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Prologue

The content and format of this book are a little unusual, so we want to
begin by explaining what it is about and how it is organized. Our basic
claim is that biological thinking about heredity and evolution is under-
going a revolutionary change. What is emerging is a new synthesis,
which challenges the gene-centered version of neo-Darwinism that has
dominated biological thought for the last fifty years.

The conceptual changes that are taking place are based on knowledge
from almost all branches of biology, but our focus in this book will be on
heredity. We will be arguing that

= there is more to heredity than genes;

= some hereditary variations are nonrandom in origin;

= some acquired information is inherited;

= evolutionary change can result from instruction as well as selection.

These statements may sound heretical to anyone who has been taught the
usual version of Darwin’s theory of evolution, which is that adaptation
occurs through natural selection of chance genetic variations. Nevertheless,
they are firmly grounded on new data as well as on new ideas. Molecular
biology has shown that many of the old assumptions about the genetic
system, which is the basis of present-day neo-Darwinian theory, are incor-
rect. It has also shown that cells can transmit information to daughter cells
through non-DNA (epigenetic) inheritance. This means that all organisms
have at least two systems of heredity. In addition, many animals transmit
information to others by behavioral means, which gives them a third hered-
ity system. And we humans have a fourth, because symbol-based inheri-
tance, particularly language, plays a substantial role in our evolution. It is
therefore quite wrong to think about heredity and evolution solely in terms
of the genetic system. Epigenetic, behavioral, and symbolic inheritance also
provide variation on which natural selection can act.
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When all four inheritance systems and the interactions between them
are taken into account, a very different view of Darwinian evolution
emerges. It is a view that may relieve the frustration that many people feel
with the prevalent gene-centered approach, because it is no longer neces-
sary to attribute the adaptive evolution of every biological structure and
activity, including human behavior, to the selection of chance genetic vari-
ations that are blind to function. When all types of hereditary variation
are considered, it becomes clear that induced and acquired changes also
play a role in evolution. By adopting a four-dimensional perspective,
it is possible to construct a far richer and more sophisticated theory of
evolution, where the gene is not the sole focus of natural selection.

We have divided the book into three parts, each of which has a short
introduction. Part I is devoted to the first dimension of heredity and evo-
lution, the genetic system. In chapter 1 we outline the history of Darwin’s
theory and show how it became so gene-centered. Chapter 2 describes how
molecular biology has changed the way biologists see the relation between
genes and characters. In chapter 3 we examine the evidence suggesting
that not all genetic changes should be seen as random, chance events.

Part II deals with the other dimensions of heredity. Chapter 4 is about
the second dimension, epigenetic inheritance, through which different
cells with identical DNA are able to transmit their characteristics to daugh-
ter cells. In chapter 5 we explore the ways in which animals transmit their
behavior and preferences through social learning, which is the third
dimension. We deal with the fourth dimension in chapter 6, which
describes how information is transmitted through language and other
forms of symbolic communication.

In part III of the book we put Humpty Dumpty together again. Having
looked at each of the four dimensions of heredity more or less in isolation,
we bring them together by showing how, in the long term, the systems of
inheritance depend on each other and interact (chapters 7 and 8). In
chapter 9 we discuss how they may have originated and how they have
guided evolutionary history. Finally, in chapter 10, we summarize our
position and put it into a wider perspective by considering some of the
philosophical implications of the four-dimensional view, as well as
some political and ethical issues.

Each chapter ends with a “dialogue,” and the whole of chapter 10 takes
this form. We use these dialogues as a device to enable us to reiterate some
of the tricky points in our arguments, and to highlight areas of uncertainty
and issues that are contentious. The participants in the dialogues are M.E.
(who represents the authors, Marion Lamb and Eva Jablonka) and someone
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Ifcha Mistabra.

who could have been called the devil’s advocate, but who, in order to avoid
the negative connotations of that term, we have chosen to call Ifcha
Mistabra (I.M. for short). Ifcha Mistabra is Aramaic for “the opposite con-
jecture.” It is a term that embodies the argumentative dialogue style used
in the Talmud, in which arguments are countered and contradicted, and
through this dialectic a better understanding of the subject is reached. The
book can be read without the dialogues, but we think that readers may
find them interesting and helpful, because they reflect many of the ques-
tions and concerns that our students and others have raised when we have
spoken about our evolutionary views.

We hope that the book can be read not only by professional scientists
but also by the many people who are interested in biological ideas, and
are fascinated (and sometimes worried) by the current ways of thinking
about biology, especially about modern genetics. To make it as reader-
friendly as possible without compromising the science, we have relegated
the more specialized material and the sources of information to endnotes,
which are organized on a page-by-page basis. We use many examples and
thought experiments to try to make our ideas clear, but we recognize that
some chapters (particularly chapters 3, 4, and 7) may be a bit heavy going
for nonbiologists. These chapters include quite a lot of molecular detail,
which we need in order to make our case to skeptical biologists. Readers
who do not wish to delve into the molecular nitty-gritty can skip the more
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technical parts of these chapters, and read the general discussions,
although if they do so they will have to trust our intellectual honesty and
judgment, rather than evaluate the data for themselves.

The book is intended to be both a synthesis and a challenge. It is a
synthesis of the ideas about heredity that have come from recent studies
in molecular and developmental biology, animal behavior, and cultural
evolution. The challenge it offers is not to Darwin’s theory of evolution
through natural selection, but to the prevalent gene-based unidimensional
version of it. There are four dimensions to heredity, and we should not
ignore three of them. All four have to be considered if we are to attain a
more complete understanding of evolution.



| The First Dimension

The first dimension of heredity and evolution is the genetic dimension. It
is the fundamental system of information transfer in the biological world,
and is central to the evolution of life on earth. For a century now, the
genetic system has been studied intensely, and these studies have yielded
rich dividends. Not only have they helped us to understand the natural
world, they have also had significant practical effects in medicine and
agriculture.

In the mid-twentieth century it became clear that the molecular basis of
genetics was to be found in DNA and its replication, and from the mid-
1970s, when genetic engineering got underway, knowledge about genetics
began to expand at an unprecedented rate. With new technologies being
invented almost daily, it was apparent by the early 1990s that the full DNA
sequence of the human genome would soon be known. Molecular biolo-
gists were talking with prophetic certainty about the “book of life,” which
they would soon be reading; about the newly discovered “philosopher’s
stone”; about the Holy Grail they were uncovering. All of these metaphors
referred to the sequencing of the human genome. Once the genome was
sequenced, it was claimed, geneticists would be able to use the data to dis-
cover the hereditary weaknesses and strengths of an individual, and, where
appropriate, benevolently intervene. Never before had biological knowl-
edge seemed so powerful and so full of promise. And as the winter of 2001
drew to a close, the climax was at last reached—the draft sequence of the
human genome was published. About 35,000 human genes (the number
was later revised), scattered patchily on the twenty-three pairs of human
chromosomes, had been identified, sequenced, and their locations made
known. Newspapers were full of excited prophecies of a braver and health-
ier new world.

But the geneticists themselves, now in possession of the draft of the
coveted “book of life,” have shown a curious and almost schizophrenic
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response. On the one hand the excitement and sense of achievement are
so overwhelming that prophecies about the newly revealed promised land
have been even more daring. On the other hand there is a new sense of
humility. And ironically, it is the achievements of molecular biology that
are causing the humility. The discoveries that are being made show how
enormously complicated everything is. Just as in an earlier century, when
the telescope opened up new horizons for astronomers and the microscope
revealed new worlds to biologists, the revelations of molecular biology
cannot be neatly slotted into the existing framework of thought. They do
not make the old genetics more complete; rather, they highlight the sim-
plifying assumptions that have been made and reveal vast areas of unan-
ticipated complexity. Genes and genetics can no longer be looked at in
quite the same way as in the past.

One of the things that molecular studies have reinforced is something
that had already been accepted by modern geneticists: the popular con-
ception of the gene as a simple causal agent is not valid. The idea that
there is a gene for adventurousness, heart disease, obesity, religiosity,
homosexuality, shyness, stupidity, or any other aspect of mind or body has
no place on the platform of genetic discourse. Although many psychia-
trists, biochemists, and other scientists who are not geneticists (yet express
themselves with remarkable facility on genetic issues) still use the language
of genes as simple causal agents, and promise their audience rapid solu-
tions to all sorts of problems, they are no more than propagandists whose
knowledge or motives must be suspect. The geneticists themselves now
think and talk (most of the time) in terms of genetic networks composed
of tens or hundreds of genes and gene products, which interact with each
other and together affect the development of a particular trait. They rec-
ognize that whether or not a trait (a sexual preference, for example) devel-
ops does not depend, in the majority of cases, on a difference in a single
gene. It involves interactions among many genes, many proteins and other
types of molecule, and the environment in which an individual develops.
For the foreseeable future, predicting what a collection of interacting genes
will produce in a certain set of circumstances is not going to be possible.
But despite this awareness, the sense of power generated by the success of
the genome project has often masked caution, sometimes creating great
and unrealistic hopes, and great and unrealistic fears.

The contagious reactions of excited scientists and business people are fas-
cinating and important, because they will influence where time and money
are invested in the future, but in what follows we are going to focus on the
more direct consequences of the molecular discoveries of the last two
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decades of the twentieth century. Not only have they made people think
more deeply about what genes do, they have also challenged old ideas about
what genes are. No longer can the gene be thought of as an inherently
stable, discrete stretch of DNA that encodes information for producing a
protein, and is copied faithfully before being passed on. We now know that
a whole battery of sophisticated mechanisms is needed to maintain the
structure of DNA and the fidelity of its replication. Stability lies in the
system as a whole, not in the gene. Moreover the gene cannot be seen as
an autonomous unit—as a particular stretch of DNA which always produces
the same effect. Whether or not a length of DNA produces anything, what
it produces, and where and when it produces it may depend on other DNA
sequences and on the environment. The stretch of DNA that is “a gene” has
meaning only within the system as a whole. And because the effect of a
gene depends on its context, very often a change in a single gene does not
have a consistent effect on the trait that it influences. In some individuals
in some conditions it has a beneficial effect, in other individuals and other
circumstances it is detrimental, and sometimes it has no effect at all.

The idea of the genome as a complex and dynamic system is not con-
troversial among professional biologists, even though it does sometimes
tend to be forgotten when the new genetics is presented to the public.
However, the new ideas about genes and genomes have had only a very
limited impact on evolutionary thinking. Yet, if a gene has meaning only
in the context of the complex system of which it is a part, the standard
way of thinking about evolution, in terms of changes in the frequency of
one or more isolated genes, needs to be questioned. For example, it may
be more appropriate to focus on changes in the frequency of alternative
networks of interactions rather than on the frequencies of individual
genes.

New knowledge of genes and genomes challenges the assumptions of
current evolutionary theory in another way. If the genome is an organized
system, rather than just a collection of genes, then the processes that gen-
erate genetic variation may be an evolved property of the system, which
is controlled and modulated by the genome and the cell. This would mean
that, contrary to long-accepted majority opinion, not all genetic variation
is entirely random or blind; some of it may be regulated and partially
directed. In more explicit terms, it may mean that there are Lamarckian
mechanisms that allow “soft inheritance”—the inheritance of genomic
changes induced by environmental factors. Until recently, the belief that
acquired variations can be inherited was considered to be a grave heresy,
one that should have no place in evolutionary theory.
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By revealing the dynamic nature of the genome and the complexity of
gene interactions, molecular biology is forcing a rethink of the genetic
dimension of evolutionary theory. In part I we shall be looking at this
dimension by describing (chapter 1) the origins of the conventional view,
which is based on the perception of the gene as the unit of heredity, her-
itable variation, and evolution. We then go on to discuss (chapter 2) the
complex relations between genes and developmental processes, and finally
(chapter 3) look at the ways in which genetic variation is generated, and
what this may mean for our view of evolution and heredity.




1 The Transformations of Darwinism

No sphere of knowledge is free of controversy, and science is no exception.
If anyone imagines that scientists are dispassionate and impartial people,
discussing theories and ideas unemotionally in the cool clear light of
reason, they have been seriously misled. Passion and fervor accompany all
worthwhile scientific discussions. This is particularly evident when the
discussion is about something like the theory of evolution, which bears
directly on human history and our relationships with each other and the
world around us. Because such discussions are tied up with ideas about
“human nature,” and impinge on moral judgments and ethical issues, they
can be very emotional, as well as intellectually exciting.

We are not referring here to the arguments between people who accept
evolutionary ideas and those who prefer to believe that the world was
created by God in six real or metaphorical days. Such arguments have con-
siderable sociological and political interest, but they are not really part of
science, so we need say no more about them. What we are referring to are
the heated discussions that have gone on and still go on among the evo-
lutionary biologists themselves.

When you read popular accounts of new discoveries in biology, you
often come across phrases such as “according to Darwin’s theory of evo-
lution . ..,” or “evolutionary biologists explain this as...,” or “the evo-
lutionary explanation is....” You get the impression that there is a tidy,
well-established theory of evolution—Darwin’s theory of natural selec-
tion—which all biologists accept and use in the same way. The reality is
very different, of course. Ever since Darwin’s book On the Origin of Species
appeared in 1859, scientists have been arguing about whether and how his
theory of evolution works. Can competition between individuals with
heritable differences in their ability to survive and reproduce lead to new
features? Is natural selection the explanation of all evolutionary change?
Where does all the hereditary variation on which Darwin'’s theory depends
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come from? Can new species really be produced by natural selection?
Darwin’s book was crammed with observations that supported his theory,
but there were some glaring gaps in his evidence. The biggest was that he
could say little about the nature and causes of hereditary variation. Right
from the outset, even those who accepted Darwin’s evolutionary theory
questioned its completeness and sufficiency, and struggled to try to find
answers to the questions it raised about heredity and variation. In sub-
sequent decades, as new discoveries were made and new theoretical
approaches were developed, the debates continued. Existing ideas were
constantly being challenged and revised, with the result that profound
changes have occurred in the ways the concepts of evolution and hered-
ity have been understood.

Today, most biologists see heredity in terms of genes and DNA sequences,
and see evolution largely in terms of changes in the frequencies of alter-
native genes. We doubt that this will be the situation in twenty years’ time.
More and more biologists are insisting that the concept of heredity that is
currently being used in evolutionary thinking is far too narrow, and must
be broadened to incorporate the results and ideas that are coming from
molecular biology and the behavioral sciences. We share this view, and in
later chapters will explain why. But before doing so, we want to outline
some of the history of evolutionary thinking over the last 150 years to see
how the present gene-centered version of Darwinian theory came into
being, and what it means for today’s evolutionary biologists. Since we
cannot even attempt to look at all of the many twists and turns in the
pathway of ideas that led to the present position, we will focus on some
of the major turning points and the arguments that influenced the direc-
tion taken.

Darwin’s Darwinism

Darwin summarized his view of evolution in the last paragraph of The
Origin. In what was for him an unusually poetic paragraph, he wrote:

It is interesting to contemplate an entangled bank, clothed with many plants of
many 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 elabo-
rately constructed forms, so different from each other, and dependent on each other
in so complex a manner, have all been produced by laws acting around us. These
laws, taken in the largest sense, being Growth with Reproduction; Inheritance which is
almost implied by reproduction; Variability from the indirect and direct action of
the external conditions of life, and from use and disuse; a Ratio of Increase so high
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as to lead to a Struggle for Life, and as a consequence to Natural Selection, entailing
Divergence of Character and the Extinction of less-improved forms. Thus, from the
war of nature, from famine and death, the most exalted object which we are capable
of conceiving, namely, the production of the higher animals, directly follows. There
is grandeur in this view of life, with its several powers, having been originally
breathed 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 most wonderful have been, and are being, evolved. (Darwin,
1859, pp. 489-490)

The italics in the rather less poetical sentence in the middle are ours, not
Darwin’s. They are there to stress the “laws” to which Darwin pointed: the
laws of reproduction, inheritance, variability between individuals, and
a struggle for existence. By using these laws, it is possible to formulate
Darwin’s theory in a very general and abstract way, without referring to
our own world or to the types of reproduction, inheritance, variation, and
competition with which we are familiar. For example, in British evolu-
tionary biologist John Maynard Smith’s generalization, the properties that
any group of entities and their world must have in order for evolution by
natural selection to occur are the following:

= Multiplication—an entity can reproduce to give two or more others.

= Variation—not all entities are identical.

= Heredity—like begets like. If there are different types of entities in the
world, the result of the multiplication of entity of type A will be more enti-
ties of type A, while the result of the multiplication of entity B will be more
of type B.

= Competition—some of the heritable variation affects the success of enti-
ties in surviving and multiplying.

If all these conditions are met, evolution by natural selection is inevitable:
the type of entity that has the greatest ability to survive and multiply will
increase in frequency (figure 1.1). Eventually, evolution in this world will
stop, because all the entities will be of the same type. However, if hered-
ity is not always exact, so that from time to time new variants arise, then
variations in a certain direction may accumulate and produce a complex
functional system. Historically, the eye is the classic example of cumula-
tive evolution in the living world, and the modern PC is a good example
from the world of technology.

When formulated in Maynard Smith’s way, Darwin’s theory of evolution
by natural selection is an extremely general theory. It says nothing about
the processes of heredity and multiplication, nothing about the origin of
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Figure 1.1

Universal Darwinism: the frequency of the hairy entity, which first appears in
generation II, increases in subsequent generations because it survives better and
multiplies more than its competitors.

the heritable variation, and nothing about the nature of the entity that is
evolving through natural selection. Appreciating this is going to be crucial
for the arguments that we develop in later chapters. Although we are not
advocating it, we want it to be clear that it is possible to be a perfectly good
Darwinian without believing in Mendel’s laws, mutating genes, DNA codes,
or any of the other accoutrements of modern evolutionary biology. That is
why Darwin’s theory can be and is so widely applied—to aspects of cos-
mology, economics, culture, and so on, as well as to biological evolution.

Darwin himself knew nothing about genes, Mendelian laws, and DNA,
of course. These did not become part of evolutionary theorizing until the
twentieth century. In fact, in Darwin’s day, there was no good theory of
heredity at all, and this was a problem. At that time, most people assumed
that the characteristics of two parents blended in their young, so if you
started out with a population with two types in it (say black and white),
you would end up with a population in which everything was the same
(gray). There would be no variability left. Yet Darwin’s theory depends on
the presence of heritable differences between individuals. Even without
blending, if you continually selected one type (say black), the proportion
of that type would increase until eventually all in the group would again
be identical (this time black). So where does new variation come from? For
the theory of natural selection to be believable, Darwin and his followers
had to explain the origin and maintenance of variation.
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As the quotation from the last paragraph of The Origin indicates, Darwin
thought that heritable variation stems from the effects the conditions of
life have on the organism, and from “use and disuse.” Discovering that
this is what Darwin thought surprises some people, because they associate
the idea of evolutionary change through use and disuse with the name of
Lamarck. Lamarck, they have been told, put forward a theory of evolution
fifty years before Darwin did, but got the mechanism all wrong. Foolishly
(somehow, Lamarck is always made to seem foolish), Lamarck believed that
giraffes have long necks because their ancestors were constantly striving
to reach the leaves on tall trees, stretching their necks as they did so. They
passed on these stretched necks to their young, so that over many gener-
ations necks became longer and longer. Lamarck, the story goes, saw evo-
lution as the result of the inherited effects of use (or disuse). His big mistake
was to assume that “acquired characters”—changes in structures or func-
tions that occur during an animal’s life—could be inherited. Fortunately,
the story continues, Darwin showed that natural selection, not use and
disuse, is the cause of evolutionary change, so the idea that acquired char-
acters can be inherited was abandoned.

This often repeated version of the history of evolutionary ideas is wrong
in many respects: it is wrong in making Lamarck’s ideas seem so simplis-
tic, wrong in implying that Lamarck invented the idea that acquired char-
acters are inherited, wrong in not recognizing that use and disuse had a
place in Darwin’s thinking too, and wrong to suggest that the theory of
natural selection displaced the inheritance of acquired characters from the
mainstream of evolutionary thought. The truth is that Lamarck’s theory
of evolution was quite sophisticated, encompassing much more than the
inheritance of acquired characters. Moreover, Lamarck did not invent the
idea that acquired characters can be inherited—almost all biologists
believed this at the beginning of the nineteenth century, and many still
believed it at its end. It was certainly part of Darwin’s thinking, and his
theory of natural selection certainly did not lead to the idea being aban-
doned. On the contrary, it led to endless acrimonious arguments (and even
a few experiments) about whether or not acquired characters are inherited.
For as long as there was no satisfactory and agreed theory of heredity, and
no explanation of the origin of variation, the inheritance of acquired char-
acters retained a place in evolutionary thinking.

The lack of a good theory of heredity and an explanation of variation
were a constant frustration for Darwin and his followers, and Darwin tried
to do something about it. From the 1840s onward, he collected together
everything that was known about inheritance, and used it to develop his
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own heredity theory. He called it the “provisional hypothesis of pangene-
sis,” and eventually described it in his massive book The Variation of
Animals and Plants under Domestication. It wasn’t very original, and was
never very popular, but despite the criticism, Darwin never deserted it. It
is worth describing Darwin’s pangenesis theory, because most other hered-
ity theories in the second half of the nineteenth century were quite similar.
All were totally different from the theory of inheritance that we accept
today.

What Darwin suggested was that every part of the body, at each devel-
opmental stage, sheds tiny particles, which he called “gemmules.” These
circulate in the body, sometimes multiplying as they do so. Some
gemmules are used for regenerating damaged or missing parts, but most
eventually aggregate in the reproductive organs. In asexual organisms, the
gemmules in the egg, seed, spore, or whatever piece of the parent produces
the next generation organize themselves and eventually each develops into
the same type of part as that from which it originally came. In sexually
reproducing organisms, the gemmules stored in the egg and sperm join
together before development starts (figure 1.2). The offspring therefore
become a blend of the parental characters, although sometimes, according
to Darwin, gemmules are not used immediately, but remain dormant and
reappear either later in life or in future generations.

Initially the gemmules present in a fertilized egg are not ordered in any
particular way, but during development, as they grow and multiply, they
are incorporated into the appropriate place at the appropriate time because
they have certain special affinities for each other. Gemmules are therefore
units of both heredity and development. According to this notion of hered-
ity, what is inherited is the actual character itself. It is transmitted from
one generation to the next in the form of its miniature representatives, the
gemmules. In Darwin’s words, “inheritance must be looked at as merely a
form of growth” (Darwin 1883, vol. 2, p. 398).

Pangenesis could account for most of the things Darwin had found out
about heredity, regeneration, hybridization, developmental abnormalities,
and much else. But what about variation? Pangenesis should lead to blend-
ing and uniformity, so how did Darwin explain variation? First, he sug-
gested, a change of nutrition or climate could affect growth and alter the
proportions of the different gemmules in the reproductive organs; it could
also reawaken dormant gemmules. Second, changed conditions or new
experiences could at any stage lead to changes in the gemmules them-
selves. If parts of a parent were modified, for example through use or
disuse, correspondingly modified gemmules would be produced. The new,
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Sexual pangenesis. Representative particles (gemmules) from the male (left) and
female (right) parents accumulate in their reproductive organs. Following insemi-
nation, these gemmules mix and together produce the next generation. An envi-
ronmental effect (the bomb) induced a change in the male parent. This change is
inherited, because the gemmules from the modified body parts are also modified,
but the effect is diluted by gemmules from the unaffected female parent.

acquired character would be inherited, although it might not be expressed
very strongly, because the modified gemmules would be mixed with those
already present in the reproductive organs and with those contributed by
the mate.

Obviously, accepting that the environment has a role in inducing
variation in no way weakens Darwin’s theory of evolution by natural
selection. On the contrary, if new variation can arise in response to the
conditions of life, it increases the amount of variation and the scope
for natural selection. Darwin would no doubt have been amazed to hear
that many biologists today think that Lamarckian views about the inheri-
tance of acquired characters contradict the fundamental assumptions
of his theory of natural selection. They do not. Darwin’s pangenesis
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hypothesis shows that the theory of natural selection is really not very
fussy. Gemmules turned out to be no more than fascinating figments of
Darwin’s imaginative mind, but as a cause of the heredity and variation
needed for animals and plants to evolve through natural selection, they
did very nicely. Darwin’s theory of natural selection is a very general
theory; it is not tied to any particular mechanism of heredity or cause of
variation.

Weismann’s Neo-Darwinian Theory: Acquired Characters Discarded

We tend to assume that the great increase in the rate of scientific progress
began in the twentieth century, but imagine what it must have been like
to be a biologist in the late 1850s. First, Rudolph Virchow propounds the
theory that cells come only from other cells; they cannot arise from non-
cellular matter. Soon after, Darwin tells the world that species arise only
from other species; they are not produced by special creation, but by
natural selection. Then Louis Pasteur reports his experiments showing that
living things are not generated spontaneously; organisms come only from
other organisms. Trying to keep up with all that was going on must have
been as big a nightmare for scientists in the mid-nineteenth century as it
is now. So it is not surprising that when Darwin was dealing with the finer
points of his pangenesis theory, he left the question of the formation of
cells rather vague, “as I have not especially attended to histology.” Given
how much else he was attending to, no one can really blame him for decid-
ing that he didn’t know enough to evaluate the various ideas about the
origin of cells. It was left to others to try to relate the new cell biology to
heredity and evolution. Among those who tried to do so was the German
biologist August Weismann, one of the most profound and influential evo-
lutionary thinkers of the nineteenth century.

Weismann's ideas about heredity and development changed over time,
but the essentials were in place by the mid-1880s. By then it was generally
recognized that organisms are made of cells, and that cells have a nucleus
containing threadlike chromosomes (the word itself was not invented until
1888). It was known that ordinary body cells divide by mitosis, a process
in which each chromosome doubles and then splits longitudinally, with
one half going to each of the daughter cells. Once this rather precise
method of allocating the nuclear material had been recognized, it became
clear to Weismann and several other people that the chromosomes prob-
ably contain the hereditary substance that determines the characteristics
of the cell and its descendants.
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Weismann realized, however, that if the chromosomes of the nucleus
contain the hereditary materials, then there is a problem when it comes
to inheritance between generations. The link between generations of sex-
ually reproducing organisms is through the eggs and sperm (or as we would
now say, the gametes). Yet, if both egg and sperm have the same chromo-
somal content as other cells, the fertilized egg and the new organism it
produces will have twice as much chromosomal material per cell as either
parent had. Obviously, this cannot be what is happening. Weismann there-
fore concluded that during sperm and egg production, the cells in the
reproductive system must undergo a different kind of division from that
of other cells. It has to be a “reduction division,” he said, in which each
daughter cell receives only half of the parent cell’s chromosomal material.
Then, when the nuclei of sperm and egg are united during fertilization,
the two halves become a new whole with the same amount of nuclear
material as other cells. When Weismann first suggested this, there was no
real evidence for a reduction division, although it was known that odd
things happen during the cell divisions that produce eggs. It took some
years for people to unravel the nature of the process that was eventually
called meiosis, and recognize its significance in inheritance. As Weismann
guessed, the amount of chromosomal material is indeed halved, but there
is a lot more to meiosis than that.

How did Weismann's deductions about cell division relate to his ideas
about heredity and evolution? The first thing to be said is that Weismann
emphatically rejected any possibility that acquired characters are inherited.
The big muscles that the blacksmith develops through his hard work
cannot be transmitted to his sons and daughters. If his sons want to be
blacksmiths, they will have to go through the muscle-building process
themselves, because they do not inherit their father’s big muscles. There
is no way, according to Weismann, in which properties that reside in the
cells and tissues of the arms can be transmitted to the father’s sperm cells.
The same is true for circumcision. Although for three thousand years Jews
have been circumcising their newborn boys, this has not resulted in their
male babies being born without a foreskin. Eight-day-old baby boys still
have to undergo the painful ritual operation. There is no route through
which information about a cut-off foreskin can be passed to the sperm.
Not only are there no empirical data of any kind to support the conjec-
ture that acquired characters are inherited, claimed Weismann, there is no
way in which it could happen.

Weismann's insistence that it is impossible to inherit acquired charac-
ters was tied up with the way in which he saw heredity and embryonic
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development. He devised a scheme that was founded on what he called
“the continuity of the germ plasm,” which we have shown in figure 1.3.
It involved a division of labor between the elements that maintain
individual life and the elements that are devoted to producing future
generations—a division between the soma (the body) and the germ
line. He argued that right from the beginning of development, a part of
the chromosomal material, which he called the “germ plasm,” is set aside
for the production of the eggs, sperm, spores, or whatever else gives rise
to the next generation. In many animals it is separated off into special
gamete-producing cells—germ cells—very early in development. Some-
times the germ cells are the very first cells to form, but even if they form
later, they still have germ plasm that is identical to that in the fertilized
egg. According to Weismann, the other cells of the body, the somatic cells,
do not.

Weismann'’s scheme for development was quite complicated and, as it
turned out, quite wrong. It involved a whole hierarchy of units, each
present in the chromosomes in multiple copies. In essence, what
Weismann thought was that when embryonic cells divide, each daughter
cell can receive different parts of the nuclear material—a different set of
“determinants.” That is why daughter cells develop into different cell
types. Determinants move out of the nucleus to impose their characteris-
tics on the cells, so the nuclear material gets simpler and simpler as cells
continue to divide and produce the different tissues. Development there-
fore depends on gradual, regulated, qualitative changes in the nuclear sub-
stance. Only the germ plasm in the germ line retains the full hereditary
potential—a full set of determinants. It is this unaltered and untainted
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Figure 1.3

Weismann’s doctrine: hereditary continuity is through the germ line. An environ-
mentally induced change in the soma (bomb in generation III) does not affect the
offspring, whereas a change in the germ line (bomb in generation V) affects all sub-
sequent generations.
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germ plasm that is used for the sperm and eggs that will produce the next
generation.

If, as Weismann maintained, acquired characters cannot be inherited
because bodily events do not affect the protected germ line, where did he
think all the variation that Darwin’s theory demanded came from? Here
he had an important insight: it comes from sexual reproduction, he said.
He reasoned that since the father’s germ plasm in the sperm mixes with
the mother’s germ plasm in the egg, there are two mingled germ plasms
in their offspring. In the next generation, the two mingled germ plasms
in these and similar offspring’s eggs will mix with two mingled germ
plasms from their sperm to give offspring with four mingled germ plasms;
and in the next generation four mingled germ plasms in the egg will mix
with four more from the sperm to give eight. And so it will go on. Every
individual is thus the product of a mixture of minute quantities of vast
numbers of ancestors’ germ plasms. Now, since the amount of nuclear
material is kept constant by the reduction division that halves the amount
of germ plasm during sperm and egg formation, what Weismann cleverly
suggested was that the half of the germ plasm that is eliminated is not the
same for every egg or sperm. In each a different group of ancestral germ
plasms is retained. It is like a card game in which a deck of ancestral germ
plasms is shuffled before a gamete is formed, and the gamete is then dealt
half of the deck. Since there is an enormous number of possible combi-
nations of ancestral germ plasms, no two gametes will be the same. Thus
there is always a lot of variability in sperm and eggs, and even more in the
offspring they produce when they fuse. There have been some wonderful
words written about sex, but what Weismann rather prosaically said was
“The object of this process [sex] is to create those individual differences
which form the material out of which natural selection produces new
species” (Weismann, 1891, p. 279).

Sex could provide endless variability by recombining the hereditary
material from different ancestors, but Weismann still had to explain how
ancestral germ plasms came to be different in the first place. The ultimate
origin of variation, he said, was in changes in the quantity and qualities
of the many growing and multiplying determinants for each character that
are present in the germ line. From time to time, small random accidents
would alter determinants. Some would survive and multiply better than
others, so through natural selection among the determinants, the germ
plasm would gradually change. Weismann called this process “germinal
selection.” Exactly which determinants were selected would depend on
factors such as nutrition and temperature, said Weismann.
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It is worth noting two things about Weismann'’s germinal selection. The
first is that although he was adamant that environmental effects on the
body cannot be inherited, he did accept that the conditions of life had her-
itable effects. They did so because they affected the determinants in the
germ plasm directly. The second is that the germinal selection idea shows
that Weismann appreciated how very general Darwin’s theory is: he rec-
ognized that natural selection can occur between units other than indi-
vidual organisms. As well as believing that it occurs between determinants
in the germ plasm, he accepted that selection must also occur between the
cells within a tissue. Like Darwin, he also recognized that natural selection
must occur between groups of organisms, because this was the only satis-
factory way of explaining the evolution of sterile worker ants and bees. We
will come to the evolutionary problems with social insects later, but here
we just want to point out that in applying Darwinian theory to other levels
of biological organization, Weismann and some of his contemporaries were
really way ahead of their time. It took another three-quarters of a century
for the idea of multilevel selection to be incorporated into mainstream evo-
lutionary biology.

In summary we can say that the key differences between Darwin’s orig-
inal theory and Weismann'’s version of it are as follows:

= Weismann gave natural selection an exclusive role. He completely
excluded change through use and disuse, and every other form of the
inheritance of acquired characters.

= Weismann'’s heredity theory was totally different from Darwin’s. His
heredity determinants were transmitted from generation to generation
only through the germ line. In contrast to Darwin’s gemmules, determi-
nants were not derived anew in each generation, but were stable, replicat-
ing entities. Not only were they not derived from the parent’s body
structures, those retained in the germ line were totally immune from any-
thing occurring in the body.

= For Weismann, the only source of new heritable variation was acciden-
tal or environmentally induced changes that directly affected the quantity
or quality of determinants in the germ line itself.

= Weismann recognized that it was the sexual process, which brought
together different combinations of the parent’s determinants, that pro-
duced the heritable differences between individuals that were needed for
evolution through natural selection.

Historically, one of the most interesting things about Weismann'’s theo-
ries is that although many of his contemporaries hated them, they were
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still extremely influential. His theory of heredity and development was far
too speculative and complicated to gain much acceptance, yet elements of
it were incorporated into the new science of genetics in the early twentieth
century. Similarly, Weismann'’s version of Darwinism was seen as far too
restricted, yet it had long-lasting effects on the direction ideas about
evolution took in later years.

Doubts about Darwinism

By the 1880s, although most biologists accepted the idea of evolution,
Darwin’s theory of natural selection was thought to be on its deathbed. It
didn’t recover until well into the twentieth century. One reason for its
decline was probably Weismann’s dogmatic insistence that natural selec-
tion is the only mechanism of evolution. This hardened the attitudes of
those who preferred Darwin’s more pluralistic views, which included the
inheritance of acquired characters. Some people rejected Darwin’s natural
selection almost completely, assigning to it the minor role of merely
weeding out the oddities and mistakes. In place of natural selection,
various “neo-Lamarckian” mechanisms were proposed.

The term neo-Lamarckism was invented in 1885, but was never well
defined and meant different things to different people. A dominant
element in neo-Lamarckism was the idea that adaptation could occur
through the inherited effects of use and disuse. In addition, however, many
neo-Lamarckians believed that there were internal forces that made evo-
lution progressive and goal-directed, just like embryonic development.
Ideas like these seemed to provide a better basis for adaptation and what
was known of evolutionary history. They also fitted better with many
peoples’ deep-seated religious or moral beliefs. To some the idea of human
beings improving as a result of experience was much more attractive than
change through ruthless Darwinian competition.

People from both within and outside the scientific community attacked
Weismann's ideas from all sides, not always in moderate language. Promi-
nent figures such as Herbert Spencer, Samuel Butler, and later even George
Bernard Shaw, ensured that the Lamarckian aspects of evolution were given
the widest publicity. Herbert Spencer, one of the leading thinkers of the
second half of the nineteenth century, was a believer in biological evolu-
tion even before The Origin. In fact he was the person who brought the
term evolution into general currency, using it for all sorts of developmen-
tal processes that lead from the simple to the more complex. It was an
explanatory concept that united events in the solar system, in society, in
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the development of mind and body during an individual’s lifetime, and
in structures and functions in lineages over generations. For Spencer,
evolution extended beyond biology, and he assumed that all evolutionary
change was fueled by similar mechanisms. He was convinced that the
inheritance of acquired characters played a major role in both biological
and social evolution, and battled publicly with Weismann about it in the
pages of the widely read Contemporary Review.

Since Lamarckians rejected Weismann’s ideas about inheritance, they
needed a heredity theory that would allow the effects of use and disuse to
be transmitted. Darwin’s pangenesis hypothesis might have done, because
it was compatible with the inheritance of acquired characters, but it never
found favor, partly because of some work done by Darwin'’s cousin, Francis
Galton. Galton tested pangenesis experimentally by making massive
blood transfusions between rabbits with different-colored fur. If Darwin
was right, he reasoned, then when blood from white rabbits is transfused
into gray rabbits, white-fur gemmules should be transferred too, and
some should reach the gray rabbits’ reproductive organs. The offspring
of these gray rabbits should therefore have some white fur. Unfortunately
for Darwin, Galton found that they did not. Although Darwin tried to
wriggle out of this embarrassment for his theory by pointing out that he
had never said that gemmules circulate in the blood, Galton and many
others saw it as evidence against pangenesis. However, the main reason
why pangenesis-type theories fell from favor was probably not so much
that there was no experimental evidence for them, but that they didn’t fit
with cell biology. As the cell theory became better established, it was
impossible to reconcile gemmules or similar hereditary particles coming
from all parts of the body with the idea that all cells, including the sperm
and egg, come only from other cells. Increasingly, heredity theories had to
be seen to be consistent with the growing knowledge of the behavior of
cells.

Lamarckians suggested various ways in which what happened in the
body could influence the hereditary material in the germ cells, but their
theories were extremely speculative. They and their opponents also made
many attempts to show experimentally that the inheritance of acquired
characters did or did not occur, and such attempts continued until well
into the twentieth century. It is not worth going into the details of these
experiments and the arguments about them here, however, because in the
long run they had little influence on the debate about Lamarckism. As Peter
Bowler, one of the leading historians of biology of this period, has stressed,
it was not the lack of experimental evidence that eventually led to the
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demise of Lamarckism, but the lack of a good theoretical model of
inheritance.

Neo-Lamarckians were not the only people who were attacking
Darwinism in the latter part of the nineteenth century. The idea of gradual
evolution through the selection of small variations was also under
attack. People began to argue that evolutionary change was saltatory—it
occurred by big jumps, not through the selection of many little differences.
Once again, Darwin’s cousin Francis Galton was in the forefront of those
who caused problems for Darwin’s ideas. In an effort to understand human
heredity better, Galton applied statistical reasoning to characters that show
continuous variation. Continuous characters—characters such as height,
for which there is a whole range of possible values—were those which
Darwin believed were really important in evolution. According to Darwin,
it was selection of small differences over many generations that led to
gradual change. Galton, however, decided that this type of selection simply
would not work. He did some calculations that suggested (incorrectly) that
because you inherit not only from your parents but also from your grand-
parents and more distant ancestors, the average value of a character could
never be permanently changed by selection. He concluded that for per-
manent change you needed a “sport”—a large, qualitative change in the
hereditary material.

Galton’s conclusions were fiercely contested by other biometricians, who
said he had made a logical mistake in his mathematics. They claimed that
selection could shift a population average, in exactly the way Darwin had
suggested. However, support for the idea that evolution occurred through
big jumps also came from a totally different direction. Hugo de Vries in
Holland and William Bateson in England had both studied variation in
nature, and recognized that a lot of it is discontinuous. Often there are just
a few distinct, alternative types, with no intermediates. The same is true if
you compare species—there are distinct differences between them; they do
not grade into each other. Bateson and de Vries therefore agreed with
Galton that discontinuous variation is of greatest importance in evolution,
and that evolution occurred through sudden big jumps, not slow crawl-
ing. According to de Vries, the driving force in evolution was mutation, a
process that suddenly and without cause irreversibly changed the germ
plasm. Mutation produced a new type of organism in a single step.

De Vries and Bateson were to be significant figures in the development
of Mendelism in the first decade of the twentieth century, and it is worth
remembering that almost all of the pioneers of the new science of genet-
ics were, like them, “mutationists.” Although the term mutation didn’t



24 | Chapter 1

mean exactly the same then as it does now, it did relate to a quantum
change in the hereditary material. Among most of the founders of modern
genetics, both Lamarckism and Darwinism were deemed irrelevant to
evolution—mutations were believed to be the important factor.

The Modern Synthesis: Development Vanishes

Debates about the relative importance of selection, mutation, and the
inheritance of acquired characters continued until well into the 1930s, but
during that decade a far more specific version of Darwin’s theory began
to be established. Biologists from several disciplines started to shape
what became known as the “Modern Synthesis” of evolutionary biology.
Weismann'’s ultra-Darwinism was combined with Mendelian genetics,
which had adopted the concept of the gene as the hereditary unit of
biological information. Using this framework, many aspects of compara-
tive anatomy, systematics, population biology, and paleontology were
explained in terms of natural selection. We are not going into all the details
of this, but want to look quite closely at the theory of heredity that was
incorporated into the Modern Synthesis, because it was this that began to
bias many biologists’ approach to evolution.

Mendel gave the world the laws that now bear his name in 1865,
when he told the Brno Scientific Society about the hybrids he had made
between varieties of the garden pea. His paper was published in the
society’s journal in the following year, but its significance was not appre-
ciated until decades later. It was not until 1900 that three botanists—Hugo
de Vries (the mutationist), the German Carl Correns, and the Austrian
Erich von Tschermak—published results from their own breeding experi-
ments which confirmed the validity of the laws that Mendel had estab-
lished more than thirty years earlier. The year 1900 is now regarded as the
birthdate of the discipline for which William Bateson a few years later
coined the term genetics.

According to the formulation of Mendel'’s theory that was produced in
the early years of the twentieth century, individuals contain hereditary
units that determine the development of their characteristics. The crucial
thing about these heredity units, which were called genes, is something
that Weismann (and initially de Vries) had failed to recognize—they exist
in pairs. One member of each pair is inherited from the male parent, the
other from the female parent. The members of a pair can be identical or
somewhat different, but both can affect the development of a particular
trait, such as the color of pea seeds or the shape of human ear lobes. The



The Transformations of Darwinism | 25

different versions of a gene are known as alleles. When sperm or pollen
and eggs are formed, they contain only one allele from each pair because,
just as Weismann had said, the formation of gametes involves a reduction
division, which halves the hereditary material. During fertilization, when
the sperm and egg, or pollen and egg, unite, the full hereditary comple-
ment is reestablished, and there are once again two alleles for each
character.

Mendel’s “laws” describe the regularity of the distribution of alleles in
the gametes and at fertilization. The “first law” asserts that during the for-
mation of gametes, the two alleles of each pair separate. They have not
been changed by being with their partner or by being in that particular
body. They leave it in exactly the same condition as they entered it. The
“second law” asserts that alleles that belong to different pairs segregate
independently of each other. This means that if you are thinking about a
lot of characters and a lot of pairs of alleles, there is a vast amount of hered-
itary variation in the gametes. The argument is basically the same as that
which Weismann used—any two eggs or two sperm are very unlikely to
get exactly the same combination of alleles. Mendel’s laws also assume that
which particular sperm and egg unite is not influenced by the alleles they
carry, so even more variation is present in the fertilized eggs.

A crucial part of Mendel’s findings was that, with the strains he chose
to use (and he made his choice very carefully), hybrid offspring did not
show intermediate characteristics; they resembled one or other of the
parents. For example, in crosses between a pure breeding strain with yellow
seeds and one with green seeds, all the offspring were yellow, not
yellowish-green. In Mendelian jargon, yellow is dominant, green is reces-
sive. The explanation is simple: if the allele that determines yellowness is
given the symbol Y, and that determining greenness is given the symbol
y, seeds have to have two copies of y to be green, but a single Y allele is
enough for yellowness. So with parents that are pure yellow (YY) and pure
green (yy), the offspring inherit a Y allele from the yellow parent and a y
allele from the green parent, so they are Yy. The single Y allele is enough
to make them yellow. When these are self-fertilized, you get the famous
Mendelian ratio of three yellow to one green. The reason why can be seen
in figure 1.4, which shows the behavior of characters in a typical
Mendelian cross and its genetic interpretation.

Within a few years of the rediscovery of Mendel’s laws, hundreds of
crosses confirming them had been made using a variety of animals and
plants. It was quickly realized that the behavior of the hypothetical hered-
itary units, the genes, which was deduced from breeding experiments, was
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A Mendelian cross between two strains with different alleles for a structural feature.
Crossing AA and aa produces Aa, which resembles the AA parent. A is therefore
dominant, a recessive. When individuals of type Aa are self-fertilized, three-quarters
of their offspring resemble the dominant parental type, and one-quarter resemble
the recessive type.



The Transformations of Darwinism | 27

paralleled by the behavior of chromosomes during gamete formation and
fertilization. Alleles come in pairs, and so do the chromosomes in body
cells; in the gametes there is only a single allele of each gene, and there is
only a single copy of each chromosome. From this starting point it did not
take long to show that genes are linearly arranged on the chromosomes.
This has some consequences when you are looking at more than one trait,
but we do not have to worry about this at the moment. We just need
to appreciate that genes were soon being regarded as discrete particles,
organized rather like beads on a string.

Before moving on, we need to stress something that at first glance may
seem rather trivial. It is that Mendelian genetics is based on the analysis
of differences. When differences in alleles lead to differences in appear-
ance, we can deduce something about the genetic constitution of parents
and offspring. From the ratios of the different types of offspring, we can
say which alleles the parents probably have. Conversely, if we know the
parents’ genetic constitution, we can predict the expected proportions
of each type of offspring. But if there are no visible differences, we can
say nothing about the genetic constitution, and we know nothing about
inheritance.

At first, the distinct character differences that genetics dealt with so
well—yellow or green, tall or short, long wings or vestigial wings—rein-
forced the mutationists’ view that evolution depends on discrete qualita-
tive jumps. Mendelism lent no support to Darwinism. Later, however, it
was realized that genes can also explain the inheritance of characters such
as height or weight, which show continuous variation. All that is neces-
sary is to assume that the character is controlled by many genes, each
having a small effect. When there are many genes involved, genetic
differences between individuals can supply all the variation needed for
adaptive evolution through Darwinian selection.

How genes brought about their effects was at first totally unknown, and
for Mendelian analysis and evolutionary theorizing it seemed unimpor-
tant. Many of the pioneer geneticists made a conscious decision to ignore
development. The newly formed departments of genetics concentrated on
counting the different types of progeny obtained in crosses between plants
or animals with visible differences, and from their numbers deducing the
relationship of the underlying genes to each other and to the chromo-
somes. Thomas Hunt Morgan and his students at Columbia University
launched the small, rapidly breeding, fruit fly Drosophila on its career as
the geneticists’ favorite experimental animal, and used it to produce
a wealth of information about the transmission of genes and the
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chromosomes that carried them. It was the Mendelist-Morganist view of
heredity that was later adopted by the architects of the Modern Synthesis
of evolution. It was a view that was based on genes located firmly and
exclusively in the nucleus, and ignored the surrounding cytoplasm.

The conceptual basis of the Morgan school’s view of heredity was pro-
vided in the very early days of genetics by Wilhelm Johannsen, a Danish
botanist. It was Johannsen who coined the term gene as part of his attempt
to formulate a biological concept of heredity. Johannsen worked with pure
lines of plants—strains that are initiated from a single individual, and
maintained by repeated self-fertilization. They can differ from each other,
but within any particular line there is very little variation among individ-
uals, and any differences that there are, are not inherited. Johannsen
found that if he selectively bred from the extremes—say the tallest and the
shortest—it had absolutely no effect: the selected lines still had the same
average height as those from which they came. This work led Johannsen
to define two key concepts—genotype and phenotype. The genotype is an
organism’s inherited potential—the potential to have green seeds, green
eyes, or to be tall. Whether or not this potential is realized depends on the
conditions in which the organism is raised. For example, the height of a
plant will depend on the quality of the soil, the temperature, how much
water it gets, and so on. So even if a plant has the genotype to be tall, it
will not manifest this potential tallness unless the conditions are
right. How tall the plant actually is—its phenotype—depends on both its
genotype and environmental conditions. Johannsen’s interpretation
of his pure-line work was simple: all individuals in a pure line have the
same genotype. Because they all have the same genes, any differences in
their phenotypes cannot be passed on. Differences in phenotype can
be inherited and selected only if they are the result of differences in
genotype.

The distinction between genotype and phenotype is fundamental to
classical genetics. According to Johannsen, heredity does not involve the
transmission of characters, but of the potential for characters. As early as
1911, he said quite clearly, “Heredity may then be defined as the presence
of identical genes in ancestors and descendants . .."” (Johannsen, 1911, p. 159;
the italics here are Johannsen'’s, not ours). His unit of heredity, the gene,
was neither a part of the phenotype nor a representation of it. It was a unit
of information about the potential phenotype. Genes are not affected by
the way that the information is used. They are extremely stable, although
occasionally an accident happens and a gene mutates to a new allele,
which is then inherited.
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The architects of the Modern Synthesis adopted these chromosomal
genes as the foundation of the revised neo-Darwinian theory. They rejected
both de Vries’s type of mutationism and all forms of Lamarckism. By the
late 1930s, the mathematical geneticists had shown theoretically how the
frequencies of different alleles in a population would alter in response to
changes in the mutation rate, the intensity of selection, or when migrants
entered the population or its size was restricted. Laboratory experiments
and natural populations were soon showing how, give or take a bit, when
there are two genetically controlled alternative characters, they behaved as
the mathematical geneticists’ equations predicted. So, according to the
Modern Synthesis:

= Heredity is through the transmission of germ-line genes, which are
discrete units located on chromosomes in the nucleus. Genes carry
information about characters.

= Variation is the consequence of the many random combinations of alleles
that are generated by the sexual processes, with each allele usually having
a small phenotypic effect. New variations in genes—mutations—are the
result of accidental changes; genes are not affected by the developmental
history of the individual.

= Selection occurs among individuals. Gradually, through the selection
of individuals with phenotypes that make them more adapted to their
environment than others, some alleles become more numerous in the
population.

One of the major figures of the Modern Synthesis, the Russian-American
geneticist Theodosius Dobzhansky, in 1937 described evolution as “a
change in the genetic composition of populations” (Dobzhansky, 1937,
p- 11). The genes he was thinking about were, at that time, entirely
hypothetical units whose existence had been deduced from numerical
data obtained in breeding experiments. What a gene was chemically,
and what went on between the genotype and the phenotype, were entirely
unknown.

The view of heredity that was taken into the Modern Synthesis did not
go unchallenged. Many embryologists maintained that heredity involves
more than the transmission of nuclear genes from generation to genera-
tion. They argued that the egg cytoplasm is crucial for the inheritance and
the development of species characteristics. Moreover, some European biol-
ogists, particularly those making crosses between plant varieties, insisted
that their results showed that the cytoplasm influences heredity and must
carry hereditary factors of some kind. They rejected what was called the
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“nuclear monopoly” of the Morgan school. But in the English-speaking
world their protests went largely unheeded. The influence of the Mendelist-
Morganists spread as genetics was taken up by plant and animal breeders,
and by the eugenicists, who wanted to “improve” human populations.

