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CHAPTER 2

"THE MAJOR TRANSITIONS

The theory of evolution by natural selection does not predict that organ-
isms will get more complex. It predicts only that they will get better at surviving
and reproducing in the current environment, or at least that they will not get
worse. Empirically, many and perhaps most lineages change Tittle for many
millions of years. As D. M. $. Watson, who taught one of us zoology, once
remarked, crocodiles have done damn all since the Cretaceous. Lampshells and
horsetails have done damn all for longer than that.

Yet some lineages have become more complex. There is some sense in which
elephants are more complex than slime moulds, and oak trees more complex
than green algae, even if we find it hard to say just what that sense is. One
approach to definition is in terms of the number of parts composing an organ-
ism, or the number of behaviours possible to it. An elephant has many different
kinds of cells—at least several hundred—whereas a slime mould has very few. it
is also capable of a large number of behaviours—walking, wallowing, nursing
its young, uprooting trees, trumpetting, and so on—whereas a slime mould,
‘again, has few. This is true, but not very helpful, partly because it is hard to
quantify, and partly because it does not readily lead to additional questions.

A more fruitful approach to measuring complexity comes from mathernatics.
The American mathematician G. ]. Chaitin has suggested that we can measure
the complexity of a structure by the length of the shortest list of instructions
that will generate it: the complexity of a cake is measured by the length of the
recipe telling you how to make it. Unfortunately, although we can say precisely
how long a list of instructions (that is, bases in the DNA) is needed to generate
a protein, or set of proteins, we have no idea of the minimum number of base
pairs needed to make an elephant. What we can say, however, is approximately
how many base pairs are actually used. Even this simpler question is not quite
straightforward. We carinot just measure the DNA content of the nucleus of the
fertilized egg of an elephant {which we should halve, because the egg contains
two almost identical copies of the same information, one from ecach parent, and
two copies of a message do not carry more information than one). The snag is
that much of the DNA of any higher organism does not contribute useful infor-
mation: it is like the static in a poor radio message. We discuss such DNA briefly
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Table 2.1 Nuinbers of genes in various organisms

Species . Type Approximate
gene number

Prokaryotes

Escherichin coli Bacterinm 4000

Eukaryotes {excepl vertebrates}

Oxytrachis similis Ciliated protozoan 12 (00--15 000

Saccharermyces cerevisiar Yeast 7000

Dictoyostelium discoidewn Slime mould 13500

Caenorhabditis elegans Nematode 17 800

Drrosaphila melanogaster Insect 12000-16000

Strongylocentrorus purpuratus Echinoderm <25000

Vertebrates

Fugy rubripes Fish 50 000100000

Mus muscudus Maminal BOOGU

Homo sapiens Mammal 60 000-80 00

in Chapter 8. But if it is not needed it should certainly not be included in any
measure of complexity.

A rough idea of the amount of informative DNA in organisms varying in
apparent complexity is given in Table 2.1. The transition between prokaryotes
{essentially, bacteria) and eukaryotes (all the rest) is discussed in Chapter 6,
where we also discuss the reasons for substantial increase in informative DNA.
It is less clear why vertebrates appear to have more informative DNA than
invertebrates. As vertebrates ourselves, we are perhaps less surprised by the
difference than we should be: why shouid an insect, with legs and wings, need
less DINA than a fish?

It seems, then, that althcugh there is no general reason why evolution should
lead to greater complexity,.it has in fact done so in some cases. In the next
section, we argue that this increase has depended on a small number of major
changes in the way in which information is stored, transmitted, and translated.
These changes we refer to as the major transitions.

The major transitions

The easiest way of explaining what we mean by the major transitions s to list
them (Table 2.23. The brief explanation of this list that now follows is in effect a
synopsis of the rest of the book: if some statemients seem obscure, we hope that
they will be made clearer in the appropriate chapter,

L. Replicating malecules— papulations of molécules in compartments. We think
that the first objects with the properties of multiplication, variation, and heredity
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Table 2.2 The major transitions

Replicating molecules Populations of molecules in protocetls
lndependem re‘pl.i.cf“-il‘tlor_; Chmmosomgs S

