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to accurately
reflect ‘immunocompetence’
since
these cells are usually only affected in particular
chronic infections.
Moreover,
measuring
immunesystem parameters
after manipulating
the host’s
load of co-evolved
parasites
(usually ‘worms’)
is
equally uninformative
because the responses
such
parasites
generate in their hosts are complex and
poorly understooda.
In short, as well as considering
the nature of the
biochemicals
mediating the relationship
between
immune-system
function and signal traits,
behavioural
ecologists
need to reach a consensus
about the definition of ‘immunocompetence’
and
subsequently
design accurate assays for this

phenomenon.
Only then can we hope to conduct
sound empirical tests of the ‘immunocompetence
handicap’ theoryl.

Michael T. Siva-Jothy
Dept of Animal and Plant Sciences,
PO Box 601, University of Sheffield,
Sheffield, UK SlO 2UQ
References
1 Folstad, I.

and Karter, A.J. (1992) Am. Nat. 139,
603-622
2 Owens, I.P.F. and Short, R.V. (1995) Trends ho/.

The evolution of information
and heredity
Eva Jablonka
E&s Szathmdry
Many important transitions in evolution
are associated with novel ways of
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sequence, and its transmission through
DNA replication, is a fundamental
hereditary system in all extant
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edity (type A objects produce more type
A objects, type B objects produce more
type B objects, and so on), and show variation (heredity is not exact). If there is
hereditary difference in fecundity and/or
survival of the different types, then evolution by natural selection can take placez.
In such a population, evolution may go on
indefinitely.
Yet evolution quickly comes to a halt, or
ends in a series of recurrent states, if the
number of types is limited. For the commonly known replicators, this is not the
case: there are 499 =1060different nucleotide sequences of length 99, which can code
for a polypeptide with 33 amino acids3.
To the contrary, imagine hexanucleotide
replicators: the number of all sequences is
a mere 4096, which is easily realizable even
in a minute molecular system. The notion
of limited versus indefinite (unlimited)
hereditary replicators was introduced to
emphasize the difference between these
respective systems3,4. For the latter, the
number of types is much higher than the
number of objects (individuals) in any realistic system; for the former, the two
numbers are commensurate, or the number of types may be much less than that of
the individuals.
Important evolutionary transitions may
have been associated with novel means
of information storage and transmission.
Catalytic cycles, ribonucleotide replication,
translation into proteins, epigenetic inheritance and natural language are all
means of information storage and transmission. Their emergence and mobilization
during evolution has been an essential
component of major evolutionary transitions. Although the systems for storing

eplicators, objects that pass on their
structure more or less intact’, qualify as units of evolution: they multiply (objects give rise to more objects), have her-
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and transmitting information discussed
here are very different from each other,
they have all evolved from limited heredity
towards indefinite heredity. The attain-
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ment of indefinite heredity within a system
points to a major transition in the history
of life (see Ref. 4).
Replication and information
before
templates
From the chemical point of view, the
essence of replication is autocatalysis5,
that is, when a compound catalyses its
own formation. Since all catalysts work
in cycles, it is natural that autocatalysts
undergo cyclical processes6J. Some autocatalytic cycles are well known from
biochemistry. For instance, the Calvin
cycle or the reductive citric acid cycle
both serve to fix carbon. By doing so, the
internal compounds of these cycles produce more internal compounds: in the
Calvin cycle, for example, three molecules
of 3-phosphoglycerate are necessary to
ensure the production, after completion
of one turn, of a fourth molecule6. The
snag with these systems is that the
elementary steps of the cycles are catalysed by enzymes that are not autocatalytic themselves. This would seem to
render such cycles uninteresting for evolution. Gdnti has shown that this is not the
case6: hereditary changes may result from
the intracellular competition of two rival
cycles consuming and producing the
same materials. While the integration into
the whole of metabolism would remain
unimpaired, the cycle with the higher net
growth rate would competitively displace
the other. Once all intermediates of a
cycle are lost, and they cannot be regenerated from salvage pathways, its absence
is inherited, even if the necessary enzymes
are still available.
Forty years ago, Yeas suggested that
evolution of cycles could have been important in the origin of lifes. There is anonenzymatic system that is thought by many
to have played a central role, namely, the
formose reaction (the autocatalytic production of sugars from formaldehydeg).
More recently, an archaic version of the
reductive citric acid cycle, together with
some other alternatives, was proposed by
WschtershBuser in his theory of surface
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metabolism10 (a hypothetical organization
before cellularization).
Clearly, intermediates of alternative
cycles seem to qualify as units of selection:
they multiply and have heredity”. Their
evolutionary role would be more important if it could be shown that they are also
variable. For this, they should be changeable by ‘mutation’ in some broad sense.
Although experimental evidence is still
lacking, such hereditary variants of autocatalysts have been suggested1*J3. Traces
of the autonomous evolution of such cycles
may have been preserved in the metabolic map of coenzyme biosynthesisl2.
The appearance of a novel hereditary
cycle would be more like the formation of
a new species by ‘macromutation’, rather
than that of a new sequence by a point
mutation3. Autocatalysts of such cycles,
where replication proceeds piecemeal
rather than modularlyr3, are limited hereditary replicators devoid of microevolution
(see glossary; Box 1). The information that
they carry can be termed analog informationl4. Nevertheless, owing to their intrinsic exponential growth tendency, they
obey darwinian selection laws”.