Molecular Neo-Darwinism: The Supremacy of DNA

Even though rumblings of dissent about the exclusively nuclear location
of the hereditary material continued, the influence of the American and
British schools of genetics grew. During the 1940s and 1950s, biochemistry
developed rapidly, and many of the chemical processes that go on in cells
and tissues were worked out. Geneticists began to recognize the value of
microorganisms for their work, and adopted various bacteria and fungi to
help them discover what genes are and what they do. Fungi have a few
genetic quirks, many of which turned out to be useful, but their genetics
can be studied by the classical methods of Mendelian analysis. Bacteria, on
the other hand, have no proper nucleus and no pairs of chromosomes, so
Mendel’s rules do not apply to them. However, they do have a type of
sexual process, so genetic analysis is possible. It showed that for the
bacteria being studied, genes were linearly arranged on a single circular
chromosome.

Through a combination of biochemical and genetic analyses using a
variety of organisms, it became clear that genes are involved in the pro-
duction of proteins. By the early 1950s, it was accepted that the hereditary
substance was not the many chromosomal proteins, but a rather simple
molecule, deoxyribonucleic acid (DNA). In 1953 Watson and Crick deci-
phered its structure, the famous double helix, and pointed to how it might
do the job required of the genetic material. At amazing speed, molecular
biology raced forward. The way DNA replicates was characterized, and the
relationship between the DNA of genes and the production of proteins
began to be worked out. We shall have to go into this in more detail later,
but in essence what was discovered was that a DNA molecule consists of
two strings of four different units, called nucleotides. Proteins are made
up of one or more polypeptide chains, which are strings of another kind
of unit, amino acids, of which there are twenty types. The sequences of
nucleotides in DNA encode the sequences of amino acids in the poly-
peptide chains of protein molecules. However, the translation from DNA
into proteins is not direct; the DNA sequence is first copied into mRNA
(messenger ribonucleic acid, another linear sequence of nucleotides), and
only then is it translated into proteins.
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As the code and the way it is translated were worked out, it became clear
that a change in the sequence of nucleotides in DNA often brings about a
corresponding change in the sequence of amino acids in the protein it
encodes. However, the way the process works seemed to offer no way in
which a change in a protein could alter the corresponding nucleotides in
DNA. “Reverse translation” was deemed impossible. In 1958 Francis Crick
proclaimed this unidirectional flow of information from DNA to protein
as the “central dogma” of molecular biology. As figure 1.5 shows, the
central dogma is conceptually very similar to Weismann’s doctrine, which
says that somatic events cannot influence the germ line.

Up to this point, the discoveries of molecular biology had little effect on
the Modern Synthesis of evolutionary biology that had been developed in
the 1930s and 1940s. The gene was interpreted as a DNA sequence, which
produced its phenotypic effects by coding for the proteins involved in cell
structure and function. Mutations were random changes in the nucleotide
sequences of DNA in the nucleus. And just as evolutionary biologists had
believed for a long time, because of the central dogma there was no way
in which induced phenotypic changes could have any effects on the
genetic material. However, soon things began to change, and the Modern
Synthesis version of neo-Darwinian evolution had to be updated.

The undercurrent of dissent about the hegemony of the nuclear gene
that had been rumbling since the early days of genetics intensified.
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Figure 1.5

The central dogma. Induced changes in the protein product of DNA (bomb in gen-
eration III) do not affect the protein in the offspring, whereas changes in the DNA
(bomb in generation V) affect the protein in all subsequent generations. Informa-
tion flows from DNA to RNA to proteins (solid arrows), and possibly from RNA to
DNA (dashed arrows), but never from protein to RNA or DNA.
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Eventually, studies made in the 1960s confirmed what a few people had
been saying for years—there are perfectly good hereditary units outside the
nucleus. Genes, made of DNA, were identified in the cytoplasmic
organelles known as mitochondria and chloroplasts. This meant that
nuclear chromosomes could no longer be regarded as the sole repository
of hereditary information.

Molecular studies also showed that there was much more variation in
populations than had previously been thought. In fact, there was an
embarrassingly large amount of it. It had generally been assumed that any
new variant allele that cropped up in a population would either have ben-
eficial effects, in which case it would spread through natural selection and
eventually replace the original allele, or, more commonly, it would have
detrimental effects and be selectively eliminated. It was recognized that
occasionally two or more alleles might persist in a population, and theo-
ries about why and when this might happen had been worked out. But in
the mid-1960s it was found that for many proteins there were often several
allelic variants in a single population. As a result, a new spate of arguments
erupted in the evolutionary community. Do all small differences in the
amino acid sequence of a protein matter, as the selectionists claimed, or
are most of them selectively irrelevant, and kept in the population by
chance, as the neutralists said? It was not the first time that chance effects
had been given a place in evolutionary theory: ever since the 1930s, Sewall
Wright had maintained, somewhat controversially, that differences
between small populations would arise by chance, not just by selection.
His reasoning was mathematical, but now there were real biochemical data
to argue about.

Eventually, after several years of heated debate, it was more or less agreed
that many differences in proteins and alleles are, on average, selectively
equivalent. In other words, if you think about a genetically diverse popu-
lation over many generations, it will experience a lot of slightly different
conditions, and a small difference in a protein will sometimes improve and
sometimes reduce the survival chances or fertility of the organisms carry-
ing it, but on average it will have no effect. As often happens, both sides
in the controversy could claim to have been right.

Another cause of controversy was the result of the realization that most
DNA in higher organisms does not code for proteins at all. What does this
noncoding DNA do? Is it just “junk,” or does it have a regulatory func-
tion? There has been a lot of argument about both the term and the idea
that DNA can be “junk,” and the matter is still being discussed. Some non-
coding sequences are undoubtedly control sequences, which help regulate
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when and where the information in DNA is processed to form proteins,
but it is also true that a vast amount of DNA has no obvious function. Part
of it consists of sequences that are present in many copies, either clustered
together or dispersed all over the genome. Some have been found to be
similar in organization to the genomes of viruses, and can change their
location, moving around the genome. We will say more about these
“mobile elements” and “jumping genes” in later chapters, but here we just
want to note that their discovery complicated the Modern Synthesis view
of the causes of changes in genes and gene frequencies.

As it was recognized that a lot of DNA is concerned with regulating gene
activities rather than coding for proteins, the way people thought about
hereditary information changed. They began thinking in terms of a genetic
program—a set of instructions, written in the genes, which guides the
development of traits. The relationship between genotype and phenotype
was transformed into the relationship between a plan and a product. John
Maynard Smith, an aeronautical engineer by training, likened the geno-
type to a plan for building an airplane, and the phenotype to the actual
plane. Another British biologist, Richard Dawkins, likened the genotype to
a recipe for a cake, and the phenotype to the actual cake that is baked.
Changes in the recipe or in the plan lead to changes in the product, but
changes in the product do not affect the recipe or plan. If a cake is acci-
dentally burnt during its baking, it does not change the recipe; modifica-
tions made while building an airplane do not change the written plan.
Only changes in plans or recipes—the programs—are inherited, not
changes in products.

The discoveries in molecular biology inevitably led to a partial revision
of the Modern Synthesis version of Darwinian evolution:

= The gene, the unit of heredity in the Modern Synthesis, became a DNA
sequence, which codes for a protein product or an RNA molecule.

= Inheritance became associated with DNA replication, a complex but
precise copying process that duplicates chromosomal DNA.

= It was recognized that in higher organisms DNA-containing chromo-
somes are present in the cytoplasmic organelles as well as in the nucleus.
= Mutations were equated with changes in DNA sequence, which arise
through rare mistakes during DNA replication, through chemical and phys-
ical insults to the DNA and imprecise repair of the damage, and through
the movement of mobile elements from one DNA site to another. Some
physical and chemical agents (mutagens) increase the rate of mutation, but
since they do not increase specifically those variations that are adaptive,



34 | Chapter 1

these induced variations, like all others, were still considered to be random,
or blind.

Selfish Genes and Selfish Replicators

While the molecular biologists were busy working out what genes are and
what they do, some evolutionary biologists became preoccupied with
another problem—the problem of the level at which selection acts. As we
mentioned earlier, in the nineteenth century Weismann and others had
recognized that natural selection can occur among units other than indi-
viduals, but interest in the subject had waned. It revived in the early 1960s,
when people began looking more seriously at who benefits from certain
types of behavior found in group-living animals. For years most biologists
had been happy to accept that some behaviors were “for the good of the
species,” or “for the good of the group,” because they were certainly (or so
it seemed) of no benefit to the individual. The most famous and extreme
examples are worker ants and bees, where females work for the good of
other members of their colony, but do not themselves have young. There
are other less extreme examples, such as the alarm notes of birds. The bird
that calls out, thereby warning others when it sees potential danger, often
is not doing itself any good; on the contrary, it may make it more likely
that it will be spotted and killed. It was therefore argued that this type of
“altruistic” action must have been selected because it benefits the group,
rather than the individual.

Not everyone agreed. A few evolutionary biologists had been pointing
out for some time that the for-the-good-of-the-group argument is beset
with problems. The most obvious one is that if genes crop up that make
individuals selfish—that turn a bird into a noncaller, for example—then
those genes will spread in the population and replace the genes for altru-
istic behavior. Compared with altruistic callers, who keep drawing atten-
tion to themselves, noncallers are less likely to be caught, so they will,
on average, produce more offspring. Noncaller genes will increase in
frequency, and eventually the population will end up as all noncallers.
The only way for the altruistic calling behavior to survive in spite of this
is if groups of individuals with calling behavior do very much better
than groups without it. The question that had to be asked, therefore, was
could a behavior (or any other characteristic) be maintained because selec-
tion between groups overrides the effects of selection between individuals
within the group?
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At first the mathematical evolutionists said no. So compelling were their
arguments that group selectionists tended to be derided and accused of
mathematical illiteracy. Later, however, different equations with different
assumptions showed that evolution through group selection was possible
after all. Others took different approaches to the problem of why altruism
and the genes underlying it do not disappear. Bill Hamilton, one of the
most original evolutionary biologists of the second half of the twentieth
century, provided an answer that was seen initially as a viable alternative
to the idea of group selection. He realized that the beneficiaries of most
altruistic behavior tend to be the altruist’s own kin. The significance of this
is that an animal and its kin are likely to have inherited copies of the same
genes. How many genes family members have in common depends on the
closeness of their genetic relationship: it is 50 percent among parents and
children, 50 percent among brothers and sisters, 25 percent among grand-
parents and grandchildren, and the same among half brothers and sisters;
cousins share only 12, percent of their genes. The genes that relatives have
in common include, of course, any gene or genes that underlie altruistic
behavior. So, if altruistic behavior leads to a large increase in the number
of offspring reared by members of the altruist’s family, the genes underly-
ing the behavior may increase in frequency, even if the altruist has fewer
offspring than it would have had had it not helped its kin.

Whether or not altruism genes increase in frequency depends on first,
how close the relationship is (and therefore the chances that relatives carry
the genes for altruism); second, by how much the altruistic behavior
decreases the number of the altruist’s own offspring; and third, by how
much it increases the number of offspring reared by the beneficiaries of its
altruistic actions. It may sound complicated, but the basic idea is very
simple. From the point of view of a gene for altruism, it can increase its
representation in the next generation if it makes the animals carrying it
help their kin to survive and reproduce, because kin are likely to carry
copies of it.

Richard Dawkins took up Hamilton’s approach, extended it, and popu-
larized it. He suggested that taking a gene’s-eye view can help us to under-
stand the evolution of all adaptive traits, not just the paradoxical ones like
altruism. He coined the term the selfish gene, which recognizes that the
“interests” of a gene may not coincide with the interests of the individual
carrying it. Metaphorically speaking, the gene is “selfish” because the
effects it has on the well-being or the reproductive success of the individ-
ual carrying it do not matter so long as they enhance the chances that it,
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the gene, will have more representatives in the next generations. Adapta-
tions are always “for the good of” the gene. They are all outcomes of
competition between selfish genes.

According to Dawkins, thinking about evolution in terms of competi-
tion between rival genes, rather than between individuals or other units
such as genomes, groups, or species, unifies many aspects of evolution. The
gene is not just the unit that is inherited, it is also the unit that is ulti-
mately selected. Genes have the stability and permanence that is required
for units of selection, whereas most other potential units do not. If you
think about individual bodies, then a child is really a rather poor copy of
its parent: it does not inherit most of the features that the parent has
acquired during its lifetime, and parental characters get separated and
mixed up during sexual reproduction. So individual bodies are not faith-
fully inherited, whereas genes usually are. The living and breathing body
is just a carrier—a vehicle—for selfish genes.

On the basis of his image of the selfish gene, Dawkins has constructed
a unifying scheme in which he has generalized the molecular neo-
Darwinian approach. He argues that genes belong to a category of entities
(not necessarily made of DNA) that he calls “replicators.” He defines the
replicator as “anything in the universe of which copies are made”
(Dawkins, 1982, p. 83). At first sight this definition seems very general, and
capable of including many types of entities and processes, because
“copying” is a conveniently vague word. But Dawkins immediately
restricted what he meant by “copying.” Bodies are not replicators, because
an acquired feature, such as a scar, is not copied to the next generation.
But a stretch of DNA or a sheet of paper that is photocopied is a replica-
tor, because any change in DNA or the scribbles on a sheet of paper will
be copied. “Copying” is thus restricted so that the term replicator cannot
be applied to entities that are changed by their own development or
product. To make this point Dawkins defined another entity, the “vehicle”:

A vehicle is any unit, discrete enough to seem worth naming, which houses a col-
lection of replicators and which works as a unit for the preservation and propaga-
tion of those replicators. (Dawkins, 1982, p. 114)

Individual bodies are therefore vehicles, not replicators.

The replicator concept fits the gene so well because it is a generalization
of the properties of the classical gene. The distinction between gene and
body, and more generally between replicator and vehicle, is derived from
Johannsen's distinction between genotype and phenotype, which was built
on Weismann's view that the inheritance of acquired characters is impos-
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sible. The gene-replicator in the germ line has a special status: it is the unit
of heredity, of variation, of selection, and of evolution. It causes the
vehicle-body to behave in a way that will increase its frequency, even at
the price of sacrificing the body. The move is unidirectional: variations in
genes affect corresponding variations in the body, while variation in the
body, resulting from the history of the body and from the environment,
do not cause corresponding variations in the gene. Development is a
process that vehicles (bodies) undergo, and it is controlled by genes that
replicate to ensure their own further propagation.

Notice that there is a claim here about the nature of the relationship
between genes and development. According to Dawkins, heredity and
variation cannot be influenced by adaptive processes that go on in indi-
viduals. There is therefore a big difference between this neo-Darwinian
generalization and the version of Darwinism with which we started, which
was not committed to any type of replicator-vehicle distinction or to
assumptions about the origin of heritable variation. In addition to the
gene, Dawkins discusses another type of replicator, the meme, which is a
cultural unit of information that is passed among individuals and genera-
tions through cultural replication processes. We shall have more to say
about this replicator in chapter 6.

Needless to say, Dawkins’s selfish-gene view of evolution has not gone
unchallenged. In fact it has been aggressively attacked (and defended) ever
since The Selfish Gene was published in 1976. But as Hamilton, Dawkins,
and others soon realized, a lot of the initial disagreements between those
who went along with the selfish-gene view and those who insisted that
individuals and groups are the focus of natural selection was the result of
scientists talking past each other. The two ways of viewing evolution are
not incompatible. Dawkins centers his evolution on the gene-replicator, a
permanent unit whose frequency changes during evolutionary time. Other
biologists center their evolutionary ideas on the targets of selection, the
vehicles—the organism or groups of organisms that survive and multiply.
But whatever the targets of selection—whether individuals, interacting
groups of kin, or larger groups—biologists still assume that the underlying
hereditary units that affect the properties of these targets are genes. Today’s
models of group selection are as gene-centered as any other models of
natural selection, including Hamilton’s explanation of the evolution of
altruistic traits. Many biologists are now quite comfortable with the idea
that kin selection is a form of group selection, in which the interacting kin
group is the target of selection, and the unit whose frequency changes
during selection is the gene.
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One of Dawkins’s most bitter critics was the American paleontologist
Stephen Jay Gould, who insisted that focusing evolutionary ideas on genes
is misleading. According to Gould, tracing the fate of genes through gen-
erations is no more than bookkeeping, because it can tell us little about
evolution. It is individuals, groups, or species that survive or fail to survive,
that reproduce or fail to reproduce, not genes. Moreover, said Gould, we
cannot explain the varieties of animals and their adaptations solely in
terms of natural selection, whether of genes, individuals, or anything else.
We have to take into account historical events such as catastrophic climate
changes; we have to think about accidents that affect the amount of
genetic variation in populations and lineages; we have to appreciate the
way evolutionary change is constrained by development, and remember
the side effects that are an inevitable consequence of selection. Natural
selection is just one of the many factors that have brought about the won-
derful adaptations and patterns of evolution that we see in the living
world. For Gould, the central focus of evolutionary studies had to be organ-
isms, groups, and species, which are the targets of natural selection and
the entities that develop. For Dawkins, it has to be the gene, the unit of
heredity.

The controversy between Gould and Dawkins continued until Gould’s
death in 2002. Like many of the controversies that punctuated the earlier
history of evolutionary thinking, it was bitter, venomous, and often unfair.
Arguments were pushed ad absurdum, and the ambiguities of language
were used and misused to erect and demolish straw men. We cannot and
need not go into the details here, because for us what is important is not
the disagreements, but what Gould’s and Dawkins'’s ideas have in common.
What is interesting for us is that although their different perspectives
put them at opposite ends of the spectrum of views held by orthodox
evolutionary biologists, they were in agreement when it came to the
nature of hereditary variation. Gould and Dawkins were united in assum-
ing that genes are the only units of heredity relevant to the evolution
of organisms other than humans, and that acquired characters are not
inherited.

The Transformations of Darwinism

Our account of the history of Darwinism has been sketchy, but we hope
that we have said enough to show that Darwin’s theory is not something
set in stone. Ever since the publication of The Origin, the theory of natural
selection has been the subject of intense debate, and its fortunes have



Table 1.1

Type of Hereditary Unit of Origin of Target of Unit of
theory transmission variation variation selection evolution
Darwin's Gemmules Gemmule Random + Individual The population
Darwinism transferred induced in the (sometimes of individuals
from the soma soma also the group)
to sex cells
Weismann's Transfer of Determinant Random + Individual The population
neo-Darwinism determinants induced in the (mainly) + of individuals,
through the germ line determinants, cells, or
germ line cells, organs determinants
Modern Transfer of Genes in the Random Individual The population
Synthesis genes in the germ line mutation of individuals
neo-Darwinism germ line
Molecular DNA replication DNA sequence Random DNA Mainly the Mainly the
neo-Darwinism changes; rarely individual population of
also directed (also the gene, individuals
changes (see the group,
chapter 3) lineage, and
species)
Selfish gene DNA replication DNA sequence Random DNA The gene, the The population
neo-Darwinism changes individual, of alleles of the
the group gene
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waxed and waned. Sometimes the predominant view has been that it has
played only a minor role in evolution; at other times, it has been seen as
the most important part of the evolutionary process.

Not only has opinion about the theory of natural selection as a whole
changed over the years, there have also and inevitably been changes in
the details. We have summarized the various historical transformations of
Darwin’s theory that we have described in table 1.1. It shows how ideas
about the nature of the hereditary process, the unit of heritable variation,
the origin of variation, the target of selection, and the units of evolution
have changed. New facts and new scientific fashions, often promoted by
powerful and persuasive voices, have molded Darwin’s theory of evolution
into its present form.

Today, the gene-centered view of evolution predominates. It certainly
provides a tidy framework for evolutionary thinking, and biologists are
generally comfortable with it. That does not mean, of course, that it is the
final, correct, and complete interpretation of Darwin’s theory. In fact, there
is a growing feeling that Darwinism is due for another transformation. We
shall be putting the case for this in subsequent chapters.

Dialogue

ILM.: I am not entirely comfortable with the implications of the charac-
terization of evolution by natural selection that you borrowed from
Maynard Smith. If I am not mistaken, both Maynard Smith and Dawkins
see natural selection not only as the mechanism underlying adaptive evo-
lution but also as a kind of litmus paper for life. The conditions for natural
selection—multiplication, heritable variation, and competition—are the
conditions for life itself. According to this view, if we ever make robots that
are able to produce robots like themselves, you will have to define them
as evolving and hence alive. This contradicts our intuitions. What is your
position?

M.E.: The “definition of life” issue is a really messy subject. First of all,
self-production is not sufficient for there to be evolution by natural selec-
tion. You also need a mechanism through which variation that is gener-
ated during the production of robots is transmitted. Only then can you
have evolution by natural selection. You have to have heritable variation.
And the variation has to affect the chances of self-production.

I.LM.: Let’s say my robots can produce themselves and also transmit some
variants that occur during the production process. But let us also assume
that the number of variations is very limited—Ilet’s say that four possible



The Transformations of Darwinism | 41

robot variants can arise, and each variant affects self-production in a dif-
ferent manner, which depends on the environment. Nothing very excit-
ing can happen—you can have one of four possibilities reoccurring and
changing in frequency as the environment cycles. But that’s all. Would you
call these robots “living”?

M.E.: John Maynard Smith and Eo6rs Szathmary call these cases in which
you have only a very few variants “limited heredity” systems. With them
you can certainly have evolution by natural selection, but very restricted
and boring evolution. Functional complexity and the evolution of func-
tional complexity are the hallmarks of living organisms. Maybe we should
be talking about different manifestations of life, rather than about whether
there is a clear distinction between life and nonlife. Maybe there is no
simple line of demarcation.

I.M.: Since you obviously accept the principle of natural selection, and
seem to be prepared to generalize it even to self-producing and varying
robots, why do you imply that Dawkins’s generalization is insufficient
and that Darwinism is due for another transformation? As you showed,
Dawkins has suggested a unifying scheme, which allows us to understand
the evolution of many different traits, both the straightforward ones and
the seemingly paradoxical ones like altruism. It seems very logical to me.
What is your problem with it?

M.E.: Our problem is with Dawkins’s replicator/vehicle concepts. There
are several difficulties. First, he assumes that a replicator has to have a high
level of permanence to be a unit of evolutionary change. It has to be copied
with very high fidelity. He rightly pointed out that a particular individ-
ual—Charles Darwin, for example—is unique and is never replicated,
whereas his genes are. It is his faithfully replicated genes that are passed
on and effect evolutionary changes. That is why, according to Dawkins,
genes, not individuals, are the units of evolution. However, like many
other people, we think this argument is misleading, because no one ever
thought that individuals are units of heredity and selection in the sense
implied by Dawkins. When looking at levels of organization above the
gene, evolutionary biologists have focused on traits—for example, on
Darwin’s square jaw or the shape of his nose, or an aspect of his intelli-
gence—not on whole individuals. So the alternative units should be genes
or traits, not genes or individuals. Alternative traits can be traced from one
generation to the next and their frequency may change. They have suffi-
cient permanence through time to be units of evolution, even though
many genes concurrently affect them and these genes are reshuffled in
every generation through sex.
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Our second difficulty is with Dawkins’s assumption that the relation
between replicator and vehicle is unidirectional—variations in the repli-
cator (gene) affect the vehicle (body), but not vice versa. He assumes that
development does not impinge on heredity, and we take issue with this
assumption. Our third problem is that Dawkins assumes that the gene is
the only biological (noncultural) hereditary unit. This simply is not true.
There are additional biological inheritance systems, which he does not
consider, and these have properties different from those we see in the
genetic system. In these systems his distinction between replicator and
vehicle is not valid. We will come to them in later chapters.

ILM.: So I shall wait for you to develop these arguments. Meanwhile, I
want to ask you about your historical reconstruction. I realize that it is very
sketchy, but you pictured the historical trend as one in which Darwinian
thinking has become more and more specific about the nature of heredity
and the origins of variation. Now that biology has gone so molecular, ideas
about heredity and evolution are presented in ever more molecular terms.
I see this as progress, and surely so do you. Yet there is a note of discon-
tent in your story.

M.E.: Of course we welcome the molecular level of description. In fact
some of the new ideas and the challenges to orthodoxy that we are going
to describe in the next chapters are consequences of the new findings in
molecular biology. But the molecular-genetic description does not come
instead of other levels of description. We shall be making the case that
some variations at the physiological and behavioral levels are heritable,
and can lead to interesting processes of heredity and evolution even when
there is no variation at the genetic level. At this point in time, as at most
previous stages of the history of evolutionary ideas, certain findings in
biology are being ignored or underplayed. That is why we decided to
present today’s standard view of Darwinian evolution and how it was
reached historically.

I.LM.: Thave a question about this claim of yours that findings were under-
played or ignored at certain times in the history of evolutionary theory. It
is not difficult to be wise in retrospect, and see imperfections and dogma-
tism, but what does it mean? It seems to me that the most important
turning point in the history of twentieth-century evolutionary thinking
was the formulation of the Modern Synthesis, so I'll focus on that. You
mentioned the rumblings of disagreement about the importance of nuclear
genes that came from certain Europeans, but there was nothing in your
depiction of the Modern Synthesis to suggest that it did not accurately
reflect the biology of the time. The biologists involved in the Synthesis had
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a certain concept of heredity and evolution, which was derived, I assume,
from what they found. It was not as if it was an ideological decision, like
it was with the Lysenko doctrine in the USSR, where there was only one
politically correct genetic theory. Surely the Synthesis had a wide empiri-
cal basis? What was wrong or misleading in the Modern Synthesis? Are
you claiming that the view of evolution that emerged was the consequence
of scientific ideology?

M.E.: It depends on how you think about ideology. At a very basic level,
there is no scientific activity that is totally free from ideology. You can’t
build a theory without assumptions, and some of them stem from a socio-
political general worldview, and feed into that worldview. This doesn’t
mean that it is a cynical and conscious type of process—that scientists are
just puppets in the hands of politicians, or that power-hungry and amoral
scientists are recruited for the service of an explicit ideology. Of course this
can happen, as the sad story of Russian genetics during the Stalinist era
testifies. German eugenics also showed it in a dreadful manner. But in
many and perhaps most cases, everything is rather more subtle. Even in
nontotalitarian regimes, ideological considerations appear in various
guises, and they are important in determining the route of science. This
occurred in the United States. There is a fascinating book written in 1966
by Carl Lindegren, an American microbial geneticist. The book is called
The Cold War in Biology. It describes the political attitudes that surrounded
the study of genetics in the West, and the discussions about the nature
of the gene and the gene-environment relationship that took place during
the Cold War. Self-evidently there were also scientific-ideological presup-
positions about the genetic research in which some of the architects of the
Synthesis were engaged. They decided what were the important things, and
what belonged to the unimportant fringe.

ILM.: And what, for example, did they decide?

M.E.: The Synthesis was based on genetic research that focused on traits
that could be studied using the methods of Mendelian analysis. Mendelian
analysis depended on discrete qualitative traits that showed fairly regular
segregation. Traits that did not behave like that were pushed aside. It was
easy to believe that they were the consequences of experimental mistakes,
or the overcomplexity of the system. If there are a lot of genes and they
interact, it was said that the trait is obviously too difficult to analyze. Extra
genes, called “modifiers,” which interact with the main gene, were readily
evoked whenever there were problems of interpretation. As early as 1949,
Lindegren was pointing out that in the bread mould Neurospora, two-thirds
of the mutations he found did not show Mendelian segregation. But most
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scientists ignored these cases, even though they were in fact the majority.
They were considered to be part of the “noise” in the system. When these
deviant traits were acknowledged at all, they were excused, not studied.
And even when there was agreement that there are indeed some strange
phenomena—jumping genes in maize, for example, or strange inheritance
of cortical structures in unicellular organisms—they were brushed under
the carpet. At best they were considered to be eccentric cases that did not
alter the general picture, and at worst they were simply ignored.

Animal geneticists worked mainly on the mouse or the fruit fly, and
organisms that reproduced asexually were of little interest to them. They
worked largely with traits that, in the jargon, show “strong developmental
canalization.” In other words, the organisms develop the same phenotype
whatever the environmental conditions. Moreover, much of the genetics
of the Synthesis was based on organisms in which the germ cells are sepa-
rated off from the rest of the body early in development. In plants the germ
line and soma do not separate early—you can often take a piece of stem or
a leaf from a mature plant and grow another plant from it, and this plant
can then produce pollen and eggs. There is no real segregation of germ line
and soma in plants, and of course they are much less canalized. On the
whole, the botanists were always much less dogmatic about heredity than
the zoologists, but their influence on the Synthesis was not great.

I.LM.: And do you think that the choices geneticists made were ideologi-
cal? They seem to me to be good practical decisions.

M.E.: Of course they were not just ideological, and usually it was not a
conscious and simple process. There was certainly an element of historical
continuity. A lot of the early work was done with fruit flies, for example,
and this no doubt led to a tendency to generalize from them and see all
genetic phenomena in the light of this research. Again, it depends on what
you mean by ideology and choice. There were conservatives, liberals, and
communists participating in the Modern Synthesis. But there was also a
commitment to the Mendelian view and the conception of heredity pro-
moted by Johannsen, and a rejection of the possibility of the inheritance
of acquired characters. And these views hardened as a result of the Cold
War and the discovery of the charlatanism of Lysenko in the USSR, where
the inheritance of acquired characters was fundamental and Mendelism
was seen as a bourgeois perversion.

I.LM.:  What is wrong with generalizing from the genetics of the fruit fly
to other species? I thought Mendel’s laws were general.

M.E.: They are, but the fruit fly is really peculiar in many ways. Some of
these peculiarities were a great help to genetic research, but some were a
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handicap to evolutionary theorizing. For example, in the fruit fly there is
very early segregation between somatic cells and germ cells; the cells of the
adult fly do not divide and, in general, development is very stable. So it is
difficult to see the effects of the environment on the phenotype, especially
any long-term, transgenerational effects. These are much clearer in plants,
for example. But there was another more human element too—there was
a struggle over the way heredity should be studied. People argued over
what kind of research really yields the most significant results, about the
status of nuclear genes relative to cytoplasmic factors, about the place
of developmental research in the study of heredity. The Mendelist-
Morganists, who focused on nuclear genes and on the transmission rather
than the expression of characters, won this battle. There were others who
took a different approach, especially in prewar Germany, but they lost the
battle for various reasons, both scientific and extrascientific.

I.M.: Today biologists are excited about what is happening in genetic
engineering and molecular biology, and I know that battles are going on
about what work should and should not be done, because some of it has
social implications. But whatever the ideologies and whatever the decisions
made, isn't it inevitable that this emphasis on molecular biology will lead
to a hardening of the gene-centered approach to evolution?

M.E.: We think not. There is a lot more to molecular biology than genes,
and the current selfish-gene view does not fit easily with some of the things
that molecular studies are turning up. In the next chapters we will look at
what molecular biology is telling us about genes and development, and
you will see that what has been found is not compatible with an exclu-
sively gene-centered view of heredity and evolution. In addition, although
molecular biology is hogging the limelight and the money at present, new
facts and ideas are still coming from other areas of biology, and these too
are having repercussions on evolutionary thinking.






2 From Genes to Characters

The relationship between genes and development is one of the hottest
topics in biology today. In 2001 the Human Genome Project delivered the
first draft of the promised sequence of human DNA, and revealed that we
have about 35,000 genes. This was far fewer than most geneticists had
anticipated, and recent estimates suggest the figure may be even lower—
as low as 25,000. The big question now is how these relatively few genes
can be the basis of all the exotic and intricate events that occur during
embryonic and postembryonic development. Finding out exactly what
genes do has acquired a new urgency. Will it be possible to work out what
each gene does? And if it is, what will it tell us about the inherited differ-
ences between us?

To answer these questions, we first need to say something about the
molecular nature of the gene, and how it works as a unit of function and
inheritance. In doing so, we shall be stressing what we see as the major
properties of the genetic system, and try to explain why biologists think
that this DNA-based inheritance system is so special. DNA is not the only
thing that we inherit from our parents, of course. We inherit the other
materials that are present in the egg, and also things such as our parents’
food preferences, their ideas, and their real estate. Obviously, there are
several routes through which materials and information can be transferred
from parents to their young, and in later chapters we shall argue that all
are potentially important in determining what happens in evolution.
However, inheritance systems differ in what kind of information is trans-
mitted, how it is transmitted, how much and how faithfully it is trans-
mitted, and in the relationship between what is transmitted and the effects
it has. This is why we are going to focus on these aspects of the genetic
system.
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From DNA to Proteins

We have already mentioned the discovery of the structure of DNA by
Watson and Crick in 1953. One of the fascinating and surprising things
about the structure they revealed was how it reflects in a relatively straight-
forward way the properties that are required by the genetic inheritance
system. The way that DNA is organized immediately suggests how repli-
cation may occur, and hints at how the molecule might carry information
for making proteins. Both are possible because DNA is a linear molecule,
made up of strings of a small number of different components.

Figure 2.1 shows the DNA double helix, one of the icons of the twenti-
eth century. The two strands of the helix are wound around the same axis
and are held together by weak chemical bonds. Each strand is made of four
different units, the nucleotides, which are joined together to form a long
chain. A nucleotide consists of a sugar molecule, a phosphate group, and
a nitrogenous base. The differences between the four nucleotides lie in
their nitrogenous bases, which can be thymine, adenine, guanine, or cyto-
sine, and the different nucleotides are always known by an abbreviation
of the names of these bases—T, A, G, and C, respectively. The weak bonds
between the two nucleotide chains are formed because a base in one strand
is paired with a base in the other. The association is such that A is always
paired with T, and C is always paired with G. There are good chemical
reasons why the pairs are always A-T and C-G, but we need not go into
these. What is important for us here is that the two strands are comple-
mentary: if you know the sequence of nucleotides in one strand, you can
work out the sequence in the other. Apart from the fact that the two

old strand new strand

Figure 2.1
The structure and replication of DNA.
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strands must be complementary, the sequence of nucleotides in DNA is
not restricted in any way.

It was clear from the outset what the significance of the nucleotide pairs
might be. In a calculated understatement at the end of their famous paper,
Watson and Crick wrote, “It has not escaped our notice that the specific
pairing we have postulated immediately suggests a possible copying mech-
anism for the genetic material.” It was the complementary relationship
between the nucleotides in the two strands that hinted at the nature of
the copying process. If the strands separate, each single strand can be a
template on which a complementary strand, made up of complementary
nucleotides, is formed: a free A is attached to the T in the single strand, a
free C is attached to the G in the single strand, and so on. In this way the
structure of the original double helix is reconstructed, and two identical
daughter molecules are produced from one parent molecule. Of course this
replication does not occur spontaneously. There is no “self-replication” of
DNA. The replication process requires many enzymes and other proteins
to unravel the two parental strands, attach the nucleotides to the single
strand, assemble the daughter molecules, and check that mistakes are not
made. The ability to replicate is not the property of DNA, but of the cel-
lular system.

From the structure of DNA, Watson and Crick deduced not only how it
could be copied but also that “the precise sequence of the bases is the code
which carries the genetical information.” By this time, the early 1950s,
biologists were comfortable with the idea that genes carry coded informa-
tion that is deciphered in the cell. Work on information transmission and
code-breaking had been among the top priorities during the Second World
War, and communication technology continued to flourish in the postwar
period, influencing the framework of thought in biology, as well as in other
spheres. Ideas about the type of information that could be carried by genes
stemmed mainly from the biochemical geneticists’ work with the bread
mold Neurospora, which had shown that genes can specify the production
of enzymes, which are proteins. Proteins were known to be folded strings
of amino acids, of which there were about twenty types. So once the struc-
ture of DNA had been revealed, the problem of how genes have their spe-
cific influences on the cell was quite rapidly boiled down to how a
sequence of four types of DNA nucleotide can encode the specific sequence
of the twenty or so types of amino acids in a protein. It took several years
to come up with the answer to the problem, but after considering various
theoretical possibilities, it was eventually shown experimentally that the
nucleotide sequence in DNA is a triplet code. Successive groups of three
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DNA nucleotides can be translated into the sequence of amino acids in the
polypeptide chain of a protein.

During the 1960s and 1970s, some of the processes that enable the infor-
mation in a sequence of DNA to be converted into the polypeptide chains
of proteins were worked out. Most DNA sits in the nucleus, but most pro-
teins, which are large molecules, often made up of several polypeptide
chains, are found in the cytoplasm. It was predicted and shown that the
information embodied in the DNA sequence of a gene is carried to the
cytoplasm before it is decoded. The carrier molecule is another nucleic acid,
ribonucleic acid (RNA). RNA is very similar to DNA in that it too consists
of a string of nucleotides, although the sugar in the nucleotides is differ-
ent. Three of the nucleotides in RNA have the same bases as in DNA, but
instead of the thymine-containing nucleotide (T), RNA has a nucleotide
containing uracil (U). Like T, U pairs with A. RNA molecules also differ
from DNA in being basically single-stranded, and relatively short.

Figure 2.2 shows how a cell uses DNA to make polypeptides. The segment
of DNA coding for a polypeptide is first copied into RNA. This process,
known as transcription, involves only one of the two DNA strands. The
RNA is then modified a bit (we will come to this later), and eventually mes-
senger RNA (mRNA) is transported from the nucleus to the cytoplasm. In
the cytoplasm, the mRNA associates with a ribosome—a huge molecular
complex made of proteins and another type of RNA, ribosomal RNA
(rRNA). Ribosomes enable mRNAs to be translated into polypeptide chains.
Each triplet of nucleotides (known as a “codon”) in mRNA encodes a spe-
cific amino acid or acts as a signal to begin or end the polypeptide chain.
For example, UUU and UUC are both codons for the amino acid phenyl-
alanine (Phe), GUU is one of the codons for valine (Val), GAA codes for
glutamic acid (Glu), UAA is stop (end of message), and so on.

Translation from the sequence of nucleotides in mRNA to the sequence
of amino acids in a polypeptide chain involves a whole battery of enzymes
and other molecules, including several types of a smaller RNA—transfer
RNA (tRNA). These small molecules act as adaptors, carrying amino acids
to the ribosome and adding them to the growing polypeptide chain in the
order dictated by the sequence of codons in the mRNA. Each type of tRNA
has an attachment site for a specific amino acid at one end, and at the
other end it has a recognition site—a triplet of nucleotides that recognizes
the mRNA codons for that amino acid because they are more or less
complementary.

Through the transcription and translation processes, information in
DNA is used to produce the polypeptides of proteins. Some proteins are
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The interpretation of information in DNA: transcription within the nucleus (upper
part) and translation in the cytoplasm (lower part).
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enzymes that participate in chemical reactions, others are the building
blocks of the structural elements of cells and tissues, and yet others func-
tion as regulatory molecules that affect translation and transcription. DNA
therefore codes for many different proteins with many different functions.
However, an awful lot of DNA does not code for proteins at all. In fact,
most of it does not. It has been estimated that in the human genome at
most 1.5 percent of the DNA codes for proteins. A little codes for tRNAs
and other nontranslated RNAs, but most of it is never or hardly ever tran-
scribed, let alone translated. So what role does it play?

As we indicated in chapter 1, a lot of DNA has no obvious function, and
is commonly regarded as “junk.” However, some nontranscribed sequences
certainly do have a function—they are involved in the regulation of gene
activity. Not every gene is active in every cell all the time. This is why cells
can be different, even though most have exactly the same set of genes.
Cells are able to respond to internal and external conditions, turning genes
on and off when and if required, and nontranscribed DNA is an important
part of the regulatory system that determines which coding sequences are
being transcribed.

In figure 2.3 we have tried to show in a simple way how one type of
gene regulation works. The coding sequence of each of two genes is asso-
ciated with a regulatory region—a DNA sequence that is not transcribed
into RNA. Gene P produces a protein that can bind to the regulatory region
of gene Q. When it does so, the enzymes that are necessary for the coding
sequence of Q to be transcribed cannot get at the DNA, so gene Q does
not produce RNA. However, as the lower part of the figure shows, when
the configuration and properties of the gene P protein are altered through
its association with a second type of regulatory molecule, it can no longer
bind to the regulatory region of gene Q. The transcription enzymes can
therefore get at Q, and the protein that it encodes is produced. The second
type of regulatory molecule in the system could be the product of another
gene, or a direct or indirect result of nutritional or other environmental
conditions. In this and many similar ways, environmental factors can par-
ticipate in the processing of genetic information.

What Is Information?

Before looking at the relationship between the information in DNA and
the phenotype in more detail, we need to digress and say something about
the term “information,” which we have already used a lot and will use a
lot more. If someone says that a DNA sequence carries or contains infor-



From Genes to Characters | 53

(a) gene P

control region 4 conlrol region

’;ﬂ

R

o

protain
oroduct

(b)

control region l
RMNA ‘_,J-FL"I_I_L\-I_\_J
7

%r% s

protein regulatory protein
product maolecules product

Figure 2.3

The control of gene activity. In (a), the product of gene P (a teapot) binds to the
control region of gene Q and prevents transcription. In (b), a regulatory molecule
associates with the product of gene P, which changes its shape (a nonfunctional
teapot) and makes it unable to bind to gene Q. Gene Q is now transcribed and the
mRNA is translated into a protein (a wineglass).

mation, what does it mean? The most obvious answer is that it means that
the stretch of DNA embodies in an encoded form the sequence of amino
acids for a particular polypeptide chain. But it could also mean that the
particular DNA sequence provides the specificity required for a certain type
of regulatory molecule to attach itself. These two types of information are
very different, so what do we mean when we use this word “information”?

It is surprisingly difficult to find a general definition for “information,”
yet it is important for us to try to do so, because we are going to be describ-
ing and comparing the ways in which different heredity systems transmit
information, and how these information transmission systems affect evo-
lution. In everyday language the term information is used for a multitude
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of things. We say that a cloud, something physical, conveys information
about the weather; a clock provides information about the time; the smell
in a restaurant carries information about the food; newspapers contain
information about world events. Biologists would say that a DNA sequence
carries information about the sequence of amino acids in a protein, or
where a regulator binds; they would also say that a bird’s song carries
information about its species, and a mother’s playful behavior carries infor-
mation about the world for her child. So what do all these very different
“sources of information” have in common? In what sense do all “carry
information?”

As we see it (which is from an evolutionary point of view), for some-
thing (a source) to contain or carry information, there must first be some
kind of receiver that reacts to this source and interprets it. The receiver can
be an organism, a cell, or a man-made machine. Through its reaction and
interpretation, the receiver’s functional state is changed in a way that is
related to the form and organization of the source. There is usually nothing
intentional about the receiver’s reaction and interpretation, although
commonly it benefits from it.

This may sound like a rather complicated way of explaining a word
whose meaning is obvious anyway, but it is an explanation that is appro-
priate for all the examples we have mentioned so far and for many others.
For example, a train timetable is something that can affect the potential
actions of the person who reads it; a recipe for an apple pie can affect the
baking activities of a cook; the length of daylight can affect the flowering
time of a plant; an alarm call can affect the behavior of the animal that
hears it; a DNA sequence can affect the phenotype of the organism. In all
cases a receiver can react to the source in a functional way that corresponds
to the source’s particular form. When the receivers react in such a way,
they are interpreting the source’s organization. So although they are very
different, a train timetable, a recipe, an environmental cue, an alarm call,
and a DNA sequence (whether coding or regulatory) are all sources of
information.

One of the interesting and important things about information sources
is that when a receiver reacts to them and acquires information from them,
they usually do not change. For example, the reaction of a human to a
recipe, or a cell to a sequence of DNA, or a computer to a piece of soft-
ware, does not change the recipe, the DNA, or the software. The sources
remain exactly the same after the reactions as they were before. A source
of information is not like a source of food or materials, which is destroyed
as it is used.
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Defining information in the general way that we have means that when
looking at the heredity systems that transmit information, we can ask
questions that help to pinpoint their similarities and differences. How is
information in the source organized? How are variations in the source’s
organization generated? How many variations are possible? In what way
does the receiver react to the source? How does the receiver interpret the
information? How is information duplicated? By asking such questions, we
can detect the special properties of a particular type of information and its
transmission. For example, one of the most significant properties of DNA
is its linear, modular organization. We can think of a DNA strand as a linear
sequence of units or modules (the nucleotides A, T, C, and G) in which
each site in the sequence can be occupied by any one of the set of four
nucleotides. A nucleotide at a given site can be replaced by any other
without it affecting other nucleotides in the strand. This means that a huge
number of sequences are possible. How large this number is depends on
the length of the sequence, but even when it is not particularly long, the
number of different possibilities is awesome. For example, with a sequ-
ence of only 100 units, made up of four different modules, 4'* different
sequences are possible. This is a number that we cannot even imagine—
it’s more than the number of the atoms in the whole galaxy! And a stretch
of 100 nucleotides would be just a tiny fragment of a DNA molecule. When
the entire DNA complement of a genome is considered, the number of pos-
sible combinations is limitless. Of course, the same can be said about any
system of modular units: even with a run of a few hundred, we can con-
struct a vast number of different sequences using just two units, as with
the 1 and O of computers, and even more with the twenty-six letters that
are the basic units of written English.

Another very important, yet very peculiar property of DNA is one that
we tend to take for granted. It is that replication is not sensitive to the base
sequence that is being replicated. It is much the same as copying with a
photocopier, which will reproduce a sonnet of Shakespeare, a page of Mein
Kampf, and the composition of a chimp at a typewriter with exactly the
same fidelity. Other types of copying, such as that which occurs during
learning, are different. When we learn something new and try to teach it
to someone else, our success in both receiving and transmitting the infor-
mation depends on what it is about. It is very much easier to teach a child
a nursery rhyme of five lines than five lines from the telephone directory.
Learning and teaching, which is an obvious way of transmitting informa-
tion, is sensitive to the form and function of the information, and this
sometimes limits what can be learned and transmitted. There is no such
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limit with DNA replication. The DNA reproduction system is indifferent
to the content or function of what is copied and transmitted.

These two characteristics of DNA—the vast number of variations pos-
sible because of its modular organization, and the indifference of the repli-
cation process to the “content” of the transmitted sequence—mean that
potentially it can provide a lot of raw material for natural selection. But
these very same characteristics have a downside: they also mean that a lot
of nonsensical DNA variations can be generated and transmitted. One of
the questions that immediately arises, therefore, is how organisms cope
with a potentially vast number of frequently useless or detrimental varia-
tions. If the quality of information can be tested only through its func-
tional effect in the next generation, when it is exposed to selection, then
it seems to be a terribly wasteful system. In fact, as we shall see later, some
of the most ingenious mechanisms in living organisms are direct or indi-
rect solutions to the problem of DNA’s potential to vary. In addition, the
way in which DNA is actually “interpreted” in the context of a develop-
ing organism makes the problem far less formidable than it seems at first
glance. To see why, we need to return to the main theme of this chapter,
which is the relation between genes and characters.

Genes, Characters, and Genetic Astrology

In terms of what we know today, the outline that we gave earlier of the
way in which DNA is transcribed and translated into proteins and how
these processes are regulated is much too simple, and we shall have to fill
in some of the details later. But for the time being we can use this simple
version to start looking at the relation between genes and characters. If
we ask how changes in genes alter the way an individual develops, our out-
line points to one fairly simple answer: a change in a gene’s DNA sequence
(a mutation) leads to a change in mRNA; this leads to a change in the
polypeptide chain of a protein, which in turn causes a change in the visible
phenotype.

This wonderfully simple answer has been found to be correct for several
“monogenic” diseases—diseases for which the presence or absence of
symptoms depends on which alleles of one particular gene are present.
Some of these diseases are dominant (only one allele has to be “defective”
for the disorder to show itself), others are recessive (both alleles have to be
defective for the person to be sick). The classic example of a recessive dis-
order that results from a simple difference in DNA is sickle cell anemia.
This debilitating disease gets its name from the distorted, sickle shape of
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some of the sufferer’s red blood cells. The cause of both the sickling and
the sickness is one “wrong” nucleotide in the sequence of the gene coding
for one of the two types of polypeptide in hemoglobin, the protein that
enables the red blood cells to carry oxygen around the body. This tiny
DNA difference—an A instead of a T—leads to just one of the 146 amino
acids in the polypeptide chain being different. Nevertheless, the change is
enough to make the hemoglobin molecule less capable of carrying oxygen.
If both of a person’s genes have the mutation, all of their hemoglobin
is defective, and that person develops severe anemia, with all its
consequences.

We've shown the chain of events leading from the changed DNA
sequence to the anemia in figure 2.4. Sickle cell anemia is not a unique
example: Tay-Sachs disease and cystic fibrosis are two other monogenic dis-
eases that are beginning to be understood at the molecular level.

In the case of simple monogenic disorders like sickle cell anemia, people
with the defective genes always have the symptoms, whatever their
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From DNA to phenotype. On the left, normal DNA and the chain of events
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leading to the phenotype. On the right, sickle cell anemia, in which a changed
nucleotide (indicated by the hammer) leads to an abnormal protein which causes
sickness.
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conditions of life and whatever other genes they have. However, such
simple monogenic diseases are not common: they make up less than 2
percent of all the diseases that are known to have a genetic component. For
the remaining 98 percent of “genetic” disorders, the presence or absence
of the disease and its severity are influenced by many genes and by the
conditions in which a person develops and lives. Unfortunately, many
people’s understanding of the relation between genes and characters is
based on the tiny minority of monogenic diseases. The popular view is that
genes discretely and directly determine what a person looks like and how
they behave. We have genes for this and that (our eye color, our nose
shape, how shy we are, our intelligence, our sexual orientation, etc.), and
the person you see is largely the sum of the effects of his or her genes plus
a little social-educational gloss. The individual is seen as little more than
a sophisticated robot, driven by his or her genes.

Obviously, such a conception of how genes act fuels the belief that
biotechnology will give geneticists enormous powers. People believe (and
are encouraged by some scientists to believe) that in the not too distant
future geneticists will be able to find out all about them simply by sequenc-
ing their DNA. Not only will the geneticists be able to read and translate
the person’s “book of life,” they will even be able to edit out the mistakes
if necessary. Harvey F. Lodish, a leading cell biologist, professor of biology,
and member of the Whitehead Institute for Biomedical Research, presented
the following scenario when the journal Science asked him what he saw in
the future for science:

By using techniques involving in vitro fertilization, it is already possible to remove
one cell from the developing embryo and characterize any desired region of DNA.
Genetic screening of embryos, before implantation, may soon become routine. It
will be possible, by sequencing important regions of the mother’s DNA, to infer
important properties of the egg from which the person develops. This assumes that
predictions of protein structure and function will be accurate enough so that one
can deduce, automatically, the relevant properties of many important proteins, as
well as the regulation of their expression (for example, how much will be made at
a particular stage in development in a particular tissue or cell type) from the
sequence of genomic DNA alone. All of this information will be transferred to a
supercomputer, together with information about the environment—including likely
nutrition, environmental toxins, sunlight, and so forth. The output will be a color
movie in which the embryo develops into a fetus, is born, and then grows into an
adult, explicitly depicting body size and shape and hair, skin, and eye color. Even-
tually the DNA sequence base will be expanded to cover genes important for traits
such as speech and musical ability; the mother will be able to hear the embryo—as
an adult—speak or sing. (Lodish, 1995, Science 267: 1609)
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This scenario, offered in 1995, fits the general public’s conception of the
genetics of the future. There was a surge of predictions similar to this at
the turn of the millennium, when people were thinking about the scien-
tific advances likely in the twenty-first century.

