in the Cape Verde Islands,
Darwin had thoroughly digested Lyell’s book, with its dizzying prospects.
Looking at the geology of San Thiago, he realized “the wonderful superior-
ity of Lyell’s manner of treating geology”. Features of the island which would
have been incomprehensible on the basis of the usual Catastrophist theories
were clearly understandable on the basis of Lyell’s hypothesis.

As the Beagle slowly made its way southward along the South American
coast, Darwin went on several expeditions to explore the interior. On one of
these trips, he discovered some fossil bones in the red mud of a river bed.
He carefully excavated the area around them, and found the remains of nine
huge extinct quadrupeds. Some of them were as large as elephants, and yet
in structure they seemed closely related to living South American species. For
example, one of the extinct animals which Darwin discovered resembled an
armadillo except for its gigantic size.

The Beagle rounded Cape Horn, lashed by freezing waves so huge that it
almost floundered. After the storm, when the brig was anchored safely in the
channel of Tierra del Fuego, Darwin noticed how a Fuegan woman stood for
hours and watched the ship, while sleet fell and melted on her naked breast,
and on the new-born baby she was nursing. He was struck by the remarkable
degree to which the Fuegans had adapted to their frigid environment, so that
they were able to survive with almost no shelter, and with no clothes except
a few stiff animal skins, which hardly covered them, in weather which would
have killed ordinary people.

In 1835, as the Beagle made its way slowly northward, Darwin had many
chances to explore the Chilean coast - a spectacularly beautiful country, shad-
owed by towering ranges of the Andes. One day, near Concepcion Bay, he
experienced the shocks of a severe earthquake.

“It came on suddenly, and lasted two minutes”, Darwin wrote, “The town
of Concepcion is now nothing more than piles and lines of bricks, tiles and
timbers.”

Measurements which Darwin made showed him that the shoreline near
Concepcion had risen at least three feet during the quake; and thirty miles
away, Fitzroy, the captain of the Beagle, discovered banks of mussels ten feet
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Figure 2.2: Plate showing Fuegans from the voyage of the Beagle. Wellcome
Images, Wikimedia Commons

above the new high-water mark. This was dramatic confirmation of Lyell’s
theories! After having seen how much the level of the land was changed by
a single earthquake, it was easy for Darwin to imagine that similar events, in
the course of many millions of years, could have raised the huge wall of the
Andes mountains.

In September, 1835, the Beagle sailed westward to the Galapagos Islands,
a group of small rocky volcanic islands off the coast of Peru. On these islands,
Darwin found new species of plants and animals which did not exist anywhere
else in the world. In fact, he discovered that each of the islands had its own
species, similar to the species found on the other islands, but different enough
to be classified separately.

The Galapagos Islands contained thirteen species of finches, found nowhere
else in the world, all basically alike in appearance, but differing in certain
features especially related to their habits and diet. As he turned these facts
over in his mind, it seemed to Darwin that the only explanation was that the
thirteen species of Galapagos finches were descended from a single species, a
few members of which had been carried to the islands by strong winds blowing
from the South American mainland.

“Seeing this gradation and diversity of structure in one small, intimately
related group of birds”, Darwin wrote, “one might really fancy that from an
original paucity of birds in this archipelago, one species had been taken and
modified for different ends... Facts such as these might well undermine the
stability of species.”

As Darwin closely examined the plants and animals of the Galapagos Is-
lands, he could see that although they were not quite the same as the corre-
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Finches From Galapagos Archipelago

Figure 2.3: Darwin’s finches. Public domain, Wikimedia Commons

sponding South American species, they were so strongly similar that it seemed
most likely that all the Galapagos plants and animals had reached the islands
from the South American mainland, and had since been modified to their
present form.

The idea of the gradual modification of species could also explain the fact,
observed by Darwin, that the fossil animals of South America were more closely
related to African and Eurasian animals than were the living South American
species. In other words, the fossil animals of South America formed a link
between the living South American species and the corresponding animals of
Europe, Asia and Africa. The most likely explanation for this was that the
animals had crossed to America on a land bridge which had since been lost,
and that they had afterwards been modified.

The Beagle continued its voyage westward, and Darwin had a chance to
study the plants and animals of the Pacific Islands. He noticed that there
were no mammals on these islands, except bats and a few mammals brought by
sailors. It seemed likely to Darwin that all the species of the Pacific Islands had
reached them by crossing large stretches of water after the volcanic islands had
risen from the ocean floor; and this accounted for the fact that so many classes
were missing. The fact that each group of islands had its own particular species,
found nowhere else in the world, seemed to Darwin to be strong evidence that
the species had been modified after their arrival. The strange marsupials of
the isolated Australian continent also made a deep impression on Darwin.
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The Origin of Species

Darwin had left England on the Beagle in 1831, an immature young man of
22, with no real idea of what he wanted to do with his life. He returned from
the five-year voyage in 1836, a mature man, confirmed in his dedication to sci-
ence, and with formidable powers of observation, deduction and generalization.
Writing of the voyage, Darwin says:

“I have always felt that I owe to the voyage the first real education of my
mind... Everything about which I thought or read was made to bear directly
on what I had seen, or was likely to see, and this habit was continued during
the five years of the voyage. I feel sure that it was this training which has
enabled me to do whatever I have done in science.”

Darwin returned to England convinced by what he had seen on the voyage
that plant and animal species had not been independently and miraculously
created, but that they had been gradually modified to their present form over
millions of years of geological time.

Darwin was delighted to be home and to see his family and friends once
again. To his uncle, Josiah Wedgwood, he wrote:

“My head is quite confused from so much delight, but I cannot allow my
sister to tell you first how happy I am to see all my dear friends again... I am
most anxious once again to see Maer and all its inhabitants.”

In a letter to Henslow, he said:

“My dear Henslow, I do long to see you. You have been the kindest friend
to me that ever man possessed. I can write no more, for I am giddy with joy
and confusion.”

In 1837, Darwin took lodgings at Great Marlborough Street in London,
where he could work on his geological and fossil collections. He was helped
in his work by Sir Charles Lyell, who became Darwin’s close friend. In 1837
Darwin also began a notebook on Transmutation of Species. His Journal of
researches into the geology and natural history of the various countries visited
by the H.M.S. Beagle was published in 1839, and it quickly became a best-
seller. It is one of the most interesting travel books ever written, and since its
publication it has been reissued more than a hundred times.

These were very productive years for Darwin, but he was homesick, both
for his father’s home at the Mount and for his uncle’s nearby estate at Maer,
with its galaxy of attractive daughters. Remembering his many happy visits
to Maer, he wrote:

“In the summer, the whole family used often to sit on the steps of the
old portico, with the flower-garden in front, and with the steep, wooded bank
opposite the house reflected in the lake, with here and there a fish rising, or a
water-bird paddling about. Nothing has left a more vivid picture in my mind
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than these evenings at Maer.”

In the summer of 1838, tired of his bachelor life in London, Darwin wrote
in his diary:

“My God, it is intolerable to think of spending one’s whole life like a neuter
bee, working, working, and nothing after all! Imagine living all one’s days in
smoky, dirty London! Only picture to yourself a nice soft wife on a sofa with
a good fire, and books and music perhaps.. Marry! Marry! Marry! Q.E.D.”

Having made this decision, Darwin went straight to Maer and proposed to
his pretty cousin, Emma Wedgwood, who accepted him at once, to the joy of
both families. Charles and Emma Darwin bought a large and pleasant country
house at Down, fifteen miles south of London; and there, in December, 1839,
the first of their ten children was born.