RNRersr é;p;e-and é::z;’n;e 1)er\ ge.n-cs., prutéix; enzymes _ o
Bac(enal Eéiisl'(-lsfokarfotes) Cells wﬁh m;cl;zi aﬁé nrgén.cﬂcs (éukaryoles) 7 .
psecusldones  Scxuwlpopulatons o -
Sngecdicdorganioms  Awimals,plants, and fong
Solltary mdmduah ~ Colonies witﬁ ﬁog-;cé;@gftive Lastes tants, bees, and tcrmltes)

Primate societies Human sacieties (language}

were teplicating molecules, similar to RNA but perhaps simpler, capable of
replication, but not informational because they did not specify other strizctures.
If evolution was to proceed further, it was necessary that different kinds of repli-
‘cating molecule should co-operate, each producing effects helping the replica-
tion of others. We argue that, if this was to happen, ‘populations of molecules
had to be endclosed within some kind of membrane, or ‘compartment’.

2. Independent replicators— chromosomes. In existing organisms, replicating
molecules, or genes, are linked together énd to end to form chromosomes (a
single chromosome per cell in most simple organisms). This has the effect that
when one gene is replicated, all are. This co-ordinated teplication prevents
competition between genes within a compartment, and forces co-operation on
themn. They are all in the same boat. We discuss this transition in Chapter 5.

3. RNA as gene and enzyme—»DNA and protein. There is taday a division of
labour between two classes of melecule: nudeic acids (DNA and RNA) that store
and transmit information, and proteins that catalyse chemnical reactions and form
much of the structure of the body (for example, muscle, tendon, hair). It seems
increasingly plausible that there was at first no such division of labeur and that
RNA molecules performed both functions. The transition from an ‘RNA world’
to a world of DNA and protein required the evolution of the genetic code, where-
by base sequenice determines protein structure. This is the topic of Chapter 4.

4. Prokaryote—eukaryote. Cells can be divided into two main kinds. Prokary-

otes lack a nucleus, and have {usually) a single circular chromosome. They

include the bacteria and cyanobacteria (blae-green algae). Eukaryotes have 2

nucleus containing rod-shaped chromosomes and usually other intracellular

structures called ‘organelles’, including the mitochondria and chioroplasts

described on pp. 70-77. The eukaryotes include all other cellular organisms,
_from the single-celled Amoeba and Chlamydomonas up 10 humans. We discuss
. the transition from prokaryotes to eukaryotes in Chapter 6.
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5. Asexual clones—s sexual populations. In prokaryotes, and in some eukaryotes,
new individuals arise only by the division of a single cell into two. In most
eukaryotes, in contrast, this process of multiplication by cell division is occa-
sionally interrupted by a process in which a new individual arises by the fusion
of two sex cells, or gametes, produced by different individuals. Although famil-
iar, this transition is one of the most puzzling; we discuss it in Chapter 7.

6. Protists->animals, plants, and fungi. Animals are composed of many differ-
ent kinds of cells—muscle cells, nerve cells, epirheiial 'cells, and 5o on. The same
is true of plants and fungi. Each individual, therefore, carries not one copy of
the genetic information {two in a diploid) but many millions of copies. The
problem, of course, is that although all the cells contain the same information,
they are very different in shape, composition, and function. In contrast, protists
exist either as single cells, or as colonies of cells of only one or a very few kinds.

‘How do cells with the same information become different? How do different
kinds of cells come to be arranged so as to form the adult stnicture? What prob-
lems had to be solved before animals and plants could evolve? We discuss these
questions in Chapter 10.

7. Solitary individuals - colonies. Some animals, notably ants, bees, wasps, and

‘termites, live in colonies in which only a few individuals reproduce. Such 2

colony has been likened to a superorganism, analogous to a multiceflular”
organism. The sterile workers are analogous te the body cells of an individual,

and the reproducing individuals to the cells of the germ line. The origin of such

colonies is important; it has been estimated that one-third of the animal

biomass of the Amazon rain forest consists of ants and termites, and much the

same is probably true of other habitats. It is also interesting for the light it sheds

on the origin of humnan societies. We discuss these origins in Chapter 11.

8. Primate societies— human societies, and the origin of language. We argue in
Chapter 12 that the decisive step in the transition from ape to human society
was the origin of langnage. We have already emphasized the sirnilarities
between human language and the genetic code. They are the two natural sys-
tems providing unlimited heredity. The nature and ofigin of hurnan societies
are the topic of Chapter 12, and in Chapter 13 we discuss the origin of language.