The belief that a person’s character is “written in the genes” was one of
the reasons for the hysterical public reaction when cloning produced Dolly
the sheep. That little lamb conjured up a strange mixture of feelings,
because on the one hand it seemed to offer the hope of personal immor-
tality, yet on the other it looked as if our unique individual identity might
be at risk. Both notions stem from the belief that the causal relation
between genes and traits is simple and predictable—that identical sets of
genes will inevitably produce identical phenotypes. Such beliefs are very
mistaken, however, and potentially harmful.

We cannot guarantee that in the future there will not be institutes of
genetics that pretend to read an embryo’s future (and hear it sing) largely
from its DNA. If the demand is there, people willing to establish such insti-
tutes will certainly be found. However, few professional geneticists (at least
in their more lucid moments) believe in such genetic astrology. This is so
in spite of the incessant media claims that the gene for homosexuality,
adventurousness, shyness, religiosity, or some other mental or spiritual
trait has been isolated. Geneticists are usually much more cautious about
their work. If you look at the actual scientific papers rather than the news-
paper stories about these wonderful genes, you find that what has been
discovered is a correlation between the presence of a particular DNA
sequence and the presence of the character. Usually it is not at all clear
that the DNA sequence is causally related to the character, and it is almost
always very clear that “the gene” is neither a sufficient nor a necessary con-
dition for the character’s development.

Let’s take a closer look at one of these traits. Not long ago, an amazed
public was informed by the media that the gene for “adventurousness” or,
as the scientists preferred to call it, “novelty seeking,” had been isolated.
A person’s decision to do something exciting like becoming a fighter pilot
or a revolutionary, or alternatively to be an orderly and conscientious
librarian or accountant, is, the journalists told us, determined to a large
extent by which alleles of one particular gene they have. However, if we
turn to the original scientific papers, we find that the power of this gene
is rather less than was proclaimed by the popular media. We discover that
some people who have the allele that is correlated with adventurousness
are in fact very cautious and conventional, whereas some of those who
lack it are nevertheless impulsive, thrill-seeking risk takers. All that can be
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said is that those who have the allele have a somewhat greater chance of
being adventurous. In fact, only 4 percent of the difference among people
with respect to their adventurous behavior can be attributed to the par-
ticular gene that was investigated; 96 percent of the difference is unex-
plained by the purported “novelty-seeking” allele. Even the 4 percent that
got so much media attention is somewhat problematical, because it is not
always easy to classify a person as adventurous or not adventurous. People
can be adventurous in some aspects of life, but very conventional in others.
Moreover, in their analysis, the researchers apparently did not take into
account birth order, a factor which others have found to be a major influ-
ence on the development of adventurousness. Children who are born
second, third, or later in the family are more adventurous than first-born
or only children are. Clearly, this has nothing to do with inheriting a par-
ticular allele—it would be a gross violation of Mendelian laws if an allele
was more common in first-borns than in other children.

Studying human genetics is not easy, because investigators cannot direct
who people should marry and how they should live. There are always
many uncontrollable factors that could be influencing what they discover.
Even when a study shows that there is a correlation between the presence
of a particular allele and some aspect of human behavior, we have to be
very cautious about accepting that the relationship is causal. For example,
we need to know whether the observed association is found in all condi-
tions and in all populations, or only in the particular sample studied by
the scientist. One of the reasons why many of the much heralded discov-
eries of “genes for” various things have ended in embarrassed silence is
that when people started following up the original discovery, they found
that the correlation did not exist in other populations. It is very rare for
the association between a gene and a trait to be simple.

The Tangled Web of Interactions

Earlier we said that for the overwhelming majority of diseases with a hered-
itary component, more than one gene is involved. Obviously, with these
diseases, the causal relationship between differences in genes and differ-
ences in traits is more complicated than with monogenic disorders. Yet it
is still tempting to assume that they can be explained in essentially the
same way. This temptation should be resisted, however, because a very dif-
ferent type of explanation is required. To see why, we are going to make
use of an example that the American geneticist Alan Templeton has used
to illustrate the complexity of the problem. The disease that Templeton
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considered is a common one, coronary artery disease, and the gene is
APOE. Templeton based his discussion on a large survey of a particular
American population, so it may not be typical for all groups, but it
illustrates the complexity of the relation between genes and traits very
nicely.

The APOE gene codes for a protein (apoprotein E, or apoE) that helps
to carry fats around in the blood. It has three common alleles, which we
can call allele 2, allele 3, and allele 4. There is one amino acid difference
between the protein variants encoded by alleles 2 and 3, and one differ-
ence between alleles 3 and 4. Although these protein differences are small,
population surveys have shown that the three alleles are associated with
differences in the incidence of coronary artery disease. Comparing people
of the three most common genotypes, 2/3, 3/3, and 4/3 (notice that all
have one copy of allele 3) shows that people with genotype 3/3 have a
below-average chance of developing the disease, those with genotype 2/3
are average, but people with genotype 3/4 are twice as likely as the average
person is to suffer from coronary heart disease. So, it looks as if allele 4 is
the defective “bad” allele.

Now let us look at something else—at cholesterol, which, as we have all
been told many times, can have dramatic effects on our chances of having
heart problems. People with a high level of blood cholesterol are much
more likely to get coronary artery disease than those with low levels. You
might guess from this and the fact that the apoE molecule helps to trans-
port things like cholesterol around in the blood, that the APOE gene prob-
ably affects cholesterol levels. Sure enough, the population surveys have
shown that people with allele 4 do have, on average, high cholesterol.
From this it is tempting to conclude that allele 4 causes high serum cho-
lesterol, which in turn leads to an above-average chance of getting coro-
nary artery disease. But it is not that simple!

When both the APOE genotypes and the serum cholesterol levels are
considered together, the picture becomes very complicated. The first thing
you realize is that not all individuals with high cholesterol have an above-
average chance of getting coronary artery disease. People who have high
cholesterol but are homozygous for allele 3 are no more at risk than the
average member of the population; they are at less risk than people with
medium or low cholesterol levels who carry allele 4. So high cholesterol is
neither a sufficient nor a necessary cause of coronary artery disease. The
second thing you realize is that the combination of allele 4 (the “bad”
allele) and high cholesterol (which is also bad) is not the worst thing pos-
sible! It is people with allele 2 and high cholesterol who have the greatest
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chance of developing the disease. It is only when you have average or low
levels of cholesterol that being a carrier of “bad” allele 4 puts you at a
greater risk than others with the same cholesterol level. Allele 4 cannot
therefore be thought of simply as a “defective” allele that increases the risk
of coronary artery disease.

This probably all sounds very confusing, but it is still only the begin-
ning of the story. As we all know, cholesterol levels are altered by diet, by
taking exercise, and by drugs, so these factors also have to be taken into
account when we are thinking about the APOE gene and coronary artery
disease. Moreover, the APOE gene is one of more than a hundred that can
affect the development of the disease, and several of these genes have
alleles whose influence depends on the lifestyle and environment in which
the individual develops. For each gene and each allele, the other genes and
alleles present (what in the jargon of genetics is known as the “genetic
background”) and the conditions of life determine the way in which it will
affect the development of a trait.

It should by now be obvious why understanding the genetics of this
type of disease is so difficult, and why, even if it was thought to be desirable,
for most conditions genetically engineering “good” genes into people is
not a realistic possibility. Coronary artery disease also illustrates one reason
why genetic astrology is unrealistic. Genome sequencing may tell us about
our DNA, and it may even tell us about our genes, but the interrelation-
ships among those genes and the environment are so complex that we
cannot just add their average effects together and from this predict what
a person’s strengths and weaknesses will be. The same gene does not always
lead to the same phenotype. As biologists have known for a long time, all
multicellular organisms, including human beings, have a lot of develop-
mental plasticity: their phenotype depends on a multitude of environ-
mental factors, as well as their DNA.

There is something else that complicates the ambition to predict our
phenotype from our DNA. It is that you can sometimes have two or more
networks of interactions, with different components, that end up produc-
ing identical phenotypes. Certain aspects of the phenotype seem to be
remarkably invariant, in spite of genetic and environmental differences.
So on the one hand you can have identical genes leading to very different
phenotypes, and on the other you can have dissimilar genes producing
exactly the same phenotype.

These are not new discoveries. Many years ago, before anything much
was known about the intricate ways in which genes are regulated and inter-
act, and long before the concept of genetic networks became fashionable,
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geneticists realized that the development of any character depends on a
web of interactions between genes, their products, and the environment.
A visual representation of this idea, which is still relevant and helpful, was
developed by the British embryologist and geneticist Conrad Waddington
in the 1940s and 1950s. Waddington depicted developmental processes as
a complex landscape of hills and branching valleys, descending from a
high plateau. In this “epigenetic landscape” (as he called it), the plateau
represents the initial state of the fertilized egg, and the valleys are devel-
opmental pathways leading to particular end states, such as a functioning
eye, a brain, or a heart. A small part of an epigenetic landscape is shown
in the upper part of figure 2.5.

The lower part of the figure is Waddington’s depiction of the processes
and interactions that, quite literally, underlie his landscape. It is a sort of
x-ray view through the scene, which shows how the landscape is shaped
by the tensions on a network of guy ropes attached to its undersurface.
The guy ropes represent the products of genes, and the genes are the pegs
in the ground. So if you take a valley such as that on the extreme left, and
think of it as representing the development of a normal, functioning heart,
it is clear that development depends on the interaction of many genes (the
pegs) and their products (the guy ropes). Some valleys are deep and steep-
sided, so the characters vary little, whereas other valleys are broader and
flat bottomed, so the end products are more variable. Changes in genes
(pegs), or conditions that alter the interactions of the gene products (guy
ropes and their connections), can affect the shape of the epigenetic land-
scape and the final phenotype. Waddington'’s visualization of the networks
underlying development suggests, however, that often the effects are very
indirect.

A vivid recent illustration of the intricacy and sophistication of genetic
networks became apparent when geneticists started using genetic engineer-
ing techniques to “knock out” (disable) a particular gene and follow the
consequences of this knockout on development. Much to their surprise,
the scientists found that knocking out genes that were known to partici-
pate in important developmental pathways often made no difference what-
soever—the final phenotype remained the same. Somehow, the genome
can compensate for the absence of a gene. There are several reasons why
it may often be able to do this: first, many genes have duplicate copies, so
when both alleles of one copy are knocked out, the reserve copy compen-
sates; second, genes that normally have other functions can take the place
of a gene that has been knocked out; and third, the dynamic regulatory
structure of the network is such that knocking out single components is
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Figure 2.5

Waddington'’s pictures of epigenetic landscapes. His legend for the upper picture
began “Part of an epigenetic landscape. The path followed by the ball, as it rolls
down towards the spectator, corresponds to the developmental history of a partic-
ular part of the egg.” The lower picture had the legend “The complex system of
interactions underlying the epigenetic landscape. The pegs in the ground represent
genes; the strings leading from them the chemical tendencies which the genes
produce. The modeling of the epigenetic landscape, which slopes down from above
one’s head towards the distance, is controlled by the pull of these numerous guy-
ropes which are ultimately anchored to the genes.” (Reproduced with permission
from C.H. Waddington, The Strategy of the Genes, London, Allen and Unwin, 1957,
pp- 29, 36.)
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not felt. The developmental end product remains intact, at least in most
environments.

Knockout experiments show that there is a lot of structural and func-
tional redundancy in the genome, and that the pathways of development
are so strongly channeled (“canalized,” in the geneticists’ jargon) that
many differences in genes make very little difference to the phenotype. It
was Waddington who coined the term “canalization” to describe this type
of dynamic developmental buffering, and it is not difficult to understand
it in terms of his epigenetic landscape. If one peg (gene) is knocked out,
processes that adjust the tension on the guy ropes from other pegs could
leave the landscape essentially unchanged, and the character quite normal.
We mentioned in the previous chapter that during the 1960s people were
surprised to discover that some genes have many different alleles, most
of which make little difference to the organisms. They were selectively
neutral, having no detectable effect on average survival or reproductive
success, at least in the conditions in which they were studied. Now that
we know more about the complexity of the molecular events that go on
between the gene and phenotype, we are less surprised to find neutrality
of this type. If knocking out a gene completely often has no detectable
effect, there is no reason why changing a nucleotide here and there should
necessarily make a difference. The evolved network of interactions that
underlies the development and maintenance of every character is able to
accommodate or compensate for many genetic variations. That is why so
many of the potentially deleterious effects of the huge number of varia-
tions in the information in DNA are masked and neutralized.

Genes in Pieces

By this time it may seem that the relationship between genes and traits
cannot get much more complicated, but there is yet another complicating
factor. So far we have assumed that each gene has one polypeptide product,
so that at least at this level things are more or less predictable. This is what
classical Mendelian genetics led us to expect, and indeed this is how it
seemed to be in the early days of molecular biology, when most of the
results were coming from research with bacteria. However, in the late
1970s, much to everyone’s surprise, it was discovered that the relation
between genes and proteins is usually not so simple. In eukaryotes—those
organisms whose cells have a nucleus, which includes all plants, animals,
fungi, and many single-cell organisms—it is not a straightforward matter
of a continuous sequence of DNA nucleotides coding for the sequence of
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amino acids in a polypeptide. Rather, the DNA sequence coding for a
polypeptide is often a mosaic of translated and nontranslated regions. The
translated regions, known as “exons,” are interrupted by nontranslated
ones, the “introns.” What happens is that the whole DNA sequence is
transcribed into RNA, but before this RNA arrives at the ribosomes, it
undergoes a process called splicing. Large protein-RNA complexes—
“spliceosomes”—excise the introns from the primary RNA transcript, and
join together the remaining exons. It is this processed mRNA that is trans-
lated into polypeptides.

That is not the end of the story, however. Splicing is sometimes even
more elaborate, because the exon or intron status of a sequence often is
not fixed. In at least 40 percent of the RNA transcripts of human genes,
different bits can be spliced together. This means that one DNA sequence
can give rise to many mRNAs and protein products. We’ve shown the
general idea of alternative splicing in figure 2.6. The “decision” over which
polypeptide will be formed depends on developmental and environmen-
tal conditions, as well as other genes in the genome.

A particularly extreme example of alternative splicing is seen with a gene
called cSlo. (cSlo is short for chicken Slowpoke, because it is a chicken version
of the Slowpoke gene found in fruit flies, but this is not important here.)
The cSlo gene, which is active in the hair cells of the chicken inner ear, has
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Figure 2.6

Alternative splicing: the spliceosome (represented by an octopus) can splice (cut and
sew) together different segments of the original RNA transcript to produce several
different mRNAs.
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576 alternative splice variants. They code for a protein that has a role in
determining the sound frequency to which inner ear cells respond, and
the variations in the protein sequence parallel variations in the frequen-
cies to which different cells respond. It seems that having so many ver-
sions of the protein enables the chicken to tune its cells and distinguish
between the sounds it hears. Geneticists think that homologous genes in
the mouse and humans have an even larger repertoire of splice variants.
How splicing is regulated—how each cell decides which segments of the
primary RNA transcript are to be included in the mRNA that will be trans-
lated—is not yet understood.

Although there are still many gaps in our knowledge, molecular biolo-
gists have found out an amazing amount about DNA and how the infor-
mation in it gets used. However, they have also created an unanticipated
problem. If we think about regulatory sequences, about alternative splic-
ing, and about other ways (yes, there are even more) in which a single
stretch of DNA can produce several different products, we begin to wonder
what a “gene” really is. Evelyn Fox Keller, an American philosopher and
sociologist of biology, has discussed the problem in her book The Century
of the Gene. She wrote:

... the gene has lost a good deal of both its specificity and its agency. Which protein
should a gene make, and under what circumstances? And how does it choose?

In fact, it doesn’t. Responsibility for this decision lies elsewhere, in the complex regu-
latory dynamics of the cell as a whole. It is from these regulatory dynamics, and
not from the gene itself, that the signal (or signals) determining the specific pattern
in which the final transcript is to be formed actually comes. (Keller, 2000, p. 63)

Clearly, the relationship between genes and visible traits is very different
from the way in which it is usually presented to the public. The idea that
a gene is a sequence of DNA that codes for a product, and variations in
the DNA sequence can cause a difference in the product and hence in the
phenotype, is just too simplistic. Coding sequences are only a small part
of DNA, and DNA is just a part of the cellular network that determines
which products are produced. When and where these products are pro-
duced depends on what goes on in other cells and what the environ-
mental conditions are like. Cellular and developmental networks are so
complicated that there is really no chance of predicting what a person will
be like merely by looking at their DNA. Although it has considerable
rhetorical and marketing power, the dream of genetic astrology is just
that—a dream.
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Changing DNA during Development

We must now introduce one final complication into the story of how infor-
mation in DNA is expressed in the characters of the individual. It comes
as a surprise to many people to discover that not only do cells have a pow-
erful kit of enzymes that can chop and change the RNA that is transcribed
from DNA, they also have enzymes that can cut, splice, and generally mess
around with DNA itself. Changes in DNA are a part of the normal devel-
opment of many animals, and through this natural genetic engineering
their cells can come to have nonidentical genetic information.

One of the most spectacular examples of developmental changes in DNA
is found in our immune system. During the maturation of lymphocytes
(the white blood cells that produce the antibodies needed to fight infec-
tion and destroy foreign cells), DNA sequences in the antibody genes are
moved from one place to another, and are cut, joined, and altered in
various ways to produce new DNA sequences. Because there are so many
different ways of joining and altering the bits of DNA, vast numbers of
different sequences, each coding for a different antibody, are generated.
Consequently, the DNA of one lymphocyte is different from that of most
other lymphocytes, as well as from that of other cells in the body.

The way that DNA is reorganized in the cells of the vertebrate immune
system is remarkable, but it should not be thought of as an isolated pecu-
liarity. Developmental changes in DNA have been found in many other
organisms, although not all are quite as spectacular. Some were discovered
a long time ago. In the late nineteenth century, when August Weismann
and other biologists were trying to unravel what happens during cell divi-
sion, one of their favorite sources of material was Ascaris, a parasitic worm
inhabiting the intestine of horses. It is wonderful material to study, because
the chromosomes are very few and very large. Unfortunately, although this
was not realized at the time, Ascaris is also rather unusual, because during
early development something known as “chromatin diminution” occurs.
We have depicted this in figure 2.7e. Large pieces of chromosome are elim-
inated from the cell lineages that are going to form the body cells; only
the germ line retains unchanged chromosomes. This strange phenomenon
is relevant to something that we mentioned in chapter 1, where we
described Weismann'’s ideas about heredity and development. Weismann
thought (incorrectly) that during development the hereditary material in
the nucleus gets simpler and simpler, both because nuclear division is
unequal and because material passes from the nucleus to the cytoplasm in
order to direct cellular activities. So when chromatin diminution was



From Genes to Characters | 69

discovered in Ascaris, he was cautiously delighted, because it was just the
kind of evidence that he needed to support his views about both the con-
tinuity of the germ plasm and the way in which chromosomes control
development.

Ascaris is undoubtedly odd—most animals do not go in for massive chro-
matin diminution during the formation of their body cells. Yet, when you
start looking closely at the chromosomes and DNA of other animals, you
discover that the behavior of a surprising number of them is “odd,”
although their oddity takes different forms. Take the genetic workhorse,
the fruit fly Drosophila. Do all its cells have the same DNA? Not at all. Some
cells are polyploid—during development, the chromosomes replicate, but
the cells do not divide, so they contains four, eight, or even sixteen copies
of each chromosome, instead of the usual two. This is shown in figure 2.7a.
In 2.7b we have shown another type of chromosomal oddity found in
Drosophila. One of the things that make it such a useful animal for geneti-
cists is that it has several cell types with polytene chromosomes. Polytene
chromosomes are formed when DNA replicates many times, and the
replicated DNA remains associated so that the chromosomes become
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Figure 2.7

Regulated DNA changes: the whole or part of a normal chromosome can be deleted,
amplified, or rearranged. (The banding represents that seen when chromosomes
are stained with dyes that distinguish between regions with different types of DNA
composition.)
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multistranded. In the figure we have shown an eight-stranded chromo-
some. Some polytene chromosomes in Drosophila are enormous, with over
a thousand strands lined up in parallel, and they can be used to find out
where specific genes are located. What is interesting is that not the whole
of each chromosome is replicated to the same extent, as shown in figure
2.7c and d. In the larval salivary gland cells, where polyteny is most
extreme, heterochromatin is replicated very little. Heterochromatin means
“differently colored” chromosome material, because that’s how it appears
under the microscope, but we now know that heterochromatic regions
often contain large blocks of simple noncoding DNA. They do in
Drosophila, so it's not surprising that in the very active salivary gland cells
it is heterochromatin that is replicated least. Other Drosophila cells have
chromosome regions that are overreplicated, rather than underreplicated.
In the follicle cells surrounding the developing eggs in the female, the sites
containing the eggshell genes are present in more copies than other
regions. The selective amplification of these very active genes obviously
makes sense.

It would be easy to go on and describe many other odd types of chro-
mosomal or DNA changes, such as the elimination of half of the chromo-
somes that occurs in some insects, or the amplification of ribosomal genes
that occurs during the development of some amphibian eggs, but we have
probably already said enough to make the point that cells are able to make
controlled changes in their DNA. These changes are part of normal devel-
opment, and, like any other developmental process, they are regulated by
the cellular environment. Their existence has implications for how we
think about the relationship between DNA and the phenotype. If we go
back to the Dawkins metaphor that we discussed in chapter 1, which views
DNA as “the recipe” and the body as “the cake,” we see that the “recipe”
can be altered by changes in the body: development (baking) can change
the recipe! However, in all of our examples, the regulated changes in DNA
occur in somatic cells, not in the germ line, so they do not affect the
next generation. The “recipe” in the germ line is not altered. Yet, as
the American geneticist James Shapiro has been arguing for some years,
the very existence of a cellular machinery that changes DNA in a regulated
way should alert us to the possibility that similar processes may occur in
germ-line cells and play a part in evolutionary change. He wrote:

These molecular insights [Shapiro is referring to the controlled regulation of DNA
alterations] lead to new concepts of how genomes are organized and reorganized,
opening a range of possibilities for thinking about evolution. Rather than being
restricted to contemplating a slow process depending on random (i.e., blind) genetic
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variation and gradual phenotypic change, we are now free to think in realistic
molecular ways about rapid genome restructuring guided by biological feedback
networks. (Shapiro, 1999, p. 32)

In the next chapter we shall look more closely at the claim that the cells’
genetic engineering enzymes are involved in the formation of the genetic
variation that is passed to the next generation, and therefore have a role
in producing the variation on which natural selection acts.

Dialogue

I.M.:  You described the supposedly special properties of the genetic inher-
itance system: that it is modular, that copying is indifferent to content,
that information is encoded, and that it is a system that allows unlimited
heritable variation. I must say that to me these properties do not seem par-
ticularly special. They fit the information transmission system that we are
using right now—the linguistic system, which is certainly very different.
If two such different systems are similar in these respects, why are you
making such a fuss about these properties? How do they help us under-
stand the uniqueness of the DNA system?

M.E.: The properties you mentioned are indeed common to the genetic
system and the linguistic system, but this doesn’t mean they are trivial
or self-evident. Not all transmission systems have these properties. For
example, take the case of a mother who transfers molecules of food sub-
stances to her offspring through her milk, thereby making their future food
preferences similar to hers. The food molecules are not part of an arbitrary
combinatorial code, and the information is not organized in a linear
sequence of modules. In later chapters we will be dealing with a lot of other
cases of information transmission that do not share the properties you
listed. You will find that characterizing the units of variation in the way
that we did really helps one to think about heredity in different systems.
The fact that there are some striking similarities between the genetic and
the linguistic systems is important, and we will argue later that it tells
us something about the special role that these two systems have had in
evolution.

I.LM.: OK, I will wait and see. I also have to say that I was not very
impressed with your scorn for “genetic astrology.” You convinced me that
we are further away from the scenario with the singing embryo than I
thought, but certainly not that this scenario is impossible. Take your
example of coronary artery disease. The population survey did show that
on average those having allele 4 are significantly more likely to develop
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the disease than those with other alleles. This means that people with allele
4 can be advised to be more careful. Surely that is an important first step?
M.E.: This type of advice could be dangerous. In general, if you are advis-
ing or treating individuals according to the average effects of a gene, you
may be doing the wrong thing. Remember, that for people with high cho-
lesterol, allele 2 was associated with the disease more than the “bad” allele
4. In this case, people with “good” allele 2 are at greater risk. By looking
at the interactions, we can often predict risks much better than by using
just the APOE genotype or cholesterol levels alone. We can give people
better advice. The problem is that in the overwhelming majority of cases
where genes are involved in a disease there are probably a lot of interac-
tions, about which we know very little, and there is probably no absolute
“good” or “bad” allele. Because of the vast number of interactions, an allele
that is good in one genetic or environmental context can often be bad in
another. The average effect of an allele does not help you to predict what
the effect of this allele will be in any individual case. Don't forget that the
boy drowned in the pond that the statistician told him was on average
only 20cm deep. Averages mask individual variation—that’s the whole
point of an average. We have already said that a lot of alleles are on average
selectively neutral—on average it makes no difference which allele an indi-
vidual has. But it can make a very big difference in some conditions, with
positive effects in one environment and negative in another. Yet, on
average, the effects will cancel out. This does not mean that the allele has
the same effects in all conditions.

ILM.: OK, so it will be a long time before scientists understand the
complex interactions among the different genes and the environment, and
their effect on heart disease in an individual. But eventually this will
happen. The computer in your futuristic genetics institute will not base its
predictions on the average effects of genes and some crude environmen-
tal factors, but on an analysis of the interaction of genes in several well-
defined environments. Genetic counseling in the future will be based on
a lot more knowledge, including knowledge of the complex genetic net-
works that you described. Eventually, on the basis of genetic information,
it will be possible to make fairly precise predictions about how various
traits, including mental ones, are likely to develop. It seems to me intel-
lectual cowardice not to recognize that all traits, including the mental
ones, have a firm genetic basis.

M.E.: There are no traits that do not have a genetic basis. The question
is whether variation in genes causes variation in traits, and, if it does, how
and in what conditions. For some traits scientists will certainly be able to
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make gene-based predictions, especially in cases where variations in a small
number of genes have a large effect on the development of the trait, and
the conditions of development are not too diverse. This will be possible
for some diseases, and it will be wonderful. If it is possible to predict the
risks a person faces on the basis of their genes and the environments they
are likely to encounter, it will be a real blessing. But for traits that are influ-
enced by many genes, each of which has small effects, and where devel-
opment occurs in a complex environment (as it does with respect to
behavioral traits), this is very unlikely. The number of possibilities is simply
too great. The interpretation of genetic information depends on too many
factors. If you think about a trait in which a very modest number of genes
are involved, just twenty genes each having two alleles, then we are talking
about more than a million genetic combinations, more than a million
genotypes. And this is the number of possibilities that have to be consid-
ered even without combining the genotypes with different environments!
With complex traits like mental ones, tens or hundreds of genes, some
with many alleles, are involved in the construction of the trait, and we do
not even know how to define “the environment.” There are so many social
and psychological environments that may be relevant to development—
almost as many as the number of people. And these environments are
partially constructed by the behavior of the individuals themselves!

ILM.: I am not sure that one cannot develop methods to deal with the
complex cases. And you just told me that, although there is a lot of vari-
ation, even when you knock out genes you often get a normal phenotype,
because there is all this redundancy and compensation in the system. You
can’t have your cake and eat it! You can’t claim on the one hand that there
are an infinite number of possibilities, each different from the other, and
on the other hand tell me that they are all equivalent and lead to essen-
tially the same phenotype. If what you say is true, it means that the vast
majority of genetic and environmental combinations end up the same.
Maybe when we understand the developmental networks better, we shall
be able to develop methods to predict when we are going to have a devi-
ation from the norm, and in what direction.

M.E.: You are right. Maybe we shall be able to develop such methods. But
you see, in suggesting these methods you are already recognizing that they
have to be based on a different way of thinking about the causal relation
between genes and traits. The thinking has to be in term of a network, its
dynamics, and its built-in compensatory mechanisms. You have to think
about the system that interprets information. But even if from the million
or so combinations of genes we were just talking about only 1 percent has
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visible effects on the phenotype, you are still talking about ten thousand
combinations. And worse than that, this ten thousand is not a constant—
it will be a different ten thousand in a different environment. A lot of geno-
types that result in a normal phenotype in normal conditions will show
variation under abnormal, stressful conditions.

I.LM.: But there must be situations where a small change in an important
regulatory gene will affect the expression of many genes. In such a case we
could “read” and predict the change in the trait from the small genetic
change.

M.E.: This can happen when the genetic system is constructed in a rigid
hierarchical manner: when there are regulatory genes with a large effect
on the activity of other genes, which then have somewhat smaller effects
on yet other genes, and so on. In some cases the system is indeed built in
such a way, but this is certainly not the general case. In most cases you
find networks that are very much more flexible and fuzzy. Functions
are more distributed. In the nonhierarchical cases you cannot read the
change in the trait from the change in the DNA sequence of a single
regulatory gene.

I.LM.: So are you claiming that we shall remain ignorant forever? History
shows that such claims have always been proved wrong.

M.E.: No, we shall not remain ignorant, but we believe that the road to
understanding does not lie exclusively in the provinces of the analysis of
DNA or even proteins. The idea that all we need to do now that we have
the DNA sequence is to work out the protein products—the translated
bits of the genetic puzzle—and from them predict and remedy illnesses is
plainly naive. The suggestion that a knowledge of DNA sequences can solve
our health problems and our social problems is, at the global level, ridicu-
lous, if not cynical and unscrupulous. As the American geneticist Richard
Lewontin keeps reminding us, the DNA doctrine is a politically charged
doctrine. If we want to solve 95 percent of the health problems in the
world, what we need to do is give people enough to eat, and make sure
they can drink clean water and breathe clean air. But even if we are con-
cerned with just the well-fed few who may benefit from treatments based
on sequenced DNA, we are still being misled. The much-hyped vision of
everyone in the future carrying a small magnetic card containing their own
DNA sequence, and of scientists using this information to analyze their
individual qualities, find out their genetic weaknesses, and solve many of
their health problems is unrealistic.

I.M.: But the card envisioned will become real plastic, and even if its use-
fulness is limited, it is not something you can ignore. But tell me, how
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useful has molecular genetics been in medicine so far? We hear a lot about
it, but it’s difficult to know how much has really been achieved.

M.E.: When in 1998 David Weatherall, director of the Institute of Mole-
cular Medicine at the University of Oxford, posed himself the question,
“How much has genetics helped?,” his answer was, in effect, “not much
yet.” The same is still true. However, like Weatherall, we must qualify this
answer a little, because molecular genetics has been crucial for detecting
some genetic defects before birth. For many of the 2 percent of diseases
that are monogenic, you can now test an embryo’s cells or tissues and tell
the parents whether their child will later develop the disease. This is enor-
mously important. For example, at one time nearly 1 percent of the
newborn in some populations had thalassemia, a type of severe anemia. It
affected thousands of children around the world. But as a result of genetic
counseling, and of prenatal diagnosis and selective abortion, in many pop-
ulations the number of hopelessly sick children has declined dramatically.
So there have been successes. However, for the other 98 percent of genet-
ically influenced diseases, neither prediction nor treatment is as yet possi-
ble. The claims we hear so often about the discovery of “the gene” for this
or that condition are either naive, confused, or simply misleading. The
promise that diseases will be cured by implanting normal genes into genet-
ically sick individuals—what is called “gene therapy”—has also not yet
been fulfilled, although there are glimmers of hope for one or two mono-
genic diseases. Of course, we must be fair—it takes a long time for a new
technology to yield real fruits. When the developmental system is better
understood, there may be more successes. Nevertheless, it seems to us that
the present, almost exclusive, focus on genes is unfortunate and misguided.
We should also consider nongenetic transmissible factors. It is known
already that heritable nongenetic variations in physiology and morphol-
ogy can influence these complex diseases, and we shall say more about this
in chapter 4. Genes are just part of the system that we need to understand
in order to fight disease. Sequencing genes is not a magic key to health.
I.LM.: That’s a pity. All the same, molecular genetics is providing impor-
tant investigative tools—you do accept that. I am still wondering what
identifying all these genes will tell us. You said that the current estimate
is that there are about 25,000 genes in humans, and that’s not a vast
number. Geneticists should be happy that there are not that many genes
to study and manipulate.

M.E.: Well, the number of genes keeps being revised, but the relatively
low number was a bit of a shock for the genetics community. People were
uneasy. They expected about four times as many.
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I.LM.:  Why? The number of possible interactions among 25,000 genes,
many with several protein products, is astronomical. So why be uneasy? If
there are fewer genes than estimated, but lots of proteins and lots of inter-
actions, what is the problem?

M.E.: One of the problems is that there is a nematode, a small worm with
less than a thousand cells, that has about nineteen to twenty thousand
genes, and the fruit fly Drosophila has about thirteen to fourteen thousand.
That is not so many less than we have. Phenotypic complexity is obviously
not related to the number of coding genes, or even to the number of
combinations.

I.LM.:  So what? Why should it be? I would have thought that the idea that
humans were more complex simply because they have more genes was
acknowledged to be very naive. After all, I keep hearing that we are 99
percent genetically identical to the chimpanzee, so clearly it is not the
quantity of genes that matters. I would guess that a lot of evolution does
not proceed by increase in gene quantity. But I am afraid that I have lost
your thread with respect to evolution. It's very interesting to learn about
the wonders of modern genetics and how terribly complicated everything
is, but exactly how does it all relate to evolution?

M.E.: The complex relation between genes and the development of traits
is relevant to evolution in two ways. First, it channels and limits how we
should think about evolutionary mechanisms. If an adaptation involves
many genes, we have to think about how the activity of the whole network
of interactions can evolve through the selection of mutations, which are
usually assumed to be chance events happening in single genes. Inevitably
this means that we have to think in terms of development and regulation,
and about selection for the developmental, physiological, and behavioral
stability and flexibility of genetic and cellular networks.

I.LM.: Before you make your second point, I need to get this one straight.
If I understood you correctly, you said that no serious geneticist really
believes in genetic determinism, because the phenotype is always the result
of very complex interactions between genetic information and the condi-
tions of life. So the popular talk about genes “for” complex traits and about
animals as “genetically driven robots” is the result of people not under-
standing or ignoring what individual development really entails. That'’s
fine. But it seems to me that you are now saying something more than
this. You seem to be saying that since the genetic networks that affect
development are so constructed that it takes changes in many genes to
make a selective difference, and that a change in a single gene often
has little effect, the single gene should not be regarded as the unit of
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evolutionary change. I don’t see why this should be the case. Why should-
n't a single mutation make a small difference to the network’s activity, and
have either a beneficial or detrimental effect? What is wrong with the idea
that beneficial mutations will slowly accumulate and affect the way organ-
isms work and behave?

M.E.: A change in a single gene can occasionally have consistent effects
on the organism’s ability to survive and reproduce. But often the average
effect of a mutation is likely to be selectively neutral: with certain other
genes in certain environments it improves an organism’s chances of
leaving offspring, whereas in other circumstances it has the opposite effect.
So, yes, your diagnosis of our position is correct. The claim that one can
think about evolutionary change in terms of individual gene mutations
that have, on average, small, additive, beneficial effects and accumulate
over a long time to form a phenotypic adaptation is problematical and
often untenable. The complex interactions between genes, and between
genes and environments, mean that the effects of genes on the reproduc-
tive success of individuals are often nonadditive. What we know about
development tells us that we should be thinking about networks, not single
genes, as the unit of evolutionary variation.

I.M.: The way you think about development obviously influences your
views on the adequacy of the gene-centered approach to evolution. Do
those who think in terms of selfish genes or gene selection necessarily have
a very deterministic view of development?

M.E.: No, certainly not. It works the other way around. Genetic deter-
minists—those who see humans and animals as genetically manipulated
puppets—always think about evolution in terms of gene selection, but
people who see evolution in terms of gene selection are usually not genetic
determinists. They know that development involves a complicated inter-
play between both genetic and nongenetic factors. However, gene selec-
tionists do think that evolution is driven by the stepwise accumulation of
single gene changes.

I.LM.:  What difference does it make? It is genetic differences that enable
adaptation, after all. Thinking about canalized networks rather than indi-
vidual genes just makes things more complicated.

M.E.: When the network is your unit of evolutionary variation, then what
you concentrate on is the evolution of the phenotypic trait that it affects.
You focus on variations in traits, not genes, and follow the transmission
of variations in traits. Moreover, when the unit of evolutionary change is
a network of interactions, then the way the network is constructed, the
constraints on its structure, its robustness and flexibility, become very
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important targets of selection. The processes leading to developmental
plasticity (the capacity to adjust in response to conditions) and canaliza-
tion (stability in the face of environmental or genetic perturbations)—the
type of things that Waddington wrote about—become of major importance
in evolutionary change if you take this view. Plasticity and canalization are
usually network properties, not properties of single genes.

I.LM.: I'm sure that those gene-centered evolutionists who are not genetic
determinists would agree that developmental plasticity and canalization
are important. Yet, from my reading of popular literature in biology, I find
that people who have a gene-selectionist approach to evolution often tend
to have a somewhat deterministic view of development. Even Richard
Dawkins, who is clearly not a genetic determinist, sometimes talks about
lumbering robots, and uses other such telling metaphors.

M.E.: Yes, ideas about evolution sometimes do seem to influence how
people think about development, rather than the other way around. In
particular, in the hands (or pens) of nongeneticists, the gene selectionists’
assumptions commonly lead to a view of individual development in which
plasticity is rather limited. They have a problem, because if they grant too
much plasticity (or too much canalization) to a trait, it would mean that
single gene differences would not be coupled with alternative selectable
phenotypes. And as you pointed out, the rhetoric does suggest that this
has sometimes put them on a slippery intellectual slope. When gene selec-
tionists talk about lumbering robots, about genes controlling organisms
and so on, it is usually not the clever, emotional, and sometimes saintly
robots of Isaac Asimov that their words conjure up, but the string puppets
of an old-fashioned puppet show. This is particularly evident when some
of them talk about human sociobiology. However we will leave that issue
until chapter 6.

ILM.: So what is the second message that we have to take from what you
wrote about the ways that genes affect development?

M.E.: Our second point is really a reiteration of the point made by
Shapiro: since so many organisms have cellular systems that alter DNA
during development, we have to recognize that DNA can change in
response to environmental cues. We therefore need to study the systems
of nonrandom DNA change to see how much and what kind of heritable
genetic variation is formed through them, and whether they influence
genetic variation in the next generation. If they do, it changes the way we
have to think about the role of the environment in evolution.



3 Genetic Variation: Blind, Directed, Interpretive?

In 1988, the American microbiologist John Cairns and his colleagues
dropped a small bombshell on the biological community. For more than
fifty years, right from the early days of the Modern Synthesis, biologists
had accepted almost without question the dogma that all new heritable
variation is the result of accidental and random genetic changes. The idea
that new genetic variants—mutations—might be produced particularly
when and where they were needed had been dismissed as a heretical
Lamarckian notion. In reality, however, there was little evidence against it.
The rate at which new mutations are produced is very low, so detecting
them at all required a lot of searching among large numbers of animals or
plants; deciding whether or not mutations were produced randomly was
effectively impossible. Only for bacteria were there techniques that allowed
vast numbers of organisms to be screened relatively easily, and it was these
organisms that had provided the main evidence that mutation is random.
Experiments carried out in the 1940s and 1950s seemed to show that for
bacteria the conditions of life had no effect on the production of new
mutations.

It was this conclusion that John Cairns and his associates challenged in
1988. They argued that the earlier experiments had been overinterpreted.
Their own experiments suggested that some mutations in bacteria are pro-
duced in response to the conditions of life and the needs of the organism.
The generation of mutations is therefore not an entirely random process.
This was not the first time that experimental evidence suggesting non-
random mutation had been reported, but the scientific stature of John
Cairns, and the publication of his group’s findings in Nature, the leading
British science journal, meant it could no longer be ignored. The Nature
article led to a spate of responses and comments in both the scientific and
popular press. The idea of nonrandom mutation was seen by many as a
challenge to the well-established neo-Darwinian theory of evolution, and
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although some people’s reaction was to suggest mechanisms that might
underlie the production of induced mutations, others were extremely
reluctant to accept that they could occur at all. They offered alternative
interpretations of the experimental results—interpretations that did not
require that mutations were formed in response to the environmental con-
ditions. The upshot of all the arguments was that it was quickly realized
that there was really no good evidence of any kind to show that all muta-
tions are random accidents. It was equally clear, however, that a lot more
experimental work was needed before it could be firmly concluded that
some mutations are formed in response to environmental challenges.

We don't want to go into the details of all the claims and counterclaims
that resulted from the work following up the 1988 Nature paper. On
balance we think that the experimental evidence that is now available sug-
gests that Cairns and his colleagues were probably wrong; they were not
dealing with mutations that were produced in direct response to the envi-
ronmental challenge they imposed. However, what emerged from the work
their paper stimulated and subsequent molecular studies is important,
because it has resulted in a far less simplistic view of the nature of muta-
tions and mutational processes. There is now good experimental evidence,
as well as theoretical reasons, for thinking that the generation of muta-
tions and other types of genetic variation is not a totally unregulated
process.

In this chapter we want to look at the whole question of where the vari-
ation that underlies the genetic dimension of evolution comes from. Essen-
tially, it has two sources: one is mutation, which creates new variations in
genes; the other is sex, through which preexisting gene variations are
shuffled to produce new combinations. We shall focus mainly on mutation,
particularly on nonrandom mutation, but first we want to say something
about the variation generated through sexual reproduction, and how this
process has been shaped by natural selection.

Genetic Variation through Sex

Sexual reproduction is the most obvious source of genetic variation. In
animals like ourselves, it creates enormous diversity by producing new
combinations of the genes existing in parents. From personal experience
we know how very different the children in a human family can be, and
how the kittens in a litter are often totally dissimilar, even on the rare occa-
sions when we are quite sure only one father was involved. This variation,
which is the outcome of sexual reproduction, is not adaptively linked to
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the particular environment in which the parents live. Neither is it linked
to the environment that the offspring are likely to inhabit in the future.
Even though our children may think otherwise, they are not automatically
superior and better fitted for this world than we are. The variation gener-
ated by sexual processes is blind to function, and to the present and future
needs of the lineage.

The diversity produced through sexual reproduction has three sources.
We described two of them in chapter 1. The first is the mixing of genes
from two nonidentical parents, which leads to an offspring that is
different from both. The second, which makes offspring different from
each other, stems from the way chromosomes are distributed into sperm
and eggs. In most animals and plants, almost all chromosomes come in
pairs, with one copy of each chromosome being inherited from each
parent. During meiosis, the cell division that leads to gamete production,
the number of chromosomes is halved, so each sperm or egg ends up with
only a single copy of each chromosome. Which particular set it gets is a
matter of chance. If an organism has four chromosomes, two copies of
chromosome A and two copies of B, which we can write as A"APB™BP (where
m means a chromosome was inherited from the mother, and p means it
was a paternal chromosome), there are four possible combinations in the
gametes; A™B™, A"BP, A’PB™, and APBP. Obviously, if there are more pairs of
chromosomes, there are more possibilities. For a human being, who will
normally have twenty-three pairs of chromosomes, over 8 million differ-
ent combinations are possible, so a lot of variation is generated by the
random distribution of chromosomes when sperm and eggs are formed.

The third source of variation is something we haven’t mentioned before.
It is the recombination of genes brought about by a process known as
crossing-over. During meiosis, the members of each chromosome pair
come together and the pairing partners exchange segments. So, if the
sequence of genes on chromosome A™ is ["m™n™o"p™q™r"s™, and on AP it is
PPmPnPoPpPqPrPsP, after crossing-over you might have chromosomes I"m™
n"oPpPgPr’s® and PmPnPompmg™r"s™. Old combinations of alleles that were
linked and inherited together are broken up, and new combinations are
formed. Since crossing-over can occur at different sites in different germ
cells, this process of recombination generates an almost limitless amount
of variation in the gametes.

From what we have said so far, it may sound as if the shuffling of chro-
mosomes and genes during sexual reproduction is a haphazard and un-
regulated process. It would be quite wrong to think of it in this way,
however. Sexual reproduction is an intricate evolved system, which has been



82 | Chapter 3

modulated by natural selection in various ways. It is an expensive process,
because it means organisms have to spend time and energy on the com-
plicated processes of meiosis and gamete production, and sometimes also
on the production of males and finding a mate. And at the end of all this
investment the offspring produced might receive such a poor combination
of genes that they are less able to survive and reproduce than their parents.
So why not keep the parent’s genome intact by reproducing asexually?
Why don't all organisms clone themselves and dispense with the need to
produce costly males? What are the advantages of sexual reproduction?
There is no short and simple answer to this question. The problem of
the origin and maintenance of sex is one of the most perplexing in evo-
lutionary biology, and there have been endless debates about it. Its origins
may be tied up with selection for systems that repair damaged DNA, and
DNA repair may still be one of its major functions, but there is no con-
sensus about the adaptive significance of sex in present-day organisms. For-
tunately, we need not go into all the arguments here, because the point
we want to make is a simple one: it is that for both the individual and the
population, there are potential advantages as well as disadvantages to
sexual reproduction. Most evolutionists would agree that in the short
term, in a stable environment, asexual reproduction, which preserves
the parent’s well-adapted combination of genes, is best. The snag is that
parental genomes cannot be preserved for ever. Even totally asexual line-
ages change, because mutations are inevitable. Some harm their carriers,
and will be weeded out by natural selection, but many may remain and
accumulate. Consequently, in the long run, asexual lineages may deterio-
rate and go extinct. In contrast, if organisms reproduce sexually, the shuf-
fling and recombination of parental genes means that some offspring may
be lucky and get dealt a set of genes with fewer damaging mutations than
either of their parents. Sexual reproduction can therefore preserve lineages
by preventing the accumulation of deleterious mutations. Another advan-
tage is that if competition for resources is intense, then at least some
sexually produced offspring may have genotypes that make them good
competitors. In the medium to long term, in changing environments, by
bringing together beneficial mutations arising in different individuals, sex
will lead to faster evolution than would be possible in asexual lineages.
Since there are both potential advantages and disadvantages to sexual
reproduction, it is not surprising that it is used to different extents and in
different ways in different species. What we see today is a whole spectrum
of modes of reproduction and modifications of the sexual process. Some
lineages manage without sex at all, although most (such as the whiptail
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lizard, Cnemidophorus uniparens) are probably of recent origin and have a
rather limited evolutionary future. Other species and groups (for example,
aphids, yeasts, water fleas, and many plants) reproduce both sexually and
asexually. Even when reproduction is always sexual, species differ in how
sex comes into the life cycle. In some there are two separate sexes, whereas
in others (such as earthworms and garden snails) a single individual is
capable of producing both sperm and eggs. With species of the latter type,
some are capable of self-fertilization, whereas others need a sexual partner.
When we look at the details of gamete production, we find that the
number, structure, and behavior of chromosomes differ from species to
species. There is one species of Ascaris, the parasitic worm that we men-
tioned in the previous chapter, that has only a single pair of chromosomes,
but most plants and animals have a number in double figures. Chim-
panzees, for example, have twenty-four pairs, which is one more than we
have but many fewer than the thirty-nine pairs of the dog. The structure
of chromosomes and how they behave is not uniform either. They come
in many sizes and shapes, and the rate of crossing-over between homolo-
gous chromosomes differs between species, between the sexes (there is
none at all in female butterflies and male Drosophila), between chromo-
somes, and even between regions of chromosomes.

What do all these differences in sexual reproduction mean? The answer
is that for many of them we don’t know, and they may have no adaptive
significance at all. However at least some of them are thought to be adap-
tations that determine how much genetic variability there is in the next
generation. Take the species that have both sexual and asexual generations:
generally, they reproduce asexually when conditions are constant and
good, but sexually when things change or life becomes stressful. Aphids,
for example, commonly reproduce asexually throughout the summer, but
before they overwinter, they have a sexual generation. Similarly, Daphnia,
the water flea, reproduces asexually when environmental conditions are
good, but when life gets tough it switches to sexual reproduction and pro-
duces resistant eggs that can survive poor conditions. This makes evolu-
tionary sense. If an individual is doing well and its environment is not
changing, asexual offspring, who have the same set of genes, will proba-
bly do very well too. So why change? If it ain’t broke, don't fix it! Avoid-
ing sexual reproduction will not only preserve a good set of genes, it will
also double the rate of reproduction, because there is no need to produce
males. As anyone who has battled with aphids on their roses knows, the
asexual strategy can be very successful. But if conditions change, so that
offspring are likely to experience a different environment (as the aphids
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may after summer is over), investing in sexual reproduction is a better bet.
Although costly males have to be produced, at least a few of the varied
sexual offspring may survive new conditions. We have shown the advan-
tage of variation generated through sexual reproduction in figure 3.1.
There is some evidence that another aspect of sexual reproduction, the
amount of crossing-over between chromosomes, has also evolved to fit the
conditions of life. It tends to be lower for species living in uniform, stable
environments, and higher for those living where conditions are less
predictable. The suggested explanation is that natural selection has led to
low recombination rates in constant conditions, because offspring do best
if they have much the same genotype as their parents. But when lineages
have repeatedly encountered varied or varying conditions, high recombi-
nation rates have been selected, because variety among the offspring has
increased the chances that some will survive. We know from laboratory
experiments that the average rate of recombination differs between popu-
lations of the same species, and that selection can change recombination
rates. We even know some of the genes and alleles that affect recombina-

W'JR.E‘-_ L B - "_1— 3 -’E‘
AL ¢ 548 SIH s

SRR My kg

Figure 3.1

An advantage of sexual reproduction. On the left, the identical progeny of a well-
adapted asexual individual cannot pass through the selective sieve of changed con-
ditions, so the line becomes extinct; on the right, a few of the varied offspring of
sexual individuals pass through the sieve and continue the lineage.
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tion. So, although the evidence that average recombination rates are
related to ecological conditions and the lifestyle of the species is not exten-
sive, it would be surprising if the rate of recombination had not been
adjusted by natural selection.

Even though there are many gaps in our knowledge, biologists take it
for granted that most differences in sexual reproduction are of adaptive
significance. They have no difficulty in suggesting how some plants benefit
from having elaborate mechanisms that prevent self-fertilization, or what
advantages there are in the ability of some animals to change sex, or why
some organisms produce many offspring and some only a few. They can
also suggest how structural changes in chromosomes, which rearrange the
genes and alter the likelihood of recombination between them, can be of
selective importance. It is true that they cannot think of adaptive expla-
nations for every variation in sexual processes, and indeed acknowledge
that for some there may be none. Nevertheless, no one doubts that natural
selection has influenced whether, when, and how sexual reproduction is
used, and how much variation it generates.