Darwin chose this somewhat isolated place for his home because he was
beginning to show signs of a chronic illness, from which he suffered for the
rest of his life. His strength was very limited, and he saved it for his work by
avoiding social obligations. His illness was never accurately diagnosed during
his own lifetime, but the best guess of modern doctors is that he had Chagas’
disease, a trypanasome infection transmitted by the bite of a South American
blood-sucking bug.

Darwin was already convinced that species had changed over long periods
of time, but what were the forces which caused this change? In 1838 he found
the answer:

“I happened to read for amusement Malthus on Population”, he wrote, “and
being well prepared to appreciate the struggle for existence which everywhere
goes on from long-continued observation of the habits of animals and plants, it
at once struck me that under these circumstances favorable variations would
tend to be preserved, and unfavorable ones destroyed. The result would be
the formation of new species”

“Here, then, I had at last got a theory by which to work; but I was so anx-
ious to avoid prejudice that I determined not for some time to write down even
the briefest sketch of it. In June, 1842, I first allowed myself the satisfaction
of writing a very brief abstract of my theory in pencil in 33 pages; and this
was enlarged during the summer of 1844 into one of 230 pages”.

All of Darwin’s revolutionary ideas were contained in the 1844 abstract, but
he did not publish it! Instead, in an incredible Copernicus-like procrastination,
he began a massive treatise on barnacles, which took him eight years to finish!
Probably Darwin had a premonition of the furious storm of hatred and bigotry
which would be caused by the publication of his heretical ideas.

Finally, in 1854, he wrote to his friend, Sir Joseph Hooker (the director of
Kew Botanical Gardens), to say that he was at last resuming his work on the
origin of species. Both Hooker and Lyell knew of Darwin’s work on evolution,
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and for many years they had been urging him to publish it. By 1835, he
had written eleven chapters of a book on the origin of species through natural
selection; but he had begun writing on such a vast scale that the book might
have run to four or five heavy volumes, which could have taken Darwin the
rest of his life to complete.

Fortunately, this was prevented by the arrival at Down House of a bomb-
shell in the form of a letter from a young naturalist named Alfred Russell
Wallace. Like Darwin, Wallace had read Malthus’ book On Population, and
in a flash of insight during a period of fever in Malaya, he had arrived at a
theory of evolution through natural selection which was precisely the same
as the theory on which Darwin had been working for twenty years! Wallace
enclosed with his letter a short paper entitled On the Tendency of Varieties
to Depart Indefinitely From the Original Type. It was a perfect summary of
Darwin’s theory of evolution!

“I never saw a more striking coincidence”, the stunned Darwin wrote to
Lyell, “If Wallace had my MS. sketch, written in 1842, he could not have made
a better short abstract! Even his terms now stand as heads of my chapters... 1
should be extremely glad now to publish a sketch of my general views in about
a dozen pages or so; but I cannot persuade myself that I can do so honourably...
I would far rather burn my whole book than that he or any other man should
think that I have behaved in a paltry spirit.”

Both Lyell and Hooker acted quickly and firmly to prevent Darwin from
suppressing his own work, as he was inclined to do. In the end, they found a
happy solution: Wallace’s paper was read to the Linnean Society together with
a short abstract of Darwin’s work, and the two papers were published together
in the proceedings of the society. The members of the Society listened in
stunned silence. As Hooker wrote to Darwin the next day, the subject was “too
novel and too ominous for the old school to enter the lists before armouring.”

Lyell and Hooker then persuaded Darwin to write a book of moderate size
on evolution through natural selection. As a result, in 1859, he published The
Origin of Species, which ranks, together with Newton’s Principia as one of the
two greatest scientific books of all time. What Newton did for physics, Darwin
did for biology: He discovered the basic theoretical principle which brings
together all the experimentally-observed facts and makes them comprehensible;
and he showed in detail how this basic principle can account for the facts in a
very large number of applications.

Darwin’s Origin of Species can still be read with enjoyment and fascination
by a modern reader. His style is vivid and easy to read, and almost all of his
conclusions are still believed to be true. He begins by discussing the variation
of plants and animals under domestication, and he points out that the key to
the changes produced by breeders is selection: If we want to breed fast horses,
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Figure 2.4: Charles Darwin in 1880. The photograph is by FElliott and Fry.
Public domain, Wikimedia Commons
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we select the fastest in each generation, and use them as parents for the next
generation.

Darwin then points out that a closely similar process occurs in nature:
Every plant or animal species produces so many offspring that if all of them
survived and reproduced, the population would soon reach astronomical num-
bers. This cannot happen, since the space and food supply are limited; and
therefore, in nature there is always a struggle for survival. Accidental vari-
ations which increase an organism’s chance of survival are more likely to be
propagated to subsequent generations than are harmful variations. By this
mechanism, which Darwin called “natural selection”, changes in plants and
animals occur in nature just as they do under domestication.

If we imagine a volcanic island, pushed up from the ocean floor and com-
pletely uninhabited, we can ask what will happen as plants and animals begin
to arrive. Suppose, for example, that a single species of bird arrives on the
island. The population will first increase until the environment cannot support
larger numbers, and it will then remain constant at this level. Over a long pe-
riod of time, however, variations may accidentally occur in the bird population
which allow the variant individuals to make use of new types of food; and thus,
through variation, the population may be further increased. In this way, a sin-
gle species “radiates” into a number of sub-species which fill every available
ecological niche. The new species produced in this way will be similar to the
original ancestor species, although they may be greatly modified in features
which are related to their new diet and habits. Thus, for example, whales,
otters and seals retain the general structure of land-going mammals, although
they are greatly modified in features which are related to their aquatic way of
life. This is the reason, according to Darwin, why vestigial organs are so useful
in the classification of plant and animal species.

The classification of species is seen by Darwin as a geneological classifi-
cation. All living organisms are seen, in his theory, as branches of a single
family tree! This is a truly remarkable assertion, since the common ancestors
of all living things must have been extremely simple and primitive; and it fol-
lows that the marvellous structures of the higher animals and plants, whose
complexity and elegance utterly surpasses the products of human intelligence,
were all produced, over thousands of millions of years, by random variation
and natural selection!

Each structure and attribute of a living creature can therefore be seen as
having a long history; and a knowledge of the evolutionary history of the organs
and attributes of living creatures can contribute much to our understanding
of them. For instance, studies of the evolutionary history of the brain and of
instincts can contribute greatly to our understanding of psychology, as Darwin
pointed out.
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Among the many striking observations presented by Darwin to support his
theory, are facts related to morphology and embryology. For example, Darwin
includes the following quotation from the naturalist, von Baer:

“In my possession are two little embryos in spirit, whose names I have
omitted to attach, and at present I am quite unable to say to what class they
belong. They may be lizards or small birds, or very young mammalia, so
complete is the similarity in the mode of formation of the head and trunk in
these animals. The extremities, however, are still absent in these embryos. But
even if they had existed in the earliest stage of their development, we should
learn nothing, for the feet of lizards and mammals, the wings and feet of birds,
no less than the hands and feet of man, all arise from the same fundamental
form.”

Darwin also quotes the following passage from G.H. Lewis: “The tadpole
of the common Salamander has gills, and passes its existence in the water;
but the Salamandra atra, which lives high up in the mountains, brings forth
its young full-formed. This animal never lives in the water. Yet if we open
a gravid female, we find tadpoles inside her with exquisitely feathered gills;
and when placed in water, they swim about like the tadpoles of the common
Salamander or water-newt. Obviously this aquatic organization has no refer-
ence to the future life of the animal, nor has it any adaption to its embryonic
condition; it has solely reference to ancestral adaptations; it repeats a phase
in the development of its progenitors.”