Synthetic replicators with limited
heredity
Another type of system with limited
heredity is a short template system with
modular replication. The first such replicator was constructed by von KiedrowskIl5
in 1986, and several alternatives have been
elaborated since. These systems are either
short oligonucleotide analogs, or otherwise still modularly replicatable small molecules with template (complementary)
surfaces, for example, a molecule with
shape -1 can catalyse the ligation of the
building blocks - and j to I-. By
varying the - parts of these molecules,
the creation of variants is possible, the
replication of which is not exact16.
The peculiar nature of the growth (in
the absence of enzymes) of these replicators in a medium is that it is slower
than exponential (malthusian): it is subexponential or parabolicl5. This has a pro
found consequence for the dynamics of
selection, resulting in ‘survival of everybody’llJ7. It is plausible that such replicators existed at a very early stage of the
evolution of life. However, further evolution required the appearance of novel, indefinite hereditary replicators with modular replicationl3, having the potential to
carry digital information14 and obeying the
darwinian dynamic.

From the RNA to ribonucleoprotein
world: the genetic alphabet and the
genetic code
Ever since 1967-1968,many researchers
have considered that the modern biologiTREE
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Box 1.Glossary
Analog information:
the diffuse information
stored by the the molecule as a whole, the
latter being the intermediate of an autocatalytic
cycle.
Digital information:
the information
stored by
templates made of letters of a genetic alphabet.
It is alterable, digit by digit.
Modular replication: the copying of a message
consisting of the letters of the genetic alphabet.
Catalytic alphabet: the list of molecular species
serving as building blocks of enyzmes.
Coenzyme handles: currently, many coenzymes
(e.g. ATR, NAD, FAD) are equipped with nucleotide
parts, mostly inactive in catalysis per se. They
act, and used to act, as handles by which en
zymes can and could grab them. This is especially
obvious with enzymes made of RNA (ribozymes).
Cellular memory:
the maintenance
of functional or structural
cellular phenotypes
in cell
lineages.
Epigenetic inheritance system (ES): a system
that enables the transmission
of the pheno
typic state of a cell or an individual to the next
generation.
Steady-state
inheritance
system: the inheritance of functional states through self-sustaining metabolic networks, maintained by positive
feedback.
Structural
inheritance:
the inheritance of new
cellular structures that are arranged and ordered
under the influence of existing cell structures.
Chromatin-marking
inheritance
system: the
system responsible for the inheritance of states
of chromatin, for example, forthe inheritance of
methylation patterns, or patterns of DNA-bound
protein complexes.
Ripping: a process whereby repeated DNA is
either mutated, excised or modified.