One final point about sex: it is not always tied to reproduction. In
bacteria and viruses, there are no paired chromosomes, no meiosis, no
gametes, and no sexual reproduction. Nevertheless, they do have various
sexual processes in which, through recombination mechanisms similar to
those of other organisms, genetic information is exchanged between
chromosomes that originate in different individuals. Fortunately, we need
not go into the details of these. At the molecular level, all recombination
is extremely complex, with bits of DNA unwinding, breaking and rejoin-
ing, and complementary base-pairing taking place between nucleotide
chains from different chromosomes. Needless to say, a lot of enzymes and
other proteins are involved. Many of these are parts of what in the previ-
ous chapter we called the cell’s natural genetic engineering system—the kit
of enzymes and other molecules that enable specific DNA changes to be
made in certain cells during development. However, the most important
role and evolutionary origins of the components of this kit are almost cer-
tainly in something much more fundamental—in the maintenance of
DNA. This will become clearer after we have said something about the ulti-
mate source of all genetic variation—mutation.

Variation through Mutation

Changes in DNA sequences are inevitable. They result from imperfections
in the DNA copying process, from changes introduced when mobile
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elements (jumping genes) move from one place to another, from sponta-
neous chemical changes, and from the effects of damage caused by the
chemicals produced in normal cellular activities. In addition, external
physical agents such as x-rays and ultraviolet radiation, or chemical agents
such as mustard gas and LSD (lysergic acid diethylamide), cause lesions in
DNA. Many of these agents are known to increase the risk of cancer, which
is often associated with genetic changes in somatic cells. When DNA
changes occur in germ-line cells, they can affect the next generation.

Long-term Darwinian evolution through the genetic system depends on
these DNA changes. But there is a paradox here, because if DNA is change-
able, its effectiveness as a carrier of hereditary information is reduced. If
only very imperfect copies of the information that has enabled survival
and reproduction are transmitted, evolution by natural selection would be
very slow, if not impossible. Information needs to be durable, as well as
somewhat changeable. So how can DNA, which is not an intrinsically
stable molecule, function so effectively as a carrier and transmitter of
information?

The answer is that DNA can do its job because organisms have a whole
battery of mechanisms that protect and repair it, ensuring that existing
nucleotide sequences are well maintained and are copied accurately. Cells
have proteins that scavenge for and degrade molecules that would damage
DNA4; if damage does occur, there is another set of proteins that can repair
it, sometimes using a recombination process that substitutes a similar
undamaged sequence from elsewhere. When DNA is replicated, there are
systems that check that each nucleotide added to the growing daughter
strand is the correct (complementary) one, and remove it if it is not. After
the new daughter strand is synthesized, it is proofread, and if mismatched
nucleotides are found, they are corrected. Thanks to these and other proof-
reading and correction systems, the error rate during the replication of
human DNA is only about one in every ten thousand million nucleotides.
Without them, it has been estimated it would be nearer one in a hundred.

This amazing system for maintaining the integrity of DNA has presum-
ably evolved through natural selection for DNA-caretaker genes. Lineages
with poor DNA maintenance and sloppy replication failed to survive,
because they kept changing, producing all sorts of new mutations, most
of which were detrimental. Such lineages had a lot of variation, but less
heredity; good sets of genes were not transmitted accurately. Lineages with
better mechanisms for looking after their DNA continued, because they
transmitted accurate copies of the genes that had allowed them to survive
and reproduce. In this way, natural selection has ensured that there is a
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good genetic engineering kit for DNA maintenance, and that mutation
rates are generally low. Mutations do occur, but not too often.

Randomness Questioned

We now have to return to the problem with which we opened this chapter.
The question we have to ask is whether the few mutations that still occur
are all rare and random mistakes, the consequences of the remaining
imperfections in the genomic surveillance, repair, and maintenance
systems, or are they something more than this? Is there any specificity
about where and when mutations occur?

It is really rather surprising that although biologists have always accepted
that environmental factors can influence when and where variation is gen-
erated through sexual processes, until recently they have been very reluc-
tant to concede that the same is true for variation coming from mutation.
They accepted that the average rate of mutation has been adjusted by
natural selection, and that because genes differ in size and composition
they mutate at different rates. But the idea that mutations might be formed
specifically when and where needed was rarely even considered. It was
simply assumed that all mutations are blind mistakes, the outcome of
faults in the system. The only specificity that was recognized was the
sequence specificity of some mutagenic agents. Ultraviolet radiation, for
example, tends to cause lesions in regions of DNA where there are two or
more thymines, one after the other. However, such T-T sequences are scat-
tered throughout the genome, being present in all sorts of genes coding
for all sorts for proteins with all sorts of roles, so the lesions caused by UV
are not function specific. Many other mutagens also have some sequence
specificity, but they, too, are not specific to particular genes or functions.
In general, it has been assumed that mutations are not adaptive, and they
are not developmentally controlled. They are certainly not the cell’s
response to a need. They are mistakes, and if they make any difference at
all at the phenotypic level, they are almost always sorry mistakes. Only
very rarely will a chance lucky mistake increase the likelihood that a cell
or organism will leave descendants.

Today, many geneticists will agree that the view of mutation that we
have just outlined is inadequate, and like them, we are going to argue that
not all mutations are haphazard mistakes; rather, some mutations are
“directed.” “Directed mutation” is part of the jargon of genetics, and it
does not mean that we or other biologists believe there is some guiding
intelligence or “hand of God” directing changes in DNA according to the
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organism’s needs. Such ideas have no part in scientific reasoning (and
through their absurdity ridicule religion as well). Our argument is simply
that evolution by natural selection has led to the construction of mecha-
nisms that alter DNA in response to the signals that cells receive from other
cells or from the environment.

No one can deny that directed DNA changes are possible, because they
occur in development. We described some of them in the previous chapter.
The most familiar example is the chopping and changing of DNA that goes
on in the cells of the immune system, but there are many others. These
regulated DNA changes are part of normal development, just like regulated
changes in the transcriptional activity of genes, or in RNA splicing and
translation. They are guided not by higher powers, but by a cellular system
that is the product of genetic evolution. Even the most conservative neo-
Darwinian evolutionists do not worry about this type of directed DNA
change. They see the changes as a part of development, and regard
the mechanisms behind them as relevant only to the evolution of
development.

What does disturb many evolutionary biologists is the idea that some of
the mutations that are the raw material of evolution are not the result of
blind accidents. That is why the claim by John Cairns and his colleagues,
that they had found directed mutations in bacteria, set the cat among the
pigeons in 1988, although in fact the idea that genomic changes are not
blind to function was not a new one. It had been central to the thinking
of a few geneticists for some time. In 1983, in a lecture given when she
received the Nobel Prize, Barbara McClintock said:

In the future, attention undoubtedly will be centered on the genome, with greater
appreciation of its significance as a highly sensitive organ of the cell that monitors
genomic activities and corrects common errors, senses unusual and unexpected
events, and responds to them, often by restructuring the genome. (McClintock,
1984, p. 800)

At the time, McClintock’s views were still regarded as rather unorthodox,
and they were probably almost unknown to most evolutionary biologists.
What her experimental work had suggested to her was that when cells
cannot respond to stresses effectively by turning genes on and off or by
modifying existing proteins, they mobilize systems that alter their DNA.
The new genetic variation that is produced in stressful conditions (e.g.,
after a sharp temperature change or prolonged starvation) is semidirected
in the sense that it is a response to environmental signals, but it does not
lead to a unique and necessarily adaptive response. It falls somewhere
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between totally blind variations, which are specific neither in their nature
nor in the time and site in the genome where they occur, and totally
directed variations, which are reproducible adaptive changes that occur at
specific sites in response to specific stimuli.

Although the whole issue of stress-induced mutation is still very con-
troversial, McClintock’s views have subsequently been at least partially vin-
dicated. The origin of new genetic variation is certainly a lot more complex
than was previously assumed. No longer can we think about mutation
solely in terms of random failures in DNA maintenance and repair. We now
know that stress conditions can affect the operation of the enzyme systems
that are responsible for maintaining and repairing DNA, and parts of these
systems sometimes seem to be coupled with regulatory elements that
control how, how much, and where DNA is altered. So what terms are
appropriate to describe the types of mutations that are now being revealed?

To help explain the situation, which is surrounded by controversy and
bedeviled with a lot of awkward terminology, we will use a thought
experiment. Imagine three human tribes, which have three different life-
styles and ways of coping with problems. The members of the first tribe
are called the “Conservatives.” They have a long written history, and the
young members of the tribe are obliged to memorize this history and learn
the lessons of the past. The past is sacred, and past actions form a binding
example for the members of the Conservative tribe to follow. Many of the
tribe’s men and women are busy maintaining their vast archives, memo-
rizing and transmitting the wisdom written in their books. These books
have the answer to the changing patterns of life. When things change, the
Conservatives rely on their knowledge of the way their ancestors handled
the situation, and do the same. This often solves the problem, but when
facing the totally unknown or unpredictable, the Conservatives are rather
helpless. Only very rarely and by accident do some members of the tribe
stumble on a solution and manage to survive such an emergency. The sur-
vivors then become sanctioned as “ancestors,” and their deeds are added
to the sacred books.

The people of the second tribe, the “Explorers,” have the very opposite
philosophy. They see that the world is in constant flux and often changes,
and believe that, for many things, past experience is limiting and mis-
leading, so should be forgotten. The present and future require a constant
process of reevaluation. The Explorers stress the central role of individual
discovery, and the lack of any preconceived ideas. When they encounter
an emergency, whether similar to past emergencies or completely new,
they respond by encouraging everyone to find new creative solutions to
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the problem. Usually someone does find a solution, which is then adopted
by all the members of the tribe, but often many perish before this solu-
tion is found.

The members of the third tribe, the “Interpreters,” respect the past, just
like the Conservatives, but they are not bound by it in the same way, and
encourage exploration and controlled deviation from tradition. According
to their philosophy, their ancestors had divine wisdom, and their sacred
words must be the inspiration for all times, but the deep wisdom of the
ancestors is written in metaphorical language. This means it requires a new
interpretation in each generation, according to the changing needs of the
society, but still in accordance with certain rules. When they face a state
of emergency that is similar to one described in their books, interpretation
is easy and they act more or less like their ancestors, slightly updating their
behavior according to the needs of the present. They give freedom to
their interpretive imagination, and try to find new solutions that do not
contradict the old wisdom.

Figure 3.2 shows how the three tribes would respond to an outbreak of
an unknown sickness in their community. The Conservative tribe’s doctors
find nothing in their sacred books that matches this particular illness, so
all give a tonic and continue as before. Every patient dies unless a doctor
makes a mistake, forgets what he is supposed to do, and by chance hits on
an effective treatment. The members of the Explorer tribe approach sick-
ness very differently. They ignore past experience and the precise symp-
toms, and simply try every cure they can think of, using the same range
of treatments as they would apply to any type of sick person, sick cow, or
sick rhubarb crop. Patients die quickly, although sometimes, through luck,
a treatment that works is found before everyone dies. The members of
the third tribe, the Interpreters, look for the illness in their books, and
although they may find nothing there that exactly fits this particular
illness, they see that there have been illnesses with similar symptoms in
the past. They then mobilize their interpretive talents and improvise on
the basis of the remedies that their ancestors used. Although some are
unsuccessful and the patients die, they eventually find a good treatment.

We believe that the behavior of the three tribes is similar to three pos-
sible biological strategies for dealing with adverse conditions. The behav-
ior of the first tribe, the Conservatives, is similar to a strategy of responding
to every situation with well-established physiological responses or precise
directed mutations. These evolved responses “solve” problems that are
similar to those faced by the lineage in the past, so are adequate for normal
development and day-to-day living. If circumstances remain similar to
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Figure 3.2

The response of the Conservative (top), Explorer (middle), and Interpreter (bottom)
tribes to a novel situation, an unknown sickness. The Conservative doctors offer
nothing other than a tonic; the Explorers try every conceivable type of conventional
and alternative medicine; the Interpreters try treatments that are similar to those
that were effective for the same type of illness in the past.
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those of the past, this strategy is successful, but in new and unpredictable
conditions, it fails. Only a rare and lucky mistake—a beneficial chance
mutation—allows the lineage to survive.

The behavior shown by the Explorer tribe when dealing with unknown
or changing situations is equivalent to a biological strategy of enhancing
the rate of random mutation. This strategy is always costly, because there
is always a considerable lag between encountering a problem and produc-
ing a successful mutation that solves it, and before this happens many indi-
viduals may die from the nonbeneficial mutations that are induced. But
there is a good chance that in a large population a favorable mutation will
occur, and the lineage will survive. If the group is small, the chances of its
extinction are high.

The third type of behavior, that of the Interpreters, is analogous to a bio-
logical situation in which the response to adverse conditions is to produce
mutations that are not entirely random, but are also not precisely directed.
They are “interpretive” in that where or when they happen is based on the
evolutionary past, although there is a random element in exactly what
happens. We are going to focus mainly on this type of mutational process
in the rest of this chapter, because we believe that it has had an important
role in evolutionary adaptation.

Acquired, Required, Interpretive Mutations?

In order to flesh out what we mean by interpretive mutations, we are going
to describe four different situations in which the mutations that occur sit
somewhere between random and directed. Most of the examples will be
based on what we know from microorganisms, but some of the phenom-
ena we describe have also been found in other groups, notably in plants.
Although we are calling them all “interpretive” mutations, the processes
that occur in the four situations fall at different points on the spectrum
between totally random and totally directed mutation.

The first situation involves what we will call induced global mutation.
Imagine that some organisms find themselves in an environment in which
they can no longer survive or reproduce. Their only hope of salvation is
that a lucky mutation will crop up and enable them to deal with their
adverse circumstances. If mutation rates are low, which they usually are,
the chances that any will survive are slim. But if they have mechanisms
that kick in in stressful conditions and increase the rate of mutation
throughout the genome, things may be better. Many individuals will perish
quickly (they get mutations that make matters worse), but the chances that
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one or two will have a liberating mutation are enhanced. It’s a bit like des-
perately poor people buying lottery tickets. By buying tickets they have a
chance of becoming rich, although most will certainly become penniless
even more quickly. Notice that with the type of strategy we are describing
here there is no increase in the relative frequency of specifically beneficial
mutations. The tactic is close to the way the Explorer tribe deals with its
problems: try everything in the hope that something will work. We've
shown it in figure 3.3.

Thanks to studies made in the last twenty years, we now know that
mutation rates in bacteria are indeed enhanced when they encounter an
environment that is so hostile that they completely stop growing and
reproducing. In such conditions, a spate of new mutations is generated
throughout the genome. Every single mutation is random, in the sense
that it is not function-specific, but the general genomic response—the
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Figure 3.3

Induced global mutation: on the left, in normal conditions, the mutation rate is low
(few umbrellas); on the right, in conditions of acute stress (cloud and storm), muta-
tion rates throughout the genome are high (more umbrellas) and some mutations
happen to be adaptive (open umbrella).
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increased mutation rate—may be adaptive. The phenomenon has been
studied most intensely in bacteria, but something similar happens in
plants. One of the things that Barbara McClintock discovered many years
ago was that stress conditions lead to a massive movement of mobile ele-
ments in the genomes of plants. She regarded this as an adaptive response,
which provided an important source of new variation.

Increasing the mutation rate in drastic emergency conditions is
obviously a tactic that can sometimes work. There is a chance that it
will provide a beneficial mutation. Natural selection could therefore favor
genetic changes that result in this response to stress. Lineages with mech-
anisms that enable individuals to enhance their mutation rate (buy a lot
of lottery tickets) when life gets really tough have a better chance of not
going extinct. Although most individuals perish, at the level of the lineage
stress-induced global mutation is an adaptive response.

Not everyone accepts that stress-induced mutation is an evolved adap-
tation, however. Some people argue that the spate of mutations that occurs
in adverse conditions is simply a by-product of stress-induced failure.
When cells are stressed, especially when starved, one of the things that
may happen is that they are no longer able to produce the proteins needed
for DNA maintenance and repair. It may even be that starved cells are
obliged to turn off their DNA-caretaker genes to save energy. If so, faults
will occur and remain uncorrected. In other words, there will be a lot of
mutations. In this case, the generation of mutations is just a pathological
symptom of the problems cells are experiencing, not an evolved adaptive
response to adverse conditions.

People can and do argue about whether induced global mutation is
an evolved adaptive response, or something pathological that may inci-
dentally have beneficial effects, but there is no doubt that our second type
of nonrandom mutation process—local hypermutation—is an adaptation.
With induced global mutation, the mutations produced are nonrandom
because they occur at a time when they are likely to be useful; with local
hypermutation, changes are produced at a genomic place where they
are useful. Certain regions of the genome have a rate of mutation that
is hundreds or thousands of times higher than elsewhere (figure 3.4). In
the jargon of genetics, they are “mutational hot spots.” The genes in
these hot spots code for products that are involved in cellular functions
requiring a lot of diversity. That is what makes the high local mutation
rate adaptive.

The English geneticist Richard Moxon and his colleagues have studied
local hypermutation in Haemophilus influenzae, a bacterium that causes
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Figure 3.4

Local hypermutation: on the left, the low mutation rate (few umbrellas) found in
most regions of DNA; on the right, a mutational hot spot, where some of the many
mutations happen to be adaptive (open umbrellas).

meningitis. Like other pathogens, this bacterium has a life full of chal-
lenges. It encounters several very different microenvironments as it
invades and colonizes different parts of the body, and has a nonstop fight
with its host’s immunological defenses. As we described briefly in the last
chapter, mammals have a magnificent immune system in which regulated
DNA rearrangements and mutation enable cells to constantly produce the
new types of antibody that are needed to do battle with pathogens. Yet H.
influenzae frequently manages to evade its host’s ever-changing defenses,
and also copes with the varied environments it encounters in different
parts of the host’s body. It does so because it possesses what Moxon has
called “contingency genes.” These are highly mutable genes that code for
products that determine the surface structures of the bacteria. Because they
are so mutable, subpopulations of bacteria can survive in the different
microhabitats within their host by changing their surface structures. More-
over, by constantly presenting the host’s immune system with new surface
molecules that it has not encountered before and does not recognize, the
bacteria may evade the host’s defenses.

What, then, is the basis for the enormous mutation rate in these con-
tingency genes? Characteristically, the DNA of these genes contains short
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nucleotide sequences that are repeated again and again, one after the other.
This leads to a lot of mistakes being made as the DNA is maintained and
copied. To explain exactly how this happens would involve going into a
lot of detail about DNA replication and repair, which we want to avoid,
but it is easy to see the general nature of the problem. Suppose that you
have a sequence ATATATAT in one strand, which is paired with the com-
plementary sequence TATATATA in the other. It is not difficult to imagine
that during replication the two strands might slip out of alignment so that
there is an unpaired AT at one end, and an unpaired TA at the other. This
misalignment could lead to the unpaired nucleotides being removed by
the DNA caretaker system, or alternatively they might be given pairing
partners. The result would be mutations—sequences that are either two
nucleotides shorter or longer than before. Repeats also enhance the
chances of different chromosome regions pairing with each other, break-
ing and recombining, which provides more potential variation. Because
the number of repeats can increase or decrease, this type of mutation is
readily reversible, so lineages frequently switch from one phenotype to
another.

It is difficult to find an appropriate term for the type of mutational
process that occurs in contingency genes. Moxon refers to it as “discrimi-
nate” mutation, and the term “targeted” mutation may also be appropri-
ate. Whatever we call it, there is little doubt that it is a product of natural
selection: lineages with DNA sequences that lead to a high mutation rate
in the relevant genes survive better than those with less changeable
sequences. Although the changes that occur in the DNA of the targeted
region are random, there is adaptive specificity in targeting the mutations
in the first place.

The contingency genes of H. influenzae are not an isolated example.
Similar highly mutable genes, with DNA sequences that seem to have been
selected for mutability, have been found in other pathogens that are con-
stantly at war with their host’s immune system. They have also been found
in species of snakes and snails that use poison to capture their prey and
defend themselves against predators. The high mutability of their venom
genes is thought to be an adaptation that enables the animals to keep up
with changing predators and prey, and counter the evolved resistance to
the venom that predators and prey develop.

It should be clear that the high mutation rates just described are not con-
trolled responses to changed physiological conditions. Mutation goes on
all the time. The mutations in contingency genes are “acquired” only in
the evolutionary sense, not in any physiological sense. Our third type
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of mutational process, induced local mutation (figure 3.5), is different,
however, because it happens in response to changed conditions. It involves
a smaller increase in the rate of mutation (five to ten times the average
mutation rate elsewhere), but occurs especially in those genes that help
the organism to cope with the new situation. Mutations are therefore both
induced by the environment and are specific to the gene that can save the
day. In no sense is this type of mutation random—the mutations are both
required and acquired.

Barbara Wright has found nonrandom mutation of this type in her
studies of the gut bacterium Escherichia coli (always known as E. coli,
because Escherichia is such a mouthful). To understand her experiments,
we have to remember that when bacteria are semistarved, a whole array of
mechanisms that protect the cell and allow it to survive for a bit longer
are brought into operation. Genes that in good times are active, because
their products are needed for reproduction, are turned off; others that are
normally kept repressed, because their activities are unnecessary and would

Figure 3.5

Induced local mutation: on the left, the mutation rate in normal conditions (few
umbrellas); on the right, a localized increase in the mutation rate in response to
stress (a local storm) results in an adaptive mutation (open umbrella).
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be wasteful, are selectively mobilized. Among the genes that are turned off
in times of plenty are those that are needed to synthesize amino acids,
because amino acids are normally readily available in the food. However,
whenever a particular amino acid is in short supply, the relevant gene
becomes active, and the cell makes the amino acid for itself.

What Barbara Wright did was look for mutations in a defective copy of
one of the amino acid genes. Because the gene was faulty and produced a
nonfunctional product, just turning it on was not enough to rescue the
cell when there was a shortage of the amino acid. It also needed a benefi-
cial mutation that changed the faulty gene. Using various genetic tricks,
she compared the rate of mutation when the required amino acid was
present and the bacteria could grow vigorously, with the rate when the
amount of amino acid available was insufficient. In the latter conditions
the bacteria could survive, but only just. She found that in these stressful
conditions, the rate of mutation in the defective gene was much higher
than normal, and, most importantly, the elevated mutation rate was spe-
cific to that particular gene. Increased mutation in this case depended on
a combination of two factors: first, the shortage of the amino acid, which
activated the gene; and second, the presence of a cellular emergency signal
that is formed in times of crisis. The outcome of these two factors was that
the gene relevant to the crisis conditions became more mutable, so the
chances that a cell would have the lucky mutation that enabled it to
survive increased.

The fourth and final type of interpretive mutational processes can be
called induced regional increased mutation (figure 3.6). Not much is known
about it, and it may overlap with some of the previous categories, but it is
particularly interesting because it has been found in multicellular organ-
isms. Sometimes a change in conditions, for example a substantial short-
term rise in temperature, increases the rate of mutation in a specific set of
genes by several orders of magnitude. The mutations produced are not
known to be adaptive, but since the process is a unique and very specific
response to particular environmental circumstances, no one can call it
random. Naturally, we would like to know whether what is seen is an adap-
tation to stress, and if it is not an adaptation now, whether it could have
been one in the past. But we do not know.

This type of transient regional mutation has been found in the mustard
plant, Brassica nigra. A heat shock leads to the loss of some of the many
copies of the DNA sequences that code for rRNAs (the RNAs that are part
of the ribosomes). The adaptive significance of this genomic response is
not clear—there is no evidence that the loss of these genes increases the
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Figure 3.6
Induced regional mutation: on the left, the mutation rate in normal conditions (few

umbrellas); on the right, the mutation rate in several specific regions is enhanced
by mildly stressful conditions (a gentle storm).

reproductive success of individuals in which it has occurred. However, the
decrease in the number of copies is transmitted to the next generation,
because although it happens in somatic cells, some of them give rise to
reproductive tissue. Similar heritable changes in the number of copies of
rRNA and other repeated sequences have also been found when flax plants
are moved to different nutritional conditions. At present, the mechanism
of mutation is unknown, but the presence of repeated sequences suggests
that recombination processes may be involved.

We have summarized in table 3.1 the various categories of mutations
that we have described. Looking at the table, you can see that there are
many types of DNA alteration that do not fit tidily with descriptions in
terms of “random” or “directed.” There is no difficulty with the specific
and adaptive responses that occur during development, which are clearly
directed, or with the haphazard mistakes of various kinds, which are
clearly random or blind, but there are many interesting cases that fall
in the twilight zone between the two extremes. If we think in terms of



100 | Chapter 3
Table 3.1
Type of Targeted to a  Induced or Adaptiveness  Type of DNA
genetic specific gene  regulated? of the type alteration
change or region? of change
Classic blind No No None Changes in
mutation bases, mistakes
in repair and
replication,
movements of
mobile
elements,
breakage and
rejoining, etc.
Induced global | No Yes, by None, but Elevation of
increased extreme elevation of  overall blind
mutation stress the general mutation rate
mutation
rate may be
adaptive
Local Yes No Yes DNA sequence
hypermutation organization
leads to high
mutability in
specific regions
Induced local Yes Yes, by Yes Mutation
increased nonextreme targeted to
mutation stress specific active
genes
Induced Yes Yes, by None (as far ~ Mutations
regional changed as is known) targeted to
increased environment particular DNA
mutation repeated
sequences
Developmental | Yes Yes, Yes Precise genomic
regulated by changes and
developmental mutations in
signals well-defined

regions
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an axis of change with the “extreme blind” and the “extreme develop-
mental” genetic changes at either end, the mutations that we term “inter-
pretive” sit somewhere between the two. Some, like those resulting from
a stress-related global increase in mutation, are very close to the blind end
of the axis, whereas local and regional mutations that result from specific
physiological changes are semidirected, so are closer to the developmen-
tal end.

With local mutation, there is a measure of randomness in what is pro-
duced, but this randomness is targeted or channeled, because the changes
occur at specific genomic sites and sometimes in particular conditions.
These mutations are particularly interesting, because they are likely to be
adaptive. Instead of evolutionary salvation coming from searching for and
finding a needle (the exceedingly rare beneficial mutation) in a huge
haystack (a large genome), the search is for a needle in a small corner of
the haystack, a corner that is well pinpointed. There is still a need to search,
but the search is now informed. The cell’s chances of finding a mutational
solution are enhanced because its evolutionary past has constructed a
system that supplies intelligent hints about where and when to generate
mutations.

Evolved Genetic Guesses

Even if we didn’t have all the new experimental evidence showing that
mutation is sometimes localized and under environmental or develop-
mental control, the evolutionary arguments for expecting it are very pow-
erful. It would be very strange indeed to believe that everything in the
living world is the product of evolution except one thing—the process of
generating new variation! No one doubts that how, where, and when
organisms use sex, which reshuffles existing genetic variation, has been
molded by natural selection, so surely similar selection pressures should
also influence how, when, and where variation is generated by mutation.
In fact it is not difficult to imagine how a mutation-generating system that
makes informed guesses about what will be useful would be favored by
natural selection. In our judgment, the idea that there has been selection
for the ability to make an educated guess is plausible, predictable, and
validated by experiments. As the American geneticist Lynn Caporale has
said, “chance favors the prepared genome.” The preparedness is, of course,
evolutionary!

Once it is recognized that not all mutations are random mistakes, the
way one sees the relationship between physiological or developmental
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adaptation and evolutionary adaptation begins to change. We are used to
thinking of them as very different: physiological and developmental
changes involve instruction—what happens in cells or organisms is con-
trolled by internal or external regulatory signals; evolutionary changes
involve selection—some heritable variants are preferred to others. In the
jargon of philosophers of biology, the physiological and developmental
processes that underlie a phenotype are “proximate causes,” while evolu-
tionary processes—natural selection and whatever else has constructed the
phenotype during evolutionary history—are “ultimate causes.”

Yet, if the generation of some heritable variation is under physiological
or developmental control, how distinct are the two types of causes? Seeing
evolution purely in terms of selection acting on randomly generated vari-
ation is wrong, because it involves instructive processes too. As we see
it, the dichotomy between physiology/development and evolution, and
between proximate and ultimate causes, is not as absolute as we have been
led to believe. They grade into one another. At one extreme there are purely
selective processes, acting on chance variation, while at the other there are
purely instructive processes, which are totally physiological or develop-
mental and do not involve any selection. Between these extremes we find
the majority of the processes in the real world, which are to varying degrees
both instructive and selective. Some developmental changes, such as those
occurring during the development of the immune system, also involve
selection, whereas some evolutionary changes, particularly in bacteria and
plants, may have instructive components. In other words, Darwinian evo-
lution can include Lamarckian processes, because the heritable variation
on which selection acts is not entirely blind to function; some of it is
induced or “acquired” in response to the conditions of life.

This view of the origins of heritable variation affects something that we
discussed in chapter 1—the distinction that Dawkins makes between repli-
cators (genes) and vehicles (bodies). According to Dawkins, the gene is the
unit of heredity, variation, and evolution, whereas the body is the unit that
develops. The gene, the replicator, controls the body-vehicle that carries
it, but is unaffected by developmental changes in that body. However, if,
as the evidence suggests, what happens in the body can affect the processes
generating changes in genes, the distinction between replicators and vehi-
cles becomes blurred. Development, heredity, and evolution are too inter-
dependent to separate them.
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Dialogue

I.LM.: Let me attempt to summarize your argument. Your main point is
that not all mutations are the random, chance changes in genes that they
were once thought to be. Whether, when, and where mutations happen,
and how many of them there are, sometimes depends on the conditions
the organism is experiencing. The reason for this is that there are evolved
systems that change the genome in response to environmental challenges.
Did I get it right?

M.E.: Yes. And in chapter 9 we’ll have more to say about how these
systems may have evolved.

I.LM.: Good. I want to start, then, by looking at the first argument you
used to support this view. You said that it is not difficult to think of evo-
lutionary reasons why some animals and plants always reproduce sexu-
ally, whereas others use sex only rarely; or why some plants usually self-
fertilize, whereas others never do; or why in some chromosome regions
there is almost no recombination, in others much more. You then suggested
that since evolutionary biologists are happy with the idea that past natu-
ral selection has influenced when and how much variation is generated
through sexual processes, there can be no theoretical objections to accept-
ing that the same is true for variation generated through mutation. If the
production of one type of variation has been modulated by natural selec-
tion, why not the other? I agree that this makes sense, but arguments from
plausibility are neither proofs nor evidence. It seems to me that your argu-
ment would gain some circumstantial support if the two systems that gen-
erate variation were linked in some way. Are they? Are sex and mutation
mechanistically related?

M.E.: At the cellular level, yes, to some extent they are. The mechanisms
that lead to crossing-over—the recombination of genes through an
exchange of chromosome segments during meiosis—are related to muta-
tion. It’s an enormously complicated subject, which is tied up with the way
cells repair DNA. We shall be saying more about the relationship in chapter
9. A careful answer would be that there is overlap between the enzymatic
systems that control recombination and those that produce interpretive
mutations. The full extent of this overlap is not yet known.

I.LM.: Does that mean that environmental conditions can have effects on
recombination as well as on mutation? You haven’t said much about it,
other than that those interesting creatures that have both sexual and
asexual options switch to the sexual one when life begins to get tough.
This is the equivalent of induced global mutation, I think, because it
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generates a lot of variation at a time when it is likely to be useful. Do you
have anything more specific? Do you ever get a stress-induced increase in
recombination in particular regions of chromosomes—the equivalent of
induced local or regional mutation?

M.E.: In the fruit fly Drosophila, heat stress increases general recombina-
tion rates. What is particularly interesting is that some regions become
more recombination-prone than others. For example, regions that never
normally recombine, like the tiny chromosome 4, suddenly start recom-
bining. And some regions that are usually very reluctant to undergo recom-
bination show a thirty-fold increase in recombination rate. So it is not an
indiscriminate process. But what, if anything, these induced localized
increases in recombination mean in terms of adaptive advantage is not
clear.

I.LM.: How does all this induced genomic change fit with the central
dogma of molecular biology? You have been arguing that what happens
during the lifetime of an organism can affect the amount and type of
genetic variation found in the next generation. Yet if the central dogma is
valid, there is no transfer of information from proteins back to RNA and
DNA. So how can something that happens at the level of the whole organ-
ism, which surely means proteins, affect the genome of the next genera-
tion? Don’t we need to assume some backtranslation—information being
transferred from proteins to DNA? Surely this cannot happen!

M.E.: The argument that the central dogma means that developmental
adaptations to the conditions of life cannot affect what is transmitted to
the next generation is an old one. It was used especially during the 1960s,
when the unidirectional nature of information transmission (from DNA to
proteins and not vice versa) was recognized. For example, in 1966 John
Maynard Smith wrote, “The greatest virtue of the central dogma is that it
makes it clear what a Lamarckist must do—he must disprove the dogma.”
Recently Ernst Mayr, one of the founders of the Modern Synthesis, has
echoed this view, describing the central dogma as “the final nail in the
coffin of the inheritance of acquired characteristics.” But in the light of
what we know today, they are both wrong. Backtranslation is not neces-
sary for acquired characters to be inherited, for the very good reason that
most “acquired characters” do not involve a change in the amino acid
sequences of proteins at all. Think about what happens when there is a
cellular response to changed conditions. What changes in the cell? Is it the
amino acid sequence of a protein? Usually it is not. What changes is which
genes are switched on and which are switched off. It is the amounts of the
various proteins, not their sequences, that are altered. Backtranslation is
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irrelevant to transmitting such alterations. A genetic change that simulates
the acquired change would have to be in a regulatory region of DNA, not
in a protein coding sequence. Even if a cellular response does involve an
altered amino acid sequence, the chances are it is a consequence of altered
splicing or translation, not a change in the DNA coding region. So a genetic
change simulating the acquired change is again likely to affect regulatory
sequences, not coding sequences. The types of genetic change that affect
the regulation of gene activity are those that alter either the number of
copies of genes, or the nucleotide sequences in control regions, or a gene’s
location on the chromosome. These are what we often see with interpre-
tive mutations.

I.LM.: This leads me to two questions, which in a sense are the opposite
of each other. The first is: If so good, why so little? What I mean is, why
is it so difficult to find examples of these directed or semidirected
mutations, when they could provide so much potential benefit to
organisms?

M.E.: The thought experiment gives a partial answer. The Conservative
tribe’s strategy of always doing the same thing is effective only if situations
repeat themselves exactly. It doesn’t work if something a bit different crops
up. Similarly, a precise directed mutational response to change is unlikely
to be a good solution to a cell’s problems, because usually environmental
conditions that are exactly the same do not reoccur repeatedly. We would
therefore not expect finely tuned directed mutation systems to evolve very
often. The most effective genomic response to most changed conditions is
through an educated guess, and an improvisation on the basis of the
guess—through what we called interpretive mutation systems. More and
more of these are being discovered, particularly in bacteria, although we
still know very little about them.

ILM.: This leads me to my other, opposite, question. In chapter 2 you
emphasized how complex the relation between genes and traits is. You said
that usually a change in a gene, if it has any effect at all, will have many
effects, particularly in multicellular organisms. If so, a new mutation might
be beneficial in one cell type, say a liver cell, but have detrimental effects
in another, say a nerve cell. Surely it is likely that the overall effect of a
mutation in all its many contexts will be bad. Even most of what you called
interpretive mutations seem a bit problematical. The chances that any kind
of directed mutation could serve the organism well in all the different envi-
ronments and in all cell types seem rather small to me, maybe as small as
with a random mutation. Why should we expect to find directed or semi-
directed mutations at all?
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M.E.: You are touching on a very fundamental problem here. For char-
acters to be adaptively modified through any kind of induced mutation, a
change at the level of the organism has to feed back to produce a corre-
sponding change at the level of the gene. This is difficult to envisage in
complex multicellular organisms. In bacteria or other single-cell organisms,
it is not so difficult to imagine how a change in the cell’s state could affect
the genome in a way that will be adaptive. We gave an example of this
type of genomic response (the “local” type of induced mutation) when we
described how the mutation rate of a defective gene in an amino acid
biosynthesis pathway in E. coli increases when the amino acid is in short
supply. However, even here, although the mutations are highly targeted,
there is randomness in the changes produced within the targeted region.
But you are right: when a system is complex, and the many interactions
between genes and the environment make the phenotypic effects of genes
very indirect, transferring information from the organism to the DNA
becomes less likely. This is another reason why we would not expect back-
translation. Even if information could be transferred from an altered
protein to the DNA sequence that codes for this protein, it would lead
to an adaptive change only in the relatively rare cases when the gene-
protein-trait relation is very simple. Usually it is not.

I.M.:  So the more complex the organism, the less likely it is that they will
have systems that enable directed genetic change to occur?

M.E.: Yes and no. Don’t forget that directed genetic changes are found
within complex organisms—we depend on them for our immune
responses. They are adaptive because they are restricted to only one type
of cell. So the basic machinery for making controlled genomic changes is
certainly present, even in organisms like us. Yet, as far as we know, it is
not used to produce directed changes in the genes that are passed from
one generation to the next. One reason for this may be that, however local-
ized in the genome the mutations are, in complex organisms “directed”
mutations would have “random” effects on the organism as a whole,
simply because of all the cellular interactions.

I.M.:  You are implying that although some microorganisms have evolved
systems that enable them to do a bit of Lamarckian evolution by trans-
mitting genetic information that has been modified in response to their
conditions of life, more complex organisms cannot do this. Am I right?
M.E.: We think it is unlikely that complex organisms have systems that
enable adaptive changes to be induced in the genes transmitted to their
offspring, although we wouldn't rule it out. If you think about it from an
evolutionary point of view, multicellular organisms are in an odd situa-
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tion. On the one hand there are many circumstances in which passing on
some induced, “acquired” characters would be beneficial. Yet, on the other
hand, their option to transfer adaptive information through induced
changes in DNA becomes less as biological complexity increases.

ILM.: You agree then that complex organisms do not go in for Lamarck-
ian evolution?

M.E.: Not at all. As we have said elsewhere, not everything that is inher-
ited is genetic. There are systems that transmit information between gen-
erations at a supragenetic level. With these, adaptations that occur during
life are coupled far more directly with the information that the organism
transmits to the next generation. Consequently, through the supragenetic
inheritance systems, complex organisms can pass on some acquired char-
acters. So Lamarckian evolution is certainly possible for them. In the next
three chapters we describe these additional inheritance systems—the epi-
genetic, the behavioral, and the symbolic—and show how they can have
both direct and indirect influences on evolutionary change.






I Three More Dimensions

The idea that DNA alone is responsible for all the hereditary differences
between individuals is now so firmly fixed in people’s minds that it is dif-
ficult to get rid of it. When it is suggested that information transmitted
through nongenetic inheritance systems is of real importance for under-
standing heredity and evolution, two problems arise. The first is that for
most people the genetic system seems quite sufficient to explain every-
thing. They invoke Occam’s razor: if one system can explain everything,
why do we need to look for others? The second problem is that even when
people agree that there is no escape from the mass of experimental data
showing clearly that there are other, nongenetic, inheritance systems, they
find it difficult to know how to think about them and their significance
in evolution. We are all deeply conditioned by what we know about the
genetic system, and tend to attribute its properties to other types of
inheritance and to evaluate them in terms defined by the genetic system.
We should not do this, of course, but it is difficult to change our habits
of thought.

Some years ago, after several very frustrating and largely unsuccessful
attempts to get our point of view across to colleagues and students, we
found an analogy for how different heredity systems could work alongside
the genetic system. Since it seemed to satisfy many people, we will repeat
it here. Think about a piece of music that is represented by a system
of notes written on paper, a score. The score is copied repeatedly as it
is passed on from one generation to the next. Very rarely, uncorrected
mistakes occur during copying, and perhaps an impertinent copier
sometimes makes a tiny deliberate alteration, but with the exception of
such small and rare changes, the piece of music is transmitted faithfully
from generation to generation in the form of the written score. The rela-
tionship between the score and the music is analogous to the genotype/
phenotype distinction. Only the genotype (the score) is transmitted from
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one generation to the next; the phenotype (the particular performance,
the actual interpretation of the piece) is not. Changes in the genotype
(mutations) are passed on; changes in the phenotype (acquired characters)
are not.

This was the situation until new ways of transmitting music were
invented. The technologies of recording and broadcasting made it possi-
ble to transmit performances by recording them, editing them, copying
them onto tapes or disks, and broadcasting them. Now, through these new
technologies, the actual interpretations of the music can be transmitted as
well as the written musical score. In terms of the genotype/phenotype
analogy, the recording and broadcasting systems transmit the “pheno-
types” of the pieces, rather than the “genotypic” instructions in the score.
A phenotype, one particular performance, is affected by the notes in the
written score, the skill of the musicians, the nature of the musical instru-
ments, the general musical culture, and so on. Importantly, it is also
affected by the interpretations of the score that the conductor and
musicians have heard in the past—by earlier phenotypes. The relationship
between the two systems of transmission is usually unidirectional—a
change in the score alters performances, whereas the performance of the
music usually does not change the score. However, occasionally a per-
formance may alter the score: a particularly popular interpretation of the
music may lead to a version of the score that includes notational changes
that make it easier for the interpretation to be reconstructed. In this case,
a phenotype affects a genotype. In all cases, by opening up a new channel
of information transmission, the new technologies can affect the way the
music is played.

The recording-broadcasting transmission system is based on a com-
pletely different technology from that of copying of the score, and like-
wise the heredity systems that we are going to discuss in the next three
chapters are completely different from the DNA system. They do not come
instead of the DNA transmission system (the written score); they are addi-
tional to it. The genetic system is the basis of all biological organization,
including the organization of the supragenetic heredity systems we are
going to consider, but these additional systems allow variations in a dif-
ferent type of information to be transmitted. The variations occur at higher
levels of organization—at the cell, organism, or group level. They may be
quite independent of variations at the genetic level, in just the same way
that variations in recorded performances may be independent of variations
in the score. The genetic system, like a score, defines the range of possi-
bilities, and when this range is wide and many heritable phenotypes are
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possible, a lot of interesting evolution can occur through natural selection
acting on these variant phenotypes.

In the next three chapters we shall describe some very disparate types
of heredity systems, all of which allow phenotypic variations to be trans-
mitted from one generation to the next. In chapter 4, we look at the
evolutionary implications of cellular inheritance systems. In chapter 5 we
focus on behavioral transmission in nonhuman animals, and see what it
means for evolution. Chapter 6 will be about human symbolic systems and
cultural evolution. For the time being, as far as it is possible, we will
ignore variations in the genetic system, and also the interactions of the
different systems of inheritance with each other and with the genetic
system. We come to all of these topics in part III.







4 The Epigenetic Inheritance Systems

A person’s liver cells, skin cells, and kidney cells, look different, behave dif-
ferently, and function differently, yet they all contain the same genetic
information. With very few exceptions, the differences between special-
ized cells are epigenetic, not genetic. They are the consequences of events
that occurred during the developmental history of each type of cell and
determined which genes are turned on, and how their products act and
interact. The remarkable thing about many specialized cells is that not only
can they maintain their own particular phenotype for long periods, they
can also transmit it to daughter cells. When liver cells divide their
daughters are liver cells, and the daughters of kidney cells are kidney
cells. Although their DNA sequences remain unchanged during devel-
opment, cells nevertheless acquire information that they can pass to their
progeny. This information is transmitted through what are known as
epigenetic inheritance systems (or EISs for short). It is these systems that
provide the second dimension of heredity and evolution.

Until the mid-1970s, the existence of epigenetic inheritance was barely
recognized. Developmental biologists devoted most of their efforts to
trying to find out how cells became differentiated. They were concerned
with the signals that switched genes on and off, and with the cascade of
events that led to cells in one place becoming specialized for one particu-
lar function, while those somewhere else were induced to have a different
function. The emphasis was on how cells acquired their specialized roles
rather than on the complementary problem of how, once the appropriate
genes had been turned on and off, cells remembered their new epigenetic
state and transmitted it to their progeny. In 1975, two rather speculative
articles drew attention to the problem by suggesting a possible solution to
it. Robin Holliday and John Pugh, two British biologists, and Arthur Riggs
in America independently suggested a mechanism that would enable states
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of gene activity and inactivity to be maintained and transmitted to future
cell generations. Their ideas generated a lot of interest, and after a rather
slow start the study of cell memory and epigenetic inheritance began to
take off. It was given even more impetus when it was realized that under-
standing epigenetic inheritance was going to be crucial to the success of
cloning and genetic engineering projects.

Today, epigenetics is quite a buzzword, and biologists are well aware of
the existence of EISs and their importance in development and medicine.
However, there is still a reluctance to recognize that they may also have a
significant role in evolution. So, to illustrate how EISs can affect evolution,
we are going to resort to another thought experiment. The scenario that
we are going to describe will show that evolution is possible on the basis
of heritable epigenetic variation even when there is no genetic variation
at all. To avoid any misunderstanding, we need to stress at the outset that
we do not underestimate the importance of genetic variation in evolution.
We are using the thought experiment merely to show that it is possible to
think about evolutionary change based solely on variations transmitted by
nongenetic cellular inheritance systems.

Evolution on Jaynus

Imagine that on Jaynus, a planet not too far or too different from our own,
there is life. The organisms found there are very diverse, having all sorts
of amazing shapes and behaviors, although their complexity does not
exceed that of a jellyfish (figure 4.1). All Jaynus creatures multiply solely
by asexual processes: there is nothing like the meiotic cell division that
leads to the production of gametes in Earth’s animals and plants, and there
is no sexual reproduction of any other type. But, just as here on Earth,
there are several types of asexual reproduction. Some creatures multiply by
shedding buds from the adult body; in most others multiplication is
through single cells that become detached, start dividing, and develop into
adults; and in a few it occurs through the assembly of cells from several
different individuals to form a kind of “embryo,” which then begins the
developmental process.

Jaynus organisms have a genetic system that is based on DNA, and
replication, transcription, and translation are much the same as on Earth.
However, there is one very extraordinary thing about the DNA of Jaynus
creatures—every organism has exactly the same DNA sequences. From the sim-
plest organism, a tiny unicellular creature, to the enormous fanlike colo-
nial worms, the DNA is identical. Their genomes are large and complex,
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Figure 4.1

Life forms on Jaynus.

but no organism deviates from the universal standard sequences because
there are cellular systems that check DNA and destroy any cell suspected
of carrying a mutation.

The evolutionary history of Jaynus organisms began about 2 billion years
ago, when a large chunk of our own planet became detached and disinte-
grated into meteorites. These meteorites contained the simple life forms
that had evolved on Earth, and one of them, carrying its living cargo (in
a state of suspended animation, of course), reached Jaynus. Some organ-
isms survived, and since conditions on Jaynus allowed life to flourish, they
evolved into various unicellular and multicellular forms. Present-day
organisms are all descendants of a common ancestor—a floating, colonial,
mattress-like form, with the same genome as that now found in all of them.
Through natural selection, this ancestor’s descendants evolved the
“suicide” system for genetically deviant cells, but they still diverged to form
all of the many types of organisms found today. Adaptation to different
habitats led to structural and functional modifications of the original
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“mattress” that were hereditary and cumulative. In the shallow parts of the
stormy sea, some individuals adhered to flat rocks, evolving a “stem” and
flat, leaflike structures that absorb light, energy, and the organic material
that is constantly and spontaneously formed on Jaynus. These individuals
had an advantage over their free-floating sisters, since they did not break
up as easily and could absorb nutrients and other materials more readily,
so natural selection led to the accumulation of adaptations in this direc-
tion. In other more open habitats, the original mattress fragmented into
small balls whose outer cells produced rapidly moving flagella; from this
state one line evolved by further fragmentation into single cells, which
divided very rapidly and parasitized other species.

Now imagine what happened when Earth scientists arrived on Jaynus
and started studying the living things they found there. From the similar-
ity to life on Earth, particularly the presence of the DNA inheritance
system, they were quickly able to guess at the early evolutionary history
of the organisms, but the lack of genetic differences between them amazed
and at first mystified them. How did the wormlike and plantlike creatures
evolve from a common, simpler ancestor if the genome was fixed? There
was no shortage of heritable phenotypic variation within populations of
Jaynus creatures, and the heritable differences among morphological types
(“species”) were enormous, but what could be the basis of these hereditary
differences?

After a short initial period of confusion and disbelief, the scientists
focused on the cellular heredity systems, the EISs, which they were famil-
iar with through work with organisms on Earth. When they looked at these
systems in the Jaynusites, they discovered that all hereditary variation and
evolution in these organisms is based on very sophisticated cellular hered-
ity systems. Variations in the functional states of cells, in cell architecture,
and in cellular processes can all be transmitted from generation to gener-
ation. Sometimes, depending on their mode of multiplication, variations
in the organization of whole tissues and organs are transmitted. Because
EISs play a double role, being both response systems and systems of trans-
mission, the scientists concluded that the role of directed or interpretive
variation had been much larger on Jaynus than on Earth.

We will explain the dual role of EISs in more detail later. Meanwhile,
let’s continue with the thought experiment and imagine how, in order to
clarify the unfamiliar mode of heredity and evolution on Jaynus to its
readers, who were conditioned to think about DNA-based inheritance and
evolution, the Daily Earth attempted to explain the bizarre phenomena.
The headline read
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Not So Different After All

At last scientists are beginning to make sense of what went on as life evolved on Jaynus.
And the remarkable thing is that what shaped those strange creatures is something we
know quite a lot about from studies of how our own bodies are formed. The differences
between the “epibeasts,” as scientists affectionately call them, are much the same as the
differences between your lungs and your liver, your kidneys and your skin, your blood
and your brain.

Professor Paxine Mandela, head of the Epigenetics Institute in Burkly, put it this way:
“All tissues and organs are made up of cells, and almost every type of cell in your body
has exactly the same DNA. What makes your liver, lung, kidney, skin, blood, and brain
cells different is not different genes or DNA, but different use of the information encoded
in DNA. To keep it simple, you can think about genes being ‘on’ or ‘off’—active and
involved in producing some product, or inactive with no product produced. The whole
genome—all of the genes in a cell—can then be likened to a huge switchboard, with
genes in the switched-on condition showing a red light, and switched-off genes showing
green. If you compare the switchboard in different types of cell, you'll find the patterns
of red and green lights are different. They have different combinations of genes
switched on.

“Cell switches are turned on and off at certain critical stages during development, as
tissues and organs form. Once established, much of the pattern of red and green lights
on the switchboard is locked in, and the same pattern is inherited by daughter cells. So,
the various cell types breed in their own image—skin cells don’t produce kidney cells,
they produce more skin cells. And liver cells produce liver cells, and kidney cells produce
kidney cells. We call the cellular systems responsible for the maintenance and trans-
mission of patterns of gene activity and other cell states ‘EISs,” short for ‘epigenetic
inheritance systems.