Darwin points out that, “...As the embryo often shows us more or less
plainly the structure of the less modified and ancient progenitor of the group,
we can see why ancient and extinct forms so often resemble in their adult state
the embryos of existing species.”

No abstract of Darwin’s book can do justice to it. One must read it in the
original. He brings forward an overwhelming body of evidence to support his
theory of evolution through natural selection; and he closes with the following
words:

“It is interesting to contemplate a tangled bank, clothed with many plants
of many different kinds, with birds singing on the bushes, with various insects
flitting about, and with worms crawling through the damp earth, and to reflect
that these elaborately constructed forms, so different from each other, and
dependant upon each other in so complex a manner, have all been produced
by laws acting around us... There is grandeur in this view of life, with its
several powers, having been originally breathed by the Creator into a few
forms or into one; and that whilst this planet has gone cycling on according
to the fixed law of gravity, from so simple a beginning, endless forms most
beautiful and wonderful have been and are being evolved.”
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Figure 2.5: “Man is 1s But a Worm”, a cartoon, published in Punch in 1882.
Public domain, Wikimedia Commons
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Chapter 3

MOLECULAR BIOLOGY AND
EVOLUTION

Classical genetics

Charles Darwin postulated that natural selection acts on small inheritable
variations in the individual members of a species. His opponents objected
that these slight variations would be averaged away by interbreeding. Darwin
groped after an answer to this objection, but he did not have one. However,
unknown to Darwin, the answer had been uncovered several years earlier by an
obscure Augustinian monk, Gregor Mendel, who was born in Silesia in 1822,
and who died in Bohemia in 1884.

Mendel loved both botany and mathematics, and he combined these two
interests in his hobby of breeding peas in the monastery garden. Mendel
carefully self-pollinated his pea plants, and then wrapped the flowers to prevent
pollination by insects. He kept records of the characteristics of the plants and
their offspring, and he found that dwarf peas always breed true - they invariably
produce other dwarf plants. The tall variety of pea plants, pollinated with
themselves, did not always breed true, but Mendel succeeded in isolating a
strain of true-breeding tall plants which he inbred over many generations.

Next he crossed his true-breeding tall plants with the dwarf variety and
produced a generation of hybrids. All of the hybrids produced in this way
were tall. Finally Mendel self-pollinated the hybrids and recorded the char-
acteristics of the next generation. Roughly one quarter of the plants in this
new generation were true-breeding tall plants, one quarter were true-breeding
dwarfs, and one half were tall but not true-breeding.

Gregor Mendel had in fact discovered the existence of dominant and re-
cessive genes. In peas, dwarfism is a recessive characteristic, while tallness is
dominant. Each plant has two sets of genes, one from each parent. Whenever
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the gene for tallness is present, the plant is tall, regardless of whether it also
has a gene for dwarfism. When Mendel crossed the pure-breeding dwarf plants
with pure-breeding tall ones, the hybrids received one type of gene from each
parent. Each hybrid had a tall gene and a dwarf gene; but the tall gene was
dominant, and therefore all the hybrids were tall. When the hybrids were self-
pollinated or crossed with each other, a genetic lottery took place. In the next
generation, through the laws of chance, a quarter of the plants had two dwarf
genes, a quarter had two tall genes, and half had one of each kind.

Mendel published his results in the Transactions of the Brinn Natural
History Society in 1865, and no one noticed his papeif] At that time, Austria
was being overrun by the Prussians, and people had other things to think
about. Mendel was elected Abbot of his monastery; he grew too old and fat
to bend over and cultivate his pea plants; his work on heredity was completely
forgotten, and he died never knowing that he would one day be considered to
be the founder of modern genetics.

In 1900 the Dutch botanist named Hugo de Vries, working on evening prim-
roses, independently rediscovered Mendel’s laws. Before publishing, he looked
through the literature to see whether anyone else had worked on the subject,
and to his amazement he found that Mendel had anticipated his great discov-
ery by 35 years. De Vries could easily have published his own work without
mentioning Mendel, but his honesty was such that he gave Mendel full credit
and mentioned his own work only as a confirmation of Mendel’s laws. Aston-
ishingly, the same story was twice repeated elsewhere in Europe during the
same year. In 1900, two other botanists (Correns in Berlin and Tschermak in
Vienna) independently rediscovered Mendel’s laws, looked through the litera-
ture, found Mendel’s 1865 paper, and gave him full credit for the discovery.

Besides rediscovering the Mendelian laws for the inheritance of dominant
and recessive characteristics, de Vries made another very important discovery:
He discovered genetic mutations - sudden unexplained changes of form which
can be inherited by subsequent generations. In growing evening primroses, de
Vries found that sometimes, but very rarely, a completely new variety would
suddenly appear, and he found that the variation could be propagated to
the following generations. Actually, mutations had been observed before the
time of de Vries. For example, a short-legged mutant sheep had suddenly
appeared during the 18th century; and stock-breeders had taken advantage of
this mutation to breed sheep that could not jump over walls. However, de
Vries was the first scientist to study and describe mutations. He noticed that
most mutations are harmful, but that a very few are beneficial, and those few
tend in nature to be propagated to future generations.

I Mendel sent a copy of his paper to Darwin; but Darwin, whose German was weak,
seems not to have read it.
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After the rediscovery of Mendel’s work by de Vries, many scientists began
to suspect that chromosomes might be the carriers of genetic information. The
word “chromosome” had been invented by the German physiologist, Walther
Flemming, to describe the long, threadlike bodies which could be seen when
cells were stained and examined through, the microscope during the process
of division. It had been found that when an ordinary cell divides, the chromo-
somes also divide, so that each daughter cell has a full set of chromosomes.

The Belgian cytologist, Edouard van Benedin, had shown that in the for-
mation of sperm and egg cells, the sperm and egg receive only half of the full
number of chromosomes. It had been found that when the sperm of the father
combines with the egg of the mother in sexual reproduction, the fertilized egg
again has a full set of chromosomes, half coming from the mother and half
from the father. This was so consistent with the genetic lottery studied by
Mendel, de Vries and others, that it seemed almost certain that chromosomes
were the carriers of genetic information.

The number of chromosomes was observed to be small (for example, each
normal cell of a human has 46 chromosomes); and this made it obvious that
each chromosome must contain thousands of genes. It seemed likely that all
of the genes on a particular chromosome would stay together as they passed
through the genetic lottery; and therefore certain characteristics should always
be inherited together.

This problem had been taken up by Thomas Hunt Morgan, a professor of
experimental zoology working at Colombia University. He found it convenient
to work with fruit flies, since they breed with lightning-like speed and since
they have only four pairs of chromosomes.

Morgan found that he could raise enormous numbers of these tiny insects
with almost no effort by keeping them in gauze-covered glass milk bottles,
in the bottom of which he placed mashed bananas. In 1910, Morgan found
a mutant white-eyed male fly in one of his milk-bottle incubators. He bred
this fly with a normal red-eyed female, and produced hundreds of red-eyed
hybrids. When he crossed the red-eyed hybrids with each other, half of the next
generation were red-eyed females, a quarter were red-eyed males, and a quarter
were white-eyed males. There was not one single white-eyed female! This
indicated that the mutant gene for white eyes was on the same chromosome
as the gene for the male sex.

As Morgan continued his studies of genetic linkages, however, it became
clear that the linkages were not absolute. There was a tendency for all the
genes on the same chromosome to be inherited together; but on rare occasions
there were “crosses”, where apparently a pair of chromosomes broke at some
point and exchanged segments. By studying these crosses statistically, Morgan
and his “fly squad” were able to find the relative positions of genes on the
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chromosomes. They reasoned that the probability for a cross to separate two
genes should be proportional to the distance between the two genes on the
chromosome. In this way, after 17 years of work and millions of fruit flies,
Thomas Hunt Morgan and his coworkers were able to make maps of the fruit
fly chromosomes showing the positions of the genes.