Because we are concerned with information, we should perhaps have includ-
ed in our list the evolution of a nervous systern capable of acquiring informa-
tion about the external world, and using that information to modify behaviour.
Certainly the acquisition of a nervous systern was a necessary precondition for
the subséquent evolution of language. Qur only excuse for omitting it is one of
mcompetence!

Of the eight transitions that we have listed, we think that all but two were



A COMMON PROBLEM 19

unique, occurring just once in a single lineage. The two exceptions are the
origins of multiceHular organisms, which happened three times, and of colonial
animals with sterile castes, which has happened many times. There are interest-
ing implications of the occurrence of six unique transitions, together with the
origin of life itself, which we also think to have been a unique sequence of
events. Any one of them might not have happened, and if not, we would not be
here, nor any organism remotely like us.

A common problem

One reason for discussing events as different as the origin of the genctic code, of
sex, and of language in a single book is that we think that there are similarities
between the different transitions, so that understanding one of them may shied
light on the others. One feature in particular crops up repeatedly. Entities that
were capable of independent replication before the transition could afterwards
replicate only as part of a larger whole. For example:

1. It is now generally accepted that, in the origin of the eukaryotes, an import-
ant event was the symbiotic union of two or more different kinds of prokary-
otes, which could once replicate independently, but can now replicate only
when the whole cell replicates.

2. Afer the origin of sex, individuals can reproduce only as members of a
sexual population, whereas earlier they could reproduce asexually, on their
OWIL

3. The cells of a higher organism, plant or animal, can divide during growth,
but their long-term future (or rather, the long-term future of their genes)
depends on being part of a multicellular organism.

4. Ants, even the reproductive castes, can reproduce only as members of a large
colony, but their ancestors could reproduce as members of a sexual pair. it is
cffectively true, also, that bumans can reproduce only as part of a larger
social group. '

This commen feature of many of the transitions raises a common preblem.
Why did not selection between entities at the lower level (in the examples
above, between prokaryotic cells, asexual individuals, individual protist cells,
individual ants) not disrupt integration at the higher level (eukaryotic cell,
sexual population, multicellular organism, ant colony)? In trying to answer this
question, it is not sufficient to point to advantages possessed by the higher-level
entity. An ant colony may be very efficient at exploiting the environment, but
that does not explain why an individual ant should sacrifice its chances of
reproduction to help the colony. An adequate account requires that we explain
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the origin of the higher-level entity in terms of selection acting on the lower-
level entities.

This problem is not a new one: it is often referred to as the ‘levels of selection’
problem. It has been around since Darwin, but the modern debate was initiated
by the publication, in 1962, of Animal dispersian, a book by the ornithologist
V. C. Wynne-Edwards. He asked the following question: given the ecnoermous
reproductive capacity of most animals, why do not their numbers increase until
the food rums out, and they starve? His answer was that the increase in-numbers
is usually limited by their behaviour, before starvation intervenes. As an
ornithologist, he pointed to the fact that individuals that de not establish a ter-
ritory refrain from breeding (this was not the only example in his book, which
is full of fascinating natural history). He went on to point out that such be-
haviour, although beneficial to the population by preventing starvation, is
harmful to the individuals that do not breed. Therefore, he argued, such self-
sacrificing behaviour requires ‘group selection’ it evolves because populations
whose members display such behaviour survive, whereas pdpulations com-
posed of selfish individuals die out. In other words, such behaviour- evolves
because selection favours some populations at the expense of others, and not
some individuals.

The great merit of Wynne-Edward’s book was that it made explicit the idea
that, if one claims that some characteristic exists because it is good for the
group, or species, then one is assuming that selection acts between species, and
not between individuals. The difficulty is that if individuals with some trait are
favoured by selection, but groups of individuals with that trait are selected
against, then in most cases selection at the individual level will win: if, when
food begins to run short, some individuals go on breeding, whereas others
refrain, it is those that breed that will transmit their genes to future generations,
even if in the long run the result is the extinction of the population. In fact, most
of the examples given by Wynne-Edwards could be explained by selection acting
on individuals. For example, individuals that do not establish a territory, and do
not breed, are not sacrificing themselves for the good of the population: they are
making the best of 2 bad job. There is no need to invoke group sclection.