You may be asking by now what this has got to do with Jaynus life. Well, according
to Professor Mandela, EISs underlie a lot of what goes on in Jaynus organisms. The sur-
prising discovery that all those weird creatures have exactly the same DNA forced sci-
entists to look for other ways in which they could pass on their features, and this is how
Professor Mandela got involved. She and her colleagues have now discovered that what
we see on Jaynus is much the same as what we would see here on Earth if each of your

rn

organs was an independent creature that could breed. Imagine kidney creatures that
could bud off tiny kidney buds that developed into mature kidney creatures, and heart
creatures that could shed buds that developed into heart creatures; think of sheetlike
skin creatures multiplying by fragmenting, or blood cell creatures multiplying by simple
cell division. That’s what goes on on Jaynus. There’s no sex when Jaynus’s epibeasts
multiply—it’s all asexual splitting and budding and aggregation. And just as there’s no
difference between the DNA in our various organs, there’s no difference between the
DNA of the various Jaynus creatures. They all have the same genes, but how they use
those genes is very different, and these differences are transmitted from one generation
to the next. Each species of epibeast, just like each organ, has a characteristic set of
epigenetic patterns which it passes on.
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By now you have probably guessed how evolution by Darwinian natural selection is
possible for Jaynus’s epibeasts, even though they all have the same genes. Epibeasts have
wonderful systems for keeping their DNA perfect and unchanging, but the patterns of
lights on their switchboards and other bits of their non-DNA inheritance systems do get
changed, so new variants appear. Sometimes they arise through errors, and sometimes
because an environmental feature forces a switch to be thrown, but however they are
produced, if the variant helps the epibeast to survive and multiply better, the lineage
will change.

So, although they are unlike the animals and plants on our own planet, whose evo-
lution is thought to be based on the selection of changes in DNA, evolution in Jaynus
creatures still depends on the selection of heritable variants. But the variations in
epibeasts are passed on by their elaborate EISs, and new variants can arise when condi-
tions alter the way their genetic information is used. The interesting question now,
according to Professor Mandela, is to find out how important EISs have been in the
evolution of life here on Earth. “After all,” she stresses, “EISs are not unique to Jaynus
organisms. Epibeasts are not so different, after all.”

Let us leave life on Jaynus and return to biological reality on our own
planet. We used the imaginary scenario of life on Jaynus to focus atten-
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Figure 4.2
Asexual reproduction of Jaynusi zeligowska.
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tion on EISs and their role in evolution. Biologists now know quite a lot
about these systems, but they tend to associate them with ontogeny—with
the processes through which the fertilized egg develops into an adult
organism with specialized cells, organs, and organ systems. They stress the
role of EISs in the determination and regulation of cellular activities, but
usually overlook their evolutionary potential. What we are now going to
do is describe four broad categories of EISs, which we will characterize first
by looking at their role in cell heredity, and then by looking at the wider,
evolutionary issues. It may be helpful to keep in mind the idea that EISs
are additional “transmission technologies.” In the same way that record-
ing and broadcasting are technologies that transmit interpretations of the
information contained in a musical score, EISs transmit interpretations of
information in DNA. They transmit phenotypes rather than genotypes.

Self-Sustaining Loops: Memories of Gene Activity

Through the first type of EIS, daughter cells can inherit patterns of gene
activity present in the parent cell. They do so when the control of gene
activity involves self-sustaining feedback loops. This type of system was
first described theoretically by the American geneticist Sewell Wright in
1945, and by the late 1950s examples had been found in bacteria. Subse-
quently it has been found in every living organism that has been studied,
and its significance as a cell memory system has become clear.

The essence of a self-sustaining system is that A causes B, and B causes
A. The simplest example is one in which a temporary cue turns a gene on,
and that gene’s product then ensures the continued activity of the gene.
Figure 4.3 shows how the system works. When gene A is active, a protein
is produced which, among other things, acts as a regulator, attaching itself
to the control region of gene A, keeping it active long after the original
inducing cue has disappeared. Following cell division, if the level of A’s
protein remains high enough in each daughter cell, it will continue to act
as a positive regulator and the gene will remain active in both cells.

This feedback system means that in the same noninducing conditions
there can be two genetically identical types of cell, in one of which the
gene is active, and in the other it is inactive. The difference between the
two cell types stems from the different histories of their ancestors—on
whether or not they received the initial cue that switched the gene on.
This cue might have been an external environmental change, or an
internal developmental or regulatory factor. Or, occasionally, an ancestral
cell’s state may have changed as a result of “noise”—through random
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Self-sustaining loops: in (a), gene A is inactive and daughter cells inherit the inac-
tive state; in (b), a temporary stimulus (bomb) induces gene A to be active and
produce its product. Because daughter cells inherit the product, they also inherit
the active state.

fluctuations in the cellular environment that turned the gene on or off.
Whatever the cause of the gene being switched on, for as long as the
amount of its protein product does not fall too much, it will remain active
after cell division. The inheritance of the active or inactive state is simply
an automatic consequence of more or less symmetrical cell division.

Most self-sustaining loops are a lot more complex than the simple one
we have just described. They contain several genes, several regulatory
regions, and several proteins. The principle is much the same, however.
The most important difference between simple and complex loops is that
the latter can be very stable, whereas a simple loop can easily be perturbed
by changed conditions.

If we think about a self-sustaining loop as an information system, what
can we say about the organization of the transmissible information? Even
a simple loop has component parts (the coding sequence of the gene, its
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regulatory region, and its protein product), but its functional state
(whether active or inactive) depends on the interactions between them.
The state of the loop is therefore transmitted from generation to genera-
tion as a whole, and it varies as a whole. Thus, it is the loop that is the
unit of heritable variation. Following Maynard Smith and Szathmary, we
will call information that is organized in such a nondecomposable manner
holistic. It is very different from the information in modular systems such
as the DNA system, where the components (the nucleotides A, C, T, and
G) can be changed without destroying the whole.

The functional state of a self-sustaining loop is heritable, but how much
evolution can there be with such a system? The holistic nature of the loop
means that it can have very few functional states. A simple loop usually
has two—active and inactive—so there are only two variants. With only
two variants, natural selection cannot accomplish very much, except
switch between them according to circumstances. This is not very inter-
esting from an evolutionary point of view. However, every cell has many
different self-sustaining loops, which may be independent of each other.
If a cell has just twenty autonomous self-sustaining loops, each of which
can have two states, there are over a million possible functional variants
of the cell. There is definitely evolutionary potential here, and natural
selection could lead to interesting adaptations. But in order to have this
large amount of variability, we have to treat each feedback loop as a com-
ponent in a collection of loops, and look at the combination of different
active/inactive loops in the whole cell. What is transferred between
generations is part of the cell phenotype—it’s a set of patterns of gene
activity.

Structural Inheritance: Architectural Memories

The second type of epigenetic inheritance is very different from the pre-
vious one, since it is concerned with cell structures, not gene activities.
Alternative versions of some cellular structures can be inherited because
existing structures guide the formation of similar ones in daughter cells.
The most remarkable examples of structural inheritance have been found
in ciliates, a group of unicellular organisms that have orderly rows of cilia—
short, hairlike appendages—on their outer surface, the cortex. Like many
other aspects of their morphology, the organization of the ciliary rows is
inherited. For example, the average number of ciliary rows differs in dif-
ferent strains. There is nothing very remarkable about that, of course, but
what is remarkable is the peculiar type of cortical inheritance revealed by
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some experiments carried out by the American geneticist Tracy Sonneborn
and his colleagues in the 1960s. Because of their relatively large size, it is
possible to perform microsurgery on ciliates such as Paramecium. So what
Sonneborn and his coworkers did was cut out a piece of the cortex and
rotate it through 180 degrees before reinserting it. They then looked at the
descendants of the operated-upon organisms. Amazingly, the offspring
inherited the change: they, too, had an inverted row of cilia. It was as if
the descendants of a person whose leg had been amputated inherited the
same handicap.

Similar experiments with other ciliates as well as Paramecium have shown
that various altered cortical structures can be inherited for many genera-
tions, but the mechanisms behind this are far from being understood.
Those currently working in this field believe that some kind of three-
dimensional templating is involved. Somehow, a structure in the mother
cell acts as a template that directs the assembly of the protein units that
form a similar structure in a daughter cell. Although we do not know
exactly how this happens, the key point for present purposes is that it is
the organization of the cortex that is changed and inherited, not the con-
stituent components. The same building blocks are used to build several
different self-templating heritable structures.

The idea that preformed structures play a crucial role in cell heredity has
been taken up and extended by the British biologist Tom Cavalier-Smith.
He has considered how the many types of membrane in an ordinary cell
are formed. Cell membranes, such as the plasma membrane that surrounds
the cell, or those of the internal membrane system known as the endo-
plasmic reticulum, or those around the mitochondria (the small energy-
generating organelles in present-day cells) differ from each other in
composition as well as in location. For example, the nature and organiza-
tion of their proteins is different. Such membranes cannot assemble
without guidance. Their persistence and continuity depend on preexisting
membranes, which template the formation of more membranes with the
same structure. Through this templating, the membrane grows and is even-
tually divided between daughter cells. Cavalier-Smith calls the set of self-
perpetuating membranes the “membranome” of the cell because like the
genome it carries hereditary information in its structure. He believes that
some of the most dramatic events in early evolution, including the for-
mation of the first true cells, the origin of various bacterial groups, and the
emergence of the first eukaryotic cell, were associated with and dependent
on changes in the membranome. As he sees it, the evolution of life cannot
be understood without recognizing the importance of structural inheri-
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tance. “The popular notion that the genome contains ‘all the information
needed to make a worm’ is simply false,” says Cavalier-Smith.

Recently, interest in structural inheritance has grown for a practical
although rather unfortunate reason. Certain disease agents, which have
potentially devastating effects, seem to have self-templating properties.
These agents, called prions, do not contain DNA or RNA; they are made
of proteins. Prions are associated with diseases of the nervous system, such
as BSE (bovine spongiform encephalopathy, commonly called mad cow
disease), scrapie in sheep, and CJD (Creutzfeldt-Jakob disease) in humans.
The history of the research that led to the discovery of prions is an inter-
esting one, which has a lot to teach us about the politics and sociology of
science, but this is not the place to go into details. A good starting point
for our story is with the Fore people of New Guinea, who in the early part
of the twentieth century were still relatively isolated and practicing a Stone
Age type of culture. These people were found to have a high incidence of
a debilitating condition they called kuru, meaning “shivering” or “trem-
bling.” As well as having tremors, people with kuru became increasingly
unsteady on their feet, developed blurred speech, and showed various
behavioral changes. Inevitably they died within a year or two of the symp-
toms first appearing. The Fore people attributed the disease to sorcery, and
early Western visitors also assumed that it had a psychosomatic cause, but
in the 1950s it was recognized as a degenerative disease of the nervous
system. At that time it affected about 1 percent of the population. But what
caused it?

For some time investigators thought that kuru might be a genetic disease,
because it was unique to the Fore people, and tended to run in families. It
affected mainly women and children, which genetically is a little odd, but
with the help of some creative reasoning, the pattern of transmission could
be explained in terms of the inheritance of a defective gene. There were
certain things that didn’t quite fit the Mendelian model, however. For
example, women who married into an affected family would often develop
kuru, although there was no reason to think they carried the purported
kuru gene. All alternative explanations of the cause of the disease seemed
equally unsatisfactory, however. Dietary deficiencies did not fit the facts,
and it could not be a normal infection, because neighboring groups with
whom the affected villagers traded and interacted did not catch the disease.

Nevertheless, eventually it was shown that kuru is caused by an infec-
tious agent. When Carleton Gajdusek (an American virologist who was to
receive a Nobel Prize in 1976) and his coworkers injected samples of brain
tissue from people who had died of kuru into the brains of chimps, these
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animals developed a comparable disease about a year and a half later. Their
brain tissue was then capable of infecting other chimps, whose tissues
could infect other chimps, and so on. Kuru was clearly transmissible. And
the sad fact is that something not unlike Gajdusek’s experiments had been
happening among the Fore people. Kuru was a result not of their genetic
inheritance, but of their mourning rituals, in which women and children
dismembered, cooked, and ate the body of their dead relatives, including
the brain. Men and older boys were affected far less than women and
children were, because they lived separately from them, and only rarely
took part in the mourning rites. Thankfully, as the Fore people abandoned
cannibalism in the late 1950s, the number of deaths from kuru declined
dramatically, although for several decades it continued to appear in pre-
viously infected people.

The studies of Gajdusek and others showed that the causative agent of
kuru, like diseases such as scrapie and CJD, was an infectious agent, but it
was one with some very unusual properties. It was very resistant to heat,
chemicals, and radiation, and did not cause an inflammatory response. The
incubation periods for the diseases were very long. In fact, many of the
usual properties of viruses and viral infections were missing, including the
presence of infectious nucleic acids. So what was the nature of these very
unconventional “slow viruses,” as they were called?

In the 1980s, Stanley Prusiner, a Nobel Prize winner in 1997, started
advocating the then very unfashionable idea that the infectious agent
causing the degenerative brain diseases was made solely of protein. He sug-
gested that “proteinaceous infectious particles,” or “prions,” are proteins
with an abnormal conformation and, importantly, they are able to convert
the normal form of the protein into their own aberrant form. Figure 4.4
shows the essence of the idea (we’ve left out other molecules that may be

Figure 4.4

Structural inheritance: an aberrant prion protein (the long form) contacts the
normal protein (square form) and induces it to change its conformation into its own
aberrant shape.
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needed for the conformational change). Once prions are present, there is
therefore a chain reaction, with more and more abnormal protein accu-
mulating. The differing chemical and physical properties of the aberrant
form of the protein affect the structure and functioning of brain cells, thus
causing the symptoms of the diseases.

When BSE erupted in England in the mid-1980s, damaging the liveli-
hood of farmers, interest in prions began to grow even more. BSE was soon
linked to the practice of feeding cattle with sheep- and cattle-derived
protein supplements (thereby making cattle cannibals too!). Aberrant pro-
teins in the feed initiated the transformation of proteins in the cattle that
had eaten it, and when the bones and flesh of these animals became cattle
feed, more cattle were infected, and so on. Eventually it was reluctantly
acknowledged that a disease that was occurring in humans, “new variant
CJD,” was also likely to have been caused by eating the flesh of infected
cattle. The public panic that followed this admission caused even more
problems for farmers, because many people gave up eating British beef,
even though the feeding and slaughtering methods were changed. Unfor-
tunately, because prion diseases have a long latent period, the problems
created by BSE remain with us. It is still too early to know the full effect
that eating meat from cattle carrying the BSE agent will have on human
health, or how effective the measures taken to eradicate it will have been.

With hindsight, the agricultural practices and attitudes that generated
the BSE crisis in England are puzzling. When Gajdusek gave his Nobel
lecture in 1976, he summarized what was then known about the spongi-
form encephalopathies, including the way that the causal agent can be
transferred from one species to another. It was not known what it was, but
the infectious agent’s ability to cross the species barrier was well established
long before the BSE crisis. We now know that prions can sometimes infect
other species because they are able to convert the corresponding protein
into an abnormal form, even if it has a slightly different amino acid
sequence.

One good side effect of the BSE crisis was that it gave prion research a
boost and made biologists far more aware of this type of heredity. Very dif-
ferent types of prion have been identified in yeast and in the fungus
Podospora. These prions can be transferred from one cell generation to the
next, and template the formation of similar prions in the daughter cells.
Their discovery has provided an explanation for some cases of non-
Mendelian inheritance in yeast that had puzzled geneticists for a long time.
Moreover, unlike the prions of mammals, which damage the cells con-
taining them, yeast and fungal prions seem to do the cells no harm. In
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fact there is evidence, which we will come to in chapter 7, that some of
them may have adaptive roles.

Prions may even have adaptive roles in multicellular organisms. A
protein with prion-like properties has recently been found to underlie the
ability of the sea slug Aplysia to remember its past experiences. Remark-
ably, cell memory and the organism’s memory seem to be related! The
scientists who discovered this believe that it may be just the beginning,
and that there are probably many more proteins whose functional
importance is related to their prionlike properties.

What can we say about the way information is organized and transmit-
ted in structural inheritance systems? Information is holistic, of course,
because the properties of prions and other self-templating cellular entities
reside in their 3D structure. The information affects cell phenotypes and
is transferred when the parental conformation is reconstructed. In contrast
to the DNA system, there is no specialized replication machinery that is
able to copy any structure, regardless of the way the component units are
organized. The ability of a structure to be reconstructed in daughter cells
is inherent in its organization. Most variations in the conformation or
organization of a prion or other structural unit are probably not self-
perpetuating at all, although work with mammalian prions has shown that
a single protein can produce several prion “strains,” characterized pheno-
typically by different incubation times and differences in the nature and
distribution of the brain lesions. Even so, it is likely that the number of
self-templating organizations that a structural complex can assume is
small, so evolution at the level of the single structure is severely limited.
But, as we argued for self-sustaining loops, if every cell has many inde-
pendent heritable structural complexes, the amount of variation at the cell
level can be enormous, and interesting evolution is therefore possible.

Chromatin-Marking Systems: Chromosomal Memories

The third type of EIS is known as the chromatin-marking system.
Chromatin is the stuff of chromosomes—it is the DNA plus all the RNA,
proteins, and other molecules associated with it. In eukaryotes, small pro-
teins called “histones” are a necessary part of chromosomes. They play a
major structural role in compacting DNA. Slightly less than two turns of
DNA, a length of about 146 nucleotide pairs, is wound around a core of
eight histones (two molecules of each of four types) to form a beadlike
structure known as a nucleosome, from which the tails of the histone mol-
ecules protrude. With the help of another type of histone, which links each
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Figure 4.5

Stages of DNA packaging. The DNA molecule shown in (a) is wound around histone
cores to form the nucleosome fiber shown in (b). The region on the left in (b) rep-
resents active chromatin with a loose structure, whereas in the inactive region on
the right the chromatin fiber is condensed and has differently modified histone tails.
The nucleosome fiber is further folded (c), and before cell division chromatin is
compacted even more; (d) shows its very compact form during the stage in mitosis
when the chromosomes have replicated but daughter chromosomes have not yet
separated.
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nucleosome core to the DNA between them, the string of nucleosomes is
twisted into a chromatin fiber, which is further compacted into an assem-
bly of loops. Figure 4.5 shows the stages of chromatin packaging.

Although its structure is so complicated, chromatin is not something
fixed and unchanging. The same DNA sequences can be packaged differ-
ently in different cell types, and at different times during a cell’s life span.
Not surprisingly, how a region of DNA is packaged, and the nature and
density of the proteins and other molecular entities associated with it,
determine how accessible it is to the factors necessary for the genes in it
to be transcribed. The structure of chromatin therefore affects the like-
lihood that genes will be active. We touched on this earlier when we
mentioned the regulatory molecules that bind to DNA, thereby enabling
or preventing transcription.

The non-DNA features of chromatin that are of interest to us here are
those that are transmitted from generation to generation and enable states
of gene activity or inactivity to be perpetuated in cell lineages. Such alter-
native heritable differences in chromatin have come to be known as “chro-
matin marks.” For more than a quarter of a century now, it has been
realized that finding out how these marks are established, how they func-
tion, and how they are transmitted to daughter cells is one of the keys to
understanding development. There are several different types of chromatin
mark, but the first to be recognized, and the one about which we now
know most, is DNA methylation. It was speculation about the epigenetic
role of DNA methylation by Holliday and Pugh in England and Riggs in
America that launched the modern study of EISs in 1975.

Methylated DNA, which is found in all vertebrates, plants, and many
(although not all) invertebrates, fungi, and bacteria, has a small methyl
group (the chemists write it CH;) attached to some of its bases. The quan-
tity and distribution of methylated bases varies widely between groups, but
in many the methyl group is attached to the base cytosine (C). Cytosines
can therefore exist in either a methylated (C™) or unmethylated (C) state.
Adding this methyl group does not alter the role of cytosine in the genetic
code. If a DNA sequence codes for a protein (and remember that a lot of
DNA does not), the protein that is produced will have exactly the same
amino acid sequence whether or not some or all of the cytosines are methy-
lated. What the methylated bases in and around the gene do is not alter
the protein, but influence the likelihood that it will be transcribed. Usually
(but not always) genes in densely methylated regions are not transcribed,
although exactly how methylation has this effect is not understood. Some-
times it may affect transcription directly, by interfering with the binding
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of regulatory factors to a gene’s control region. Alternatively, it may act
more indirectly, through a set of proteins that bind specifically to methy-
lated DNA and prevent the transcription machinery from getting to work
on it. In whatever way it works, the different patterns of methylation that
characterize different cell types are part of the system that determines
which genes are permanently silent and which can be transcribed.
Methylation patterns do more than influence how easily genes can be
turned on and off. They are also a part of the heredity system that trans-
fers epigenetic information from mother cells to daughter cells, and we
have a fairly good idea of how this works (see figure 4.6). Methylation pat-
terns can be reproduced (at least in vertebrates and plants) because they
hitchhike on the semiconservative replication of DNA. Commonly, methy-
lation occurs in the cytosines of CG doublets or CNG triplets (N can be
any one of the four nucleotides). Because the nucleotides in the DNA mol-
ecule are paired, and C is always paired with G, a CG doublet on one DNA
strand is always paired with GC on the other. When the cytosines are

ce o B .
it — 1 ﬁ@ﬂ

Co © Say
]_ ]TH ﬁ replication methylation
T L Slf} J -ﬁ',{ ce c .f{ﬁ

Il — it
GF Tl"“? [ Gj&;» 55‘&?

E‘i

|
GC (ol &L G ) Ge
'ﬁ v.'_c1, ce t"&?' ‘

cmr_ | J_|—|<\ replication methy at-ié:;n
G CG C (e o
g — ]
"

=

T

[P
Figure 4.6
Replication of two methylation patterns. Solid lines are parental DNA strands;

dashed lines are daughter strands; the icons on some of the Cs represent methyl
groups.
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methylated, the symmetry is the same—C™G is always paired with GC™.
However, when DNA replicates, the newly formed strand is unmethylated,
so a C"G doublet in the old strand is partnered by a nonmethylated GC
doublet in the new strand. This asymmetrical situation doesn’t last long,
because it is recognized by an enzyme, methyltransferase, which promptly
attaches a methyl group to the cytosine of the new strand. Since the
enzyme ignores sequences that are nonmethylated on both strands, the
old pattern of methylation is reconstructed in the daughter DNA mole-
cules. Like other replication processes, this one isn’t perfect and errors are
made, but there seem to be backup systems that maintain the overall
pattern of methylation. Figure 4.6 shows both how a DNA sequence can
have different sites methylated, and how the different patterns of methy-
lation—the marks—are reproduced when DNA is replicated.

During development, methylation marks change, although it is far from
clear how the new marks are generated. It could happen through enzy-
matically adding or removing the methyl groups, or by a change in chro-
matin structure that affects the access of the enzymes that maintain
methylation patterns. Whatever the mechanisms that establish them,
these regulated changes and the subsequent maintenance of methylation
patterns are essential for normal development. The clearest evidence of this
comes from studies of mice whose methyltransferase genes have been
knocked out. They develop abnormally, and die before birth. We also know
that the methylation patterns of tumor cells often differ from those of
normal cells. With some colon cancers, for example, the first obvious sign
of the transformation of a normal cell into a tumor cell is a change in DNA
methylation. We do not know the cause of such transformations, but one
possibility is that chemical agents directly or indirectly alter methylation
patterns, and hence affect the normal activity of the genes that regulate
cell growth and division. Several people have suggested that one of the
causes of our increasing health problems as we get older is the accumula-
tion of accidental changes in methylation marks that make our cells work
less and less efficiently. There is a little experimental evidence that sup-
ports this conjecture, although it is probably only one of many causes of
aging changes.

Methylation is the chromatin-marking EIS about which we know most,
so what can we say about the way in which information is organized and
transmitted through this system? The most obvious thing is probably that
it is very similar to DNA. As with the copying of DNA sequences, copying
methylation patterns depends on the activity of enzymes that will repro-
duce any pattern, irrespective of the information it carries. Another simi-
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larity is in the way information is organized—it is modular. Often (though
not always) it is possible to change the methylation state of one cytosine
without affecting any others. Potentially, therefore, the number of differ-
ent methylation patterns a gene can have is very large, even if the DNA
sequence is unchanged.

Methylation is not the only chromatin-marking system. This is obvious
if we think about invertebrates, which often have little or no methylated
DNA. The fruit fly Drosophila, for example, has so little that until recently
it was thought that it probably had none at all, yet cell phenotypes are
undoubtedly transmitted to daughter cells. There are good experimental
reasons to think that they are able to do so because the protein complexes
that bind to DNA and influence gene activity can also act as heritable chro-
matin marks. Several models for the “copying” and transmission of these
protein marks have been proposed, and we show one of these in figure 4.7.
We have to admit, however, that although it is clear that protein-based
chromatin marks exist, scientists are still a long way from understanding
how they are inherited.

Chromatin structure is so extraordinarily complicated that it is inevitable
that ideas about how it is organized and the way that it transmits infor-
mation are surfacing all the time. Recently a lot of attention has been
focused on modifications of the nucleosomal histones. Some of the amino
acids in the tails of histones can be modified by enzymes that add or
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metrically to the two DNA strands; following replication, the subunits bound to the
parental strands (solid lines) guide the assembly of similar units on the daughter
strands (dashed lines).
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remove small chemical groups such as acetyls or methyls. The presence or
absence of these groups alters the interactions of histones with each other,
with DNA, and with other proteins, so they affect how tightly DNA is pack-
aged and how accessible it is to the transcription machinery. For example,
the addition of acetyl groups usually leads to a looser chromatin structure,
so transcription is more likely, whereas removing acetyl groups and adding
methyl groups usually results in a very condensed chromatin fiber, which
does not allow the DNA to be transcribed.

People are now beginning to work out how the modifications of various
sites in histones occur, and how they have their effects. There is talk of a
“histone code,” because it looks as if combinations of differently modified
histones form marks that affect the binding of specific regulatory factors.
Whether it is a true code remains to be seen, but there is little doubt that
histone modifications are a crucial part of the chromatin-marking system
that determines gene activity. At present little is known about how histone
marks are duplicated, although there are some clues. Nucleosomes are dis-
rupted when DNA replicates, and the histones segregate randomly to
daughter molecules. However, they remain associated with the same region
of DNA, and somehow seed the reconstruction of a chromatin structure
similar to that of the parent molecule. The information associated with
histone marks is therefore inherited by the daughter cells.

By describing methylation marks, protein marks, and histone marks sep-
arately, we have probably made it look as if they are independent aspects
of chromatin structure. They are not, of course. There are, for example,
some close correlations between histone modifications and DNA methyla-
tion, which suggests that they are causally related. We still have a long way
to go before we understand the details of how the various chromatin marks
are established and interpreted, but we do know that they are often highly
specific and localized. They are induced by the signals cells receive during
embryological development or in response to changed environmental con-
ditions. Once induced, the information about cellular activities that is
carried in a chromatin mark can often be transmitted in the cell lineage
long after the inducing stimulus has disappeared. The chromatin-marking
systems are therefore part of a cell’s physiological response system, but they
are also part of its heredity system.

RNA Interference: The Silencing of the Genes

Our fourth type of EIS, RNA interference (RNA], for short), is in some ways
very different from the others. It wasn’t recognized until the late 1990s,
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and we still know little about it, but what we do know is exciting. It
demands a new way of thinking about information transmission among
cells, and opens up fantastic opportunities for manipulating cells, com-
bating disease, and engineering new qualities into organisms.

The discovery of RNAi was to a large extent a result of scientists’ failures,
rather than their successes. What happened was that people who tried to
engineer new or altered functions into plants and animals by using exper-
imental tricks to add DNA or RNA to them were constantly being frus-
trated. The genes they were interested in unexpectedly became silent. For
example, what would you expect if you added an extra copy of the gene
that helps make the purple pigment in petunia flowers? You would surely
expect this extra copy to make the flowers a darker purple, or at worst to
have no effect. Instead, the scientists found the flowers were often white
(colorless) or variegated (white and purple). Both the new gene and the
old genes had somehow been turned off. Equally surprising cases of gene
silencing were found in very different experiments in the nematode worm
Caenorhabditis elegans (usually spoken of as C. elegans) and in some fungi.
For some time these anomalous findings were described and discussed
independently as “cosuppression” (in plants), “quelling” (in fungi), and
“RNA interference” (in nematodes), but eventually it was realized that
they had things in common. They are now collectively spoken of as RNA
interference, and comparable silencing has been found in several other
animals.

RNA interference, which leads to the stable and cell heritable silencing
of specific genes, has very peculiar features, some of which are shown in
figure 4.8. First, it depends on small RNA molecules known as siRNAs
(small interfering RNAs), which originate from much larger mRNA mole-
cules with unusual sequences and structures. Such abnormal RNA mole-
cules, which are probably either double-stranded to begin with or become
double-stranded when they are recognized as abnormal, are detected by an
enzyme, appropriately called “Dicer,” which chops them into small pieces,
twenty-one to twenty-three nucleotides long. These pieces are the siRNAs.
Amazingly, these tiny bits of RNA can cause the destruction of copies of
the abnormal mRNA from which they were derived. They probably do so
by base-pairing with the complementary sequence in the aberrant mRNA,
thereby guiding another enzyme to degrade the molecule. Any normal
mRNAs with complementary sequences are also degraded.

A second odd feature of the RNAIi system is that, at least in some organ-
isms, the siRNAs are amplified, so numerous copies are present. A third
strange property is that siRNAs (or something else derived from or associ-
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RNA-mediated silencing. At the top, a structurally abnormal RNA is produced. This
RNA is recognized and chopped into fragments by the enzyme Dicer. The resulting
fragments, siRNAs (small interfering RNAs), associate with protein complexes with
whose help they destroy copies of the abnormal RNA (right-hand side); they may
also interact with the stretch of DNA that produced the abnormal RNA and inacti-
vate it with a methylation or protein mark (left-hand side). In some organisms,
siRNA also somehow moves to other cells (middle right).

ated with the RNAi system) can migrate in the body, moving from cell to
cell and even reaching different types of cell. For example, the silencing
caused by RNAi can move from the rootstock of a tobacco plant through
the vascular system to a graft 30cm away. A final feature of RNAI is that
in some cases the association of siRNA with the gene from which the orig-
inal mRNA was produced creates a stable methylation or protein-binding
chromatin mark which is transmitted to subsequent cell generations.
Silencing through the RNAi system is then doubly effective, because it not
only destroys the existing abnormal RNA4, it also inactivates the gene that
produced it.
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The RNAi system that was uncovered through attempts to manipulate
new functions into plants and animals obviously didn’t evolve to thwart
genetic engineers, so what is its natural function? Its strange properties
make it seem likely that its role is to defend cells against invading viruses
and the activities of genomic parasites—the transposons or jumping genes,
which can replicate and move around the genome. Both viruses and trans-
posons tend to generate double-stranded RNA. Many viruses do so because
they have RNA as their genetic material, and when they replicate, this
RNA temporarily becomes double-stranded. Transposons generate double-
stranded RNA for a variety of reasons, one of which is that their DNA
sequences are sometimes repeated side by side but in reverse order, so the
RNA transcribed from them can form hairpin structures. Since healthy cells
do not produce double-stranded RNA, such molecules can serve as a trigger
for the RNAI system, which degrades both the double-stranded RNA and
any similar single-stranded sequences. When experimenters introduce
extra copies of genes into genomes, often more than one copy becomes
inserted, and some insert back-to-front, so they, too, are liable to form
double-stranded RNA. This triggers the RNAi system, which silences not
only mRNA from the introduced genes but also that transcribed from the
organism’s own copies of the gene.

The idea that RNAi is a cellular immune system makes sense of a lot of
its odd properties, such as the amplification of siRNAs and the ability of
silencing to spread around the organism. If parasites are about, the more
protection, and the wider the protection, the better! The observation that
plants with mutations making RNAi defective are more virus sensitive is
consistent with an antiparasite role for this system. So is the finding that
defective RNAi genes in C. elegans cause a mobilization of their jumping
genes.

Defects in RNAi genes such as Dicer may do more than upset antipara-
site defenses. They can also have dramatic effects on development, and
this is the clue to their significance for epigenetic inheritance. Recently it
has become clear that another class of small RNAs is cut from double-
stranded precursor RNAs by Dicer. They were first identified in studies of
mutations that upset the timing of events in C. elegans development. The
mutated genes turned out to be rather unusual, because they do not code
for proteins. Rather, their products are untranslatable RNAs that can form
double-stranded hairpin structures. These molecules are recognized and
processed by Dicer and other RNAi components to form RNAs twenty-
one to twenty-three nucleotides long that are very similar to siRNAs,
although single-stranded. These small RNAs then recognize and pair with
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complementary sequences in target mRNAs, and by so doing prevent their
translation. Mutations in their precursor DNA prevent the proper small
RNAs from being formed, so their target mRNAs are not silenced, and
normal development is disrupted.

There are differences in the production and effects of these small devel-
opmental RNAs and siRNAs (e.g., they do not cause their target RNA to be
degraded), but they have a lot in common, and are now being referred to
collectively as microRNAs, or miRNAs. Almost every organism that has
been studied has been found to have many different miRNAs, some of
which are specific to particular tissues. A few are already known to be
involved in development, and the belief is that this class of small RNAs
will be found to play a crucial role in regulating cellular activities and
developmental decisions.

As an EIS, the RNAi system is probably very powerful. Through the
miRNAs, information that silences specific mRNAs can be transmitted not
only to daughter cells but also to more distant cells and tissues. Unfortu-
nately, at present we know so little about the system that we can only guess
at how this information and its transmission are affected by environmen-
tal and developmental changes. What determines if there is amplification
and how much there is in the system? Can the formation of double-
stranded structures be influenced by internal or external conditions? Why
do some miRNAs silence their targets by destroying them, while others just
prevent their translation? How many different mRNAs can a single type of
miRNA silence?

We probably shall not have to wait long to get answers to most of these
questions, because the discovery of RNAi has provided scientists with an
incredibly powerful tool and there are many incentives to understand it
fully. Through RNAi it is possible to selectively inactivate virtually any
gene, simply by introducing an appropriate synthetic siRNA into the cell.
The potential benefits from applying this technique are staggering. It is
already being used to find out what the many genes that have been dis-
covered through genome sequencing actually do. By making siRNA that is
homologous to a part of a gene and engineering it into a cell, that gene
can be silenced, and from the effects of this silencing its function can often
be deduced. Commercially, RNAi is now being used to silence unwanted
genes, such as those that speed the deterioration of ripe tomatoes or cut
flowers. Perhaps the most exciting prospect is the use of the RNAi in
medicine, where it may well produce the greatest revolution in treatment
since the introduction of antibiotics. Preliminary work has already shown
that when applied to human cells in culture, siRNAs designed to match
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sequences in the poliovirus genome inhibit the virus’s replication by
degrading its RNA. Similar promising results have been obtained with
siRNA targeted at the genome of the AIDS virus, HIV. There is still a long
way to go, and snags have already been encountered, but the prospects for
using RNAi to produce new treatments look good.

RNAI is the last of our four EISs, and we now want to move on to some
of the wider implications of epigenetic inheritance. Before doing so,
however, we need to stress that although we described the four categories
of EISs as if they were independent of each other, in reality they are not.
The siRNAs of the RNAi system, for example, can prevent further tran-
scription by mediating the formation of chromatin marks on the DNA
sequence from which their precursors were transcribed. There is therefore
overlap between the chromatin-marking and RNAI systems. Other systems
are probably also linked: a protein that maintains a self-sustaining loop
could be part of a chromatin mark or even a prion. Exactly how the dif-
ferent components of the cellular memory systems are interrelated is likely
to be extremely complex, but we can be fairly confident that the trans-
mission of cell phenotypes depends on a mixture of heritable structural
elements, biochemical loops, replicated RNA molecules, and chromatin
marks. All are potentially variable. This means that an awful lot of herita-
ble variation is possible through EISs alone.

Transmitting Epigenetic Variations to Offspring: Monstrous Flowers and
Yellow Mice

No one doubts that EISs have been important in evolution. They were obvi-
ously prerequisites of the evolution of complex organisms, where devel-
opmental decisions have to be transmitted to daughter cells, and where
the long-term maintenance of tissue functions depends on cell phenotypes
being stable and transmissible. What is far more controversial is the idea
that epigenetic variations can be transmitted not only in cell lineages but
also between generations of organisms, and that these variations play a sig-
nificant role in adaptive evolution. This idea was the basis of the thought
experiment with which we began this chapter. Although genetically iden-
tical, Jaynus creatures could evolve because they passed on some of their
epigenetic variations, and through natural selection the accumulation of
these variations led to adaptive changes. The question we now have to
ask is whether the same kind of thing happens with creatures here on
Earth. Do plants and animals transmit epigenetic information to their
offspring?
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Think first about epigenetic inheritance in unicellular organisms. We
have already said that both yeast and Paramecium can transmit structural
variants, and since all cells have self-sustaining loops, this mode of infor-
mation transmission must also be present in unicellular organisms. Chro-
matin-marking systems are certainly present, and RNAi has been found in
protozoa. So all four types of EISs are present in single-cell eukaryotes. Even
bacteria have epigenetic inheritance. Some transmit methylation marks,
and the French microbiologist Luisa Hirschbein and her colleagues found
epigenetic inheritance in Bacillus. When this bacterium is made to have
two chromosomes instead of one, the genes on the extra chromosome
become inactive, presumably through proteins binding to their DNA.
Daughter cells inherit and transmit this chromosome’s inactive state for
many generations. These are preliminary findings, but some microbiolo-
gists believe that they are only the tip of a very large iceberg. What we
know already shows that bacteria and other unicellular organisms certainly
transmit epigenetic information, so interesting evolution must occur along
the epigenetic axis in these groups.

There are no theoretical problems in accepting that the evolution of uni-
cellular organisms can occur through natural selection of epigenetic vari-
ants, although it is remarkable how little notice is taken of this possibility,
which has implications for understanding and treating diseases. With mul-
ticellular organisms, the situation is different. If reproduction is by asexual
fragmentation or budding, then again there are no theoretical problems,
and it is easy to see how inherited epigenetic variants can be material for
natural selection. Take a plant that propagates itself vegetatively through
shoots that have the power of taking root. Shoots may acquire different
epigenetic modifications in response to differing conditions when they
were formed, or even because conditions are not the same in all parts of
the plant. When these shoots take root and become independent plants,
they may compete with each other, and their epigenetic heritages will
influence their chances of surviving. Through classical Darwinian selection
over many generations of asexual reproduction, epigenetic variants could
become more stable and cause long-lasting changes. So, for the many
plants and animals that can reproduce by some type of fragmentation, vari-
ations transmitted by EISs could play an important role in their evolution.

It is when we think about the transmission of epigenetic variants
through sexual generations that theoretical difficulties arise. The main
problem is that the fertilized egg has to be in a state that allows descen-
dant cells to differentiate into all the various cell types. It must therefore
start from a kind of neutral or unbiased epigenetic state, and for many
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years it was taken for granted that all memories of the “epigenetic past”
had to be completely erased before cells became germ cells. This assump-
tion ruled out any possibility that induced epigenetic variations could be
inherited. The discovery in the 1980s that the epigenetic slate is not wiped
clean—that some epigenetic information does pass from one generation to
the next—was therefore totally unexpected. Yet it really should not have
come as such a surprise, because there were some very telling hints around
that should have alerted geneticists to the possibility.

For over three thousand years people had known that when a female
horse is crossed with a male donkey, the offspring is a mule, whereas a
cross between a female donkey and a male horse produces a very differ-
ent-looking beast, a hinny, with a thicker mane and shorter ears. Both
mules and hinnies are sterile. They are genetically identical, yet pheno-
typically different. For a long time people tended to assume that the dif-
ferences between mules and hinnies were due to “maternal effects”—the
result, perhaps, of differences in the wombs of horses and donkeys. But
there were many other indications that the maternal and paternal chro-
mosomal contributions to the next generation are not always the same. In
the 1960s, Helen Crouse studied chromosomal behaviour in the fly Sciara.
This is one of the insects that modifies its genome during development—
it eliminates chromosomes from both somatic and germ-line cells. What
Crouse found was that the eliminated chromosomes were always those
from the father. In fact males transmit to their offspring only those genes
that they inherited from their mother. This is a totally bizarre system, and
we still have little idea what it is all about, but Crouse highlighted some-
thing important. For this elimination to happen, maternal and paternal
chromosomes must be tagged in a way that makes them recognizably dif-
ferent to the developing fly—they must therefore be “imprinted” by the
parents.

Parental genomic imprinting was subsequently recognized in many
other groups, most notably mammals, and became the object of molecu-
lar studies in the 1980s. The main impetus for this was a practical problem
that geneticists encountered when they engineered foreign genes into
mammalian genomes. They found that crosses involving the introduced
genes (known as transgenes) often didn’t obey Mendel’s laws properly. Just
like crosses between horses and donkeys, it mattered which way around
the cross was made. Some transgenes were expressed only when they were
inherited from the father, and were silent when inherited from the mother.
With other transgenes the pattern was reversed, so they were active only
if they were inherited from the mother. Comparable parent-of-origin
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differences in gene expression were found for ordinary genes, and today
more than seventy differentially imprinted normal genes have been iden-
tified in mice. Often the different activities of maternally and paternally
transmitted genes are associated with differences in their methylation
marks. It seems that during egg production, chromosomes acquire a
“maternal” set of chromatin marks, whereas the same chromosomes
acquire a different, “paternal” set during sperm production. Both types of
parental mark are necessary for normal embryonic development, but
exactly how they are established and how they affect development are still
being worked out. It is important to find out, because several human
diseases are associated with faulty imprinting.

Imprints are intrinsically transient. When a chromosome passes from
one sex to the other, the marks that it originally carried are erased, and
new sex-specific marks are established. Such constantly changing epige-
netic marks are not likely to be raw material for adaptive evolution. So
although imprinting proves that epigenetic modifications can be trans-
mitted to the next generation, evidence of something more stable and
enduring is needed to support the claim that epigenetic variations can be
the basis of evolutionary change. Such evidence exists. The discovery that
epigenetic marks can persist for many generations was another outcome
of the problems encountered when biologists tried to engineer foreign
genes into plants, hoping to endow them with new and useful qualities.
Often they successfully inserted the transgene into the host’s genome
(usually in many copies), and much to everyone’s satisfaction it was
expressed. But then, after one or two generations, the desirable gene
product was formed no more. At first it was thought that the foreign DNA
must have been lost from the host’s genome, but in many cases it was
found that the transgene was still present, but it had been permanently
inactivated by heavy methylation. The transgene’s methylation mark and
its associated inactivity were inherited for many generations.

A few years later it was discovered that it is not only marks that silence
experimentally introduced transgenes that can be transmitted to future
generations. Modified patterns of methylation and associated changes in
the activity of ordinary genes can also be inherited. We want to describe
just two examples of this, one botanical and the other zoological. The two
we have chosen are particularly interesting, because they both show how
easy it is to mistake heritable epigenetic differences for genetic differences.

The first example involves a morphological variant of toadflax. Just over
two hundred fifty years ago, Carl Linnaeus, the famous botanist who laid
the foundations of our present system for naming and classifying plants,
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described a newly generated species. This was no small thing for Linnaeus
to do, since for the greater part of his very long and fertile scientific life
he believed that all species had been formed by God during the Creation,
and had remained the same ever since. To accept the idea that a new
species had been generated recently and naturally was difficult for him.
But since Linnaeus based his system of classification on the reproductive
parts of plants, he had to classify the newly discovered variant as a new
species because its floral structure was clearly very different from that of
the normal toadflax, Linaria vulgaris. The five petals of the normal form
are organized in such a way that the upper and lower parts of the flower
are distinctly different, whereas the new variant, Peloria (the name came
from the Greek for “monster”), was radially symmetrical, with five spurs
instead of the single spur of the normal form. Figure 4.9 shows the differ-
ence. For Linnaeus the peloric variant was so extraordinary that he said (in
Latin, of course), “This is certainly no less remarkable than if a cow were
to give birth to a calf with a wolf’s head.” He thought the plant might be
a stable hybrid, produced through L. vulgaris being pollinated by some
other species. But as a religious man, Linnaeus was always uncomfortable
about his new peloric species.

Peloric variants are found in other species, including the snapdragon
Antirrhinum, and they have fascinated many of the great figures in biology,
including Goethe, Darwin, and de Vries. Darwin made crosses between the
peloric and normal varieties of snapdragon and, although he didn’t realize
it, his numerical results showed quite good Mendelian ratios, with the
peloric form being recessive to the normal. If only he had met up with his

Figure 4.9

The peloric (left) and normal (right) forms of Linaria vulgaris.



142 | Chapter 4

contemporary Gregor Mendel he would have known how to interpret his
results, and maybe the history of evolutionary biology would have been
quite different! Hugo de Vries, who was one of the rediscoverers of
Mendel’s laws in 1900, also studied peloric variants. He believed that the
peloric form of Linaria was a mutation, and found a rate of change from
normal to peloric of about 1 percent. Today we would regard this as a very
high mutation rate.

During the last two decades, when a lot of genetic research has been
focused on developmental processes, botanists have been studying the
molecular basis of mutations that alter flower shape, including the famous
peloric variant of Linaria. What Enrico Coen and his colleagues at the John
Innes Institute in England found when they compared the normal and
peloric forms was very surprising. There was certainly a difference between
them, but it was not a difference in DNA sequence. The morphological
change was due not to a mutation, but to an epimutation: the pattern of
methylation of a particular gene in the normal and peloric plants differed.
So this variant, which has played such a significant role in the history of
botany, turned out to be neither a new species (as Linnaeus thought), nor
a mutation (as de Vries and others thought), but a fairly stable epimuta-
tion. There is a certain irony in that! It is not clear what caused the methy-
lation change in the first place, but once formed it seems to have been
transmitted, more or less steadily (although there is residual instability),
for many generations. Over two hundred years after Linnaeus’s specimen
was collected, the peloric form of Linaria was still growing in the same
region.

Our second example of an inherited epigenetic variant is one that was
found in the laboratory mouse. It involves coat color, which has been a
favorite trait for genetic analysis ever since the very early days of
Mendelian genetics. The usual “mousy” brownish color of the fur is known
as “agouti,” but there are many genes and alleles that alter this color. The
Australian geneticist Emma Whitelaw and her colleagues worked with a
mutant mouse strain in which there was a small extra bit of DNA (origi-
nating from a transposon) in the regulatory region of a coat color gene.
The presence of the extra bit of DNA interferes with the normal formation
of pigment, but the extent of the interference is not the same in all mice:
in some the coat is yellow, in others it is mottled with blotches of agouti,
and in yet others it is completely agouti-colored, so they are described as
“pseudoagouti.”

There is nothing very exciting about this, since we know that environ-
mental and developmental factors can affect the expression of a gene and
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lead to variant phenotypes. However, what was surprising and caused a
flurry of excitement is the way in which the phenotypic variations are
inherited. Yellow mothers tend to have yellow offspring, mottled ones
mottled offspring, and pseudoagouti ones tend to have more pseudoagouti
offspring than the other two types of mother (see figure 4.10). Since there
are no differences in their DNA sequences, something else must be respon-
sible for the inheritance of the variation. In Whitelaw’s experiments it was
not possible to lay the blame for variation on the usual scapegoat—differ-
ent unidentified modifier genes—because the mice were genetically iden-
tical. Another favorite excuse for unexplainable inherited variation,
“maternal effects,” was ruled out by transferring embryos between
mothers; the investigators showed that the uterine environment did not
influence coat color. It turned out that the variation was correlated with
the methylation pattern on the extra bit of DNA from the transposon, and
this pattern was passed on to the next generation through the egg. In other
words, the inherited differences in coat color occurred because the epige-
netic slate was not wiped clean before each new generation.

There are several other interesting aspects of this work with yellow mice.
The first is that the heritable phenotype is affected by environmental

Figure 4.10
Inheritance of variable yellow coat color in mice; the proportions of the different
types of offspring from each type of mother are shown.
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conditions, in this case the mother’s diet. Pregnant females fed with
methyl-supplemented food have proportionally fewer yellow offspring and
more pseudoagouti ones. The second is that the mutation affects more
than fur color: yellow mice are obese, diabetic, more susceptible to cancer,
and shorter-lived than their nonyellow littermates. The third is that there
are many transposon sequences in mammalian genomes—at least 40
percent of the genome is derived from them. Most are silenced by methy-
lation, but many probably retain the ability to influence the activity of
neighboring genes. Taken together, these findings suggest that there may
be a large number of genes whose phenotypic effects are influenced by epi-
genetic marks, and the nature of these marks may sometimes depend on
environmental conditions. In the absence of detailed molecular studies,
most epigenetic differences would be identified as genetic differences, so
at present we simply do not know how much heritable variation is caused
by stable epigenetic marks.

There is another big unknown in transgenerational epigenetic inheri-
tance—the significance of RNAi. Through RNAi, gene-specific silencing
signals can pass from parent to offspring, as well as from cell to cell. For
example, if double-stranded RNA with a sequence that matches part of a
specific C. elegans gene is injected into this nematode’s gut, that gene is
silenced throughout the worm because its mRNA is destroyed by the RNAi
system. Silencing can also be transmitted through several generations of
offspring. There is therefore some kind of RNA-mediated transfer of infor-
mation through the germ line. How much information is transmitted in
this way we do not know. However, if small RNAs capable of affecting
development are as common as recent work suggests they may be, it could
be quite a lot.

We now want to try to bring things together and to a conclusion by
looking at what all this evidence that epigenetic variations can be trans-
mitted to the next generation means for evolutionary theory. In a nutshell,
it means exactly what the thought experiment about Jaynus creatures was
suggesting: it means that because it provides an additional source of vari-
ation, evolution can occur through the epigenetic dimension of heredity
even if nothing is happening in the genetic dimension. But it means more
than this. Epigenetic variations are generated at a higher rate than genetic
ones, especially in changed environmental conditions, and several epige-
netic variations may occur at the same time. Furthermore, they may not
be blind to function, because changes in epigenetic marks probably occur
preferentially on genes that are induced to be active by new conditions.
This does not mean that all induced changes are adaptive, but it does



The Epigenetic Inheritance Systems | 145

increase the chances that a variation will be beneficial. The combination
of these two properties—a high rate of generation and a good chance of
being appropriate—means that adaptation through the selection of epige-
netic variants may be quite rapid compared with adaptation through
genetic change.