This work had been taken a step further by Hermann J. Muller, a member of
Morgan’s “fly squad”, who exposed hundreds of fruit flies to X-rays. The result
was a spectacular outbreak of man-made mutations in the next generation.

“They were a motley throng”, recalled Muller. Some of the mutant flies had
almost no wings, others bulging eyes, and still others brown, yellow or purple
eyes; some had no bristles, and others curly bristles. Muller’s experiments indi-
cated that mutations can be produced by radiation-induced physical damage;
and he guessed that such damage alters the chemical structure of genes.

In spite of the brilliant work by Morgan and his collaborators, no one had
any idea of what a gene really was.

The structure of DNA

Until 1944, most scientists had guessed that the genetic message was carried
by the proteins of the chromosome. In 1944, however, O.T. Avery and his co-
workers at the laboratory of the Rockefeller Institute in New York performed
a critical experiment, which proved that the material which carries genetic
information is not protein, but deoxyribonucleic acid (DNA) - a giant chain-
like molecule which had been isolated from cell nuclei by the Swiss chemist,
Friedrich Miescher.

Avery had been studying two different strains of pneumococci, the bacteria
which cause pneumonia. One of these strains, the S-type, had a smooth coat,
while the other strain, the R-type, lacked an enzyme needed for the manufac-
ture of a smooth carbohydrate coat. Hence, R-type pneumococci had a rough
appearance under the microscope. Avery and his co-workers were able to show
that an extract from heat-killed S-type pneumococci could convert the living
R-type species permanently into S-type; and they also showed that this extract
consisted of pure DNA.

In 1947, the Austrian-American biochemist, Erwin Chargaff, began to
study the long, chainlike DNA molecules. It had already been shown by Levine
and Todd that chains of DNA are built up of four bases: adenine (A), thymine
(T), guanine (G) and cytosine (C), held together by a sugar-phosphate back-
bone. Chargaff discovered that in DNA from the nuclei of living cells, the
amount of A always equals the amount of T; and the amount of G always
equals the amount of C.

When Chargaff made this discovery, neither he nor anyone else understood
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its meaning. However, in 1953, the mystery was completely solved by Ros-
alind Franklin and Maurice Wilkins at Kings College, London, together with
James Watson and Francis Crick at Cambridge University. By means of X-ray
diffraction techniques, Wilkins and Franklin obtained crystallographic infor-
mation about the structure of DNA. Using this information, together with
Linus Pauling’s model-building methods, Crick and Watson proposed a de-
tailed structure for the giant DNA molecule.

The discovery of the molecular structure of DNA was an event of enormous
importance for genetics, and for biology in general. The structure was a reve-
lation! The giant, helical DNA molecule was like a twisted ladder: Two long,
twisted sugar-phosphate backbones formed the outside of the ladder, while the
rungs were formed by the base pairs, A, T, G and C. The base adenine (A)
could only be paired with thymine (T), while guanine (G) fit only with cyto-
sine (C). Each base pair was weakly joined in the center by hydrogen bonds -
in other words, there was a weak point in the center of each rung of the ladder
- but the bases were strongly attached to the sugar-phosphate backbone. In
their 1953 paper, Crick and Watson wrote:

"It has not escaped our notice that the specific pairing we have postulated
suggests a possible copying mechanism for genetic material”. Indeed, a sudden
blaze of understanding illuminated the inner workings of heredity, and of life
itself.

If the weak hydrogen bonds in the center of each rung were broken, the
ladderlike DNA macromolecule could split down the center and divide into
two single strands. Each single strand would then become a template for the
formation of a new double-stranded molecule.

Because of the specific pairing of the bases in the Watson-Crick model of
DNA, the two strands had to be complementary. T had to be paired with
A, and G with C. Therefore, if the sequence of bases on one strand was (for
example) TTTGCTAAAGGTGAACCA... | then the other strand necessarily
had to have the sequence AAACGATTTCCACTTGGT... The Watson-Crick
model of DNA made it seem certain that all the genetic information needed for
producing a new individual is coded into the long, thin, double-stranded DNA
molecule of the cell nucleus, written in a four-letter language whose letters are
the bases, adenine, thymine, guanine and cytosine.

The solution of the DNA structure in 1953 initiated a new kind of biol-
ogy - molecular biology. This new discipline made use of recently-discovered
physical techniques - X-ray diffraction, electron microscopy, electrophoresis,
chromatography, ultracentrifugation, radioactive tracer techniques, autoradio-
graphy, electron spin resonance, nuclear magnetic resonance and ultraviolet
spectroscopy. In the 1960’s and 1970’s, molecular biology became the most
exciting and rapidly-growing branch of science.
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Protein structure

In England, J.D. Bernal and Dorothy Crowfoot Hodgkin pioneered the applica-
tion of X-ray diffraction methods to the study of complex biological molecules.
In 1949, Hodgkin determined the structure of penicillin; and in 1955, she
followed this with the structure of vitamin B12. In 1960, Max Perutz and
John C. Kendrew obtained the structures of the blood proteins myoglobin and
hemoglobin. This was an impressive achievement for the Cambridge crystal-
lographers, since the hemoglobin molecule contains roughly 12,000 atoms.

The structure obtained by Perutz and Kendrew showed that hemoglobin is
a long chain of amino acids, folded into a globular shape, like a small, crumpled
ball of yarn. They found that the amino acids with an affinity for water were on
the outside of the globular molecule; while the amino acids for which contact
with water was energetically unfavorable were hidden on the inside. Perutz
and Kendrew deduced that the conformation of the protein - the way in which
the chain of amino acids folded into a 3-dimensional structure - was determined
by the sequence of amino acids in the chain.

In 1966, D.C. Phillips and his co-workers at the Royal Institution in London
found the crystallographic structure of the enzyme lysozyme (an egg-white
protein which breaks down the cell walls of certain bacteria). Again, the
structure showed a long chain of amino acids, folded into a roughly globular
shape. The amino acids with hydrophilic groups were on the outside, in contact
with water, while those with hydrophobic groups were on the inside. The
structure of lysozyme exhibited clearly an active site, where sugar molecules
of bacterial cell walls were drawn into a mouth-like opening and stressed by
electrostatic forces, so that bonds between the sugars could easily be broken.

Meanwhile, at Cambridge University, Frederick Sanger developed methods
for finding the exact sequence of amino acids in a protein chain. In 1945, he
discovered a compound (2,4-dinitrofluorobenzene) which attaches itself prefer-
entially to one end of a chain of amino acids. Sanger then broke down the chain
into individual amino acids, and determined which of them was connected to
his reagent. By applying this procedure many times to fragments of larger
chains, Sanger was able to deduce the sequence of amino acids in complex
proteins. In 1953, he published the sequence of insulin. This led, in 1964, to
the synthesis of insulin.

The biological role and structure of proteins which began to emerge was
as follows: A mammalian cell produces roughly 10,000 different proteins. All
enzymes are proteins; and the majority of proteins are enzymes - that is, they
catalyze reactions involving other biological molecules. All proteins are built
from chainlike polymers, whose monomeric sub-units are the following twenty
amino acids: glycine, aniline, valine, isoleucine, leucine, serine, threonine, pro-
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line, aspartic acid, glutamic acid, lysine, arginine, asparagine, glutamine, cys-
teine, methionine, tryptophan, phenylalanine, tyrosine and histidine. These
individual amino acid monomers may be connected together into a polymer
(called a polypeptide) in any order - hence the great number of possibilities.
In such a polypeptide, the backbone is a chain of carbon and nitrogen atoms
showing the pattern ...-C-C-N-C-C-N-C-C-N-...and so on. The -C-C-N- re-
peating unit is common to all amino acids. Their individuality is derived from
differences in the side groups which are attached to the universal -C-C-N-
group.