cal world was preceded by a world based
on RNAs serving as information carriers
as well as enzymes (reviewed in Ref. 18).
Although it is unlikely that RNA was the
primary genetic material, sooner or later
it could have appeared and taken over the
control of metabolism by its dual functionality. This represents a major evolutionary transition.
An important question about such a
world is the size of the genetic alphabet:
why are there two pairs of nucleotides
(A:U/T and G:C), and not less or morerg?
This is especially relevant since the demonstration that novel types of base pairs
(with alternative H-bond configurations)
can be designed and synthesized, and they
are accepted by some polymeraseszo. Two
hypotheses have been put forward as an
explanation, both of them arguing that two
base pairs were an optimal character state
in the RNA world, which became frozen in
our RNA-protein world.
According to one explanation, the secondary structure of molecules composed of
one base pair is very sensitive to mutation
-they collapse easily, which would be detrimental for an enzymatic function*l. On the
other hand, random sequences composed
of three base pairs do not readily fold into
stable secondary structures. Hence, the
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two base pairs are a compromise between
stability against mutation and thermodynamic stability*z. This does not explain,
however, why the state could not be invaded, through evolution, by nonrandom
sequences with three base pairs.
The other hypothesis demonstrates
that (1) with the increasing size of the
alphabet, point-mutation rates increase
faster than exponentially, and (2) the catalytic efficiency of RNA enzymes (ribozymes) increases slower than exponentially with the size of the alphabet, hence
(3) there is an evolutionary optimum with
two base pairszQ4. This is valid under the
assumptions that the RNA world was
metabolically complex, that the growth
rate of unicellular ribo-organisms was
limited by the flux of a critical metabolic
pathway, and that the fitness of such a
cell was proportional to the product of
overall metabolic efficiency and genomiccopying fidelity. Both ideas are experimentally testable and they are not mutually exclusive.
The genetic code allowed for the radical expansion of the so-called catalytic
alphabet (the list of proteinogenic amino
acidG), by linking this to the genetic alphabet. The core of the code is a list of assignments of base triplets to amino acids.
Based on the theory discussed above,
it can be stated that the improvement
on catalytic efficiency was impossible by
simply extending the genetic alphabet23.
Evolution must have sought another route
that led to the biosynthesis of enzymes
using the genetic code. The snag is that
evolution is short-sighted, and therefore
the transition cannot be explained by arguing that the end result was advantageous.
Many ideas, therefore, refer to preadap
tation as a possible solution: amino acids first in uncoded, later in coded form-must
have served some other, useful function
in the cell. Such could have been the facilitation of RNA replication with a 3’-bound
amino acida, or the synthesis of useful dipeptides by peptide-specific ribosomes26.
The most radical such idea is the hypothesis of coding coenzyme handles27,suggesting that amino acids were used as coenzymes of ribozymes, and were equipped
with oligonucleotide handles (Fig. 1).

The emergenceof epigenetic
inheritance
When cells divide, they frequently
transmit their phenotypic characteristics
to daughter cells. A cellular phenotype is
sometimes inherited through many cell
divisions even when the stimulus that first
induced it is no longer present, In other
words, not only can cells with identical
DNA sequence differ in phenotype, these
phenotypes can also be inherited. The
inheritance of functional or structural
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ure that may have led to the evolution of
regulative hereditary states in unicellular
organisms is described in Box 3.

The evolution of epigenetic
inheritance

F

Evolution

Rg. 1. The origin of the genetic code according to the coding coenzyme handle hypothesise7. In the context
of an RNA worldie, different processes went on in a ceil: nucleic acids were copied (genetic function), but
they also acted as enzymes (metabolic function). Some ribozymes (Rz) were able to charge trinucleotides
specifically (i.e. in a coded fashion) with an amino acid (AA), and the trinucleotide-AA
compound acted as
a coenyzme of ribozymes (R,). Coenzymes were recognized and bound by their handles through base pairing. In evolution, R,s were mostly replaced by messenger
RNAs and corresponding
protein enzymes, and
R,s were substituted
by protein aminoacyl-tRNA
synthetases.
A new function (R3) evolved to catalyse the
coupling of amino acids to each other, currently performed by the ribosome. The original trinucleotide
handles correspond
to the anticodons of present-day
tRNAs. From Ref. 4, with permission.