The ‘levels of selection’ argument first came into prominence as a debate
about whether selection acts between individual organisms, or berween popula-
tions of organisms. In this book we are concerned with a number of levels—
genes, chromosomes, cells, organisms, sexual populations, and societies. For us,
therefore, the conflict between different levels of selection is crucial. We have to
explain how complex entities evolved, despite selection between their compo-
nents favouring selfish behaviour. '

Once a compound entity has been in existence for a long time, in evolution-
ary terms, it may no longer be possible for its components to. return 10 their
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ancestral state of independence. A cancer cell may gain a short-term selective
advantage over its better-behaved neighbours, and multiply accordingly, but it
has na long-term future as a free-living protist. The difficulty of explaining the
origin of compound entities, each with its own geneti¢ informatien, can be
lustrated, however, by pointing to conflicts that still exist today between dif-
ferent components of a single organism. Consider the following four examples:

1. Because genes are parts of chromosomes, and chromosomes obey Mendel’s
laws, sharing cqual chances of transmission to gametes and henceto the next
generation, one might guess that there was nothing that a gene could do to
increase its own chance of transmission relative to other genes, at the expense
of organism fitness. Such a guess would be quite wrong, In Chapter 8 we de-
scribe various ways in which genes can cheat, gaining excess representation
in future generations. '

2. 1t is conventional wisdom that worker bees sacrifice themselves for the good
of the colony. This is not always true: various ways inn which they cheat are
described on p. 127.

3. On pp. 102-6, we describe various ways in which intracellular organelles gain
increased representation in future generations, sometimes at the expense of
the fitness of the organism.

4. In both Britain and Hungary, some people illegally avoid paying taxes.

If such conflicts remain even after a Jong period of coexistence, they must
have been still more apparent during the evolutionary origins of compound
entities. We next consider three reasons why the major transitions, although
difficult, were not impussible.

Some possible solutions

Genetic similarity
{t is a familiar but curious fact that, almost always, complex multicellular
organisms originate from a single cell. This requires that cell differentiation be
achieved over again in each generation. It is not the way an engineer would do
it. 1nstead, one would make a little homunculus, puiting together groups of
already differentiated cells in the appropriate way. But the familiar method has
one very important consequence. It ensures that the genes in all the cells of an
individual are identical, except for somatic mutations that occurred since the
fertilized egg was formed.
The effect of this identity of the genes within an organism is to make it more
“likely that natural sefection will favour genes that cause co-operative rather than
selfish behaviour. Thus imagine two alternative genes that could be in a kidney
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cell. As a shorthand, we will call them co-operative and selfish. The normal, co-
operative gene causes the kidney cell to perform its usual function in excretion,
whereas the selfish gene canses the cell to de-differentiate, and to enter the
blood stream and travel to the gonad, where it has a chance of being transmitted
to the next generation—at the expense of reducing the efficiency of the kidney,
and hence the survival or fertility of the individual. Which gene will increase in
frequency? When we speak of ‘a gene increasing in frequency’, what we mean is
that there will be more copies of genes carrying the same information. It is the
information that matters, not the physical object. More copies of a Co-operative
gene will be passed on, because an organism with a co-operative gene has more
offspring, all of which receive copies of the co-operative gene (or half of them,
if we allow for the presence of two sets of genes in each cell).

This s essentially the argument proposed by Oxford zoologist William D.
Hamilton to explain the evolution of social behaviour, He dealt with a harder
problem, the evolution of co-operation between individuals that are not genet-
ically identical, but genetically related. His conclusions can be summarized by
the famous inequality, st'at'ing that co-operation will spread if b > ¢, where b is
the benefit conferred, ¢ the cost to the benefactor, and r a measure of related-
ness. For the cells of a single individual, 7 = 1.

The first facilitating condition for the evolution of co-operation between
initiafly independent replicators, then, is relatedness. This is brought about if
a group of interacting individuals are all recently descended from a single
ancestor {and so have the same genetic information) or from a small group of
ancestors. We have already mentioned two examples that are relevant to the
major transitions, Transition 6, the origin of multicellular organisms, probably
required that each new individual developed from a single cell. The origin of
animal societies required that a new colony be founded by a few individuals:
today, most insect colonies are founded by single females. We will mention one
other. During transition 4, the origin of the eukaryotes, cells came to contain
new organelles, the mitochondria, descended from once free-living bacteria,
and still containing some of the original bacterial genes. Competition between
the mitochondria in a single cell, and the consequent evolution of selfish mito-
chondria, is largely suppressed because all the mitochondria in an individual are
genetically identical. This is brought about because, in sexual reproduction,
mitochondria are inherited from only one parent—in animals, from the hother
—and there are only few in the egg. 'This reduces the danger of selfish mito-
chondria evolving, but, as we will see, it does not wholly prevent it.