Some proteins, like hemoglobin, contain metal atoms, which may be oxi-
dized or reduced as the protein performs its biological function. Other proteins,
like lysozyme, contain no metal atoms, but instead owe their biological activity
to an active site on the surface of the protein molecule. In 1909, the English
physician, Archibald Garrod, had proposed a one-gene-one-protein hypothe-
sis. He believed that hereditary diseases are due to the absence of specific
enzymes. According to Garrod’s hypothesis, damage suffered by a gene results
in the faulty synthesis of the corresponding enzyme, and loss of the enzyme
ultimately results in the symptoms of the hereditary disease.

In the 1940’s, Garrod’s hypothesis was confirmed by experiments on the
mold, Neurospora, performed at Stanford University by George Beadle and
Edward Tatum. They demonstrated that mutant strains of the mold would
grow normally, provided that specific extra nutrients were added to their diets.
The need for these dietary supplements could in every case be traced to the
lack of a specific enzyme in the mutant strains. Linus Pauling later extended
these ideas to human genetics by showing that the hereditary disease, sickle-
cell anemia, is due to a defect in the biosynthesis of hemoglobin.

RNA and ribosomes

Since DNA was known to carry the genetic message, coded into the sequence
of the four nucleotide bases, A, T, G and C, and since proteins were known to
be composed of specific sequences of the twenty amino acids, it was logical to
suppose that the amino acid sequence in a protein was determined by the base
sequence of DNA. The information somehow had to be read from the DNA
and used in the biosynthesis of the protein.

It was known that, in addition to DNA, cells also contain a similar, but
not quite identical, polynucleotide called ribonucleic acid (RNA). The sugar-
phosphate backbone of RNA was known to differ slightly from that of DNA;
and in RNA, the nucleotide thymine (T) was replaced by a chemically similar
nucleotide, uracil (U). Furthermore, while DNA was found only in cell nuclei,
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RNA was found both in cell nuclei and in the cytoplasm of cells, where protein
synthesis takes place. Evidence accumulated indicating that genetic informa-
tion is first transcribed from DNA to RNA, and afterwards translated from
RNA into the amino acid sequence of proteins.

At first, it was thought that RNA might act as a direct template, to which
successive amino acids were attached. However, the appropriate chemical com-
plementarity could not be found; and therefore, in 1955, Francis Crick proposed
that amino acids are first bound to an adaptor molecule, which is afterward
bound to RNA.

In 1956, George Emil Palade of the Rockefeller Institute used electron
microscopy to study subcellular particles rich in RNA (ribosomes). Ribosomes
were found to consist of two subunits - a smaller subunit, with a molecular
weight one million times the weight of a hydrogen atom, and a larger subunit
with twice this weight.

It was shown by means of radioactive tracers that a newly synthesized
protein molecule is attached temporarily to a ribosome, but neither of the two
subunits of the ribosome seemed to act as a template for protein synthesis.
Instead, Palade and his coworkers found that genetic information is carried
from DNA to the ribosome by a messenger RNA molecule (mRNA). Electron
microscopy revealed that mRNA passes through the ribosome like a punched
computer tape passing through a tape-reader. It was found that the adapter
molecules, whose existence Crick had postulated, were smaller molecules of
RNA; and these were given the name “transfer RNA” (tRNA). It was shown
that, as an mRNA molecule passes through a ribosome, amino acids attached
to complementary tRNA adaptor molecules are added to the growing protein
chain.

The relationship between DNA, RNA | the proteins and the smaller molecules
of a cell was thus seen to be hierarchical: The cell’s DNA controlled its pro-
teins (through the agency of RNA); and the proteins controlled the synthesis
and metabolism of the smaller molecules.

The genetic code

In 1955, Severo Ochoa, at New York University, isolated a bacterial enzyme
(RNA polymerase) which was able join the nucleotides A, G, U and C so that
they became an RNA strand. One year later, this feat was repeated for DNA
by Arthur Kornberg.

With the help of Ochoa’s enzyme, it was possible to make synthetic RNA
molecules containing only a single nucleotide - for example, one could join
uracil molecules into the ribonucleic acid chain, ...U-U-U-U-U-U-... In 1961,
Marshall Nirenberg and Heinrich Matthaei used synthetic poly-U as messen-
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Figure 3.1: Information coded on DNA molecules in the cell nucleus is tran-
scribed to mRNA molecules. The messenger RNA molecules in turn provide
information for the amino acid sequence in protein synthesis.
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Figure 3.2: mRNA passes through the ribosome like a punched computer
tape passing through a tape-reader.
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Figure 3.3: This figure shows aspartic acid, whose residue (R) is hydrophilic,
contrasted with alanine, whose residue is hydrophobic.
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ger RNA in protein synthesis; and they found that only polyphenylalanine was
synthesized. In the same year, Sydney Brenner and Francis Crick reported a
series of experiments on mutant strains of the bacteriophage, T4. The ex-
periments of Brenner and Crick showed that whenever a mutation added or
deleted either one or two base pairs, the proteins produced by the mutants were
highly abnormal and non-functional. However, when the mutation added or
subtracted three base pairs, the proteins often were functional. Brenner and
Crick concluded that the genetic language has three-letter words (codons).
With four different “letters”, A, T, G and C, this gives sixty-four possible
codons - more than enough to specify the twenty different amino acids.

In the light of the phage experiments of Brenner and Crick, Nirenberg and
Matthaei concluded that the genetic code for phenylalanine is UUU in RNA
and TTT in DNA. The remaining words in the genetic code were worked out
by H. Gobind Khorana of the University of Wisconsin, who used other mRNA
sequences (such as GUGUGU..., AAGAAGAAG... and GUUGUUGUU...) in
protein synthesis. By 1966, the complete genetic code, specifying amino acids
in terms of three-base sequences, was known. The code was found to be the
same for all species studied, no matter how widely separated they were in form;
and this showed that all life on earth belongs to the same family, as postulated
by Darwin.

Genetic engineering

In 1970, Hamilton Smith of Johns Hopkins University observed that when
the bacterium Haemophilus influenzae is attacked by a bacteriophage (a virus
parasitic on bacteria), it can defend itself by breaking down the DNA of the
phage. Following up this observation, he introduced DNA from the bacterium
E. coli into H. influenzae. Again the foreign DNA was broken down.

Smith had, in fact, discovered the first of a class of bacterial enzymes which
came to be called “restriction enzymes” or “restriction nucleases”. Almost
a hundred other restriction enzymes were subsequently discovered, and each
was found to cut DNA at a specific base sequence. Smith’s colleague, Daniel
Nathans, used the restriction enzymes Hin dll and Hin dill to produce the first
“restriction map” of the DNA in a virus.