states in cell lineages is often referred to
as cellular memory28.
The transmission of cell phenotypes re
quires mechanisms that store and transmit information in ways additional to that
based on DNA sequence. These mechanisms have been termed epigenetic inheritance systems (EL%), or dual inheritance
systems*g. Three such systems are recognized? the steady-state inheritance, the
structural inheritance, and the chromatinmarking systems (Box 2).
When and how in evolutionary history
did EISsfirst emerge? The origin of steadystate systems was probably very simple:
they depend on the regulatory properties
of gene products, and these regulatory
properties were probably associated with
some proteins in the first cells. Variations
in the quantity and the cellular localization
of these proteins would affect the stability
of the transmission of cellular phenotypes
and their resistance to environmental perturbations, and therefore would be modulated by natural selection.
The evolutionary origin of structural
inheritance is more obscure, but the universality of mechanisms that ensure the
maintenance of cell form, and that ensure
the transmission of cytoskeletal organization and of cortical organization, suggests
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that this EIS is also very ancient, accompanying cellular organization from the
very start34.
In bacteria, the main role of the methylation marking system is as part of the
restriction-modification system. This is a
protection mechanism against DNA parasites, in which a special enzyme methylates
host DNA in a sequence-specific manner,
so that the bacterial genome is distinguishable from foreign parasitic DNA, which is
not methylated, and consequently is de
graded by the host’s restriction enzymes.
Bestor suggested that the restriction-modification system was the evolutionary precursor of the methylation system adopted
for the regulation and transmission of
states of gene activity in eukaryotesss. The
adoption of DNA methylation for the control of gene activity is in fact already seen
in some bacteria: in uropathogenic E. cofi,
the expression of pilus proteins depends
on the methylation patterns of adenines
in two CATC sites in the regulatory region
of the genes6. However, use of differential
methylation in prokaryotes seems limited;
in most cases, either all or none of the
DNA sequences of a particular type in the
genome are methylated. Locus-specific
methylation seems to be the exception in
prokaryotes. The type of selection press-

The evolution of epigenetic inheritance
to an indefinite potential was important
for the evolutionary transition to multicellularity in animals, plants and fungi. In
multicellular organisms with many different cell types, the determined and differentiated state of various cell lineages has
to be maintained. Maintenance of the differentiated state usually does not involve
changes in DNA organization, but rather
the operation of highly efficient El%. High
fidelity of transmission is required in such
organisms because many are large and
long-lived, and have extensive cell turnover. The chromatin-marking EIS seems
more suitable than the steady-state EIS,in
these cases, since it is more resistant to
minor fluctuations in intracellular concentrations of regulator+. The maintenance of
form during growth is poorly understood,
but it seems that the structural properties
of the extracellular matrix binding and co
ordinating a group of cells are very importanP. Without efficient cellular memory,
multicellular organization and complex ontogenies could not have evolved and could
not be maintained4Js940.
During the evolution of multicellular
organisms, the methylation marking system seems to have acquired a particularly
important regulatory role. Some idea of the
route that led to the role of methylation in
gene regulation is indicated by the way the
methylation system is preserved as a protection mechanism in higher eukaryotes.

Box 2. Epigenetic inheritance
systems
The steady-state
inheritance
system is based
on auto-regulation
in which gene products act
as positive regulators of gene expression.
The
simplest system is one in which a gene produces a product that ensures its own continued
activity. The transmission
of the functional state
depends on the distribution of a sufficient quantity of regulatory gene products to daughter cells
following cell division. Many such steady-state
systems are known in prokaryotes
and in eukaryoteG.
In the structural lnhedtance system,
a three-dimensional
structure acts as a template for an identical structure in the daughter
cell. This EIS was first described in the ciliated
protozoa, where Sonneborn showed that experimental or accidental variations in cortical architecture can be inherited through mitosis and
meiosissz. The chmmatin-marking
system is
based on the inheritance of chromatin marks
such as DNA methylation
patterns (Fig. 2) or
patterns of proteins bound to DNA. A particular
DNA sequence can have several different herb
table methylation patterns, or patterns of pro
tein complexes,
imposed on iW.
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Fig. 2. The inheritance of methylation patterns. (a) and (b) are two identical DNA sequences
with a different pattern of methylation at CpG
cytosine, C, is followed by a guanine, G; p denotes the phosphate group so that C is at the 5’ position relative to G). Methylation sites and
on the two strands of the DNA duplex. After DNA replication, the unmethylated
sites remain unmethylated,
whereas the methylated sites
new strand. This asymmetry
is recognized by the enzyme methyltransferase
(maintenance
methylase), which methylates the CpG on the
methylated site on the old strand. Two identical methylation patterns are thus transmitted
to daughter cells.