Synergy
Co-operation will not evolve unless it pays. Two co-operating individuals must
do better than they would if each acted on its own. One reason why insects
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become social is that, In a group of co-operatively nesting females, some can
forage while others protect the nests against parasitoids, which are a major
cause of mortality in the larvae. Co-operative breeding between a mated pair of
birds has a siwmlar explanation: one can incubate the eggs while the other for-
ages. In effect, the principle is that of the division of labour. Behavioural ex-
amples are easy to think of, but the principle is relevant at all levels. In the RNA
world, the same kind of molecules acted as enzymes and as carriers of heredity:
transition 3 occurred because it is more efficient to separate these functions
between proteins and DNA, respectively. In multicellular organisms, cells can
be specialized to perform different functions.

The American co_xhputer scientist Peter Corning, in a book called The syner-
gism hypothesis published 1n 1983, reviewed the role of synergy in sodial and
biological evolution. We had not seen his book when we wrote The major tran-
sitions in evolution, bul are happy to acknowledge that he foreshadowed this
part of our argument, often using the same examples.

Central control

In human societies, co-operation is often enforced by some form of central
anthority. Most Englishmen and Hungarians pay taxes because they are pun-
ished if they do not. Is there any analogohs process in biological systems?

Theze are two possible forms such central control can take, The first is illus-
trated in Fig. 2.1. Most higher plants are hermaphraedites, producing both seeds
and pollen. As in animals, the mitochondria are transmitted only in the egg cell.
Taking a gene’s eye view, what would you do if you were a gene in a mitochion-
drion? As a gene, what you would want to do (that is, what the gene would be
selected to do) is 1o cause more copies of yourself to be present in future gener-
ations. H it was possible, you might canse the abortion of the male organs of the
flower, because a plant that does not use resources in making pollen can pro-
duce more sceds, and so would produce more copies of you. As it happens,
several cases are known in which male sterility in plants is caused by genes in the
mitochendria: a case that has been extensively studied is in Thymus vulgaris , the
wild thyme. Now look at the situation from the viewpoint of a chromosomal
gene, which can be transmitted in seed or polien. Male sterility is not in the
interest of such a gene. It is therefore understandable that there are chromoso-
mal genes in Thymus that suppress the effects of the mitochondrial genes, and
restare male fertility. -

One can see this simply as an example of conflict between genes; but one can
also see it as an example of central control. There are many more chromosomal
than mitechondrial genes, 5o it is perhaps not surprising that for each mito-
chondrial gene that can mutate to cause sterility, there is at least one chromoso-
mal genc that can suppress it. The American biologist Egbert Leigh called this
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Pollen grain

Offspring

Figure 2.1 Reproduction in a hermaphrodite plant. The offspring receives one copy of each
kind of chromosome from each parent {only one kind js shown), but - receives its mito-
chondria, inclading a circular chromosome, only from the ovule parent. Since a gene in a
mitochondrion is transmitted only in ovules, it would pay it 1o suppress pollen production, se
that there are more resources available for ovules. In some plants, for example Thymus, genes
ot the mitochondrion do in fact suppress potlen production, but their action is oiten
suppressed by genes on the nuclear chromosomes. This can be seen as a kind of “central
control’, or “policing’, by nuclear genes.

effect the ‘parliament of the genes’. Parliaments are ruled by majority voting.
Leigh’s idea is that, for most possible kinds of selfish gene, there will be many
more genes whose interests would be served by suppressing the sclfish be-
“haviour. Of course, no vote is taken: it is Just a matter of the number of possible
kinds of mutation. We return to this topic in Chapter 8.

Another, rather different phenomenon can also be seen as central control
Again, we will explain it by an example. Lichens are a symbiotic union of a fun-
gus and an alga. The algal species involved can live independently but may be
engulfed by the fungus to form alichen association. Should we think of this as
an example of slavery or of co-operation? How can we decide? If co-operation
is the appropriate image, then both partners should benefit, and we would
therefore expect them tohave characteristics that facilitate the symbiotic union.
In mnost lichen associations, nobody has been able 1o point to characteristics of
the algae that look as if they evolved to ¢ncourage association with the fungus.
1tis hard to be sure, but it may be that slavery rather than co-operation is the
appropriate image; symbiotic associations need to be looked at carefully with
this question in mind.
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In later chapters we look in detail at the various transitions in-which in-
dependent entitics have comie to coexist. Usually, both relatedness and synergy
were important. Occasionally, central control may also have been relevant.