In 1971 and 1972, Paul Berg, and his co-workers Peter Lobban, Dale Kaiser
and David Jackson at Stanford University, developed methods for adding cohe-
sive ends to DNA fragments. Berg and his group used the calf thymus enzyme,
terminal transferase, to add short, single-stranded polynucleotide segments
to DNA fragments. For example, if they added the single-stranded segment
AAAA to one fragment, and TTTT to another, then the two ends joined spon-
taneously when the fragments were incubated together. In this way Paul Berg
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Table 3.1: The genetic code

TTT=Phe | TCT=Ser | TAT=Tyr | TGT=Cys
TTC=Phe | TCC=Ser | TAC=Tyr | TGC=Cys
TTA=Leu | TCA=Ser | TAA=Ter | TGA=Ter
TTG=Leu | TGC=Ser | TAG=Ter | TGG=Trp
CTT=Leu | CCT=Pro | CAT=His | CGT=Arg
CTC=Leu | CCC=Pro | CAC=His | CGC=Arg
CTA=Leu | CCA=Pro | CAA=GIn | CGA=Arg
CTG=Leu | CGC=Pro | CAG=GIn | CGG=Arg

ATT=Ile | ACT=Thr | AAT=Asn | AGT=Ser

ATC=Ile | ACC=Thr | AAC=Asn | AGC=Ser

ATA=Ile | ACA=Thr | AAA=Lys | AGA=Arg
ATG=Met | AGC=Thr | AAG=Lys | AGG=Arg
GTT=Val | GCT=Ala | GAT=Asp | GGT=Gly
GTC=Val | GCC=Ala | GAC=Asp | GGC=Gly
GTA=Val | GCA=Ala | GAA=GIlu | GGA=Gly
GTG=Val | GGC=Ala | GAG=Glu | GGG=Gly
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and his group made the first recombinant DNA molecules.

The restriction enzyme Eco RI, isolated from the bacterium E. coli, was
found to recognize the pattern, GAATTC, in one strand of a DNA molecule,
and the complementary pattern, CTTAAG, in the other strand. Instead of
cutting both strands in the middle of the six-base sequence, Eco RI was ob-
served to cut both strands between G and A. Thus, each side of the cut was
left with a “sticky end” - a five-base single-stranded segment, attached to the
remainder of the double-stranded DNA molecule.

In 1972, Janet Mertz and Ron Davis, working at Stanford University,
demonstrated that DNA strands cut with Eco RI could be rejoined by means of
another enzyme - a DNA ligase. More importantly, when DNA strands from
two different sources were cut with Eco RI, the sticky end of one fragment
could form a spontaneous temporary bond with the sticky end of the other
fragment. The bond could be made permanent by the addition of DNA ligase,
even when the fragments came from different sources. Thus, DNA fragments
from different organisms could be joined together.

Bacteria belong to a class of organisms (prokaryotes) whose cells do not
have a nucleus. Instead, the DNA of the bacterial chromosome is arranged in a
large loop. In the early 1950’s, Joshua Lederberg had discovered that bacteria
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can exchange genetic information. He found that a frequently-exchanged gene,
the F-factor (which conferred fertility), was not linked to other bacterial genes;
and he deduced that the DNA of the F-factor was not physically a part of the
main bacterial chromosome. In 1952, Lederberg coined the word “plasmid”
to denote any extrachromosomal genetic system. In 1959, it was discovered
in Japan that genes for resistance to antibiotics can be exchanged between
bacteria; and the name “R-factors” was given to these genes. Like the F-
factors, the R-factors did not seem to be part of the main loop of bacterial
DNA.

Because of the medical implications of this discovery, much attention was
focused on the R-factors. It was found that they are plasmids, small loops
of DNA existing inside the bacterial cell but not attached to the bacterial
chromosome. Further study showed that, in general, between one percent and
three percent of bacterial genetic information is carried by plasmids, which can
be exchanged freely even between different species of bacteria.

In the words of the microbiologist, Richard Novick, “Appreciation of the
role of plasmids has produced a rather dramatic shift in biologists’ thinking
about genetics. The traditional view was that the genetic makeup of a species
was about the same from one cell to another, and was constant over long
periods of time. Now a significant proportion of genetic traits are known to be
variable (present in some individual cells or strains, absent in others), labile
(subject to frequent loss or gain) and mobile - all because those traits are
associated with plasmids or other atypical genetic systems.”

In 1973, Herbert Boyer, Stanley Cohen and their co-workers at Stanford
University and the University of California carried out experiments in which
they inserted foreign DNA segments, cut with Eco RI, into plasmids (also cut
with Eco RI). They then resealed the plasmid loops with DNA ligase. Finally,
bacteria were infected with the gene-spliced plasmids. The result was a new
strain of bacteria, capable of producing an additional protein coded by the
foreign DNA segment which had been spliced into the plasmids.

Cohen and Boyer used plasmids containing a gene for resistance to an an-
tibiotic, so that a few gene-spliced bacteria could be selected from a large
population by treating the culture with the antibiotic. The selected bacte-
ria, containing both the antibiotic-resistance marker and the foreign DNA,
could then be cloned on a large scale; and in this way a foreign gene could be
“cloned”. The gene-spliced bacteria were chimeras, containing genes from two
different species.

The new recombinant DNA techniques of Berg, Cohen and Boyer had rev-
olutionary implications: It became possible to produce many copies of a given
DNA segment, so that its base sequence could be determined. With the help
of direct DNA-sequencing methods developed by Frederick Sanger and Walter
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Gilbert, the new cloning techniques could be used for mapping and sequencing
genes.

Since new bacterial strains could be created, containing genes from other
species, it became possible to produce any protein by cloning the correspond-
ing gene. Proteins of medical importance could be produced on a large scale.
Thus, the way was open for the production of human insulin, interferon, serum
albumin, clotting factors, vaccines, and protein hormones such as ACTH, hu-
man growth factor and leuteinizing hormone.

It also became possible to produce enzymes of industrial and agricultural
importance by cloning gene-spliced bacteria. Since enzymes catalyze reac-
tions involving smaller molecules, the production of these substrate molecules
through gene-splicing also became possible.

It was soon discovered that the possibility of producing new, transgenic
organisms was not limited to bacteria. Gene-splicing was also carried out on
higher plants and animals as well as on fungi. It was found that the bacterium
Agrobacterium tumefaciens contains a tumor-inducing (Ti) plasmid capable
of entering plant cells and producing a crown gall. Genes spliced into the Ti
plasmid quite frequently became incorporated in the plant chromosome, and
afterwards were inherited in a stable, Mendelian fashion.

Transgenic animals were produced by introducing foreign DNA into embryo-
derived stem cells (ES cells). The gene-spliced ES cells were then selected, cul-
tured and introduced into a blastocyst, which afterwards was implanted in a
foster-mother. The resulting chimeric animals were bred, and stable transgenic
lines selected.

Thus, for the first time, humans had achieved direct control over the process
of evolution. Selective breeding to produce new plant and animal varieties
was not new - it is one of the oldest techniques of civilization. However, the
degree, precision, and speed of intervention which recombinant DNA made
possible was entirely new. In the 1970’s it became possible to mix the genetic
repertoires of different species: The genes of mice and men could be spliced
together into new, man-made forms of life!