Heritable epigenetic differences may also play an important part in what
Darwin called “the mystery of mysteries”—the origin of species. Speciation
is a topic evolutionary biologists argue about a lot, but most will agree that
usually new species are initiated when populations become isolated from
each other by a geographic or ecological barrier. While separate, the pop-
ulations change, and the changes that occur prevent them interbreeding
successfully if they meet up again. It is usually assumed that the changes
are genetic, but we believe that they may often be epigenetic. During
periods of isolation, two populations will commonly experience different
conditions, perhaps because one is colonizing a new island, or is using a
new food source, or experiencing a different climate. If so, new epigenetic
marks might be induced in both somatic and germ-line cells. These may
do more than affect how well the organisms function in their new envi-
ronment; they might also affect their ability to interbreed with other
populations. Studies of imprinting have shown that the marks on
chromosomes from the two parents have to be complementary if devel-
opment is to proceed normally. So, if two previously isolated populations
have acquired different epigenetic variations, incompatibility between the
marks transmitted by sperm and egg may prevent a hybrid embryo from
developing normally. Even if a viable hybrid is produced, modified chro-
matin marks may mean that gamete formation is upset, and the hybrid is
sterile. In this way the formation of the initial reproductive barrier that is
the crucial part of speciation can be an outcome of epigenetic, rather than
genetic, changes.

To end this chapter we want to mention just one other type of inher-
ited variation. So far, we have been dealing with the transfer of informa-
tion through cellular inheritance systems. But information transfer also
occurs at higher levels of organization. There is a good example of this in
Mongolian gerbils, where the mother’s uterine environment may have
strong heritable effects on her female offspring’s development. A female
embryo that develops in a uterus in which most embryos are male is
inevitably exposed to a high level of the male hormone testosterone. This
high level of the hormone is information for the embryo, and it affects her
subsequent development. As she grows up, she develops some special char-
acteristics, such as late sexual maturity and aggressive territorial behavior,
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and, most remarkably, when she reproduces, her litter has more males than
females. Since most of her embryos are male, her female offspring develop,
just as she did, in a testosterone-rich uterus, so they grow up to have the
same behavioral and physiological traits as their mother. They, too, will
produce male-biased litters, and so the cycle continues. In this way the
developmental legacy of the mother is transferred to her daughters—there
is nongenetic inheritance of the mother’s phenotype. Consequently, two
female lineages that are genetically identical can be very different behav-
iorally and have different sex ratios, simply because they transmit differ-
ent nongenetic information.

Dialogue

I.LM.: I need to wrap a wet towel around my head! You have described
such a mishmash of transmission systems that it is far from clear to me
that calling them all “epigenetic” is of any value at all! It seems to me that
their roles are very different. But before we tackle that problem, I have a
general question about the relation between the two dimensions of inher-
itance. In your music metaphor you suggested two possibilities. One was
that the score (the genetic system) can affect the performance (the epige-
netic system), but not vice versa. The alternative was that there could be
two-way interactions, with performances leading to changes in the score
as well as changes in the score affecting performances. In this case the
inheritance systems would affect each other. But there is also a third pos-
sibility—the written score might disappear and be totally replaced by the
recording system. One system of heredity might eliminate the other. Does
this happen?

M.E.: In existing organisms, which all have a nucleic acid-based inheri-
tance system, it is inconceivable that the DNA inheritance system will be
eliminated by another one that operates at a higher level. But theoretically
it is possible that one heredity system can replace another. It may well have
happened at an early stage in the evolution of life, during the murky period
between chemical and biological evolution. Many theorists suggest that
heredity during these early stages was not based on nucleic acids, and that
the nucleic acid systems came later and replaced the primitive heredity
systems. Maybe such a replacement will also occur in the distant future—
if we create intelligent, reproducing, and evolving robots, they may even-
tually eliminate us. This would be equivalent to the elimination of one
heredity system by another.
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I.M.: That makes sense. Now I want to go back to your definitions. Why
are you lumping all these EISs together? They clearly have different
properties.

M.E.: All the EISs transfer information from cell to cell, and that’s their
common denominator. You can carve up biological heredity differently,
and classify inheritance systems according to the type of mechanism
involved, rather than the level at which they operate. We do this anyway,
by distinguishing between the different types of EIS. But yes, we are
lumping together things that are very different. The structural inheritance
category is probably too broad, because the propagation of prions, the self-
perpetuation of membranes, and the inheritance of ciliary patterns may
have nothing much in common other than that they all involve some kind
of 3D templating. But at present we just don’t know enough about what
is going on. Nevertheless, putting all the different systems into one cate-
gory—that of cellular heredity—is useful. It alerts us to the limitations of
the system and a very basic constraint, which is that the cell is the focus
of this type of heredity. The last system we described, the transfer of devel-
opmental legacies at the whole-organism level, really is distinct, and we
agree that it should be given a category all of its own.

I.LM.: There is another problem of definitions or concepts: you call all
these cellular systems “inheritance systems” and talk about their evolu-
tionary potential. But what strikes me as important is their role in devel-
opment, in ontogeny. Why didn’t you focus on their developmental role?
M.E.: Because what is so important about these systems is that they are
both heredity systems and regulatory systems. There are many types of reg-
ulatory loops, but only a subset of them has a structure that allows func-
tional states to be transmitted from cell to cell; there are many proteins
and cell structures that can vary, but only a small subset, which includes
prions, has properties that allow the transmission of variants. There are
many different types of chromatin structures, but only some of them lead
to the reproduction of marks in daughter cells. And we simply don’t know
the extent of cell-to-cell transmission of silencing through RNAI.

I.LM.: I realize that you are focusing on regulatory systems that have
special hereditary properties, but why do you treat them as being of evo-
lutionary rather than developmental significance?

M.E.: They are both at the same time, and that is what makes them so
fascinating. We are interested in the significance of EISs in evolution pre-
cisely because their evolutionary effects cannot be separated from their
physiological and developmental role. One cannot make a neat distinction
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between the physiological/developmental and evolutionary aspects of her-
itable epigenetic variation. It may be that things get confusing because
these days the word “evolution” evokes ideas of change through purely
selective processes and blind variation. Instructive processes and directed
variation are associated only with development. For some time we have
felt that a new term, which would describe processes that are concurrently
evolutionary and developmental, selective and instructive, is necessary. We
thought of “evelopment,” but have not used it much.

I.M.: It’s not a very beautiful word, but it may do! You certainly need to
conceptualize this mixture. I am now coming to one of the main problems
I had with this epigenetic dimension of yours. I can understand how
epigenetic variations are transmitted from generation to generation in
unicellular organisms, and how this can affect evolution. They are not too
different from the interpretive mutations in bacteria and plants that you
described in the last chapter. But I still fail to understand how evolution
on the epigenetic axis will work in multicellular organisms, even asexually
reproducing ones. What happens if an epigenetically variant cell arises? It
must have an advantage at both the tissue level and the organism level if
it is to survive and replace other variants. Aren’t you asking too much?
M.E.: No. It is true that replacing other variants at the tissue level is not
enough. Cancer cells survive and multiply, and spread throughout tissues,
but they often destroy the organism. If an epigenetic variant is to spread
through a population of organisms, it must be beneficial (or at least
neutral) at the organism level. Even if it is not beneficial at the tissue level,
it will spread if it benefits the organism as a whole. If the variant has an
advantage at both the cell lineage and whole-organism levels, evolution
will be particularly rapid.

I.LM.: Are there any examples of natural selection of epigenetic variants at
the lineage or tissue level and at the whole-organism level?

M.E.: At the lineage level, yes, there are. We have already mentioned
the cancers that seem to be initiated by heritable epigenetic events—by
changes in methylation patterns among other things. As for natural selec-
tion at both the lineage and the whole-organism level—no, there are no
examples that we are aware of, but the experimental work has not been
done. There may be something of this sort in plants. It is possible that the
Linaria case belongs to this category: the epigenetic variant was selected
first at the lineage level, and then was not selected against (or was even
positively selected) at the whole-plant level.

I.M.: Not so fast! There is another problem—many plants reproduce sex-
ually, through pollen and eggs. I do not quite understand how a success-
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ful somatic variant can be transferred to the gametes. And even if it was,
it would do no good. A wonderful epigenetic variant of an animal’s skin
cell or of a plant leaf cell cannot develop into a whole organism, which
has other types of cells too! The most that could happen is the develop-
ment of more skin tissue or leaf tissue, not a whole organism.

M.E.: You have really raised two different questions, so we will answer
each in turn. The first question is whether epigenetic variations can be
transferred from somatic cells to germ cells. You are right—in sexually
reproducing organisms, for an epigenetic variant to be transferred to the
next generation, it must be present in the gametes. There are three ways
in which the germ cells can acquire a variation. First, a new variation may
originate in the germ line. We expect to find this type of variation in all
groups of organisms. Second, if somatic cells that harbor the new varia-
tion can develop into germ cells, an originally somatic variant can become
a germ-line variation. This can occur in organisms that have no separation
(or late separation) between germ line and soma, where somatic cell line-
ages can give rise to germ cells. For example, in the African violet, a leaf
can develop into a whole plant with full reproductive organs, so an epi-
genetic variation in leaf cells could be transmitted to the next generation.
Third, if there is some process of information exchange between somatic
cells and the germ line, a germ cell can acquire a variation that initially
occurred in somatic cells. This is what sometimes seems to happen through
RNAi mechanisms.

Now to your second point: you asked how a particular variant cell type
could be the basis for development when, before a whole organism with
its many diverse cell types can develop, all information about specific cell
types has to be erased. Of course, you are right—an epigenetically altered
cell must be able to give rise to functional gametes with full developmen-
tal potential. A fertilized egg that could become only a variant skin cell
wouldn’t have much future. But a fertilized egg that has chromosomes with
marks that can lead to the development of a new variety of skin cells is
something different. Obviously such marks must not interfere with other
aspects of development. If you think about the peloric variant of Linaria,
the marks associated with the gene that affected flower structure did not,
as far as we know, affect other aspects of development.

I.LM.: It seems to me that the type of epigenetic variations it is possible to
transmit is rather limited.

M.E.: No more limited than for any other variation, including genetic
variations! All have to pass through the sieve of selection. A genetic muta-
tion that causes a fertilized egg to differentiate into a skin cell is a dead
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end, and will be eliminated. In a multicellular organism there are a lot of
constraints on all types of variation—any variant has first to pass through
the bottleneck of development to produce a viable organism.

ILM.: So how is cloning possible? As I understand it, what you do is take
a somatic cell, maybe a skin cell, and fuse it with a fertilized egg whose
nucleus has been removed. The somatic nucleus then undergoes some mys-
terious changes, and functions like a normal egg nucleus enabling the
development of an embryo and eventually a young animal. How can it do
all this if it has all the epigenetic marks of a somatic cell? Why doesn’t it
just develop into a blob of skin or whatever tissue it was that provided the
nucleus? How are all the marks erased? And how are the specific parental
imprints that you said were necessary for development re-established?
Everything you have told me suggests that cloning should be impossible!
M.E.: Cloning really is a remarkable feat. Obviously, the memories of
where the nucleus came from have to be erased in the egg. No one yet
knows how this happens. As for parent-specific imprints, don’t forget that
the somatic nucleus that is implanted into the enucleated egg has chro-
mosomes from a male and a female parent, so it is possible that some
imprints are preserved and can be reinstalled. But we would expect to find
a lot of mistakes in this process, because the somatic cell cannot go through
all the many epigenetic changes that sperm and egg undergo during their
developmental history. Unlike gametes, a cell used for cloning is not epi-
genetically prepared for its new and dramatic role as the foundation for
the development of a whole new organism. It’s therefore not surprising
that people have found a lot of abnormalities in cloned animals. Most
embryos never even implant in the uterus, and those that do usually die
before birth. Many of those that are born have problems. Even famous
Dolly, who survived for six years and had several offspring, was the single
success out of 277 attempts to clone the mother sheep. She developed pre-
mature arthritis, which may have been the result of problems with her epi-
genetic resetting. Epigenetic inheritance is certainly a big obstacle to fast
and easy cloning.

I.M.: That cloning is possible at all seems like a miracle to me! But let’s
go back to the effects of these marks in evolution. If marks can be erased
during the development of gametes and during cloning, how reliable is
their transmission? Are they transmitted as faithfully as genes? From what
you said it seems that many epigenetic variations are likely to be erased in
at least some of the reproductive cells as they are reset in preparation for
the next round of development. If so, the transmissibility of an epigenetic
mark will be less than that of an allele of a gene. Is this so?
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M.E.: There are few data on how faithfully epigenetic variants are trans-
mitted. But yes, in some cases, transmissibility of an epigenetic variant is
less than for a genetic variant, which in sexual organisms is inherited by
half the parent’s offspring. Occasionally an epigenetic variant may be
transmitted to more than 50 percent of the offspring, because an epige-
netic mark on one chromosome can sometimes convert the allele on the
other chromosome to its own image. How common this is we don’t know,
so we don’t want to make too much of it.

I.M.:  When transmissibility is less than 50 percent, doesn’t it mean that
the frequency of the epigenetic variant must decrease in every generation?
Surely only quite strong selection would maintain it in a population. If the
epigenetic variant gives only a small benefit, it will disappear!

M.E.: It might, but not if the environment continues to induce the
variant. This would compensate for its low transmissibility. And since epi-
genetic variants are more likely than genetic variants to have phenotypic
effects, selection for or against a variant can be quite strong. Low trans-
missibility therefore may not be such a problem. But we really know very
little about the fidelity with which epigenetic variants are transmitted, or
even whether the transmissibility remains constant. It may fluctuate, being
different in different environments, and we would expect it to be altered
by selection. It could be made more reliable through, for example, natural
selection for less erasable chromatin marks.

I.LM.: But you would still lose some adaptive variations that make only
small selective differences. Maybe that is why your Jaynus creatures did
not progress beyond the complexity of a jellyfish! I have another problem
with transmissibility. I can see how variants might be transmitted through
the chromatin-marking EIS, but I cannot imagine how in a multicellular
organism a self-sustaining loop or structural element can be inherited and
be the basis of evolutionary change.

M.E.: You have to assume that what is transmitted are components of an
activity or a state that biases the reconstruction of the same activity or state
in the next generation. For a prion disease, it could be a prion that is trans-
mitted in the egg that starts the templating process off again in the next
generation. The membrane systems of eggs are of course self-perpetuating,
and we simply do not know whether and what type of minor variations
in them can be inherited; large changes would almost certainly lead to cell
death. For a self-sustaining loop the egg might contain molecules of a
binding protein that can initiate and maintain the activities of the gene
that produced it. We think that part of the problem in envisaging this type
of inheritance is that we usually think of transmission in terms of copying,
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rather than in terms of reconstruction. But we agree with you that the
transmission of epigenetic variants from one generation of multicellular
organisms to the next is much more likely with chromatin-marking
systems or RNAI. Since marks may have no phenotypic effect in most cells,
they can be passed on through the germ line without jeopardizing gamete
function and early development. Similarly, miRNAs will affect only those
tissues in which their target mRNA is expressed.

I.LM.: The RNAIi system is unusual, isn’t it, because it’s a way in which
information can be transferred from the soma to the germ line. Are there
any other routes of communication between soma and germ line?

M.E.: Yes, theoretically at least. Ted Steele’s somatic selection hypothesis,
which he began developing in the late 1970s, suggests a route. Steele is an
Australian immunologist and he based his ideas on some of the things seen
in the development of the immune system. You will recall from chapter 2
that during the maturation of the cells that produce antibodies, new DNA
sequences are generated through the cutting, moving, joining, and muta-
tion of the original sequence. The result is that an enormous number of
cell types, with DNA coding for different antibodies, is produced. Some
survive and multiply; others do not. What Steele suggested was that where
you have a situation like this, in which diversity among somatic cells is
followed by selection, copies of the mRNA in the selectively favored (and
therefore common) cells may be picked up by viruses and carried to the
germ line. There, through reverse transcription, the mRNA information
can be copied back into DNA.

I.LM.: Isn’t that contrary to the central dogma?

M.E.: No. The critical part of Crick’s central dogma was always between
nucleic acids and proteins: the amino acid sequence in a protein cannot
be reverse-translated into DNA or RNA. There was never any problem with
the idea that RNA could be backtranslated into DNA. It’s not difficult to
imagine how it could happen through complementary base-pairing. And
by the time Steele suggested his hypothesis, reverse transcription had been
discovered. So Steele’s hypothesis is plausible, and indeed there is some
experimental evidence supporting it. It's one of the ways in which somatic
events could change the germ line. In addition, in mammals, information
about somatic changes can bypass the germ line completely, yet still reach
the next generation. For example, acquired immunity to pathogens may
be transmitted from mother to offspring through the placenta and through
the milk. So you see, there are several different ways in which information
from the soma might reach the next generation.
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I.M.: There are certainly more things in heaven and earth than are dreamt
of in my philosophy! But I'm still worried about the central dogma. Is the
transfer of information from protein to protein, as happens with prions,
compatible with it?

M.E.: You are right to be worried. Crick said in 1970 that there are three
types of information transfer that are unknown and the central dogma
postulates never occur: protein to protein, protein to DNA, and protein to
RNA. At that time, scrapie, which we now know to be a prion disease, was
beginning to interest and puzzle biologists, and Crick recognized that it
might be a problem for the central dogma. Interestingly, in the last sen-
tence of his article he wrote, “the discovery of just one type of present day
cell which could carry out any of the three unknown transfers would shake
the whole intellectual basis of molecular biology, and it is for this reason
that the central dogma is as important today as when it was first proposed.”
It seems that, according to Crick himself, the central dogma should now
either be abandoned or modified.

I.LM.: Biologists certainly shouldn’t be so dogmatic about the significance
of the central dogma! But let me return to the evolutionary importance of
epigenetic inheritance. I understand that the transfer of epigenetic infor-
mation from one generation to the next has been found, and that in theory
it can lead to evolutionary change. But has anyone ever found any heri-
table epigenetic variation that is adaptive—that gives a selective advantage
to those inheriting it? You mentioned prions, cancer, transposons, strange
peloric flowers, and so on, but none of these seems very adaptive to me.
Is there any evidence for adaptive epigenetic variants?

M.E.: No, there is no direct evidence.

I.M.: Ahal

M.E.: Don’t rejoice too soon. When people started to study genetic vari-
ation at the beginning of the twentieth century, they too studied abnor-
mal phenotypes—things like white eyes, wrinkled wings, and so on in fruit
flies; frizzled feathers in chickens; and all the strange mouse and guinea
pig mutants. And a lot of biologists doubted that these mutations could
have any evolutionary significance. They thought that all Mendelian
mutants were pathological. It was some time before potentially advanta-
geous mutations were found and it was possible to demonstrate their
selective advantage in some conditions. But your question is a little odd.
If you accept that heritable epigenetic variation is possible, self-evidently
some of the variants will have an advantage relative to other variants.
Even if all epigenetic variations were blind, this would happen, and it’s
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very much more likely if we accept that a lot of them are induced and
directed.

I.M.: Theoretically, yes, but I just wonder about reality. However, I want
to go back to the very last part of the chapter. As you confessed, you
jumped from the cell level to the organism level. What is the connection,
if there is one, between the cellular heredity that you described and the
organism-to-organism transfer in the Mongolian gerbils, which occurs
through the passage of molecules in the mother’s womb? This type of
transmission seems to me like a positive self-sustaining feedback loop with
the environment, which in this case is the mother.

M.E.: Yes, you can look at it like that. And in fact that is a good way of
seeing a lot of the organism-to-organism transfer of information that we
discuss in the next chapter. In animals with a nervous system, there is a
new option for information transfer—through social learning. This is really
a distinct level of information transfer, but as you will see, it has a lot of
properties in common with some of the systems we have been dealing with
in this chapter.



5 The Behavioral Inheritance Systems

Nonbiologists will probably sigh with relief when they see the title of this
chapter. After discussing genes, biochemistry, and molecular biology, about
which nonbiologists do not have ready intuitions, we turn to behavior.
Here, the layperson usually feels a lot more at home. We are all sharp-eyed
observers of behavior, and feel that our personal experiences qualify us to
understand many of the complex processes that are related to behavioral
change. We know that there are many ways of learning, and that we learn
from each other as well as on our own. As nature lovers and pet owners,
we are well aware that animals can learn a great deal too. Mammals and
birds, the animals with which we are most familiar, learn from their per-
sonal experiences, from their owners, and from each other, often display-
ing remarkable abilities as they do so. But how important is such learning
in evolution? Of course, all biologists agree that in many circumstances
learning is enormously beneficial, and that the capacity to learn has
evolved genetically, but is learning also an agent of evolutionary change?
For example, how does the fact that animals learn from each other affect
the evolution of their behavior?

The current fashion among evolutionists, seen particularly in the writ-
ings of those who study human behavior, is to stress the genetic basis of
behavior, and especially that of best-selling, sex-related behavior. These
evolutionists maintain that the behavioral strategies for things like finding
a mate, or becoming socially dominant, or evading danger, or finding food,
or caring for infants are to a large extent genetically determined and evo-
lutionarily independent of each other. Each has been shaped through the
natural selection of genes that led to the construction of a specific behav-
ioral module in the brain, which tackles that particular “problem.” This is
an interesting point of view, and we are going to examine it in some detail
in later chapters, but in this chapter we want to look at something very
different. As far as we can, we want to deal with the third dimension of
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heredity and evolution, the behavioral dimension, in isolation from the
first, genetic, dimension. This means that we are going to be looking at
behavioral evolution that does not depend on selection between genetic
variants.

Evolution among the Tarbutniks

It is not easy for biologists to think about behavioral evolution without
automatically resorting to ideas about selection among variant genes, so
to help overcome this we will again use a thought experiment. This one is
about tarbutniks, who evolved in the minds of Eytan Avital and Eva
Jablonka in 1995, and are described more fully in their book Animal Tra-
ditions. What follows is an abridged and slightly modified version of what
they wrote there.

Tarbutniks are small rodentlike animals, which got their name from the
Hebrew word tarbut, which means “culture.” One of the interesting things
about them is that they are all genetically identical. They have perfect DNA
maintenance systems, so their genes never change. In this they resemble
the Jaynus creatures of the previous chapter, but unlike Jaynus creatures,
they also have mechanisms that completely prevent any transgenerational
transmission of epigenetic variations. Tarbutniks can therefore inherit
neither genetic nor epigenetic variations from their parents. This does not
mean that they are all identical, of course. Chance events during their
development result in small differences in their size, fur color, the pro-
portions of their body parts, and also in their calls and various aspects of
their learned behavior. In fact, there is quite a lot of variation among tar-
butniks, but—and this is the important point—there is no correlation in
appearance or behavior between parents and offspring, because the differ-
ences between individuals are not inherited. And since the variation is not
hereditary, these tarbutnik populations cannot evolve.

Tarbutniks live in small family groups consisting of a pair of parents and
several different-aged offspring. They begin life as rather helpless creatures,
relying on their mother’s milk for food, but they grow rapidly, and soon
begin to accompany their parents on foraging expeditions. As they do so,
they learn about their environment. They discover how to open nuts and
get at the seeds inside by trial and error, but it takes a lot of attempts before
they hit on the right way of doing it. They also learn the hard way that
black-and-red striped beetles have a nasty taste and should be avoided.
Being able to learn from experience is obviously very important for their
survival, but tarbutniks are very odd, because they do not learn from each
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other. The fruits of their individual experiences are never shared with their
peers, their parents, or their young. Each tarbutnik has to find out about
its environment through its own experiences. In every generation, through
trial and error, each tarbutnik has to reinvent the wheel for itself.

Now imagine that tarbutniks are suddenly endowed with a capacity for
something the behavioral biologists call “social learning” or “socially medi-
ated learning.” In other words, tarbutniks can learn from and through the
experiences of others. Since young tarbutniks live with older individuals
and have intense daily contact with them, they can acquire a lot of infor-
mation from adults, especially from their parents, as figure 5.1 shows. The
learning from parents and peers that takes place before the youngsters
become independent is particularly important for them, but tarbutniks
continue to learn as adults, both from each other and from their young.

Figure 5.1

Socially mediated learning in tarbutniks: the youngster is introduced to carrots by
its mother (top), and consequently devours them enthusiastically when adult
(bottom).
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The capacity to learn from others may seem like a very small modifica-
tion of tarbutnik life, but it has profound effects, because it enables pat-
terns of behavior to spread in the population. A tarbutnik that either by
accident, or through trial-and-error learning, or by observing the activities
of individuals from another species, discovers how to crack open a nut may
transmit this useful information to its descendants. Even if it does not have
many offspring itself, the nut opener may pass on its skill to someone else’s
young, just by being a sociable and caring neighbor; even “bachelor” and
“spinster” tarbutniks can transmit the useful new behavior to “cultural
offspring.”

We will come to how animals “transmit” behavior later, but we should
say here that when using this word we do not want to suggest that the
processes involved are active or automatic or intentional. An animal
“transmits” behavioral information only in the sense that through its
behavior other animals acquire that information. By acquiring informa-
tion from or through others, changes in behavior are inherited (not always
by blood relatives), and may become established in the population. We
will be using “inheritance” for any of the socially mediated transmission
and acquisition processes that result in the reconstruction of an ancestor’s
behaviors or preferences in its descendants.

Adding socially mediated learning to tarbutnik life means that new
habits, skills, and preferences can be transferred from generation to gen-
eration. This is important, because if some behavioral variations are inher-
ited through socially mediated learning, Darwinian evolution is possible.
Imagine that a tarbutnik learns through its own experiences that by squat-
ting in a depression in the ground it is less likely to be spotted by preda-
tors. This behavior improves its chances of surviving and reproducing. Its
fortunate offspring do not have to rediscover the useful hole-squatting
habit for themselves, because they learn it from their experienced parent.
Some of the family’s neighbors learn it too. Soon, tarbutniks start elabo-
rating on the behavior they have learned, deepening the depression by
digging. This protects them not only from predators but also from
inclement weather, so they thrive and the digging habit spreads. Digging
sometimes produces a burrow with two entrances, which allows them to
escape predators even more easily, and this habit also spreads through
learning. Eventually, because the tarbutniks who survive longest are those
who spend a lot of time in their burrows, females start giving birth there.
This protects both mother and young, and the youngsters readily learn the
burrow-using habit to which they have been exposed from birth. In this
way, as the inventions or chance discoveries of individuals are selected and
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accumulate, tarbutniks develop a new burrow-living tradition, and their
whole lifestyle changes.

The way tarbutniks communicate can also evolve through social learn-
ing. Imagine a situation in which tarbutnik youngsters often fail to hear
and respond to their parents’ alarm call when it is made in thick vegeta-
tion. By accident a parent discovers that its youngsters do respond to a call
of a different pitch, and it begins to use this more audible call when in
thickets. The youngsters now have a better chance of surviving. Use of the
new alarm call spreads as the young learn it from their parent, and later
use it with their own offspring. Thanks to the benefits of the new call and
the ease with which it is learned, a new calling tradition is established.

Communication between mates can also undergo “cultural” change
through social learning. Red berries are a favorite tarbutnik food, so
imagine that by chance a male discovers that females who manage to
snatch his berries from him are also more available for mating. He learns
to allow them to steal from him, and in this way gets more partners and
sires more offspring than his competitors. His offspring and their obser-
vant young friends learn his successful type of behavior, and it spreads.
Gradually they discover and learn that actively offering berries rather than
just allowing them to be stolen is an even better way of securing a mate.
The new berry-offering tradition spreads and becomes established in the
population.

Tarbutnik evolution can be taken even further. Imagine that severe floods
have made a river change its course, and the initial population is split into
two isolated parts. The two subpopulations experience somewhat different
conditions and learn different things. In subpopulation A, males continue
to woo the females by offering them red berries. However, in the area where
subpopulation B is living, there are no red-berry bushes, so males learn to
offer their prospective mates already-cracked nuts, which are a local deli-
cacy. Now imagine what happens when, after many generations, members
of the two subpopulations meet and begin courtship (figure 5.2). The
females from subpopulation A expect red berries, and do not respond to
the nut-offering males from B; similarly, nut-requiring females from B are
not interested in the red-berry-offering males from A. Because of their
different courtship traditions, there are no “mixed matings” between
members of the two subpopulations. They are culturally isolated from each
other. Each subpopulation has become a “cultural species.”

In the scenarios we have just described, tarbutnik populations evolved
through the selective retention and transmission of variant patterns of
learned behavior. Through natural selection, their culture changed. Now
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Figure 5.2
Cultural reproductive isolation in tarbutniks. Berry-loving females respond to the
advances of berry-offering males, but reject the advances of nut offerers.

if tarbutniks were real animals, some biologists would be grinding their
teeth at seeing the word “culture” in our account. They would insist that
for animals to have culture, a lot more than we have suggested is needed.
For them, culture is limited almost entirely to humans and perhaps a few
primates. Other biologists take a far less restricted view of culture, and
readily accept that it is widespread in the animal kingdom. Obviously then,
since culture is such a loaded and problematic term, we must try to define
what we mean when we use it. There are several definitions in the bio-
logical literature, most of which are rather similar in spirit to the one that
we are going to use. We see culture as a system of socially transmitted pat-
terns of behavior, preferences, and products of animal activities that character-
ize a group of social animals. The transmitted behaviors can be skills,
practices, habits, beliefs, and so on. Once we have defined culture in this
way, “cultural evolution” can be defined as the change, through time, in the
nature and frequency of socially transmitted preferences, patterns, or products of
behavior in a population.
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The thought experiment with tarbutniks showed that behavioral-
cultural evolution is possible without any genetic variation. Of course, bio-
logical reality is not so simple. There are no animals that are devoid of
genetic variation. We now know that the amount of genetic variation in
populations of real organisms is enormous—far more than any geneticist
imagined fifty years ago. But as we pointed out in chapter 2, in most cases
genetic variants have only very small effects, and these are not the same
in every individual. It is therefore reasonable to assume that in a real,
genetically variable population in which behavior is transmitted through
social learning, most cultural evolution is to a large extent independent of
genetic variation. For example, the population-specific dialects of song-
birds such as starlings, or of groups of sperm whales, which cannot be
explained only in terms of individual adaptations to local conditions, are
probably consequences of cultural evolution that is independent of any
genetic variation in the populations. Cultural differences between human
groups are also likely to be largely independent of their genes. Such inde-
pendence may not remain indefinitely, because in some circumstances
the genetic and cultural systems inevitably interact. We deal with this in
chapter 8. For the time being we want to forget genes and look more closely
at the behavioral inheritance system—at the ways in which information is
transmitted between generations through animals interacting with and
learning from or through others.

Transmitting Information through Social Learning

“Learning” can be defined in a very general way as an adaptive (usually)
change in behavior that is the result of experience. “Social learning” or, more
precisely, “socially mediated learning” is therefore a change in behavior that
is the result of social interactions with other individuals, usually of the same
species. It has been classified in many ways, but we are going to distinguish
just three major routes of behavior-affecting information transfer—three
types of behavioral inheritance systems (BISs). The first is very similar to
the transmission mechanism we described for Mongolian gerbils, since it
is based on the transfer of behavior-influencing substances. The second is
based on socially mediated learning in which individuals observe the con-
ditions in which the behavior of experienced individuals is taking place,
as well as the consequence of such behavior; although the inexperienced
individuals do not imitate, they use what they observe to reconstruct a
similar behavior. The third BIS involves imitation. These different ways of
acquiring information from others are certainly not independent of each
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other, and there are many cases that are intermediate or a mixture and
cannot easily be pigeonholed. Any real socially learned behavior (for
example, learning from others what is good to eat) may depend concur-
rently on several different types of learning.

Inheritance through the Transfer of Behavior-Influencing Substances:
On Preferring Juniper Berries and Carrot Juice

We want to start looking at the ways in which knowledge, habits, prefer-
ences, and skills are acquired from others by thinking about food prefer-
ences—about the culinary cultures of different ethnic groups. Why do
Yemenite Jews prefer very spicy food with a lot of schug (a mixture of
crushed hot peppers, coriander, garlic, and various spices), whereas Polish
Jews cannot tolerate such hot food, enjoying instead sweet gefilte fish, a
dish that makes many Yemenite Jews shudder with disgust? These are big
questions, and trying to answer them fully would take us beyond the scope
of this book, but we can provide part of the answer. It is that the type of
food to which children are exposed during early life helps to form their
adult food preferences, and hence to determine the culinary culture and
preferences that they, in turn, will transmit to their children.

It is surprising how early some food preferences are learned—it’s a lot
earlier than most people think. Just how early it is has been shown nicely
by some experiments with European rabbits. Rabbits are notoriously pro-
lific breeders, but they are not what we think of as devoted mothers. After
giving birth, they leave their pups in sealed burrows, returning to nurse
them for only five minutes or so each day. The pups are weaned when just
under four weeks old, by which time their again-pregnant mother, who
mated within a few hours of giving birth to them, is busy preparing a
nursery burrow for her soon-to-be-born next litter. Subsequently, as they
explore the world outside their burrow, the young pups have little direct
help from their mother. Yet, although their world contains plants of dif-
fering nutritional value and possible toxicity, the youngsters know what is
good and safe to eat. They know because their mother has given them
useful information about food long before they leave the nest.

In experiments that showed how young rabbits acquire information
about food, a group of European scientists fed lab-living pregnant females
a diet containing juniper berries. This is a food they would eat naturally
in the wild, and it did them no harm. When the pups of juniper-fed does
were weaned, although they had had no direct contact with juniper food,
the youngsters clearly preferred it to normal lab food. This was true even
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if the newborn pups were taken away from their mother at birth and given
to a foster mother who had never eaten juniper, and whose own young-
sters showed no preference for it. Clearly, the offspring of juniper-eating
mothers had acquired information about juniper food from her while in
the womb, presumably because chemical cues had reached them through
the amniotic fluid and placenta. Remarkably, not only had they received
such information before they were born, they had retained it for the four
weeks until they were weaned and had to make their own food choices.

Young rabbits’ food preferences are not determined solely by what
happens before birth. The experimenters also looked at what happens
during the suckling period. They took pups from normally fed mothers
immediately after they were born, and gave them to juniper-fed mothers
for the nursing period. At weaning, when given a choice, these pups pre-
ferred juniper food. This means that although they were nursed for only
a few minutes each day, the pups got a taste for juniper from their foster
mother. It was not clear whether the nursing mother’s influence was
through her body odor or through components of her milk, but in rats
there is experimental evidence showing that what is in mother’s milk can
affect the food preferences of her young. Whatever the exact route of trans-
fer, it is clear that both in the womb and while suckling, rabbits get infor-
mation from their mother about what she has been eating.

What is true for rabbits also seems to be true for humans (figure 5.3).
Recently it has been found that the six-month-old babies of women who
had had a lot of carrot juice during the last three months of pregnancy
preferred cereal made with carrot juice to that made with water. The same
was true if the babies’ mothers had had the carrot juice only during the
first two months of the breastfeeding period. Babies whose mothers had
drunk just water showed no such preference. Clearly, for some mammals,
including humans, food preferences begin to form very early, when the
young are still in the womb, and are then enhanced by the tastes and
smells that are transferred to them during suckling. The amniotic fluid,
placenta, and milk do more than provide food materials—they also trans-
mit information in the form of traces of the substances that the mother
has eaten. This information helps to determine the preferences that
become evident in the eating habits and culinary culture of the next
generation.

Information about eating habits can be transmitted in other ways. In
rodents it is sometimes transmitted through the mother’s saliva and breath,
as she licks her offspring and they sniff at her mouth. Another channel of
transmission is the feces: many young mammals eat their own and their
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Figure 5.3
Food traces transmitted in a human mother’s milk (top) influence later food pref-

erences (bottom).

mother’s feces, a seemingly unhygienic behavior known as coprophagy.
Coprophagy allows the animals to make the most of their food, extracting
all the remaining useful components from it. In plant-eating animals it
also helps to ensure that the microorganisms needed to break down plant
cellulose are transferred from mother to offspring. But in addition, the
feces can be sources of information about food. They certainly seem to be
so for young rabbits. Just before the youngsters have to face the world on
their own, their mother deposits a few fecal pellets in the nest, and the
youngsters eat them. In the series of experiments described earlier, the sci-
entists found that when the fecal pellets of normally fed mothers were
replaced with those from mothers on the juniper diet, the young rabbits
had a strong preference for juniper food. So it seems that by leaving feces
in the nest, a mother gives her soon-to-be-independent young some addi-
tional, up-to-date information about what she has been eating.
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There is a lot of evolutionary logic in the existence of these channels
through which information affecting food selection is transmitted at a very
early age. If youngsters had to find out what is good to eat entirely through
their own efforts—through trial-and-error learning—they would probably
make some very costly mistakes. The development of early, maternally
induced food preferences prevents this. The information received from the
mother is likely to be about foods that are nutritious, nonpoisonous, and
common. It is much better for a naive youngster to find and eat these
foods, and only later, when it has had more experience of life, expose itself
to potentially dangerous new types of food.

Information that is transferred through the placenta, milk, and feces may
make the young prefer the same food as their mother, so it can contribute
to the formation of family food traditions. But food preferences, like other
types of behavior, change during an animal’s lifetime. A large part of an
animal’s behavioral repertoire is acquired later, through various learning
processes. We will come to these shortly, but before doing so we want to
do as we did with the epigenetic and genetic systems, and try to charac-
terize this BIS.

It is immediately obvious that the behavior-affecting information that
is transmitted through placenta, milk, and feces is holistic, not modular.
The substance transferred is itself one of the building blocks that enables
the mother’s behavior to be reconstructed by her offspring. When the sub-
stance is transferred, the young may inherit (reconstruct) her behavior;
when it is not transferred, the mother’s behavior cannot be reconstructed
(unless the information is communicated by another route). This BIS is
therefore far more like the inheritance of self-sustaining loops or structural
inheritance than it is like the genetic system. And like them, the number
of transmissible variations for any one aspect of the phenotype—for any
single type of behavior, such as a food preference—is probably quite small.
Nevertheless, the number of combinations of various preferences and ten-
dencies that individuals in a population can display may be very large.

There are two other properties of this and other behavioral inheritance
systems that we want to emphasize, because they make BISs very different
from the genetic system. The first is that although the transfer of infor-
mation is usually from parents to offspring, it need not be. For example,
substances in the milk of a foster mother can be transmitted to her adopted
offspring. The second concerns the origin of variation: with BISs it is dif-
ficult to talk about blind or random variation, because the information
inherited by the offspring has been acquired and tested by their mother,
and variations in this information are the result of her development and
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learning processes. It is a change in the parent’s behavior that generates a
new behavioral variant that may be reconstructed in the next generation,
and there is rarely anything blind about a behavioral change.

Inheritance through Nonimitative Social Learning: On Opening Milk
Bottles and Getting at Pine Seeds

Behavior-affecting information is inherited not only or even mainly
through substances transferred from the mother. Young birds and
mammals also get information by observing and learning from the activ-
ities of their parents and others with whom they interact. Although they
could probably learn asocially, through their own trials and errors, most
young birds and mammals are not left to fend for themselves—the world
is too complicated and dangerous, and the young are too ignorant. Instead
youngsters associate with and learn through others, usually (although not
always) through their parents and relatives.

Before considering how behaviors are passed on by learning through or
from others, we need to say something about the nature of what is trans-
mitted with this type of inheritance, because it worries some people. With
the genetic and epigenetic systems, something material is passed from one
generation to the next: information is carried in DNA, in chromatin, or in
other molecules or molecular structures. The same is true with the BIS we
have just been dealing with—molecules of substances that influence
behavior are transmitted from parent to offspring. But now we have come
to inheritance systems in which nothing material is transmitted. It is what
an animal sees or hears that matters. Does this make any difference? For
our purposes, we believe it does not. In all cases, information is transmit-
ted and acquired, and in all cases the information has to be interpreted by
the recipient if it is to make any difference to it. An animal can receive
information through its ears and eyes, as well as through its DNA and chro-
matin, and the interpretation of this information can affect behavior, just
as the interpretation of DNA information can. So from our point of view,
information transmitted through observational learning is not essentially
different from any other types of inheritance. All provide heritable varia-
tions which, through selective retention or elimination, may lead to evo-
lutionary change.

Let’s return now to social learning in young animals. Like learning that
is mediated by the transfer of behavior-affecting substances, early social
learning is usually rapid and has long-term effects. The habits acquired
early in life are often hard to change, and some behaviors that are learned



The Behavioral Inheritance Systems | 167

very easily while young are much more difficult to acquire when older.
There seems to be a special “window of learning” for some types of behav-
ior—a window that is wide open early in life and gradually closes as the
individual matures. The learning that takes place during this circumscribed
period early in life is known as “behavioral imprinting,” because learning
is so rapid and the behavior is so stable that it seems as if the stimuli that
induce it leave a persistent “imprint” on the youngster’s brain.

A well-known example of this is the “filial” imprinting that can be seen
in farmyard birds. For several days after hatching, young chicks, ducklings,
and goslings very devotedly follow their mother around, learning as they
do so her shape, color, calls, and actions. Consequently, they can later rec-
ognize and respond to the specific appearance and activities of their own
mother. Mistakes can be made, however (figure 5.4). The photograph
of the famous Austrian ethologist Konrad Lorenz, marching through a
meadow with a file of goslings faithfully following him as if he was their
mother, is familiar to most zoologists. In fact this odd behavior was first
investigated and described scientifically in the late nineteenth century by
the Scottish biologist Douglas Spalding, who discovered that ducklings and
other chicks respond to the sight of the first large moving object they see
by following it and forming an attachment to it. Spalding also found that
the learning process occurs during a very narrow time frame—the first
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Figure 5.4
Filial misimprinting: goslings follow the ethologist they saw soon after hatching,
rather than their natural mother.
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three days after hatching. In natural conditions, of course, the first large
moving object that chicks see is almost certainly their own mother, and
there is a lot of adaptive logic in becoming imprinted on her features. After
all, she knows where there is good food and safety. It is only in the rather
unnatural conditions of experiments that the youngsters acquire some
rather useless information by following and becoming attached to the
experimenter or a shoe dragged along by a piece of string.

Learning by newly hatched chicks is a good example of imprinting: it is
rapid, happens during an early and very limited period, occurs without any
immediate reward, and leads to a normally adaptive pattern of behavior.
But there are many other types of imprinting. One that has been well
studied is sexual imprinting, which is important for finding an appropri-
ate mate. Youngsters become imprinted on the image of the parents who
care for them, and in adulthood this image is the model for their choice
of mate. It makes good biological sense that this should happen, because
it normally means that the animal courts someone of its own species, but
it has made life very difficult for those trying to breed endangered species
in captivity. If appropriate measures are not taken—for example, by hiding
the human carer and exposing the young to a dummy looking like an adult
of its own species—things can go seriously wrong. The young become
imprinted on humans, and when they mature they show complete indif-
ference to adults of their own species, preferring instead to court and some-
times even attempt to mate with their human keepers. Before the problem
was recognized, many attempts to maintain populations in captivity failed
because the animals misimprinted on their human foster parents.

There is a lot more that could be said about imprinting, because it has
been studied for many years, but even the little we have said here should
be enough to show how it can function as an inheritance system. In all
types of imprinting, youngsters are exposed to species-specific, group-
specific, and lineage-specific stimuli, and the information they acquire
through learning leads to the production of typical behavioral responses
when they are older. This in turn can eventually lead to the reconstruc-
tion of the stimulus on which the individual was imprinted. For example,
when a chick becomes sexually imprinted on a particular model (a parent
with blue feathers), it will tend to choose a blue-feathered mate; therefore
its offspring will in turn be exposed to and become imprinted on a blue-
feathered parental image, and so the cycle will continue.

Imprinting is one way in which information that has been acquired by
learning can be transmitted from generation to generation, but not all
social learning is as early or as rapid as with imprinting. Many behaviors



The Behavioral Inheritance Systems | 169

can be learned throughout life, some taking a very long time to learn. The
complex behaviors seen when meerkats hunt their various types of prey
or when bowerbirds build their beautiful bowers are learned and perfected
over a long period, several years in the case of bowerbirds. So, how do they
acquire their skills? Do the young imitate experienced adults? The answer
is that in most of the cases that have been studied, they do not. Never-
theless, they do learn from others. What seems to happen is that by being
close to and watching an experienced individual, an inexperienced one (a
“naive” one, in the jargon of behavioral biology) has its attention drawn
to something in its surroundings that it hadn’t taken much notice of
before. The naive individual may also observe the outcome of an experi-
enced animal’s activity. As a result of what it sees, it develops similar behav-
ior. For example, if an animal sees another eagerly eating a type of food it
doesn’t know, it may itself try the food, but the way it obtains it and
handles it is not an imitation of the experienced individual’s activity. It
finds out how to deal with the food through its own trials and errors.

A famous example of this type of social learning is the spread of the
habit of opening milk bottles that occurred in English tits. In the United
Kingdom and some other parts of Europe, milkmen deliver bottles of milk
to peoples’ homes, leaving them on the doorstep. At some stage tits began
to take advantage of this, and learned to remove the bottle cover and eat
the rich cream underneath. By the 1940s, the habit was already widespread
in most parts of England, “infecting” not only more and more great tits
and blue tits, but also several other species. In some places the tits learned
not only to open the milk bottles but also to identify the milkman’s cart,
flying behind it and attempting to open the bottles even before the milk
reached its destination (figure 5.5).

The rapid and extensive spread of the bottle top-removing habit rece-
ived a lot of attention from biologists, since it was clear that the habit was

Figure 5.5

Thieving tits.
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“cultural”—it was due not to a new genetic mutation, but to a new inven-
tion and its social dissemination. Close observation of what was happen-
ing showed that the birds did not learn by imitation: they did not copy
the actions of the bottle top removers, since some opened bottles one way,
some another way. What naive birds learned through watching experi-
enced ones was that milk bottles are a source of food. They learned how
to open the bottles by individual trial and error, each developing its own,
idiosyncratic technique.

In the case of these thieving tits, naive individuals, who might be of
any age, were probably observing several experienced ones. So you could
argue that it is not surprising that they did not imitate the actual actions
of the experienced tits—they had too many “tutors,” each using a some-
what different technique. Had they had a single tutor, with a single tech-
nique, they might have imitated its actions. However, there is evidence
that even when youngsters do learn almost exclusively from one individ-
ual, usually it still does not involve imitation. A good example of this has
been described by Ran Aisner and Yosi Terkel, two zoologists from Tel-Aviv
University.

In the 1980s, Ran Aisner found something unusual on the floor of a
Jerusalem-pine forest—a lot of pine cones from which the scales had been
totally stripped. It looked as if an animal had been after the pine seeds
under the scales, but what was it? The obvious candidate for this type of
cone-stripping behavior, the squirrel, does not live in this part of Israel, so
some other animal must have been the culprit. Some careful detective work
soon revealed that the nocturnal, tree-dwelling cone stripper was the black
rat. Black rats, we should add, do not normally live in the Jerusalem-pine
forests, nor do they normally eat the pine seeds in pine cones; they are
omnivores, who live on the fringes of human habitation. Their spread into
a new habitat, the dense pine forest where almost the only food available
is pine seeds, was therefore very curious.

Stripping closed pine cones is not easy, so the efficient way the cones
were stripped fascinated the two Israeli scientists. It showed that the rats
must have acquired a complex new skill. Aisner and Terkel therefore
studied the distribution and development of the stripping behavior. They
found that whereas adult rats from the pine forest population could strip
pine cones rapidly and expertly, moving from the lower part of the cone
spirally upward, rats from other populations had no idea how to get at the
seeds. Cross-fostering experiments showed that the skill was acquired by
learning, not by inheriting particular genes: when pups of nonstripping
mothers were adopted by stripping mothers, they learned how to strip the
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cones, whereas pups of an experienced stripping mother who were adopted
by a nonstripper never acquired the skill. Pups could learn from a skillful
mother, irrespective of their genetic relationship. To learn the skill, pups
need to be allowed to go on stripping cones that have already been par-
tially stripped by their mother. They learn to complete the job by follow-
ing the direction of stripping that the mother used, and in this way they
eventually develop an efficient technique for getting to the seeds. It is the
initial condition produced by the mother’s behavior that ensures that the
efficient spiral method of stripping will be adopted. The pups do not
imitate their mother’s behavior—they do not copy what she does—but her
presence and her tolerance toward them when they snatch seeds or par-
tially stripped cones from her are necessary for them to learn the stripping
technique for themselves.

Socially learned changes in feeding behavior have enabled Israeli black
rats to adapt to a habitat that is different in many ways from their tradi-
tional one. But their adaptation involves more than just eating a different
food. By living in trees, the rats provide a new learning environment for
their young. These young, just like their parents, have to perfect tree-
climbing and learn tree-nesting skills. In this way, merely by associating
with their mother and experiencing their parent’s environment, the
youngsters’ learned behavior becomes similar to that of their parents, and
later will be transmitted to their own young.

Israeli black rats and British tits have shown how socially mediated learn-
ing can lead to the formation of new habits that are passed from one gen-
eration to the next, thus forming new traditions. Although these two
examples have been studied more closely than most others, they are not
at all exceptional. The investigation of animal traditions has been an active
area of research in recent years, and it has become clear that behavioral
traditions, mediated through social learning, affect all aspects of bird and
mammal life—their food preferences, courtship behavior, communication,
parental care, predator avoidance, and choice of a home. Inheriting behav-
ior through social learning is not uncommon.

What can we say about the nature of the information and its transmis-
sion with this type of behavioral inheritance system? First, as with the pre-
vious type of BIS, in order for a habit or a skill to be transferred, it has to
be displayed; if it is not displayed, it is not transferred. Second, the infor-
mation is holistic—it cannot be deconstructed into discrete components
that can be learned and transferred independently of each other. Third, in
no sense is the origin of new variation random or blind. A new behavior
can be initiated by a lucky or curious individual who learns by trial and
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error, or by observing individuals of another population or species, and
once acquired it may be transmitted to other members of the group
through social learning. But what is learned and transmitted depends on
the ability of an individual to select, generalize, and categorize informa-
tion relevant to the behavior and, no less important, to reconstruct and
adjust the behavior about which it has learned. The receiving animal is
not just a vessel into which information is poured—whether or not infor-
mation is transferred depends on the nature of that information and the
experiences of the receiving animal. Neither the transmitting nor the
accepting animal is passive in this type of learning.

A fourth characteristic of nonimitative learning is that, as with the pre-
vious BIS, information can be transferred not only from parents to off-
spring but from any experienced individual to any naive one. The milk
bottle-opening behavior seems to have spread even to different species,
although we cannot be sure that they did not invent it for themselves.
Finally, with this inheritance system, as with the last one, the number of
different variants of transmissible behavior is probably not very large if we
are looking at any one habit: black rats either know or don’t know how to
strip pine cones, tits are either aware or not aware of the food potential of
milk bottles. Nevertheless, the number of combinations of different trans-
missible habits and practices that the individuals in a population can show
may be very large.

Imitative Learning: On Singing Whales and Birds

Our third type of BIS involves imitation: a naive individual learns not only
what to do but how to do it. It copies the actions of another. There is a
lot of argument about how common this is in the animal world, but it is
generally agreed that one type of imitation, vocal imitation, occurs in some
birds, dolphins, and whales. These animals learn what song to sing by
imitating the song of others. As a result, different populations may have
different dialects, just like the dialects found in human populations.
Birdwatchers have known about these regional variations in bird song for
many years. More recently, similar variation has also been found in the
songs of killer and sperm whales, where members of a group are united by
a dialect that is clearly different from those of other groups.