No foresight, and no way back

There are two other features of the transitions that need ¢mphasizing, The first
is that evolution by natural selection. lacks foresight. A transition may have
opened up pew possibulities for future evolution, but that is not why it hap-
pened. For example, the origin of eukaryotes from prokaryotes involved major
chénges in chromosome structure, and in the way in which one copy of each
chromosome is passed to each daughter celt when the cell divides. We describe
the changes in some detail in Chapter 6 . We argue that, before the changes,
there was a serious constraint on the total amount of INA that could be rephi-
cated, which limits the maximum DNA content of prokaryotes. After the
changes, this constraint was lifted, permitting a further increase in complexity.
But the changes did not occur because they removed the constraint. If we are
right, the changes were forced on the early eukaryotes because of the loss of the
rigid outer cell wall of prokaryotes. This pattern, of a change occurring for one
reason but having profound effects for other reasons, is often repeated.

The other feature is the difficulty of reversing the transitions, once they had
happened. This can be nicely illustrated by the example of sex. It is a surprising
fact that no gymnosperm {coniferous tree) has ever reverted from sexual repro-
duction to parthenogenesis. The explanation is simple. We mentioned earlier
that, in sexual reproduction, intraceliufar organclles are usually transmitted by
one parent only. In gymnosperms, the chloruplasts (organelles that carry out
photosynthesis} are transmitted only in the pollen. Parthenogenetically produced
seeds, therefore, would give rise to colourless seedlings that could not grow.

It turns out that there are many similar obstacles that must be overcome
before a sexual organism can revert to parthenogenesis. Once sex had arisen,
many secondary adaptations became associated with i1, so that sex is hard to
abandon. As it happens, no mammalian egg will develop without fertilization,
either in the wild or in the laboratory. The reason is understood, but it is com-
plicated: it certainly has nothing to do with the reasons why sex evolved in the
first place. Sometimes, however, sexual populations can have parthenogenetic
descendants. Indeed, there are many parthenogens in nature, including many
flowering plants, and animals as complicated as lizards. In the case of most
other transitions, however, irreversibility seems abhsolute. Multiceliular organ-
isms never have single-celled descendants; eukaryotes never have prokaryotic
descendants; it is unclear whether colonial insects, with sterile castes, have ever
had solitary desceridants.
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Figure 2.2 Three ways of increasing the genetic information in a single individual. (i} Duplica-
tion and divergence: a single gente duplicates, and then the two copies diverge in sequence. (if)
Symbiosis: two individuals, with different ancestry and genetic-information, fuse (usually by
one being swallowed by the other). {iii) Epigeriesis: in multicellular 6rganisms. the complete
genetic message, ABC, etc., is transmiitted in the ‘germ fine’, from fertifized €8¢ to the gametes,
which fuse to form the next generation. During development, the complete. message is

' transmitted to all somatic cells, but different parts of the Mmessage are active in different cells
{* indicates genes that are active).

How did genetic information increase?

Despite our difficulty in saying just how much DNA is needed to specify an ele-
phant, it is certainly more than that needed to specify a bacterium. Figure 2.2
shows three ways in which the information in a lineage can increase: by dupli-
cation and divergence, symbiosis, and epigenesis,

Duplication and divergence

The simplest process is the duplication of a piece of DNA, which can vary in
length from a single gene to 2 whole set of chromosomes. Such accidental events
are not all that infrequent. In itself, a duplication does not add to the total quan-
tity of information present: two copies of a message are not more informative
than one. All it does is to produce additional DNA that can later be pro-
gramrmed by selection. It is warth noting, however, that the procedure s rather
different from the way in which one might add memory to a computer. In the
latter case, the additional memory would initially be blank (unless one added
an already programmed chip). In evolution, the new DNA already carries a
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message, albeit a redundant one. New information requires that this message be
altered step by step.