The Polymerase Chain Reaction

One day in the early 1980’s, an American molecular biologist, Kary Mullis, was
driving to his mountain cabin with his girl friend. The journey was a long one,
and to pass the time, Kary Mullis turned over and over in his mind a problem
which had been bothering him: He worked for a California biotechnology firm,
and like many other molecular biologists he had been struggling to analyze
very small quantities of DNA. Mullis realized that it would be desirable have
a highly sensitive way of replicating a given DNA segment - a method much
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more sensitive than cloning. As he drove through the California mountains,
he considered many ways of doing this, rejecting one method after the other
as impracticable. Finally a solution came to him; and it seemed so simple that
he could hardly believe that he was the first to think of it. He was so excited
that he immediately pulled over to the side of the road and woke his sleeping
girlfriend to tell her about his idea. Although his girlfriend was not entirely
enthusiastic about being wakened from a comfortable sleep to be presented
with a lecture on biochemistry, Kary Mullis had in fact invented a technique
which was destined to revolutionize DNA technology: the Polymerase Chain
Reaction (PCR)P]

The technique was as follows: Begin with a small sample of the genomic
DNA to be analyzed. (The sample may be extremely small - only a few
molecules.) Heat the sample to 95 °C to separate the double-stranded DNA
molecule into single strands. Suppose that on the long DNA molecule there is a
target segment which one wishes to amplify. If the target segment begins with
a known sequence of bases on one strand, and ends with a known sequence
on the complementary strand, then synthetic “primer” oligonucleotideﬂ with
these known beginning ending sequences are added in excess. The temperature
is then lowered to 50-60 °C, and at the lowered temperature, the “start” primer
attaches itself to one DNA strand at the beginning of the target segment, while
the “stop” primer becomes attached to the complementary strand at the other
end of the target segment. Polymerase (an enzyme which aids the formation
of double-stranded DNA) is then added, together with a supply of nucleotides.
On each of the original pieces of single-stranded DNA, a new complementary
strand is generated with the help of the polymerase. Then the temperature is
again raised to 95 °C, so that the double-stranded DNA separates into single
strands, and the cycle is repeated.

In the early versions of the PCR technique, the polymerase was destroyed
by the high temperature, and new polymerase had to be added for each cy-
cle. However, it was discovered that polymerase from the bacterium Thermus
aquaticus would withstand the high temperature. (Thermus aquaticus lives in
hot springs.) This discovery greatly simplified the PCR technique. The tem-
perature could merely be cycled between the high and low temperatures, and
with each cycle, the population of the target segment doubled, concentrations
of primers, deoxynucleotides and polymerase being continuously present.

After a few cycles of the PCR reaction, copies of copies begin to predom-
inate over copies of the original genomic DNA. These copies of copies have a
standard length, always beginning on one strand with the start primer, and

2 The flash of insight didn’t take long, but at least six months of hard work were needed
before Mullis and his colleagues could convert the idea to reality.
3 Short segments of single-stranded DNA.
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ending on that strand with the complement of the stop primer.

Two main variants of the PCR technique are possible, depending on the
length of the oligonucleotide primers: If, for example, trinucleotides are used
as start and stop primers, they can be expected to match the genomic DNA at
many points. In that case, after a number of PCR cycles, populations of many
different segments will develop. Within each population, however, the length
of the replicated segment will be standardized because of the predominance of
copies of copies. When the resulting solution is placed on a damp piece of paper
or a gel and subjected to the effects of an electric current (electrophoresis), the
populations of different molecular weights become separated, each population
appearing as a band. The bands are profiles of the original genomic DNA;
and this variant of the PCR technique can be used in evolutionary studies to
determine the degree of similarity of the genomic DNA of two species.

On the other hand, if the oligonucleotide primers contain as many as 20
nucleotides, they will be highly specific and will bind only to a particular target
sequence of the genomic DNA. The result of the PCR reaction will then be
a single population, containing only the chosen target segment. The PCR
reaction can be thought of as autocatalytic, and as we shall see in the next
section, autocatylitic systems play an important role in modern theories of the
origin of life.

Theories of chemical evolution towards the origin of life

The possibility of an era of chemical evolution prior to the origin of life entered
the thoughts of Charles Darwin, but he considered the idea to be much too
speculative to be included in his published papers and books. However, in
February 1871, he wrote a letter to his close friend Sir Joseph Hooker contain-
ing the following words:

“It is often said that all the conditions for the first production of a living
organism are now present, which could ever have been present. But if (and
oh what a big if) we could conceive in some warm little pond with all sorts
of ammonia and phosphoric salts, - light, heat, electricity etc. present, that
a protein compound was chemically formed, ready to undergo still more com-
plex changes, at the present day such matter would be instantly devoured,
or absorbed, which would not have been the case before living creatures were
formed.”

The last letter which Darwin is known to have dictated and signed before
his death in 1882 also shows that he was thinking about this problem: “You
have expressed quite correctly my views”, Darwin wrote, “where you said that
I had intentionally left the question of the Origin of Life uncanvassed as being
altogether ultra vires in the present state of our knowledge, and that I dealt
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only with the manner of succession. I have met with no evidence that seems in
the least trustworthy, in favor of so-called Spontaneous Generation. (However)
I believe that I have somewhere said (but cannot find the passage) that the
principle of continuity renders it probable that the principle of life will hereafter
be shown to be a part, or consequence, of some general law..”

Modern researchers, picking up the problem where Darwin left it, have
begun to throw a little light on the problem of chemical evolution towards
the origin of life. In the 1930’s J.B.S. Haldane in England and A.I. Oparin
in Russia put forward theories of an era of chemical evolution prior to the
appearance of living organisms.

In 1924 Oparin published a pamphlet on the origin of life. An expanded
version of this pamphlet was translated into English and appeared in 1936 as
a book entitled The Origin of Life on Earth. In this book Oparin pointed out
that the time when life originated, conditions on earth were probably consid-
erably different than they are at present: The atmosphere probably contained
very little free oxygen, since free oxygen is produced by photosynthesis which
did not yet exist. On the other hand, he argued, there were probably large
amounts of methane and ammonia in the earth’s primitive atmospherelz_f]. Thus,
before the origin of life, the earth probably had a reducing atmosphere rather
than an oxidizing one. Oparin believed that energy-rich molecules could have
been formed very slowly by the action of light from the sun. On the present-day
earth, bacteria quickly consume energy-rich molecules, but before the origin
of life, such molecules could have accumulated, since there were no living or-
ganisms to consume them. (This observation is similar to the remark made by
Darwin in his 1871 letter to Hooker.)

The first experimental work in this field took place in 1950 in the laboratory
of Melvin Calvin at the University of California, Berkeley. Calvin and his co-
workers wished to determine experimentally whether the primitive atmosphere
of the earth could have been converted into some of the molecules which are
the building-blocks of living organisms. The energy needed to perform these
conversions they imagined to be supplied by volcanism, radioactive decay,
ultraviolet radiation, meteoric impacts, or by lightning strokes.

The earth is thought to be approximately 4.6 billion years old. At the time
when Calvin and his co-workers were performing their experiments, the earth’s
primitive atmosphere was believed to have consisted primarily of hydrogen,
water, ammonia, methane, and carbon monoxide, with a little carbon dioxide.
A large quantity of hydrogen was believed to have been initially present in
the primitive atmosphere, but it was thought to have been lost gradually over
a period of time because the earth’s gravitational attraction is too weak to

4 Tt is now believed that the main constituents of the primordial atmosphere were carbon
dioxide, water, nitrogen, and a little methane.
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effectively hold such a light and rapidly-moving molecule. However, Calvin
and his group assumed sufficient hydrogen to be present to act as a reducing
agent. In their 1950 experiments they subjected a mixture of hydrogen and
carbon dioxide, with a catalytic amount of Fe?*, to bombardment by fast
particles from the Berkeley cyclotron. Their experiments resulted in a good
yield of formic acid and a moderate yield of formaldehyde. (The fast particles
from the cyclotron were designed to simulate an energy input from radioactive
decay on the primitive earth.)

Two years later, Stanley Miller, working in the laboratory of Harold Urey
at the University of Chicago, performed a much more refined experiment of the
same type. In Miller’s experiment, a mixture of the gases methane, ammonia,
water and hydrogen was subjected to an energy input from an electric spark.
Miller’s apparatus was designed so that the gases were continuously circulated,
passing first through the spark chamber, then through a water trap which
removed the non-volatile water soluble products, and then back again through
the spark chamber, and so on. The resulting products are shown as a function
of time in Figure 3.5.