Studies of bird song have shown that learning through imitation is an
important part of song development: the patterns of sounds that a young-
ster hears are reconstructed in its own song (figure 5.6). Since this usually
happens during an early and limited period of life, this imitative learning
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Figure 5.6

Imitation by a songbird.

is known as “song imprinting.” There are fewer studies of whale songs, but
the few that there are suggest that here too the young probably imitate the
sounds made by adults. In contrast to nonimitative social learning, the
“students” learn to reproduce the vocalizations of their “tutors”—they are
not just reacting to the environment in a similar way.

Vocal imitation certainly occurs in birds, and possibly in whales and dol-
phins, but it is less clear how much motor imitation—imitation of move-
ments—there is in the nonhuman world. It is undoubtedly important
in human development (babies are great imitators of movements as well
as sounds), and both vocal and motor imitation have probably been
extremely important in human evolution. Being able to imitate sounds
must have been crucial for the evolution of language, and the ability to
imitate movements was probably one of the things that led to the evolu-
tion of our unique aptitude for culture, especially with respect to tool-
making and tool use. There is some evidence that motor imitation also
occurs in chimpanzees, rats, dolphins, gray parrots, starlings, and a few
other species, but in general it seems to be relatively rare in nonhuman
animals. We have to be cautious, however. Distinguishing between imita-
tive and nonimitative learning is not always easy, and there have been very
few experiments that would detect motor imitation unequivocally, so we
cannot really evaluate how frequent and important it is in the animal
world.

The way in which information is acquired and transmitted through imi-
tation is not the same as with the other two behavioral systems we have
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described. Consequently the evolutionary effects are different. We can see
this if we characterize this final type of BIS in the same way that we did
the earlier ones. Imitation is similar to the other BISs in that information
is not transmitted in a latent, encoded form—the behavior has to be dis-
played in order for it to be inherited. But in contrast to the other two BISs,
with imitative learning information is transferred in a modular manner—
unit by unit. For instance, it is possible to alter a unit in the song of a bird
and transmit the altered song to the next generation. Similarly, when a
dance is imitated, some parts can be altered and imitated without affect-
ing other parts of the dance. This modular structure allows many variant
patterns of behavior to be formed. Nevertheless, we have to remember that
not every variant has the same chance of being transmitted. Transmission
depends on the difficulty of copying the units (the notes or actions), the
length and rhythm of the sequence, and its functional effectiveness. In
addition, the number of “teachers,” their skill, and how often the behav-
ior is performed will all affect the speed and efficiency of learning. Unlike
a photocopier or DNA polymerase, which copies information irrespective
of its content, transmission through imitation is not independent of func-
tion and meaning.

The variations that occur in imitated behavior are usually not blind to
function either. A brand-new behavior may be the result of individual trial-
and-error learning, or stem from a new group activity, or it may even be
learned from another species. Whatever its primary origin, however, before
it is passed on it is adapted and reconstructed so that it becomes adjusted
to the animal’s general lifestyle and is easier to perform. If we compare a
new behavior to a new mutation, it’s as if the “mutation” was thoroughly
edited before being transmitted to the next generation.

Imitation allows a lot of heritable variation in a behavioral sequence,
because what is imitated can be changed bit by bit. The sequence of actions
may be quite long, but because the rewards come from carrying out the
whole sequence, not the parts, variations in the individual parts are not
constrained. What matters, from an evolutionary point of view, is how
effective the imitated sequence is as a whole. In theory, therefore, through
the selection of variations in an imitated behavior, it should be possible to
build up a quite complex tradition. Yet this seems not to have happened.
Many songbirds and parrots have a wonderful ability to imitate, but as far
as we know this has led to nothing very intricate or elaborate. It looks as
if just having the potential to generate a lot of transmissible variation is
not enough to produce sophisticated traditions comparable to those of
human culture. So what is missing?
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To appreciate the missing component we need to recognize that
although the number of potential variations in behavior that are possible
with a modular system is huge, many are neither functional nor useful. If
all were produced, the useful combinations would be buried among a mass
of useless ones. But as we know, unless an animal has a brain disorder,
it does not produce random combinations of actions. Animals must
therefore possess some kind of internal filter—some set of principles or
rules—that allows only behavioral variations that have a reasonable
chance of being useful to be formed. All animals must have rules that
restrict the variations that are generated, and animals that imitate must
also have rules or “guidelines” that restrict what is copied. Humans, for
example, usually do not imitate blindly—our decision to imitate another
individual is often guided by our belief in the meaning, relevance, or
usefulness of the observed activity. Imitation by humans is intentional:
it is directed by perceived goals and inferred reasons. Only if there is a
fairly sophisticated understanding of other minds can the modular
system of imitative learning open up truly revolutionary (evolutionary)
possibilities.

Although we have emphasized the uniqueness of imitation as a system
for transmitting behavioral information, it shares many features with the
previous BISs. In all behavioral transmission, variation is targeted and cul-
turally constructed. It is targeted in two senses: first, there are simple rules
that organize perceptions, emotions, and learning processes. For example,
all animals, including humans, group things into fairly distinct categories,
even though the world is not so sharply organized: we distinguish between
color categories, shape categories, and so on. Similarly we anticipate that
what has happened many times before will continue to happen in the same
way: if smoke has always been associated with fire, the next time we see
smoke we (and some other animals) anticipate fire. Second, the type of
information an animal may acquire by learning is structured by the past
evolutionary history of its lineage: some things are learned easily in one
species, but not in another. Most humans can easily distinguish between
individuals by sight, but are poor at distinguishing between them on the
basis of smell, which is something that dogs have no trouble with. We
most easily form, remember, and transmit information that corresponds
to our general and species-specific evolved biological biases. All behavioral
variation reflects these biases and the organizational rules of the animal’s
mind, and behaviors are constructed to be compatible with the individ-
ual’s own preexisting habits and those of the social group of which it
is part.
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One of the striking things about almost all BISs is the active role that
the animals play in acquiring and transmitting information. Sometimes
the role is very direct, as with active teaching, but often it is indirect.
Darwin was one of the many biologists who recognized long ago that
animals actively participate in shaping the environment in which they live
and are selected. In recent years, interest in “niche construction,” as it is
now called, has grown. Both theoretical and empirical studies have shown
that it plays a significant role in social learning and the evolution of animal
traditions. We can see why if we think about the tarbutniks. In their imag-
inary world, as the burrow-digging habit that protects them against pred-
ators spreads, individuals will concurrently be selected for their ability to
live in these burrows. Consequently they may change the time of day at
which they are active, or alter their food habits. Similarly, in the real world
of the black rats in the Jerusalem-pine forest, their change in diet means
that they spend most of their time in the trees, building their nests and
caring for their offspring there. Through having learned how to extract
pine seeds from pine cones, the rats have constructed for themselves an
environment that is very different from that of other black rats. If this tree-
dwelling habit persists over several generations, any variations, whether
socially learned or genetic, that make the rats better adapted to tree living
will be selected. The rats may end up evolving gray squirrel-like habits,
which will be mutually reinforcing, since all involve a style of life that is
tree-oriented. In this way, a new habit can result in animals constructing
for themselves an alternative niche in which they and their offspring are
selected. Animals are therefore not just passive subjects of selection,
because their own activities affect the adaptive value of their genetic and
behavioral variations.

Traditions and Cumulative Evolution: Evolving New Lifestyles

Earlier we defined cultural evolution as a process involving a change
through time in the nature and frequency of socially transmitted patterns
or products of behavior in a population. The examples we have given so
far have shown that socially learned and transmitted changes in behavior
patterns, skills, and preferences certainly do occur, although of course most
behavioral innovations are ephemeral and do not manage to become estab-
lished, let alone spread, in a population. Nevertheless, occasionally new
patterns of behavior do spread through social learning, and this leads to
new traditions and cultural change. The question we now have to ask is
whether this is of any evolutionary significance.
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Many people believe that cultural evolution in animals is very limited
and fragile, and only exceedingly simple traditions are formed. Yes, they
say, animals do learn socially, and they even admit that it is quite common.
Yes, they agree, this does lead to the formation of habits and to some
simple traditions, although these cannot be very stable. But, no, they insist,
it cannot lead to any complex cultural adaptations. For them, what is really
interesting about animal traditions is how genetic evolution led to the
ability to form them. Whenever the question of the evolutionary signifi-
cance of animal traditions is raised, it is the genetic aspects that dominate
discussions.

The evolution of the genetic basis of the ability to construct cultures is a
very important topic, and we will discuss it in later chapters. Here we just
want to make the point that there is no real justification for the assump-
tion that the culture of animals is limited in scope and complexity, and
therefore cannot be a significant independent agent of evolution. To make
such a judgment, we need to know how common animal traditions are,
and unfortunately we do not know this. Studying animal traditions is not
yet a very fashionable area of research. This type of work is difficult and
takes many years, whereas research grants are usually given for only short
periods, so funding is a problem and often limits what people can do. Yet,
in spite of this, many more traditions are now recognized than were even
dreamed of a few years ago, and new traditions are regularly reported. There
are now enough long-term studies to show unambiguously that the diver-
sity of animal traditions is enormous, involving many different species and
many different aspects of life. Recently, scientists described thirty-nine cul-
tural traditions in nine African populations of the common chimpanzee.
The researchers believe that this is still an underestimate, because the
studies have been made over a relatively short time and the understanding
of many aspects of chimpanzee behavior is limited.

One of the reasons why the number and range of animal traditions may
have been underestimated is that it is commonly assumed that all heredi-
tary variation is genetic. Usually this assumption is neither questioned nor
verified. When it is, the usual finding is that the inherited behavior has
genetic, ecological, and traditional aspects. The fact that there is genetic
variation affecting behavior does not mean that other factors, such as
social learning, are less important. In the same way, when social learning
is found to be an important cause of differences between groups, it does
not exclude genetic differences.

It is interesting to ask why, in spite of the growing evidence that animals
have traditions, people are still reluctant to acknowledge that significant
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cultural evolution occurs in animals. We think the main reason is proba-
bly associated with our awareness of the complexity of cultural evolution
in humans, and the relationship it has to human values. If we think about
the culinary culture of Polish or Yemenite Jews, this complexity is obvious:
the culture includes ways of preparing, cooking, and serving the food, and
is closely associated with other aspects of life, such as religious and secular
rituals. It is clearly the outcome of cumulative evolution in which habits
acquired in the past are preserved and become the foundation on which
additional habits are established. In this way, a complex culture has been
built up. If we now compare this human culinary culture with the food
traditions of nonhuman animals, we are struck by the relative simplicity
of the latter. Even the Israeli black rats, which developed such an elabo-
rate method of stripping pine cones, have acquired just one new technique
and preference. The cumulative evolution required for cultural complex-
ity does not seem to exist in animals. That is why the critics claim that, in
animals, evolution along this axis, the axis of culture, is very limited. Many
doubt that the simple traditions of nonhuman animals deserve to be called
culture at all.

Fortunately, there are some long-term studies that show that cumulative
cultural evolution does occur among nonhuman animals. We will look
more closely at one of these, the research on cultural evolution in the
Japanese macaque monkeys on the small island of Koshima. The study
began in the 1950s, when Japanese primatologists started to provide food
for the macaques they wanted to study. They used sweet potatoes to lure
them from the forest to the sandy seashore, where they were easier to
observe. This trick had unexpected results. Before eating the potatoes from
the beach, one female, Imo (which is Japanese for potato), then one and
a half years old, started washing them in a nearby stream, thereby remov-
ing the soil from them. The new habit spread to other monkeys. Some time
later, they began washing the potatoes in the sea rather than the stream.
They also started to bite the potatoes before they dipped them into the
salty water, thus seasoning them as well as washing them.

Imo’s inventiveness did not end with potato washing. A few years later,
she solved another problem. The macaques were being fed on the beach
with wheat, which was difficult to collect and eat because inevitably it
became mixed with sand. Imo’s solution to this problem was to throw the
mixed sand and wheat into the water, where the heavier sand sank while
the wheat floated, making it easy for her to collect it. The new habit spread,
first from the young to adults, and then from mothers to children. Adult
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males, who interact much less with the young, were the last to learn, and
some did not learn at all.

The habit of bringing food to the sea and collecting the food that their
human observers threw into it had other effects. Infants that were being
carried by their mother when she washed the food became used to the sea,
and started playing and bathing in it. Swimming, jumping, and diving
became popular. Another new sea-related habit developed when hungry
older males began eating fish that the fishermen had discarded. The habit
spread to others, and now when there is nothing better available, they
collect and eat fish, limpets, and octopus from pools.

What has happened since the scientists first started feeding the macaques
on Koshima Island is that a new lifestyle has developed. The original
potato-washing tradition triggered another—separating wheat and sand in
the water—and these two in turn helped to trigger the tradition of using
the sea for playing and swimming. Each habit reinforces the others: the
pleasure of swimming brings the monkeys to the shore and reinforces the
tendency to wash foods, while washing food in the sea increases the like-
lihood that monkeys will discover the pleasures of swimming. Each trans-
missible habit varies little, but a whole new lifestyle has evolved through
one modification in behavior producing the conditions for the generation
and propagation of other modifications.

Clearly, cultural changes in animals can be cumulative, but the result is
not linear evolution with a consistent increase in complexity in one direc-
tion. Instead, what we see is that cultural variation in one domain influ-
ences the chances of generating and preserving cultural variation in
another, and this in turn can affect another domain, and so on. One habit
can stabilize other habits, so eventually there is a network of habits that
together construct a new lifestyle. The elements of the new lifestyle
become more stable as mothers begin to transmit the behaviors to their
young, because early learning has particularly potent and long-term effects.
Of course, the persistence of behaviors also depends on their adaptive
value—even if a new habit is popular initially, it will disappear if it reduces
the chances that its practitioners will survive and reproduce. The persist-
ence of a new habit also depends on the ease with which it is learned and
transmitted, and this in turn depends on the extent to which it is inte-
grated with the habits that are already established in the population. In
the case of the Japanese macaques, the newly acquired habits have cer-
tainly persisted: sadly, Imo is now dead (figure 5.7 is our tribute to her
genius), and for the past quarter of a century the macaques have been given
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Figure 5.7
Imo’s restaurant.

sweet potatoes only about twice a year, yet the potato-washing culture that
Imo initiated remains.

The lesson from the Koshima study is that cultural evolution in animals
can be complex, gradual, and cumulative, and involve several different
aspects of behavior. We believe that many other complex heritable behav-
iors will also be found to have a strong “traditional” component. Usually
we will not see a linear sophistication of just one aspect of behavior, but
rather we will recognize that through social learning a new web of behav-
iors has been constructed, just as happened in the Japanese macaques.

Dialogue

I.M.: Although I hadn’t thought about it before, it is obvious to me that
what you have just been describing—the transfer of behavior and even
whole packages of behaviors—must occur in intelligent creatures like
mammals and birds. But I must confess I found some of the things you
wrote about a little disquieting. You described several channels through
which information is transferred to the very young, and said that this
information affects their behavior later in life. Does this mean we are slaves
of our early education, and that a lot of our behavioral destiny is deter-
mined when we are six months old? Are you implying, just as some psy-
chologists claim, that the basic structure of personality is determined in
the first few years of life? I am not convinced. I have a Yemenite friend
who is a great admirer and connoisseur of gefilte fish, and I need not
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mention in present company that Polish Jews and even Brits sometimes
eat the spicy Yemenite food you call schug with great relish!

M.E.: Of course education is important at every stage. But early educa-
tion and early input often have strong effects, which are difficult to alter.
But, we stress, difficult, not impossible! Early learning creates preferences
and biases; it does not determine them. If the preferences and biases are
positively reinforced, the behavior consolidates easily; if they are not, then
another behavior develops. For example, suppose that a mother had a
lot of carrot juice at the breastfeeding stage, but later her carrot juice-
preferring infant is given carrot juice that has gone off and makes it sick.
The child will probably then develop an aversion to carrot juice, and prefer
something else. Yet if fresh carrot juice had been readily available, the child
would probably prefer carrot juice to any other drink. Carrot juice is not
something it can’t live without, and it is not an addiction, but the prefer-
ence is there and may be reinforced if it drinks more fresh juice. Clearly,
the individual has a choice. If there were suddenly a social or medical
taboo on carrot juice, a lot of people who were reared on it and love it
would stop drinking it. It is quite obvious that the information that the
individual acquires during its early life is updated as it develops. So it is
not surprising that there are some gefilte fish admirers among the
Yemenites, although certainly they did not acquire their liking for it with
their mother’s milk! It is even less surprising that Polish Jews in the Middle
Fast end up preferring the local, generally popular, spicy food. But often
they had to “get used to it,” and it took time for them to acquire the
taste.

With some types of imprinting, such as sexual imprinting, altering the
imprinted preference may be more difficult. For example, we mentioned
that it’s not easy to alter sexual imprinting in birds once it is established,
and there is a lot of evidence for this. It is also difficult to alter imprint-
ing on a habitat. Mauritius kestrels almost died out because monkeys that
were introduced onto the island stole and ate the eggs from their nests,
which were in tree cavities. It was only when a pair of kestrels nested on
a cliff ledge, which was not a traditional nesting site, that things got better.
They reared their brood successfully, because the new nesting site was safe
from monkeys, and the cliff-reared offspring became imprinted on the new
site. As adults, they too nested on the predator-free cliffs. Had kestrels not
somehow found this solution, the species could have become extinct, just
because of the conservativeness inherent in social learning.

I.LM.: So there is inertia in behavioral systems and that can lead to
extinction?
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M.E.: Yes. Information transmitted through social learning, like informa-
tion transmitted in other ways, can sometimes be a curse when the envi-
ronment changes. But socially learned information is usually not as fixed
as nonacquired information, such as genetic information, so there is more
chance of adaptive alteration.

ILM.: Is there really? You have now reminded me of something that
bothered me about those early-learned preferences that you described.
What is the difference between a preference that is acquired early in life
and has long-term transmissible effects, and a genetic predisposition to the
same behavior?

M.E.: If you take two animals, one with a genetic predisposition to prefer
a certain food (e.g., it has a genotype that leads to the development of a
nervous system which produces an automatic association between a par-
ticular taste and pleasure), and a second individual who has the same pref-
erence but in this case it was acquired while in the uterus or during
suckling, then you will probably see no difference in their behavior. In
both cases, the preference will disappear if the animal has an aversive expe-
rience with the food. If you looked at the brain using imaging techniques
that show what parts are active when a certain behavior occurs, you would
also probably see no difference. In both cases similar areas would light up
when the individuals are offered the preferred food. The difference
between them has more to do with the future—with what happens in the
next generation. When you have a genetically determined preference that
biases the development of the nervous system, the information is herita-
ble, irrespective of the parent’s environment or actual experiences. It
doesn’t matter whether she ate the food or not, the preference will be
passed on. In the case of early-learned information, transmission of the
preference depends on the mother eating the particular food during
pregnancy or when her young are suckling. If she does not, there will be
no transmission, and consequently no preference and no corresponding
eating habit in her young. The preference will disappear. For an acquired
preference to be maintained over generations, it has to be satisfied, and
that will depend on the conditions of life. When conditions are stable, it
is very difficult to see any difference between a genetic predisposition and
early-learned behavior. If conditions keep changing, the difference
becomes apparent.

I.LM.: But this means that an acquired preference can disappear within a
generation. For cumulative evolution, surely you need some degree of
stability. What has been acquired in previous generations must be a
reliable foundation for acquiring new habits. If an acquired behavior can
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disappear within one generation, how can there be cumulative evolution?
There will always be something that prevents the flow of acquired infor-
mation from generation to generation. Animals cannot write their history
and learn it from books!

M.E.: Lack of stability is not the insurmountable problem you think it to
be. It is true that, just as with human habits, most animal habits are
ephemeral, lasting for only part of the lifetime of an individual, for at
most one or two generations. But this is not always so. Some cultural
traits can be stable for many generations. In the case of the Koshima
macaques, it is already more than fifty years (six generations) since they
washed sweet potatoes for the first time, and with some chimpanzees
in West Africa, the tradition of cracking open nuts with a stone is at least
400 years old. We know this because an early seventeenth-century Por-
tuguese missionary wrote about it. And there are probably a lot of other
cases of long-term cultural stability which we have simply failed to iden-
tify as cultural. You are probably wondering where this stability comes
from. Well, it could be the result of many different things, but we think
that it is due mainly to the interaction and dependence of one behavior
on others.

Think again about the macaque monkeys of Koshima. Their cultural
system became stabilized because links were formed between different
types of behavior. These links mean that even if one particular aspect of
behavior disappears, there’s a good chance that it can be easily recon-
structed. Let’s say you stop giving the monkeys sweet potatoes and wheat,
but they still go to the beach because they like swimming and are used to
water. Now if after a few generations you start giving sweet potatoes again,
the chances that they will wash them are quite high, simply because they
are often in the water and are likely to take their food with them. So they
are not back to square one, where inventing potato washing is much less
likely. The presence of one type of behavior increases the chances that a
related behavior will develop. Sometimes the feedback between behavior
and environment is ecological. For example, when birds hide the seeds
they like in the ground so that they have food in times of scarcity, they
increase the chances that this behavior will be perpetuated in subsequent
generations. This is so because they do not find all the seeds they hide,
and some germinate and develop into the plants that produce the very
seeds the birds cached. In a sense the birds plant the seed supply of the
next generations. So the chances that future generations will repeat the
behavior are enhanced, because the birds’ activity has stabilized the rele-
vant aspect of the environment.
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I.M.: But the genetic system is more stable. We know that culture changes
rapidly. Look at what happened with humans in the last century!

M.E.: This leads me to a second answer to your question about the insta-
bility of cultural traits. Instability does not have the same consequences
for traditions as it does for genes. The problem with genetic instability is
that most changes are blind mutations, and are usually deleterious. You
need relatively high fidelity in the genetic system; otherwise the lineage
will degenerate as useful information is lost. With cultural, learned traits,
on the other hand, most change is not blind: it is a functional variation
on a theme. Not all (or even most) cultural changes are for the worse,
because there are so many internal learning filters and social filters to pass
through before anything is transmitted to the next generation. You don’t
need stability in the genetic sense, provided changes are functional, not
degenerative. This is really a more general point, which also applies to
some cellular epigenetic variations. When variations in information are
targeted and constructed, when there are processes that direct the changes
and then filter the information prior to its transmission or acquisition,
fidelity in the strict sense is not necessary. You still need fidelity, but it is
fidelity of a different kind. You need functional fidelity—the new informa-
tion has to be at least as functional as the previous information. Since
information is often updated, sometimes getting increasingly more sophis-
ticated, adaptive evolution through BISs or EISs can be very rapid.

A last point to notice is that natural selection can lead to the genetic sta-
bilization of traits that were initially purely cultural. If an environment is
very stable, and a rapid reliable behavioral response is very important, the
speed and reliability of learning may be improved by genetic changes that
lead to biases in the development of the behavior. For example, if you have
an early-learned food preference, and the food is such that it is absolutely
vital, there may be an advantage in having a genetically based bias toward
it. There will be selection of genes that stabilize the learned preference.
ILM.: OK. I can see that traditions can be stabilized or adaptively
modified in the ways that you have suggested. But is this really enough to
produce a new species? In your tarbutnik story you said that this might
happen.

M.E.: In the 1970s the German ethologist Klaus Immelmann suggested
that cultural differences resulting from sexual imprinting and from
imprinting on the natal habitat could be important in the formation of
new species, especially in birds. You can appreciate his idea if you think
what might happen if a few birds start using a different part of their envi-
ronment. Their young will become behaviorally imprinted on the new
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habitat, and they will try to find a similar habitat as adults. If they do, then
just for reasons of proximity they are likely to find a mate who also prefers
that habitat. Sexual imprinting may also be affected. For example, if the
new habitat is acoustically different, males may adjust their song so that
it is different from that of males in the parent population. If females prefer
the dialect of the local males because they were imprinted on it when
young, they are even more likely to mate with a neighbor. In this way the
population in the new habitat will begin to be reproductively isolated from
that in the old. This is the beginning of speciation.

ILM.: That’s theory! Is there any evidence?

M.E.: There are no observations or experiments that unambiguously
show purely cultural speciation. But the same is true for most of the sug-
gested mechanisms of speciation in animals. However, although direct evi-
dence is lacking, there are experiments that provide good circumstantial
evidence for the importance of behavioral imprinting in speciation. The
animals that have supplied it are African parasitic finches—birds that, like
some cuckoos and cowbirds, lay their eggs in the nests of others, who are
therefore tricked into rearing their offspring for them. Robert Payne and
his colleagues, who have been studying parasitic birds for over thirty years,
have shown experimentally how cultural transmission could promote
rapid speciation. They took eggs of a parasitic species, and put them in the
nests of a species unaccustomed to parasites. The new hosts incubated the
eggs and looked after the parasite nestlings with the same loving care they
showed to their genetic offspring. Not surprisingly, the young who grew
up in the nest of the new host became imprinted on the song of their foster
father. When adult, the males sang his song, and females were attracted to
the males who were singing it, preferring the song of these males to that
of those reared by the normal host.

So within one generation, the parasites of the new host species had
become at least partially reproductively isolated from the species from
which they originated. Their reproductive isolation was the result of
imprinting, which made females prefer males who sing their foster parents’
song. Imprinting also made the females lay their eggs in the nests of their
foster parents’ species, so their offspring were exposed to the same type of
imprinting stimuli as they themselves experienced, and they should con-
tinue to parasitize the new host. Eventually, if the experiment were to go
on for long enough, reproductive isolation might be stabilized through
natural selection of morphological variations in the parasite that lead to
even more devoted parental care by the hosts (although the parasitized
host would almost certainly change too). But that is speculation.
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I.LM.: I have another problem with imprinting. You said that many birds
and mammals become sexually imprinted on the image of their parents.
What prevents incest in these species? If they like a mate who is similar to
their parents, why do they not mate with the parents or with their very
close kin, who are likely to look just like the parents? I thought that too
much incest creates dangerous genetic problems, but sexual imprinting
seems to me to be a sure recipe for incest!

M.E.: You are right: mating with close kin, known as inbreeding, usually
does lead to genetic problems. It leads to increased homozygosity—to
individuals having more genes for which both alleles are the same. This
means that detrimental recessive alleles are likely to be expressed in the
phenotype. As to your question about “incest,” there are several answers.
First, in most species, the young do not stay in the group in which they
were reared. Juveniles of either or both sexes leave and look for mates
elsewhere. In most mammals it is the young males who disperse, while
the females remain in their natal group, but in birds it is usually the other
way around—females disperse and more of the males remain. So incest
with siblings does not occur. There are other reasons why incest doesn’t
happen. The English biologist Patrick Bateson found that, at least in the
lab, Japanese quails prefer as mates individuals who are similar, but not
identical, to their parents; there is a taste for mild novelty! This seems
ideal: on the one hand, the young ensure that they will have mates similar
to their parents in behavior and appearance, and that increases the
likelihood that their mates are compatible with them; on the other
hand, the taste for novelty ensures that genetic and behavioral diversity is
introduced.

I.LM.: Clever quails! But I want to go back to the actual transfer of infor-
mation, rather than its consequences. Tell me, in social animals, what
happens if the young are exposed to individuals who are not their parents?
Are they affected by them?

M.E.: It depends on what you are looking at and how much contact
there is between the young and these other individuals. For example, a lot
of song imprinting happens when the young are out of the nest, so the
singing of neighboring males as well as that of the father affects the song
the young learn. In other cases, imprinting is earlier, and it is the parents,
the usual carers, who transmit the learned information.

I.LM.: I don’t want to be tiresome, but I remember hearing that in many
species of birds and mammals the parents have “helpers”—older offspring
or “friends” who help them to rear the young. Are these helpers trans-
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mitting behavioral information to the offspring? Do the offspring become
imprinted on the helpers’ behavior?

M.E.: It may sound quite unbelievable, but we don’t know! The question
has not been investigated. To the best of our knowledge, no one has tried
to see if, in families with helpers, birds develop preferences and behaviors
similar to those of their past helpers. We would certainly expect to find
such an influence.

I.M.:  How much influence? As much as that of parents?

M.E.: Less, probably, because there is less contact and fewer opportuni-
ties to transfer information, but this would really depend on the specifics
of the social system. In many species of birds and mammals, you have not
only helping behavior but also actual adoption. In these cases the adopt-
ing parents may transfer almost their whole package of preferences and
behaviors to the young, just as natural parents do. This may mean not just
information relevant to food preferences, sexual tastes, and so on, but also
to a style of parenting, which in the case of an adopter or helper may
include those behaviors that enhance the tendency to adopt or help. So
the young who are exposed to this parenting style may themselves, when
they are adults, become adopters and helpers.

I.LM.: Are you implying that this will lead to the spread of adopting or
helping behavior? I would have thought that such behavior must under-
mine the efforts of individuals to rear their own offspring, so it would
disappear! Natural selection should get rid of such altruistic behavior.
M.E.: Not necessarily. Adopting or helping need not harm an animal’s
ability to rear its own young, and sometimes it may enhance its repro-
ductive success. It may be that by caring for the young of others a helper
is practicing caring skills, and by doing so it will later become a better
parent. Often adoption is not a substitute for having genetic offspring,
because the adoptees are added to an existing litter or brood, and their
presence does not affect the survival of the adopting parents or their
foster sibs very much. Even if there is a small decrease in the reproductive
success of helpers and adopters, if the transmissibility of their parenting
style is high, then, yes, adopting and helping behavior will spread. This
is so because the helper or adopter transmits its parenting style not only
to its genetic offspring but also to its cultural ones (the adopted or
helped young). Since helpers and adopters may help and adopt young
from lineages that practice more “selfish” parenting styles, they will
infect these lineages with their seemingly altruistic behavior, and it will
spread.
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I.LM.: Do you think that is why adopting and helping behaviors are so
common?

M.E.: It may be one of the reasons.

I.LM.: Information can be transmitted by peers and other influential indi-
viduals in a group, even if there is no helping or adopting. Does that make
any difference to cultural evolution?

M.E.: If there is a lot of transmission through nonparents—let’s follow
convention and call it “horizontal” transmission—the rate and pattern of
evolution will be different from that expected when information is trans-
mitted almost exclusively through parents. For example, potato washing
among the macaques would have spread a lot more slowly if there had
been no horizontal transmission. Bad habits, for example eating a fruit
with strongly addictive but health-endangering effects (something
equivalent to smoking in humans), also spread more rapidly when trans-
mission is horizontal. There will be selection against the bad habit of
course, but whether it is eliminated or spreads, and to what extent it
spreads, depends on the strength of selection against it on the one hand,
and the rate of its transmission on the other. Since horizontal transmis-
sion of information increases the number of individuals who can receive
it, you can have really bad habits persisting. Smoking is definitely one!
However, such bad addictive habits are rare in animals, who have to
survive in rather demanding environments and cannot afford ill health.
Most really bad habits will be eliminated by selection rather rapidly. If they
are not, the group with the bad habits will soon perish. But some mild bad
habits may persist.

I.M.: But wouldn’t horizontal transmission, even of habits with neutral
rather than bad effects, undermine the results of cumulative selection?
Learning new behavior from animals in a different lineage, ones with very
different habits, could lead to the adoption of their way of life, and that
would mean the animal’s own cultural adaptations were gone for good!
Sharing behaviors would undermine the cultural adaptations of different
lineages.

M.E.: Not necessarily. Animals are not passive recipients of behaviors. As
we have been emphasizing all along, they develop their behavior—newly
acquired behavior is reconstructed and adjusted to preexisting biases and
patterns of behavior, many of which are acquired through early social
learning from their parents. A new behavior has to fit into this behavioral
package. If it does not, the individual will usually not accept it, or will
modify it until it does fit with its existing set of habits and practices. Yes,
horizontal transmission will lead to some degree of cultural homogeneity,
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sometimes maybe even strong uniformity, but in general there is no reason
to believe that it will always undermine useful and well-established cul-
tural adaptations. Often it may assist their spread.

ILM.: Would you say that the greatest difference between genetic and
cultural evolution is that the latter is more rapid?

M.E.: No. Cultural evolution usually is faster, although in some circum-
stances it can be very slow, and there may well be periods of cultural stasis.
However the most interesting feature of cultural evolution is that the
variation that underlies it is more channeled and therefore more adaptive.
There is a constant updating of behaviors and preferences as individuals
develop, so many of the variations that are transmitted through behav-
ioral inheritance systems are generated by what we earlier called “instruc-
tive” processes. They are the outcome of an individual’s learned response
to external conditions: a young mammal receives information about its
mother’s new food source through her milk, and develops a preference for
it; an individual macaque discovers how to wash newly available sweet
potatoes, and others learn from her; an animal in a new habitat discovers
a call to which its young respond more readily, and the young learn it; a
bird discovers a safe new nesting site, and through habitat imprinting its
young learn to use it too. As an individual’s behavior develops and changes
adaptively, it is transmitted to others through social learning. A Dawkins-
type division of labor between replicator and vehicle is inappropriate,
because the development of a variant behavior and its transmission go
together. You can’t separate heredity and development. And since you can’t
separate heredity and development, you can’t separate evolution and
development. The changes induced during development, mainly through
learning, play a big role in behavioral and cultural evolution. There is an
awful lot of Lamarckism!

I.M.: There is one last question, which is in fact the one I wanted to start
with. I have already said that I don’t find it too surprising that behaviors
are transmitted from generation to generation in intelligent creatures like
birds and mammals. But it would really surprise me if you told me that
insects or something similar have traditions. Do they?

M.E.: For insects there is a lot of circumstantial evidence showing that
learned information is transmitted between generations. Most of this trans-
mission is through the transfer of behavior-affecting substances that lead
to food preferences, and to preferences for mating and laying eggs on
particular hosts.

I.M.: Are there actual examples of socially mediated behavioral inheri-
tance in insects?
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M.E.: This has not been studied sufficiently, but there are a few
examples. One of the best known is the cultural transmission of alterna-
tive social organizations in the fire ant, Solenopsis invicta. In some lineages
of these ants the nests have several small queens, whereas in others
there is just a single large queen. Cross-fostering experiments have
shown that a queen’s adult phenotype and her colony type are determined
largely by the social organization of the colony in which she matures.
The differences between the two colony types and queens probably depend
on the level of a queen-produced pheromone—a chemical that is
released into the colony. This pheromone affects the maturation of larval
queens directly, and may also act indirectly through its effect on the
quantity or quality of the food given to them by worker ants. The outcome
is that the existing queens’ phenotypes and colony organization are
perpetuated.

A rather different kind of tradition has been found in several species of
butterfly and other insects, which can become imprinted on a new food
plant during their larval stages and will then use the same plant for egg-
laying when adult. The changed behavior is maintained over several gen-
erations. There are also species of cockroach in which the young follow
their mother as she forages for food at night, just like ducklings following
a mother duck. It seems likely that the young learn what and where to eat,
and that they in turn transmit this information to their offspring, but this
needs further study.

I.LM.: Why is it not studied? It may have practical implications!

M.E.: Itis probably for the same reason that made you say that you would
be surprised if traditions are found in insects. Insects are seen as “soft
automata,” so people don’t expect them to have social learning. We agree
that socially mediated learning may have lots of practical implications. It
might be possible to exploit social learning to condition insects to prefer
particularly damaging weeds, for example. In the conservation of
mammals and birds, it is already clear why social learning is important. If
you try to reintroduce a species into an area where it has become extinct,
you have to teach the animals a lot before releasing them into the wild,
especially if they are social animals. Their genetic inheritance is not
enough; they need the information that is transmitted through the behav-
ioral system as well.

I.LM.:  One very last question: what about humans? How does this behav-
ioral inheritance concern humans? I mean beyond carrot juice and such
things.
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M.E.: It sounds like a simple question, but the answer is horribly com-
plicated. We believe that with humans there is a qualitative leap. Not only
has the behavioral inheritance system become extremely important but
another mode of transmission has evolved and taken over: there is a
massive transfer of information through symbols (like in our linguistic
system), and this is an entirely new dimension. We look into this in the
next chapter.






6 The Symbolic Inheritance System

When an evolutionary biologist looks at her own species, Homo sapiens
sapiens, she sees a contradiction. On the one hand she recognizes that in
their anatomy, physiology, and behavior humans are very similar to other
primates, especially chimpanzees. She can see how alike humans and
chimps are in the way they express basic emotions, in their highly devel-
oped sociality, in their ability to improvise, and in some of their ways of
learning. It is easy for her to see why Jared Diamond called our species “the
third chimpanzee” because as an evolutionary biologist she discerns the
homologies that suggest a common ancestry. Yet, on the other hand, she
also sees that humans are very different from other primates: this species
of chimpanzee writes music and does mathematics, sends missiles into
space, builds cathedrals, writes books of poetry and of law, alters at will
the genetic nature of its own and other species, and exhibits an unprece-
dented level of creativity and destruction, rewriting the past and molding
the future. In these respects, Homo sapiens sapiens is totally unlike any other
species.

What is it that makes the human species so different and so special?
What is it that makes it human? These questions have been answered in
many ways, but in our opinion the key to human uniqueness (or at least
an important aspect of it) lies in the way we can organize, transfer, and
acquire information. It is our ability to think and communicate through
words and other types of symbols that makes us so different. This view is
not new or original, of course. The idea was explored more than half a
century ago by the German philosopher Ernst Cassirer, and recently it has
been discussed in depth by the neurobiologist Terrence Deacon. Like
Cassirer, we choose the use of symbols as a diagnostic trait of human
beings, because rationality, linguistic ability, artistic ability, and religiosity
are all facets of symbolic thought and communication. This is what
Cassirer wrote:
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... this world [the human world] forms no exception to those biological rules which
govern the life of all the other organisms. Yet in the human world we find a new
characteristic which appears to be the distinctive mark of human life. The func-
tional circle of man is not only quantitatively enlarged; it has also undergone a
qualitative change. Man has, as it were, discovered a new method of adapting
himself to his environment. Between the receptor system and the effector system,
which are to be found in all animal species, we find in man a third link which we
may describe as the symbolic system. This new acquisition transtorms the whole of
human life. As compared with the other animals man lives not merely in a broader
reality; he lives, so to speak, in a new dimension of reality. (Cassirer, 1944, p. 24;
Cassirer’s italics)

Cassirer goes on to suggest that rather than defining man as the “rational
animal,” we should define him as the “symbolic animal,” because it was
the symbolic system that opened the way to mankind’s unique civiliza-
tion. The symbolic system—the peculiar, human-specific way of thinking
and communicating—may have exactly the same basic neural underpin-
nings as information transmission in other animals, but the nature of the
communication (with self and with others) is not the same. There are
special features that make symbolic communication different from infor-
mation transmission through the alarm calls of monkeys, or through the
songs of birds and whales.

What symbols are, how they form and develop, and how they are used
are among the most complex issues in the study of man, but for us there
are some minor consolations. The most obvious is that there is no need to
resort to thought experiments to convince anyone that symbolically rep-
resented information is passed on from one generation to the next. It is
something we all take for granted. Those of us living in the Western world
know that most of the people we meet will have at least a nodding acquain-
tance with the Bible, and will share the long cultural heritage of which it
is part. And everyone will readily agree that our symbol-based culture is
changing through time: we only have to think of what has happened to
technology during the last hundred years to be convinced. However, before
we look at cultural change in our species, we will try to explain in general
terms what symbols and symbolic systems are, and how they provide a
fourth dimension to heredity and evolution.

Mr. Crusoe’s Great Experiment

It would be nice to start with an accepted, intelligible, general definition
of symbols, but unfortunately any definition we could offer at this point
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would either be misleading and limited, or incomprehensibly long and
awkward. We will therefore take a less formal approach and try to explain
the peculiarity of symbols and symbolic systems through examples.

One way to start is to take a sign—a piece of information that is trans-
ferred from a sender to a receiver—which looks like a symbol but clearly
is not one, and compare it to a very similar sign that certainly is a symbol.
This may help to pinpoint the defining features of symbols. Since there is
no real-life example that is not in some way partial, we will make use of
another thought experiment. This one is not entirely original; it is a rather
free adaptation of one suggested for other purposes over a hundred years
ago. Its author was Douglas Spalding, the brilliant Scottish biologist men-
tioned in the previous chapter, who is rightly regarded as one of the fathers
of modern ethology. We will be using the original Spalding story in chapter
8, but meanwhile here is our version of it. Before beginning, we need to
make the usual writer’s disclaimer: all characters in this story are entirely
fictitious, and any resemblance to real people or animals is purely
coincidental.

Imagine a Robinson Crusoe who, soon after settling on his island, caught
a few of the local parrots and started teaching them various English phrases
(figure 6.1). He used the well-known method of teaching through positive
and negative reinforcement—the carrot-and-stick method—which rewards
good behavior and punishes bad. He quickly discovered that the parrots
learned much more quickly when taught in pairs, competing for the tidbits

Figure 6.1
Mr. Crusoe’s great experiment.
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he used as rewards. Since Mr. Crusoe was feeling rather lonely, he first
taught his parrots to say “How do you do?” when they saw him or one of
the other parrots first thing in the morning. The parrots on the island had
a great talent for vocal imitation, so they soon learned the greeting. Mr.
Crusoe then taught them to say the words “fruit,” “veg,” “ water,”
and “coconut milk” when they saw these types of food and drink. After
they had learned these words, he trained them to say “found fruit,” “found
veg,” “found grain,” and so on when they found the corresponding foods,
and “give fruit,” “give veg,” “give grain,” and so on when they wanted Mr.
Crusoe, a mate, or parent to give them those foods. He also taught the
parrots to name several of their natural enemies—“eagle,” “snake,” and
“rat.” These animals all prey on parrots’ eggs and nestlings, but each uses
a different method of attack, so each requires a different type of defense.
Mr. Crusoe taught the parrots to call out the correct name for each pred-
ator when they saw it, and rewarded them if they acted appropriately when
they heard the calls of other parrots, even if they themselves did not see
the predator. They were thus trained to use English words as alarm calls,
warning relatives and neighbors about the dangers.

Not only did Mr. Crusoe train the parrots to use various words, he also
amused himself further by doing some selective breeding. He allowed only
those parrots who could say all the words with the best English accent and
in the right circumstances to breed. And perhaps most important, each
year he bred only from those families in which the youngsters learned the
words from their parents and other parrots rather than from himself. In
this way he gradually established the calls as part of the parrots’” human-
independent habits.

Now imagine that after over forty lonely years of intense training and
selective breeding, Mr. Crusoe dies, but the parrot population thrives, and
the various alarm calls and food calls are passed on from parents to off-
spring, from mate to mate, and among neighbors. They become, as Mr.
Crusoe always intended, part and parcel of the local parrots’ behavioral
repertoire. Although the parrots still use several non-English calls and
gestures, some of the English calls have now supplanted the traditional
parrot ones.

Picture now an unsuspecting English ethologist coming to this island
fifty years later, knowing nothing of Mr. Crusoe and his great experiment.
When she hears the clearly adaptive and appropriate English calls of the
parrots, she is of course amazed. For a fleeting moment she believes that
her secret prejudice is now justified, and English (the only language she
can speak) really is God’s universal primary language, the ancient language
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of the Garden of Eden. But after discovering Mr. Crusoe’s diary, with its
full documentation of his training and selection experiments, she reverts
to more conventional ways of thinking and begins to analyze the phe-
nomenon she is observing. Being interested in the symbolic nature of lan-
guage, the ethologist asks herself whether the repertoire of English words
and phrases that the parrots use so adequately and clearly is the much
sought-for example of a simple and true protosymbolic system—a missing
linguistic link. Are the parrots on the road to symbolic language?

There are several features of the parrots’” word calls that the ethologist
recognizes are quite similar to the way words are used by humans. First,
the calls are arbitrary (in the sense that the birds would have learned
Hebrew words and phrases if only Reuben Krutnitz had reached the island
instead of Mr. Crusoe). Second, the calls are clearly referential; each call
refers very specifically and accurately to a particular thing or situation in
the world, and evokes a typical, appropriate response. Third, they are con-
ventional, in that all the parrots “agree” about what each call refers to.

All of these things, as the ethologist realizes, are true of human language,
but she knows that a symbolic language is that and a lot more. The parrots’
repertoire is poor, but it is not the poverty of the repertoire that worries
her. After all, she knows that when people from groups speaking different
languages first try to communicate, they too have a very poor repertoire
of words, and so do very young children. What strikes the ethologist is the
rigidity of the parrots’ call system. She traps a few eloquent parrots and
teaches them the word “cracker” for a new food item. They learn it
successfully and rapidly. However they never join the words “found” or
“give” to the newly learned word “cracker” to say “found cracker” or “give
cracker” without being taught. They do not generalize the property of the
word “give” or “found” and apply it to a new item. Each phrase, like each
word, has to be learned from scratch, as a single unit. The birds do not
grasp the relation between the words; they do not map the relation between
objects and acts to the relationship between words in a phrase. For the
parrots, each call, whether it is a word or a phrase, is a unit.

Why is this so important? Think about a child with a limited vocabu-
lary. There is a stage when the child’s use of words and phrases seems rather
similar to the parrots’: each utterance is tied to a certain situation and to
a certain response, and is learned as a unit. But very soon the child goes
beyond this. She begins to combine words flexibly: she will use the already
learned word “give” with many of the other words she has learned and
with the new words that she is learning at present. The word “give” does
not lose its meaning, because it still refers to a certain action directed at
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the child and it is still a “tool” that leads to the fulfillment of a desire, but
it has acquired a new kind of mobility. It can be transferred between situ-
ations and contexts. The child can say “give cookie,” and she can easily
apply the verb to the newly learned word “teddy,” saying, without being
taught, “give teddy.” The particular wish expressed by the word “give” has
become generalized to many different demand situations, so the word
“give” maintains a certain general meaning, full of possibilities. Of course,
the expression and potential satisfaction of a particular desire depend on
the combination of words, but the word “give,” once learned, need not
be learned anew for every possible combination. Its use can be extended
even further: it can later be used metaphorically for saying things like
“give hope.”

Take another example: think of what goes on when our learned parrots
shriek “snake.” This call, “snake,” has a truth value—it is related to a situa-
tion (snake around!) and the parrot transfers information about this
situation, information that can be true or false. (It is usually true, except
for rare cases of mistake or deceit.) But when a child who has reached the
stage of combining words says “snake,” this does not necessarily mean that
there is a snake around. In fact it does not refer to any one single situa-
tion. She can say “want snake” (referring to a toy); she may say “find
snake” (in a game); she can say “feed snake”; or she may say that she likes
or is angry with a snake (whether or not it is actually there). It is as if the
child at this stage treats the word “snake” (and any other word) as an ana-
lytical unit, as part of the analysis of an actual or imagined situation which
is reflected in the stringing together of words. This unit, the word “snake,”
always retains its reference, but not its situation-specific truth-value, its
emotional value, or its effects on the speakers’ and hearers’ actions. The
truth-value, the emotional value, or action value has been transferred to
the sentence level. This gives the unit, the word, great freedom to move
from context to context, because it is no longer constrained by referring
to one particular situation or desire, or to a particular behavioral response.

This stage, even if it is at first very modest, requiring only a very limited
stringing together of words and no special rules for ordering them, depends
on the ability of a child to understand that the relation between words
reflects the relation between parts of a perceived and experienced situation
(including the child’s own desires), and vice versa. It is not just that the
words reflect the relations between objects, actions, and goals; the organ-
ization of words points to such relations. The child can go not only from
an experienced situation to words but also from word combinations to situa-
tions. This has enormous implications. The realization that words refer
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to parts of a situation helps the child to recognize that aspects of her expe-
rience can be differentiated and named. Moreover, existing words help her
to focus her attention on the elements of the situation she experiences, to
break it into parts. And the correspondence between different aspects of
her early experience (for example, between sweet taste and pleasure, and
between mother and pleasure) may lead her to use words metaphorically,
as, for example, in “sweet mummy.” The ability to assemble words into
phrases and sentences, and to use them metaphorically, allows the child
to create fictions—imaginary objects and situations.

Combining words has to be subject to rules, simply because the number
of possible combinations becomes enormous, even when the vocabulary
is small, and the meaning of different combinations becomes very ambigu-
ous. What these rules are and how they develop is not our concern here,
but we should note that the rules of language (grammar, especially syntax)
allow us to generate and understand an infinite number of varied mean-
ingful sentences. We see this even when we consider relatively simple
phrases like “man bites cruel dog,” “dog bites cruel man,” “cruel man bites
dog,” “cruel dog bites man,” and so on, which may be true or imaginary,
and which we understand unambiguously if we understand the individual
words and the rules of grammar (in this example, the rules are reflected in
the word order). A related and important property of language is that even
if a word has never been heard or seen before, the words that are already
known and the grammatical structure in which the unknown word is
embedded often give a good hint about what the word may refer to. This
is especially true if the word is playing a role in several different sentences.
Words can therefore be said to refer to each other. The way that words refer
to each other is most clear when we think about what a dictionary is—it
is where we define words by means of other words. To sum up, we can say
that words act as symbols because they are part of a rule-governed system of
signs that are self-referential.

Language is, of course, a lot richer than we have suggested, because it
involves sounds, gestures, intonations, and so on. But we will leave it for
now because, although it is so central to human nature, language is really
a rather special symbolic system, and we need to think about symbols in
general. So think of a picture—a picture of Jesus on the Cross, or of the
Virgin Mary holding the infant Jesus in her arms. No one who is familiar
with Christianity will doubt that these pictures are pregnant with symbolic
meaning. But why? In contrast to strings of words, there is nothing arbi-
trary about these pictures (assuming that they have been painted in a more
or less realistic style); they depict a terribly suffering man, a woman
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Figure 6.2
Symbols.

holding a baby. Also, unlike a sentence or paragraph, it is not very easy to
break a picture into parts: the organization of a picture is more holistic
than that of a sentence, and the parts of the picture are more interde-
pendent. Yet, in spite of these important differences between linguistic
utterances and pictures, we still think of pictures as symbols, because we
interpret them within a shared framework of religious or artistic practices
in which they have a role or function. In the examples we used, the pic-
tures are part of a complex of Christian religious practices, where they play
an actual or potential role by symbolizing suffering, redemption, and so
on. The choice of these particular images is, in a sense, conventional: non-
Christians have other ways of representing similar ideas and emotions. The
pictures are part of an organized communication system involving
religious symbols and practices, and where there are symbols there is, by
definition, a symbolic system.

So, in summary, we can say that signs—the pieces of information trans-
ferred from sender to receiver—become symbols by virtue of being a part
of a system in which their meaning is dependent on both the relations they
have to the way objects and actions in the world are experienced by
humans, and the relations they have to other signs in the cultural system.
A symbol cannot exist in isolation, because it is part of a network of
references. However, the extent to which the interpretation of a symbol
depends on other symbols is not the same in all systems. For example, a
picture within the system of religion or art may convey something mean-
ingful to a spectator even if the cultural system of which it is part is unfa-
miliar, whereas a mathematical notation, like the mathematical symbol
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Figure 6.3
Ceci n’est pas DNA (after René Magritte).