“We know that the duplication of genes has been important. A classic example
concerns haemoglobin, the protein that.carries oxygen in the blood. 1t is a com-
pound of four subunits, of two kinds, each kind programmed by a different
gene. The two genes arose by duplication, followed by minor divergence. A fur-
ther round of duplication and divergence produced the different hacmoglobin
in the fetus of mammals. Gene duplication is common, but does not always lead
to ap increase in information: more often, one of the two copies degeneraies,
because natural selection does not maintain two cepies if one will do. Qur
chromosomes are full of such fossil genes, so-called pseudogenes. 1t 15 only
occastonally that the duplicate copy acquires a new function.

The important point is that duplication, whether of single-genes or whole
‘genomes, does not in itself produoce significant novelty. It merely provides addi-
tional DNA that is not needed, and so can be programmed to perforin new
functions. It does not cause increased complexity, but it does provide the raw
material for such an increase to occur later.

Symbiosis

Symbiosis is the process whereby two different kinds of individual came to live
together. Most symbioses are parasitic in nature; one individual benefiting
at the expense of the other. Here, however, we are interested in mutualistic
symbiosis, in which both partners benefit. In Chapter 9, we discuss the rel-
evance of symbiosis for the origin of eukaryeotic cells. In Fig. 2.3, we illustrate the
role of symbiosis in two earlier transitions, in which different independently

Figure 2.3 Svmbiosis in the early evolution of life. Initially, different replicating molecules, A,
B, ad ¢, were free in-solution, or perhaps bound to a surface. They would have competed for
‘resources'—that is, for the small molecules of which they were composed. Later, different
replicators would have been contained within a membrane, oz protocell, If the growth and
division of the protocell depended on the number of molecules it contained, then there would
be selection for some degree of co-operation. Finally, different molecules were joined end to
end to form a ‘chromosome’. Then, one molecule could replicate only if all did, and <o-
operation would be more strongly selected.
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replicating molecules were first enclosed within a cell membrane, and then
linked end to end 10 form a chromosome. Symbiosis differs from duplication in
that there is an immediate increase in the genetic information within an indi-
vidual. The new individual has the sum total of the information present in the
two symbionts, although some of the information may prove to be redundant,
and later be lost.

Epigenesis

Fibroblasts, liver cells, and epithelial cells are different; and the differences are
inherited. If one establishes a tissue culture of fibroblasts, the cells will divide
many times, but their descendants are still fibroblasts. In the same way, the
descendants of cpithelial cells are stifl epithelial cells, and so on. How does such
heredity work? _ .

The first biologist clearly to understand that inheritance involves information
was August Weismann. le rejected the then generally accepted idea that
acquired characters are inherited because he could not see how, for example,
the blacksmith’s muscles could so influence his sperin that his sons would also
develop big muscles. He wrote, in The evolution theory {1902; we quote the
English translation of 1904), that 1o suppose this is “very like supposing that an
English telegram to China is there received in the Chinese language’. He was
therefore puzzled about how the cells of the body could be so different from one
another. There were, he thought, two possible explanations. The idea that he
favoured was that the fertilized igg contains a complete set of genes (he called
them ids), but that during development the kidney cells received only those ids
needed in the kidney, epithelial cells only those ids needed in the epithelium,
and so on. Only the germ line retained a complete set of ids. He did see, how-
ever, that an alternative explanation is possible. Each kind of cell receives a
complete set of genes, but becomes different because it receives different ex-
ternal stimuli, activating different genes. This idea, which we today accept as
correct, he rejected because of the large number of specific stimuli that it
demands. It was an cxcusable mistake. Today, a hundred years later, we are only
just beginning to understand the nature of these stimuli,

What happens in most multicellular organisms is this. With a few exceptions,
every cell receives 2 complete set of genes but different genes are active in dif-
ferent cells. This state of activation is transmitted to daughter cells when a cell
divides. This is a new kind of inheritance, epigenetic inheritance, that does not
depend on differences in the base sequence .of DNA. The mechanism is
described in more detail in Chapter 9.

An embryo, then, has a dual inheritance system, one system depending on the
copying of DNA base sequences, the other on the copying of states of gene
activity. There is an obvious analogy between the differentiated cells of an
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animal body, the various castes in an ant cotony, and the different trades and
professions in human society. The Israeli biologist, Eva Jablonka, has pointed
out that the analogy between an animal body and human society is deeper than
just the presence of differentiated parts. Human society also depends on a dual
intheritance system, based on 13NA and on language.