The Miller-Urey experiment produced many of the building-blocks of liv-
ing organisms, including glycine, glycolic acid, sarcosine, alanine, lactic acid,
N-methylalanine, $-alanine, succinic acid, aspartic acid, glutamic acid, imin-
odiacetic acid, iminoacetic-propionic acid, formic acid, acetic acid, propionic
acid, urea and N-methyl ureaﬂ Another major product was hydrogen cyanide,
whose importance as an energy source in chemical evolution was later empha-
sized by Calvin.

The Miller-Urey experiment was repeated and extended by the Ceylonese-
American biochemist Cyril Ponnamperuma and by the American expert in
planetary atmospheres, Carl Sagan. They showed that when phosphorus is
made available, then in addition to amino acids, the Miller-Urey experiment
produces not only nucleic acids of the type that join together to form DNA, but
also the energy-rich molecule ATP (adenosine triphosphate). ATP is extremely
important in biochemistry, since it is a universal fuel which drives chemical
reactions inside present-day living organisms.

Further variations on the Miller-Urey experiment were performed by Syd-
ney Fox and his co-workers at the University of Miami. Fox and his group
showed that amino acids can be synthesized from a primitive atmosphere by
means of a thermal energy input, and that in the presence of phosphate esters,
the amino acids can be thermally joined together to form polypeptides. How-
ever, some of the peptides produced in this way were cross linked, and hence
not of biological interest.

5 The chemical reaction that led to the formation of the amino acids that Miller observed
was undoubtedly the Strecker synthesis: HCN + NH35 + RC=0 + H,O — RC(NH,)COOH.
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In 1969, Melvin Calvin published an important book entitled Chemical
Evolution; Molecular Evolution Towards the Origin of Living Systems on Earth
and Elsewhere. In this book, Calvin reviewed the work of geochemists showing
the presence in extremely ancient rock formations of molecules which we usu-
ally think of as being produced only by living organisms. He then discussed
experiments of the Miller-Urey type - experiments simulating the first step in
chemical evolution. According to Calvin, not only amino acids but also the
bases adenine, thymine, guanine, cytosine and uracil, as well as various sug-
ars, were probably present in the primitive ocean in moderate concentrations,
produced from the primitive atmosphere by the available energy inputs, and
not broken down because no organisms were present.

The next steps visualized by Calvin were dehydration reactions in which
the building blocks were linked together into peptides, polynucleotides, lipids
and porphyrins. Such dehydration reactions are in a thermodynamically uphill
direction. In modern organisms, they are driven by a universally-used energy
source, the high-energy phosphate bond of adenosine triphosphate (ATP).
Searching for a substance present in the primitive ocean which could have
driven the dehydrations, Calvin and his coworkers experimented with hydro-
gen cyanide (HC=N), and from the results of these experiments they concluded
that the energy stored in the carbon-nitrogen triple bond of HC=N could in-
deed have driven the dehydration reactions necessary for polymerization of the
fundamental building blocks. However, later work made it seem improbable
that peptides could be produced from cyanide mixtures.

In Chemical Evolution, Calvin introduced the concept of autocatalysis as
a mechanism for molecular selection, closely analogous to natural selection
in biological evolution. Calvin proposed that there were a few molecules in
the ancient oceans which could catalyze the breakdown of the energy-rich
molecules present into simpler products. According to Calvin’s hypothesis, in
a very few of these reactions, the reaction itself produced more of the catalyst.
In other words, in certain cases the catalyst not only broke down the energy-
rich molecules into simpler products but also catalyzed their own synthesis.
These autocatalysts, according to Calvin, were the first systems which might
possibly be regarded as living organisms. They not only “ate” the energy-
rich molecules but they also reproduced - i.e., they catalyzed the synthesis of
molecules identical with themselves.

Autocatalysis leads to a sort of molecular natural selection, in which the
precursor molecules and the energy-rich molecules play the role of “food”,
and the autocatalytic systems compete with each other for the food supply.
In Calvin’s picture of molecular evolution, the most efficient autocatalytic
systems won this competition in a completely Darwinian way. These more
efficient autocatalysts reproduced faster and competed more successfully for
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precursors and for energy-rich molecules. Any random change in the direction
of greater efficiency was propagated by natural selection.

What were these early autocatalytic systems, the forerunners of life? Calvin
proposed several independent lines of chemical evolution, which later, he ar-
gued, joined forces. He visualized the polynucleotides, the polypeptides, and
the metallo-porphyrins as originally having independent lines of chemical evo-
lution. Later, he argued, an accidental union of these independent autocata-
lysts showed itself to be a still more efficient autocatalytic system. He pointed
out in his book that “autocatalysis” is perhaps too strong a word. One should
perhaps speak instead of “reflexive catalysis” , where a molecule does not nec-
essarily catalyze the synthesis of itself, but perhaps only the synthesis of a
precursor. Like autocatalysis, reflexive catalysis is capable of exhibiting Dar-
winian selectivity.

The theoretical biologist, Stuart Kauffman, working at the Santa Fe Insti-
tute, has constructed computer models for the way in which the components of
complex systems of reflexive catalysts may have been linked together. Kauff-
man’s models exhibit a surprising tendency to produce orderly behavior even
when the links are randomly programmed.

In 1967 and 1968, C. Woese, F.H.C. Crick and L.E. Orgel proposed that
there may have been a period of chemical evolution involving RNA alone, prior
to the era when DNA, RNA and proteins joined together to form complex self-
reproducing systems. In the early 1980’s, this picture of an “RNA world” was
strengthened by the discovery (by Thomas R. Cech and Sydney Altman) of
RNA molecules which have catalytic activity.

Today experiments aimed at throwing light on chemical evolution towards
the origin of life are being performed in the laboratory of the Nobel Laureate
geneticist Jack Sjostak at Harvard Medical School. The laboratory is trying
to build a synthetic cellular system that undergoes Darwinian evolution.

In connection with autocatalytic systems, it is interesting to think of the
polymerase chain reaction, which we discussed above. The target segment of
DNA and the polymerase together form an autocatalytic system. The “food”
molecules are the individual nucleotides in the solution. In the PCR system,
a segment of DNA reproduces itself with an extremely high degree of fidelity.
One can perhaps ask whether systems like the PCR system can have been
among the forerunners of living organisms. The cyclic changes of temperature
needed for the process could have been supplied by the cycling of water through
a hydrothermal system. There is indeed evidence that hot springs and undersea
hydrothermal vents may have played an important role in chemical evolution
towards the origin of life. We will discuss this evidence in the next section.

Throughout this discussion of theories of chemical evolution, and the ex-
periments which have been done to support these theories, energy has played
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a central role. None of the transformations discussed above could have taken
place without an energy source, or to be more precise, they could not have
taken place without a source of free energy. In Chapter 4 we will discuss in
detail the reason why free energy plays a central role, not only in the origin
of life but also in life’s continuation. We will see that there is a connection
between free energy and information, and that information-containing free en-
ergy is needed to produce the high degree of order which is characteristic of
life.

Molecular evidence establishing family trees in evolution

Starting in the 1970’s, the powerful sequencing techniques developed by Sanger
and others began to be used to establish evolutionary trees. The evolutionary
closeness or distance of two organisms could be estimated from the degree of
similarity of the amino acid sequences of their proteins, and also by comparing
the base sequences of their DNA and RNA. One of the first studies of this kind
was made by R.E. Dickerson and his coworkers, who studied the amino acid
sequences in Cytochrome C, a protein of very ancient origin which is involved
in the “electron transfer chain” of respiratory metabolism. Some of the results
of Dickerson’s studies are shown in Figure 3.6.

Comparison of the base sequences of RNA and DNA from various species
proved to be even more powerful