V' —1, derives its meaning entirely through relations with other symbols in
the mathematical system. In all cases, however, the systems allow people
to share a fiction, to share an imagined reality, which may have very little
to do with their immediate experiences. This is true of stories, of pictures,
of rituals, of dances and pantomime, of music, indeed of any type of sym-
bolic system we may think about. All symbolic systems enable the con-
struction of a shared imagined reality.

Symbolic Communication as an Inheritance System

Earlier we suggested that our ability to communicate through symbols is
at the root of many of the things that make us so different from other
animals. Humans have a unique method of transmitting and acquiring
information. What we now want to do is look at symbolic communica-
tion from a narrow angle, that of the system that provides a fourth dimen-
sion to heredity and evolution. We want to try to characterize this special
inheritance system in the same way that we did the genetic, epigenetic,
and behavioral systems, and see how similar it is to each of them. There
is at least a superficial resemblance between the way we transmit infor-
mation through speech and the way animals use various calls and songs,
so does the symbolic system work in the same way as the behavioral inher-
itance system? Or is it more like the genetic system? DNA is called the “lan-
guage of life,” and our characteristics are said to be “written in our genes,”
so there must be obvious similarities between the two systems. What are
they? What features does the symbolic system share with other systems of
information transmission, and what is it that makes it so different and
special?
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There is one important property that the symbolic and genetic systems
share but is missing from behavioral inheritance. Symbols and genes can
transmit latent information, whereas information has to be used before it
is transmitted or acquired by behavioral means. It’s easy to see this if you
think about how a song or a dance is transmitted to others. Let’s consider
three cases: transmission through the genetic system, transmission
through the behavioral system, and transmission through a symbolic
system. For the genetic example, we can use fruit flies of the genus
Drosophila, which have very beautiful songs and dances. The songs are sung
by males, which produce them by vibrating their wings. The dances, in
which males are the more active partners, include wing movements,
wafting scents around, circling around each other, touching, and licking.
If it all sounds very sexy, it’s because it is—it’s a courtship dance. Each
species has a characteristic song and dance, which enables the flies to iden-
tify their own species. These songs and dances are innate, and quite a lot
is known about their genetics, but the important point is that they will be
inherited even if the parents never perform them (perhaps because an evil
experimenter has cut off their wings). The same is true of the songs of some
species of mammals and birds, which are also innate. In other bird and
mammal species, however, if individuals are to inherit a song (we know
less about dances), it has to be sung in their presence. It is only through
hearing the song that individuals can obtain the information that will
enable them to reproduce it. In other words, for a pattern of behavior to
be transmitted through the behavioral system, it has to be displayed; there
is no such thing as latent information which can skip generations.

This is certainly not so with transmission through the symbolic system.
Humans can transmit a song or a dance to others even if they are tone-
deaf and have two left feet. There is no need for us to sing a note or dance
a step, because we can transmit the information required to reproduce a
song or dance using disks or films, or even through written or oral instruc-
tions. Symbolic information does not have to be acted upon in order for
it to be transmitted. Provided that the culture that can interpret it remains
intact, it can remain unactualized for generations. Information for build-
ing the Third Temple has been transmitted among the Jews for almost two
thousand years, but the Temple has not been built. And grandma’s soup
recipe may be passed down through the family for several generations
before someone gets around to making the soup again.

The symbolic and genetic systems are similar in that both can transmit
latent information, but the symbolic system can do far more than this.
Since symbols are shared conventions—socially agreed-upon signs—they
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can be changed and translated into other corresponding conventions. The-
oretically, their translatability is unlimited. An instruction in English that
is given in Roman letters can also be given in Morse code, or in semaphore,
or in computer code. Symbols can even be “translated” between systems:
the idea of Jesus on the Cross can be expressed in language, pictures, dance,
and mime. “Danger” can be expressed by a word, a picture, a tune. A story
can be transmitted orally, after learning by rote; it can be transmitted
through song and pantomime; it can be transmitted in writing; and these
days it can also be transmitted through films, TV, and computer games. So
although symbolic information is like genetic information in that it is
encoded and is translatable, the translatability of symbolic information is
much broader than that of information in the genetic system. Since we
can “translate” symbols from one form to another, and separate and
combine different symbolic forms and levels by following general princi-
ples of coherence, vast amounts of meaningful symbolic information are
readily generated.

Some types of symbolic information are more likely to be generated,
transmitted, and acquired than others. Like information communicated
through the behavioral system, a lot of new symbolic information is tar-
geted; it is not the outcome of uncorrected mistakes like most new genetic
variants are. New symbolic information is organized and categorized men-
tally, and tested and adjusted to fit existing ideas, habits, and culture before
it is passed on. And with symbolic information, an additional element
comes into the editing and testing processes, because symbolic construc-
tion is not always concerned with present realities. It is often fictional and
future-oriented. Symbolic systems can readily generate fictions such as the
Third Temple, the unicorn, the communist utopia, the square root of
minus one, and the nth dimension. Moreover, future goals, future scenar-
ios, and future plans are part of the background against which newly
generated information is edited. Obvious examples of such future-oriented
constructions are utopias, myths, and the new plans invented in a manu-
facturer’s research and development unit. The construction and selection
of future-oriented ideas can work at different levels—in the head of a cre-
ative individual, in the actions she performs to test them (which then feed
back into her ideas), in the group within which the ideas and their imple-
mentations are presented, and in the larger society.

Different aspects of the symbolic system have different structures. Lan-
guage, at the sentence level, is modularly organized: its units (words) can
be changed one by one, just like the units (nucleotides) in a DNA sequence,
so an enormous number of variations can be generated and transmitted.
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A picture or dance has a more holistic organization, with the parts being
more interdependent, although the elements in it can still be combined
in many different ways. Moreover, symbolic systems are hierarchically
organized: words are components of phrases, phrases are components of
sentences, sentences are components of stories, and stories (along with pic-
tures, dances, songs, books, and other artifacts) are themselves units within
a larger cultural system such as a religion. With symbolic systems we there-
fore have to think about the way that symbols can join to form ever-larger
hierarchical structures, and about the ways in which the symbolic elements
can be moved and reorganized to produce new meanings. This makes
thinking about the generation and transmission of variants in the sym-
bolic system quite difficult, because there are so many interacting factors
and levels to consider.

There is another complicating factor. Symbolic information is often
transmitted from adults to nonrelated young (as in a school), from young
to adults, and among individuals belonging to the same age group. In this
it resembles the behavioral system of other animals. But there is a signifi-
cant difference: active instruction is important with symbolic transmission
systems. In other animals, social learning usually does not involve inten-
tional teaching, but for humans it is essential, because the symbolic system
itself, and not just the local culture that it produces, has to be culturally
acquired. For example, although people argue about the role of learning
and the type of learning that is involved, no one doubts that a lot of learn-
ing is necessary before a child can understand and use language. The need
for overt learning and instruction is seen even more clearly with other
types of symbolic system: we are taught the symbolic system of literacy, we
are taught mathematical symbols and rules, we are taught how to under-
stand and participate in the rituals of our culture. The framework needed
to interpret symbolic information has to be learned.

Cultural Evolution and Symbolic Communication

We can summarize the last section by saying that although the symbolic
system of transmitting and acquiring information has properties that it
shares with other inheritance systems, it is also clearly different from any
of them. Inevitably, therefore, human cultural evolution, which is based
largely on information transmitted through symbolic communication, has
characteristics that make it very different from other types of biological
evolution.
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In the previous chapter we defined culture as the system of socially
transmitted patterns of behavior, preferences, and products of animal
activities that characterize a group of social animals. Cultural evolution
was described as a change, through time, in the nature and frequency of
these socially transmitted preferences, patterns, or products of behavior in
a population. Nonhuman animals transmit behavioral information in a
variety of ways: often it is through vocal signs, as in the communication
systems of birds and whales; in other cases it may involve a complex com-
bination of vocal, visual, tactile, and olfactory signs. When communicated
across generations, these animal signs may form a culture. As with human
culture, the process of acquiring information is an active one that involves
the reconstruction and transformation of the information. However,
animals do not have a symbolic culture, because their communication
signs do not form a self-referential system. Human culture is unique in that
symbols permeate every aspect of it, and even acquired behaviors such as
food preferences or songs, which in other animals are transmitted by non-
symbolic means, are usually associated with symbolic communication in
humans. And things such as ideas, artifacts, and institutions are almost
entirely based on symbols. This does not mean that all human communi-
cation depends on symbolic systems: the ways of acquiring and transmit-
ting information that we described in the previous chapter are also
important in human societies. Nevertheless, the defining feature of human
culture is its dependence on the symbolic system and the great weight that
symbols have in it.

The consistent, long-term differences in the cultural habits and beliefs
of different human societies show that the symbolic system provides very
effective ways of transmitting information. Not all cultural variants fare
equally well, of course. Some customs and beliefs persist with little change,
others disappear, and still others are modified. The question we now have
to ask is how we should view these processes. Should we think in terms of
Darwinian evolution, or is what we see Lamarckian evolution, or is it some-
thing totally different? What is the best way of looking at cultural change?

The nongenetic aspects of human variation and heredity have been
incorporated into evolutionary thinking in various ways. Scientists like
Luca Cavalli-Sforza and Marcus Feldman, Robert Boyd and Peter Richer-
son, have built mathematical models that describe how the frequency of
cultural practices that are transmitted by nongenetic means (not neces-
sarily symbol-based) change over time. These models show that when
you have the essential ingredients of Darwinian evolution—cultural
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innovations (variation), cultural transmission (heredity), and differential
multiplication and survival (selection)—the result is cultural change.
However, as the French anthropologist Dan Sperber has noted, some of the
models assume that the transmission of cultural ideas is a copying process,
whereas in fact in most cases it is a reconstruction process in which the
receiver actively acquires and transforms the information she receives
according to her own cognitive and cultural biases. Consequently, because
they do not focus on the central process of reconstruction, most of the
mathematical models can provide only limited information about the
spread of cultural variants.

The forbidding mathematical form of some of the models, and their
ability to describe only general patterns of cultural change rather than
throwing light on questions about its amazing diversity and sophistica-
tion, may explain why these models have not received much public atten-
tion. In contrast, two very different and more ambitious approaches have
become very fashionable and are widely debated in both the scientific and
public arenas. According to one, that of the evolutionary psychologists, in
order to understand human societies and cultures we have to recognize the
evolved genetic basis of human behavior. This approach is explicitly
genetic and usually takes a “selfish gene” viewpoint to explain many of
the most fundamental facts about human behavior. The second approach
seems almost the complete opposite of this: it views cultural evolution as
the outcome of competition between “memes”—cultural units that repli-
cate and are selected in a way analogous to but separate from selfish genes.
We start by looking at this latter approach, that of the memeticists.

The “Selfish Meme” View of Cultural Evolution

The meme was christened by Dawkins in 1976 in his first book, The Selfish
Gene, where he described memes as the “new replicators” (the old ones
being the genes, of course). Although Dawkins was not the first to discuss
units of cultural transmission, thanks to his easily remembered term meme
and his discussion of it in the context of selfish genes, the idea became
more widely known. It seemed to suggest a simple and useful way of under-
standing complex cultural processes, and some people felt that just as
genes had broken through the mess of hereditary phenomena and made
them intelligible, so memes would do the same for culture.

After an initial lag period, Dawkins’s meme concept began to flourish,
and there are now books, an Internet journal, websites, and academic con-
ferences devoted to memes. However, Dawkins’s discussion of the meme
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concept is still one of the clearest, so we will start with what he said. He
defines the meme as “a unit of cultural inheritance, hypothesized as anal-
ogous to the particulate gene, and as naturally selected by virtue of its ‘phe-
notypic’ consequences on its own survival and replication in the cultural
environment” (The Extended Phenotype, p. 290). According to Dawkins, the
meme is a unit of information residing in the brain, embodied as neural
circuits. This neural “genotype” of the meme has phenotypic effects:

The phenotypic effects of a meme may be in the form of words, music, visual images,
styles of clothes, facial or hand gestures, skills such as opening milk bottles in tits,
or panning wheat in Japanese macaques. They are the outward and visible (audible,
etc.) manifestations of the memes within the brain. They may be perceived by the
sense organs of other individuals, and they may so imprint themselves on the brains
of the receiving individuals that a copy (not necessarily exact) of the original meme
is graven in the receiving brain. The new copy of the meme is then in a position to
broadcast its phenotypic effects, with the result that further copies of itself may be
made in yet other brains. (Dawkins, 1982, p. 109)

In this paragraph Dawkins makes a clear genotype/phenotype type of
distinction, a replicator/vehicle distinction. The organism and the cultural
products it creates (books, pictures, music, etc.) are the vehicles of the repli-
cators, the memes. These memes, the information-containing entities,
reside in the brain, and by virtue of their phenotypic effects they can
spread by being copied into other brains (figure 6.4).

Memes compete to get into our brains and be passed on again. Usually
it is the catchiest tune, the best idea, the most effective tool, or the most
useful skill that succeeds. But memes, like genes, are “selfish” replicators.
A “selfish” gene may undermine the survival and reproductive success of
its carrier (for example, by making it behave altruistically), because this
enhances the success of other individuals carrying copies of itself. The gene
benefits; its vehicle does not. Similarly, memes can “selfishly” undermine
the survival and replication of their vehicles, yet still increase in frequency.
For example, the meme for cigarette smoking continues to proliferate, even
though it harms its vehicles, because it has strong socially contagious and
addictive effects. The meme thrives; the individuals harboring it do not.
Memes are often described as “viruses of the mind.”

A clear albeit extreme version of the selfish meme concept has been
developed by Susan Blackmore, whose memes are ideas, instructions,
behaviors and information, which are passed from person to person by
imitation. She writes:

From the meme’s-eye view, every human is a machine for making more memes—a
vehicle for propagation, an opportunity for replication and a resource to compete
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Figure 6.4

Cultural transmission according to the meme theory. In the upper part of the figure,
the meme for the fancy shoe fashion spreads from the central figure to the minds
of the observers on either side. As a result (below), all end up having the meme and
displaying the fancy shoe phenotype.

for. We are neither the slaves of our genes nor rational free agents creating culture,
art, science and technology for our own happiness. Instead we are part of a vast evo-
lutionary process in which memes are the evolving replicators and we are the meme
machines. (Blackmore, 2000, p. 54)

The meme idea that Blackmore and others have espoused is a seductively
simple way of explaining the evolution of human behavior and culture in
Darwinian terms. However, we believe the arguments on which it is based
are flawed. The flaw stems from the distinction that is made between repli-
cators (memes) and their vehicles (human brains, human artifacts, and
humans themselves are all given this role). According to Dawkins'’s defini-
tion, a vehicle is an entity that cannot transmit its acquired variations from
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generation to generation: a change in an amoeba (a vehicle) cannot be
transmitted unless it originates from a change in its DNA sequence (the
replicator); or, using Dawkins’s cake analogy, a change in a cake cannot be
transmitted, whereas a change in the recipe can be. In general, no change
in the vehicle will be passed on unless it stems from a change in the repli-
cator. The problem for the meme concept is that if the developmental
processes that vehicles undergo result in the generation of variations that
are heritable, then the distinction between genelike replicators and
phenotype-vehicles breaks down. Since heritable variations in behavior
and ideas (memes) are reconstructed by individuals and groups (vehicles)
through learning, it is impossible to think about the transmission of
memes in isolation from their development and function.

The point will become clearer if we look at some of the examples of
memes given by Dawkins and others. Consider the transmission of the
memes for the skill of opening milk bottles in tits, for a new style of
clothes, for a way of caring for babies, and for the set of ideas induced by
the picture of Jesus on the Cross. If a meme is an information-containing
entity analogous to a gene, then for each example it should be possible
to identify something that is copied and transmitted. Yet in no instance
is anything copied, except in a very broad and loose sense. In each case
the organism (or group) actively reconstructs the pattern of behavior, or
the pattern of emotions and ideas, through learning. And learning is not
blind copying—it is a function- or meaning-sensitive developmental
process.

Look at what happens when the milk bottle-opening behavior of tits is
“copied.” The activities of tits who know how to get at the milk draw the
attention of naive tits to something (milk bottles) that they had not pre-
viously regarded as a source of food. As a consequence, the naive tits even-
tually reconstruct the bottle-opening behavior through trial-and-error
learning. However, although this particular behavior, milk bottle-opening,
can be named and delimited for some analytical purposes (such as study-
ing its rate of spread, or geographic distribution), there is no “meme for
milk bottle-opening” that is transmitted from tit to tit. The milk
bottle-opening behavior and its transmission are tied together. The repro-
duction of the presumed “meme”—the milk bottle—~opening circuits in the
brain—is a developmental consequence of the reoccurring social and eco-
logical interactions that cause tits to reconstruct the bottle-opening behav-
ior. If we are to explain the reconstruction of bottle-opening behavior and
the factors that impinge on its spread, we have to understand the proper-
ties and logic of this social-ecological system.
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The same kind of reconstruction processes can be seen with human
examples of behavioral transmission. There is a form of severe mental
illness in which, among other things, the sick mothers do not touch their
babies. This early deprivation has devastating long-term effects on the chil-
dren, who show the same psychopathology when they grow up. Again, the
daughters do not touch their babies, so the cycle is repeated. In this way
the behavior is transmitted from generation to generation in the female
line, but it is quite clear that no “meme for not-touching-babies” is being
passed from mothers to daughters. What happens is that the daughters’
interactions with their sick mothers lead to the reconstruction of the same
pathological maternal behavior. “Not-touching-babies” is both a cause and
symptom of the syndrome. It cannot be isolated as an autonomously trans-
mitted “meme.” It is a part of a psychophysiological system of interactions.

With the meme for a new fashion in clothes, we can again see that it
spreads through a process of reconstruction, not through development-
independent and learning-independent copying. It is true that acquiring
the preference for a particular style of dress may seem a rather trivial and
dispensable part of development, and we are often most impressed by the
apparently contagious nature of the spread of fashions. But even if the
reasons for following a fashion remain largely unconscious, adopting a
style of clothes is still a consequence of development and learning in
a social setting. What is reproduced when we adopt a fashion is not just
a particular consumer behavior, but also complex social factors that are
related to class, economic status, cultural icons, and so on.

As a final example we can take the transmission of the ideas embedded
in a picture of the Crucifixion. Here, the element of cultural construction
is far more significant and dominant than in the other cases. What has to
be reconstructed in each individual is a hugely complex cultural-religious
package, which is formed through a lengthy developmental process. The
learning that is necessary involves several levels of social organization,
from the child and its family, through the local community, to the organ-
ized church and society. To talk about a “Crucifixion meme” leaping from
brain to brain tells us very little about this cultural phenomenon. In fact,
it misses the very thing that it tries to explain—culture!

A big problem for the meme concept is that when patterns of behavior
such as milk bottle-~opening or not-touching-babies are transmitted to
others, the copying mechanism is not independent of what is copied. It is
not the same as with DNA replication or copying with a photocopier,
where what is copied is irrelevant to the copying process. This is obvious
if you think about transmitting a nursery rhyme (a meme) to a child. How
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well we transmit it and how well the child acquires it (for how long it will
be remembered and how true it is to the standard version) will depend on
the content of the rhyme, its melody, how many times we and others
repeat it, when we learned it, our own and the child’s musical talent,
the child’s motivation, and many other factors. In other words, transmis-
sion and acquisition involve learning processes that are sensitive to the
behavioral-developmental history of both the “student” and the “tutor.”
Of course it can be argued that we can teach a child many different nursery
rhymes, as indeed we do, and that provided these rhymes conform to some
very general structure, they can be learned. So in this sense we can say that
such learning by imitation involves processes that are not sensitive to
content. It is certainly not as content-sensitive as transmitting a behavior
such as milk bottle-opening by tits. This is probably why memeticists like
Susan Blackmore focus on imitation as the major mechanism of meme
transmission. However, when we imitate, what is copied is the “pheno-
type” of the meme: if we introduce a change into the nursery thyme that
we teach a child, the mistake will be perpetuated. So even mechanical imi-
tation is not equivalent to the replication of genes, which would be unaf-
fected by a phenotypic modification. And if imitation is not mechanical,
if what is to be imitated is evaluated and controlled by the imitator, then
imitation is a context- and content-sensitive process, not mere copying
(Figure 6.95).

The learned, developmental dimension to the generation and reproduc-
tion of most cultural information makes it very difficult to think of cul-
tural evolution in terms of distinct replicators and vehicles. There are no
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The transmission of a nursery thyme and the origin of a new variant. Notice that
the variations in the song are not entirely random: they make sense, and the rhyme
and rhythm remain the same.
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discrete unchanging units with unchanging boundaries that can be fol-
lowed from one generation to the next. Although the meme concept may
appear to provide an intellectually manageable theory of cultural evolu-
tion, it does so by focusing on the selection of copied ideas and behaviors,
and ignoring the much more difficult and messy issues of their origins,
social construction, and interactions. It tells us nothing about the genera-
tion, implementation, and processes of transmission and acquisition of
new cultural information. Surely we are likely to gain far more insight into
the process of cultural evolution if, instead of thinking about the selection
of supposedly distinct cultural variants or memes, which spread by virtue
of their ability to “replicate” themselves more than others, we try to under-
stand the complex processes that generate and mold cultural changes. The
distinctive feature of human culture is its potent constructive power, which
includes the ability to design and plan the future, and its coherence and
internal logic. Symbolic communication allows humans to communicate
ideas and artifacts that are constructed to deliberately shape their future
within a very complex social and political system. Thinking of the spread
of human habits and ideas in terms of the replication of selfish memes
obscures these unique aspects of human evolution.

Evolutionary Psychology and Mental Modules

If interpreting human cultural evolution in terms of memes is unhelpful,
is there a better way of thinking about it? Many evolution-oriented soci-
ologists, psychologists, and anthropologists would say that there is—that
we should think about human behavior and culture in terms of our genes.
They see culture as a colorful and thin veneer spread upon genetically
selected, innate, human-specific, psychological mechanisms.

This view is most obvious in the currently fashionable approach of the
more radical evolutionary psychologists. They assume that the human
mind is made up of a set of largely autonomous “mental modules” or
“mental organs,” likening the brain to a collection of minicomputers, each
dedicated to a particular task. We have specialized modules for choosing
mates, for language, for recognizing people, for number, for detecting
cheats, for parental love, for a sense of humor, and so on. We are told that
these modules were fashioned by natural selection during crucial periods
of human evolution, particularly during the Pleistocene, when our ances-
tors were hunter-gatherers in the African savannah. Each module is dedi-
cated to processing a specific type of information, and generates behavior
that enables a person to do something that is likely to be adaptive. Modules
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show some organizational autonomy, have a high speed of operation, and
are inaccessible to consciousness. When they go wrong, the processes they
control are selectively impaired.

The main point of the evolutionary psychologists’ arguments is that our
uniquely human behavior is not the product of our greater general intelli-
gence; rather, it is the result of highly specific neural networks that were
constructed by Darwinian selection of genetic variations. In the past, this
potent selection acting on distinct facets of behavior led to the evolution
of correspondingly distinct mental modules. When the psychological
mechanisms that these supposed modules determine produce behavior
that is maladaptive, the evolutionary psychologists assume that it is
because they evolved in the Pleistocene or more remote past. Then, they
claim, the behavior was adaptive; it is only in modern society that it is not.
So our sweet tooth was adaptive in our evolutionary past when high-energy
food was in short supply; it is only in today’s affluent societies that satis-
fying our cravings for sweet things has become self-damaging.

Although people quibble about the details of when and where the evo-
lution occurred, the gene-based evolved-module view of human behavior
does make biological sense and is gaining adherents. That does not mean
it is right, of course. An alternative is to see human behavior and culture
as consequences of hominids’ extraordinary behavioral plasticity coupled
with and enhanced by their powerful system of symbolic communication.
According to this view, an important aspect of cultural evolution is the
extremely variable ecological and social environments that humans con-
struct for themselves. Evolutionary psychologists tend not to take such
alternatives seriously, dismissing them as relicts of the old-fashioned social
sciences approach. We believe that in so doing they fail to recognize the
power and subtlety of cultural evolution. An amazing amount can be
accomplished through cultural transmission on its own, without any
genetic change. To show just how much cultural practices can adjust and
adapt themselves to existing genotypes, we will use yet another thought
experiment, this time one that was first used by Eva Jablonka and Geva
Rechav in 1996.

The Literacy Module

Imagine that, despite all our efforts, we manage not to destroy the world
and ourselves, and that 500 years from now our planet not only sustains
most of the present forms of life but humans have also managed to con-
struct a better world for themselves. Most people have enough to eat, a
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home, health care, and freedom, and almost all healthy people are liter-
ate. They can read and write because they all grow up in an environment
in which they are exposed from birth to a flow of words, and to visual and
tactile linguistic symbols that stand for things, ideas, and relations. These
symbols are produced and displayed by the complicated computer-like
machines and other communication devices that have become a necessary
part of everyday life (Figure 6.6). As a result, children acquire the ability
to read without any formal instruction, in much the same way as many of
today’s children learn to read through being constantly exposed to modern
communications technology. Children in the year 2500 also readily learn
how to write, since by then writing requires only simple button pushing.
Without doubt, people in the middle of the third millennium take their
literate lifestyle very much for granted.

Now imagine that a scientist from another planet arrives on Earth,
having been given the task of trying to work out how literacy evolved. She
soon finds out that all healthy children with a normal upbringing acquire
the ability to read and write early in life. They do so almost without for-
mal instruction, although at varying speeds. The systems of symbols
used by different populations are not identical, but most are acquired
with more or less the same ease, so there is no great variation between
populations.

Figure 6.6

Acquiring literacy in the year 2500.
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The alien realizes that literate behavior is extraordinarily complex. When
humans read and write, information from several sources has to be inte-
grated within the framework of a system of rules of which they are not
consciously aware. The alien starts looking at human genetics and neu-
rology, and finds that there are specific defects, known as dyslexia, that
affect literacy. Dyslexia tends to run in families, and the best evidence sug-
gests that there is a strong genetic component involved. There are differ-
ent types of dyslexia, but only some of them are associated with defects in
other mental capacities such as spoken linguistic proficiency or general
intelligence. So it seems that genetic variations can affect literate behavior
directly, not just through their effect on general intelligence. However, the
alien discovers that as well as the genetic component there is also a large
learned element in literate behavior. She finds that socially deprived chil-
dren who have not had the usual exposure to the behavior and technol-
ogy that lead to literacy can still learn to read and write when older, but
they do so less easily than children who have had a normal upbringing.
Older children and adults need formal instruction. When the alien uses
brain-imaging techniques to investigate the neural basis of literacy, she
finds that reading and writing show a fuzzy, somewhat variable, but non-
random localization.

From the facts about literate behavior that she has collected—its com-
plexity, the ease with which it is acquired at a very early age, and the
genetic, neurological, and developmental data—the alien concludes that it
is a sophisticated adaptation, underlain by a distinct, genetically evolved
“literacy module.” It seems obvious that it is the product of lengthy past
selection of genetic variations influencing literate behavior.

But then the alien researcher consults the historical and archaeological
literature. There she finds that reading and writing are very recent cultural
practices, and there was no direct genetic selection for literacy during
human evolution. So she abandons her first hypothesis, and concludes that
the “literacy module” is not a distinct, separately evolved structure after
all, but is constructed during the early development of each individual.
Because the behavior is so complex, she argues that a combination of
various preexisting cognitive adaptations came together to form literate
behavior. No selection of genes was necessary—the process was one of cul-
tural evolution.

We are using this thought experiment because the reasoning that led the
alien to suggest at first that literacy is the result of genetic selection having
produced a “literacy module” is just the same as the reasoning that leads
evolutionary psychologists and linguists to conclude that there is a



216 | Chapter 6

“language module” in the human brain which was selected as such during
hominid evolution. Language, it is said, is universal and human specific;
its structure is very complex; it is acquired early and without conscious
effort; there are brain defects that are to varying extents language specific;
and some genetic variations are related to linguistic defects. This is all taken
as evidence for a species-specific, evolved mental module for language.
But as the literacy thought experiment shows, we must be very careful
about inferring genetic selection for such a faculty, for although it may
be the outcome of direct genetic selection, it need not be. We must
also consider the alternative or complementary possibility—that what we
see is the outcome of cultural-historical evolution and developmental
construction.

Those who believe that there is a genetic language module in the human
brain provide supporting evidence from several sources, but for many of
the other mental modules postulated by evolutionary psychologists (e.g.,
the module for detecting social cheats, the sex-specific module for choos-
ing a mate, the module for sex-specific creativity, etc.) there are no neu-
rological or genetic data to support the claim. Their proponents rely on
inferences drawn from more general sociological and psychological find-
ings. For example, the American psychologist Leda Cosmides and anthro-
pologist John Tooby suggested there is a module for identifying social
cheats because, in psychological tests, most people make fewer mistakes
when they reason about breaking social rules than they do when they have
to apply similar reasoning to nonsocial rules. Cosmides and Tooby’s argu-
ment is that, as our ancestors began cooperating with each other for
mutual benefits, there was strong selection for being able to detect anyone
who took all the benefits of cooperation without contributing anything.
This led to the genetic evolution of a cheat-detecting module—an adap-
tive way of thinking that is used instead of logical reasoning (at which we
are rather poor) in many social situations.

In the case of mate choice, the American psychologist David Buss based
his argument for a sex-specific module on answers people gave in a ques-
tionnaire about their choice of sexual partner. He found that people from
different cultures answered in broadly similar ways, showing similar sex-
specific preferences. Men usually preferred young and beautiful women
to older, wealthy ones, whereas women preferred older, wealthy men to
young, poor ones. The evolutionary explanation here is that both sexes
have been selected in their evolutionary past to prefer a sexual partner with
qualities that enable them to produce and raise children. For men, this is
a woman who is fertile, well-fed, and disease-free (qualities indicated by
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youth and beauty); for women it is a man with the resources (money and
power, which usually come with age) to provide for them and their child.

The English psychologist Geoffrey Miller gives sexual selection an even
greater role in human cultural evolution. He sees much of culture as a set
of adaptations that evolved for use in courtship. Cultural products, he says,
are indicators of their producers’ intelligence and creativity, so they are
valuable clues when it comes to selecting partners who will be good
parents. This idea enables him to explain why men publish more books,
paint more pictures, and compose more music than women. It is because
men have had to compete more intensely than women do for sexual part-
ners. Women have to be highly discriminating in their choice of partner
because they invest so much in producing children, and they have pre-
ferred highly intelligent, creative men. These men got more mates, so the
genes that made men creative spread. Today, men display their sexually
selected creativity through their books, pictures, and music.

Can these arguments be correct? Theoretically (although probably in a
rather different world) they could be, but this does not mean that they are
likely to be right in our deeply cultural world. We believe that it is neces-
sary to be very cautious before accepting evolved mental modules and
other such ideas wholesale and uncritically. We have already illustrated the
dangers through the literacy thought experiment, but we want to high-
light the major difficulties by looking more closely at two of the most
common features that make the evolutionary psychologists postulate the
existence of an evolved mental module for a behavior. The first is univer-
sality and invariance; the second is the ease with which the behavior is
acquired or applied.

Universality and invariance mean that everyone develops the behavior,
whatever their social environment and psychological idiosyncrasies. This,
the proponents of modules argue, probably means that an invariant
genetic program, which everyone shares, drives the behavior. But there
other ways of explaining the fact that enormous differences in social organ-
ization, learning opportunities, and individual psychology often have no
effect on the acquisition of a behavior, even though they may affect the
particular variant acquired (e.g., the particular language learned).

An alternative possibility is that no one has identified the initial condi-
tions that cause the behavior’s apparent invariance because we all experi-
ence these conditions. In the literacy thought experiment the shared initial
conditions that produced universality and invariance are clear: all children
were exposed to a complex literate environment. Literacy would not have
been universal without this. But there are less obvious examples: for some
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time people believed that the way newly hatched ducklings respond to the
calls of their mother was not learned, but was the outcome of an evolved
genetic program. It was thought to be an instinct—an experience-
independent, inbuilt, adaptive response. Ducklings recognize the calls of
their own species even if they have not heard the calls of the incubating
hen prior to hatching, so it certainly looks as if the response is genetically
inbuilt. But it is not necessarily so. Experiments made by the American
developmental psychologist Gilbert Gottlieb showed that, in at least one
species, ducklings have to learn the call. It seems that during the devel-
opment of their vocal system, while they are still in the egg, the birds exer-
cise their sound-making apparatus, and consequently hear their own
self-produced vocalizations. This is what tunes their perceptual system and
makes them respond to the call of their mother when they hatch. In this
case, therefore, because the initial condition—the embryonic auditory
experience—that is necessary for the development of the behavior was not
at first identified, a wrong conclusion (an explanation in terms of an evo-
lutionarily selected response) was reached. Could not the same be true for
human universal behaviors—the ones for which we are supposed to have
genetically selected modules?

If the argument that universality and invariance indicate a distinct
genetically evolved module is weak, what about the argument about the
ease with which a behavior is acquired or applied? When people learn a
pattern of behavior very quickly and early in life, often without much
explicit instruction even when it involves complex rules (of which they
are frequently unaware), does this mean that there must be an evolved
genetic module for the behavior?

It was the great discrepancy between the small amount of learning and
the complexity of the response that led Eric Lenneberg and Noam
Chomsky to argue for the existence of an innate linguistic capacity in
humans. It is certainly difficult to see how very young children can learn
to apply the rules of grammar correctly, as they obviously do, just from
the limited and inconsistent exposure to language that they get. It does
look as if there must be some preexisting neural preparedness for produc-
ing such a complex behavior. But this is not the only possible explanation.
Although the speed and ease of learning may indicate that there are some
preexisting specifically selected neural mechanisms, the same properties
could also be due to a culturally evolved system that is well adapted to the
brain, and therefore makes learning easy. For example, think how difficult
it was 1200 years ago for someone in Europe to divide one number by
another. Say they wanted to divide 3712 by 116, or as it would have been
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then, MMMDCCXII by CXVI. Using the Roman notation system, they
would have needed an abacus or a set of tables to accomplish this task,
or more probably would have hired a specialist to give them the answer
(XXXII). Today, with our Arabic notation system (and the useful zero), it
takes the average ten-year-old only minutes to get the answer 32. If we
knew nothing of the cultural change in the number notation systems and
judged simply by the ability to learn to do sums quickly and correctly with
just pen and paper, we might well deduce that during the last 1200 years
a great mathematical mutation had occurred and been incorporated into
our maths module through natural selection.

Such a genetic change could not happen so quickly, of course, but this
is not the point. What the example shows is that the speed with which
behavioral practices are acquired or applied does not depend solely on
genetic evolution. Ways of learning and doing things have been structured
by cultural evolution, and this cultural tailoring also determines the speed
with which behavioral practices, possibly including linguistic practices, are
learned and accomplished.

These arguments do not mean that we advocate a purely cultural-
evolution explanation of the language capacity. In fact we think that it is
reasonable to assume that language has evolved through the coevolution
of genes and cultural linguistic practices, and we say more about this in
chapter 8. However, we do believe that one needs to be alert to the great
power of cultural evolution and the way in which it can rapidly and effi-
ciently adjust behavioral practices to the idiosyncrasies of the developing
brain. We should always consider and test this possibility as an alternative
or an addition to any gene-selection hypothesis that is offered. Some
behavior may be a purely cultural creation, even though it appears to be
universal. For example, it is not very difficult to think how human cultural
and social evolution have created conditions that lead men to write more
books, paint more pictures, and compose more music than women. Nor is
it difficult to think of aspects of cultural evolution that lead women to
sometimes prefer wealth to youth in a potential mate. The symbolic system
is very powerful, and certainly quite capable of constructing and recon-
structing a suite of variations that can lead to behaviors that seems to be
an almost universal, invariant part of human nature.

From Evolution to History

As we see it, neither memes nor modules provide a fully satisfying descrip-
tion or explanation of human behavior and cultural evolution. What is
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missing from both memetics and evolutionary psychology is development.
Memeticists and evolutionary psychologists confine the role of social, eco-
nomic, and political forces to the selection of cultural variants; their impor-
tance in the process of innovation and in the consolidation of innovations
is commonly overlooked. Memetics and evolutionary psychology have
little to say about how cultural constructions actually begin: they tell us
almost nothing about the ways in which social, political, and economic
forces transform societies and culture through the plans and actions of
people. As Mary Midgley has recently remarked somewhat acidly, current
theories about what changes the world tend to assume that it is “certainly
something far grander than a few people worrying in an attic.” Yet, as we
stressed earlier, the one aspect of human cultural change that makes it
totally distinct from any of the other types of evolution we have discussed
is that humans are aware of and can communicate about their past history
(whether real or mythical) and their future needs.

Forward planning by individuals, communities, companies, and states is
involved in the selection, dissemination, and often also in the introduc-
tion of cultural novelties. Human beings share information about their
imagined futures, choose between existing and latent variants, and con-
struct the present in anticipation of what is to come. The ability to plan
the future and communicate about it accentuates the importance of the
social and cultural environment at every stage of the development and
spread of cultural innovation. The rational and imaginative faculties of
humans have to be understood and factored in if we are to understand
the origin and generation of new cultural variations. Memetics and evo-
lutionary psychology have little to say about these aspects of culture. They
stress the selection of variants, rather than the conditions that are impor-
tant for their development.

The developmental aspect of cultural evolution is especially significant
in humans, but it is not unique to them. It is important in the construc-
tion of animal traditions as well. In the previous chapter we emphasized
how through their behavior animals can construct the ecological or social
conditions in which information is transmitted and new variants are gen-
erated. We argued that sometimes, as in the case of the Koshima monkeys,
this can have cumulative effects, with one new habit resulting in a cascade
of behavioral and ecological changes that stabilize and reinforce the orig-
inal habit and each other, eventually leading to a new lifestyle. Such
processes of cumulative, self-reinforcing cultural construction are even
more obvious in human societies. Each aspect of a human symbolic culture
is part of an interacting network of behaviors, ideas, and the products of
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behavior and ideas that is shaped by many different forces. This makes it
very difficult to think about any artifact or behavior as an evolutionary
unit in isolation from the culture in which it is historically embedded. Not
only is the survival of an innovation dependent on the existing culture
but so too are its generation and reconstruction, and all three are interde-
pendent. Because symbolic systems are by definition self-referential, if
innovations are to survive they must conform to the system. For example,
when a new law (new Halacha) is introduced into the Jewish religious
system, it must not contradict previous laws and must be shown to be inti-
mately related to them, preferably directly derived from them. This gives
the cultural system as a whole great stability, and constrains change.

Although many aspects of symbolic cultures are quite stable, whether or
not an individual element within a social system is faithfully transmitted
is often unimportant. If you think about it, it is easy to see why high
fidelity would frequently be detrimental, particularly in complex and ever-
changing societies. It is not a good idea to stick faithfully to your parent’s
style of dress, way of speaking, and type of automobile. What matters is
not the fidelity of transmission, but the functional adequacy of any change
in a cultural element. Usually a changed element must continue to play a
role similar to that of the original one, and remain integrated with other
aspects of the culture. Whether a new variant in dress style, speech habits,
car, or anything else is preserved and regenerated accurately will depend
on the constraints that are imposed by the wider aspects of cognition
and culture. The important general point we want to reiterate is that the
selection, generation, and transmission or acquisition of cultural variants
cannot be thought about in isolation from one another; neither can they
be thought about in isolation from the economic, legal, and political
systems in which they are embedded and constructed, and the practices
of the people who construct them.

Our view of human behavior and cultural evolution obviously differs
from that of the memeticists and the evolutionary psychologists, who take
an essentially neo-Darwinian point of view and ask how a cultural entity
or behavior has been selected—who benefits from it. Evolutionary psy-
chologists are usually looking for the benefit to the individual (or the
gene), whereas the memeticists’ bottom line is that the beneficiaries
are the cultural activities and entities themselves. Our approach is more
Lamarckian, because we see things in a developmental-historical way. We
believe that in order to understand why a particular cultural entity exists
or changes, one has to think about its origin, its reconstruction, and its
functional preservation, all of which are intimately linked with each other



222 | Chapter 6

and with other aspects of cultural development. It is necessary to ask not
only who benefits and what is selected but also how and why a new behav-
ior or idea is generated, how it develops, and how it is passed on. As we
see it, trying to identify the beneficiary whose reproductive success is
increased by some facet of culture is usually impossible, because commonly
there is no single beneficiary, and often cultural evolution is not primarily
the result of natural selection.

To illustrate the difference between our approach to cultural evolution
and that of those who seek neo-Darwinian explanations, we will take a rel-
atively trivial cultural change and see how it might be interpreted. Our
chosen “cultural entity” is the punishment for stealing sheep. At different
times sheep stealers in England have been hanged, imprisoned, sent to
Australia, or fined. The form of the punishment has definitely changed
(evolved) through time, so in what terms should we think about this
change? If we think in terms of simple neo-Darwinian selection of indi-
viduals and societies, it is not easy to find reasons why one form of pun-
ishment should replace another. The evolutionary psychologists would tell
us that we have a genetically evolved module in the brain that was formed
through past selection for controlling the activities of people who break
social rules. They would probably not attempt to explain the historical
changes in the form of the punishment, other than to suggest that addi-
tional modules (such as a module for defending one’s property or a module
for searching for new resources), whose parameters were triggered by the
social environment, would have contributed to the changes.

Memeticists, on the other hand, would probably focus on the spread of
ideas about how sheep stealing should be punished, and argue that some
ideas replaced others because they fitted in better with the current “meme-
plex” (the name some of them use for the set of memes in the brain). This
approach, which assumes that the only beneficiary is the meme for the
type of punishment, seems quite relevant in this case, because the memeti-
cists’ way of thinking acknowledges the importance of the wider culture
in determining a preference for one type of punishment rather than
another. But memeticists would have little to say about why a new form
of punishment was invented in the first place, or how social interests (for
example, policies about colonization, or plans to have a more centralized
and controlled judicial system) have influenced the invention and dis-
semination of new forms of punishment.

Neo-Darwinian explanations do not incorporate the fact that the inven-
tion, regeneration, and preservation of ideas about punishment are all
linked to the network of interactions that forms the wider cultural system.
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Answering the Darwinian question, Who benefits?, gives us only a very
limited understanding of historical and cultural change. In our opinion,
changes in the form of punishment can only be understood by looking at
the Lamarckian questions as well. We have to ask, What are the mecha-
nisms that generate variations in the form of punishment? How, when,
and in what circumstances are such variations generated? How do they
develop? The generation, acquisition, development, and selection of vari-
ants must all be considered if we are to understand changes in cultural
practices.

In summary, what we are saying is that cultural evolution cannot be
explained in purely neo-Darwinian terms. If we are to begin to understand
how and why cultures change, we need a far richer concept of the envi-
ronment than is used in Darwinian theory, and a different concept of
variation. We have to recognize that the environment has a role in the
generation and development of cultural traits and entities, as well as in
their selection, and that new cultural variants are usually both constructed
and targeted.

Dialogue

I.M.: Early in this chapter you talked about linguistic, mathematical-
rational, and artistic-religious systems as if they are separate symbolic
systems. Are they? I think that one can make a very good case for the
hypothesis that all existing symbolic systems hang heavily on language.
In other words, linguistic ability is what transformed nonsymbolic,
visual, and gestural systems of parrot-like communication into
symbolic ones.

M.E.: This is, in fact, quite a popular hypothesis. Whether you accept it
or not depends on how you envisage the evolution of our linguistic ability.
If you think that it emerged almost fully formed, quite quickly, and that
once in place language reorganized all aspects of cognition, then of course
you can suggest that the other modes of symbolic communication were
shaped almost entirely by language. Our view is that linguistic ability
evolved gradually over a long period, coevolving with other modes of sym-
bolic communication (visual, musical, and gestural). During this evolution,
some division of labor between the different symbolic systems occurred,
and they became more specialized, particularly the system that has even-
tually become mature language. We say more about all this in chapter 8.
Language is, of course, an enormously powerful faculty, and we agree that
once it appeared, it profoundly affected cultural evolution.
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I.LM.: I still find it difficult to think about a symbolic culture that is non-
linguistic. Can you give an example of such a culture, or at least a plausi-
ble scenario for one?

M.E.: The Canadian neurophysiologist Merlin Donald has suggested that
before the symbolic-linguistic culture of Homo sapiens evolved (a stage he
calls the stage of Mythic culture), there was a stage of culture which was,
in his terms, mimetic (not to be confused with “memetic”). It was a rela-
tively long stage, which characterized Homo erectus, who had the ability to
mime and reenact events. Intentional communication and representation
occurred through gestures and sound. But it was not simple imitation,
because it involved the representation or reenacting of a situation or a
relationship. A ritual dance depicting a hunt was, according to Donald, a
mimetic presymbolic representation. Teaching was central to this stage,
with adults demonstrating and the young imitating. We find Donald’s sug-
gestion that there was a mimetic, prelinguistic stage in hominid evolution
very plausible, but would argue that his mimetic stage is already a sym-
bolic culture, albeit a very limited one.

I.LM.: Donald’s mimetic stage doesn’t seem to be very different from what
you see with a pack of wolves, in which the animals wind themselves up
behaviorally before they go hunting. Yet if [ understand you correctly, you
are claiming that the symbolic system is separate and distinct from this
sort of behavior. It seems to me you are being a bit ambivalent about this
fourth dimension of yours. On the one hand you stress the relative auton-
omy of the new dimension, and the difference between it and the behav-
ioral inheritance systems of other animals. Yet on the other hand you seem
to shy away from the autonomy that you have been arguing for. There is
a sense in which the world of ideas does have autonomy from that which
generated it, just as biology has autonomy from physics, and psychology
from genetics. What threatens you about this autonomy? Why not think
about the evolution of ideas, or the dreaded memes?

M.E.: You are confusing the autonomy issue by creating the wrong type
of dependencies. Of course culture is to some extent independent of the
psychology of any particular individual. But culture is not external to indi-
viduals. Humans are not just biological and psychological creatures; they
are also cultural agents. The problem with the kind of autonomy posited
by the memetalk is that the active biological-psychological-cultural agent
disappears. It cannot. Ideas are generated, edited, and reproduced as part
of the development of groups and individuals, and these sociocultural
developmental processes impinge on the transmissibility of the ideas and
the precise content and form of what is transmitted.
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I.LM.: But there can also be a nonconstructed aspect to transmission,
a purely copying aspect. You admitted that there are some interesting
similarities between the genetic and symbolic systems. What about these
similarities? Surely they are significant.

M.E.: One obvious similarity is the modular organization of the genetic
and some of the symbolic systems, notably language, which allows incred-
ibly rich variation. But the more important similarity is that both the
genetic and the symbolic systems can transmit latent information (non-
expressed genes, unimplemented ideas) rather than information that is
actually used. It may be the modular organization of information and the
ability to transmit unused information that underlie the very rich evolu-
tion that occurs through both the genetic and symbolic systems. When
the transmission of variation is decoupled from its actual display and
expression, it is possible to have a reservoir of variation that can be used
in the future. It is really paradoxical, because it is the transmission of
currently nonfunctional, nonexpressed variations—their future potential
rather than their immediate use—that allows the genetic and symbolic
systems to have such large and diverse evolutionary effects! But, we stress
again, the differences between the two systems are far greater than the
similarities. Even meme enthusiasts would accept that.

I.M.: I must admit that I, too, find the meme idea attractive. It is won-
derfully simple, yet not intuitive, so it demands a conscious intellectual
effort to understand it. I really wish it would work. Let’s take something
that seems like a nonmeme—the transmission of gender behavior in those
gerbil lineages you described at the end of chapter 4—and see if it can be
described in terms of memes. If I can make the meme idea work in this
awkward case, it will surely work in any case. With the gerbils, what you
have in each generation are interactions between the hormonal state of
the mother, the sex ratio of her litter, and the developmental processes of
the embryos. Aggressive mothers have litters with more males, which
means that the females in the litter are exposed to more testosterone,
which means that they grow up as aggressive mothers whose litters have
more males, and so on. Obviously, as part of this developmental package,
there are changes in female brains which are perpetuated. So why
not focus on this component of the system—on the changed brain
circuits—the meme?

M.E.: Yes, changes in the nervous system are reconstructed in each gen-
eration. But so are the hormone concentrations during development, and
a host of other physiological variations. From our point of view this is a
good example, because it shows how unwise it is to decide to focus on just
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one aspect of the physiology of the animal. The nervous system does have
a privileged position when we think about learning, but it is rather strongly
associated with other systems, and there are various feedbacks and
bidirectional regulation going on. The gerbil case shows the tight associa-
tion between the nervous system and other systems. It is bad biology to
think about the nervous system in isolation.

I.LM.:  OK, maybe I was stupid to try and use that case, because the various
aspects of the animal’s physiology really do form a very tight package. But
let’s look at a looser package, at the more autonomous aspects of cultural
systems. I can see that the idea of memes replicating through the imita-
tion of actions runs into problems if one takes the replicator-vehicle dis-
tinction seriously, because the vehicle can transform the meme. So let me
limit myself to a special type of imitation or copying—to cases where you
really do automatically copy the instructions rather than the product, the
recipe not the cake, the notes not the music. Why not call this type of
meaning-free, automatic copying “replication,” and the entities “replica-
tors” or “memes?”

M.E.: You can do that, but you still run into a lot of trouble. For example,
a story transmitted through writing would undoubtedly be a meme.
However, if the same story is passed on through oral tradition, it would
not be a meme, because its transmission involves various types of active
learning processes, and directed variations are introduced as it is adjusted
to the local way of life. So this would mean that a meme has to be defined
solely by its very specialized mode of transmission. But an even bigger
problem is that the transmission of ideas, patterns of behaviors, skills,
and so on involves several types of concurrent and interacting learning
processes. Focusing on one aspect will not lead us very far. It is the non-
automatic and nonrote aspects of symbolic transmission—those aspects
that involve directed, actively constructed processes—which are the most
dominant and interesting in the generation and construction of cultural
variations. And these aspects are the ones that are so often ignored or
dismissed.

I.M.:  So you think that cultural evolution cannot be modeled using the
tools of epidemiology or population genetics? You mentioned that simple
models of cultural evolution do exist.

M.E.: Some things can be modeled. For example, you can describe and
follow the changes in the frequency and nature of a habit, such as eating
gefilte fish, through generations. But if you want not only to describe the
pattern of change of this artificially isolated “unit” but also to understand
it, you will need to study psychology, anthropology, and sociology. The



The Symbolic Inheritance System | 227

same, by the way, is true for animal culture. Little will be achieved without
an understanding of the psychology and sociology of animals.

I.M.:  You know, [ am beginning to wonder if cultural evolution is a useful
term at alll You defined cultural evolution as a change in the frequency
and nature of socially transmitted behavior patterns from one generation
to the next. Yet, if all these socially transmitted behaviors are recon-
structed, readjusted, and modified to fit the ideas and practices of indi-
viduals and groups, all within immensely complex social systems, what
does this definition mean? What is “inherited?” The frequency of exactly
what changes? And what exactly is selection? The greater the role you give
to these instructive and constructive processes, the less clear it is to me
that we are really speaking about anything at all similar to our notions of
Darwinian evolution.

M.E.: Yo