A process known as ‘ripping’ was first described in fungin; during this process multiple copies of foreign DNA or duplicated
copies of endogenous genes are extensively methylated and the methylated
state is transmitted to daughter cells. In
some fungi, such as Neurospora crussu, the
methylated DNA is subsequently mutated
or rearrangeddl, whereas in other fungi,
methylation merely inactivates DNA. Similar inactivation of foreign DNA by methylation - a kind of ripping - is also found in
mammals42 and plant+.
It is not difficult to see how inactivation
by DNA methylation, which was originally
targeted at repeated foreign or endogenous
sequences, could be modified to inactivate
any endogenous gene. At first, endogenous
gene inactivation was probably limited to
loci with repeated sequences, or regions
of chromosome with a repeated structure
comparable to heterochromatin.
Subsequently, establishing methylation patterns on the basis of local chromatin configurations determined by locus-specific,
DNA-bound proteins provided a locusspecific mechanism of gene regulation. In
animals, CpC sequences, and in plants,
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CpNpCi sequences of endogenous genes,
can be methylated; the extent and pattern
of DNA methylation sites can be inherited
and often affect the transcriptional activity of the gene4. Once this type of locusspecific heritable marking had evolved,
the number of possible methylation phenotypes a cell can assume increased dramatically. The number of possible methylation
patterns is determined by the number of
loci with CpG sites and by the number of
heritable functional states that every locus
can assume. The potential of epigenetic inheritance became very powerful in higher
eukaryotes.

The emergence of protolanguage:
a cultural inheritance system with
limited potential
The evolutionary transition to a culturally integrated group was made possible by a new method of storing and transmitting information - communication
through natural language. Although animal
groups (especially birds and mammals)
can have limited group identity formed by
socially transmitted, shared behavioural
patterns, language has greatly enhanced

sites (sites in DNA where
patterns are symmetrical
are unmethylated
on the
new strand opposite the

group unity and cohesion, and allowed the
formation of the complex, variable and
long-term cultural units that characterize
our species.
Many different scenarios have been
suggested for the evolution of human
language45. The large gap between human
language and animal modes of representation and communication, combined with
the coordinated and intricate structure of
syntax, make the gradual evolution of a
specific language-adaptation difficult to envisage and reconstruct. These problems
have led some people to suggest that the
evolution of language is a pleiotropic effect
of an increase in general intelligence. However, few evolutionists believe that natural language sprang fully formed, like the
goddess Athene, from the head of Homo
sapiens. Most authors would agree that
some simpler form of language, with a
poorly developed grammar and lexicon,
preceded the mature form of language that
all extant healthy people in normal societies
share. Recent discussions have focused
on the initial conditions and selective
pressures that started this evolutionary
process, and on the number and nature of
209

PERSPECTIVES

Box 3. The evolution of regulative
heritable states in unicellular
organisms
The sophistication
and elaboration
of ElSs
as transmitters
of regulative states seen in eukaryotes probably evolved as a response
to
recurring, fluctuating, environmental
conditions.
One aspect of the environment
to which unicellular organisms are exposed is the periodical
cycle (e.g. day and night, tides and seasons),
which are often somewhat longer than the generation time of the organism. The two recognized
ways of responding adaptively to changes in the
environment are either through a change in DNA
sequence
(a classical
mutation)
or through
a short-term,
non-heritable change in gene expression. However, neither of these responses
seems adequate if the cycle is longer than the
generation time of the individual, but not as
long as the time required for the occurrence
and fixation of a rare advantageous
mutation.
Organisms can adapt to such intermediateterm changes if they transmit phenotypes either
through unconventional changes in DNA (as seen
in many types of phase variations),
or through
EISs. A unicellular organism that can transmit
its phenotype in such a fluctuating environment
will have an advantage,
because its progeny
avoid some of the cost of being transiently in a
non-adaptive state. Selection ensures that the
transition
rate from one epigenetic state to
another reflects the environmental
periodicity.
Locus-specific transition rates (i.e. locus-specific
memory spans) could thus evolve gradually37.
Another preadaptation
of ElSs may have been
associated
with sex: yeast has different cell
types, cellular memory and hierarchical
gene
control in association with matingtypes
and the
sex habit3*.

the possible intermediate stages before
mature language emergedds-47.
An example for a candidate protolanguage is provided by BickertoN. He
argues that human babies younger than
two years, adults deprived of exposure to
language during the critical developmental stages, apes instructed in language,
and communities of adults deprived of a
common language, all develop a relatively
simple form of verbal communication. He
suggests that this form of communication
represents the evolutionarily ancient
protolanguage. In this type of language,
concepts of things and actions are
labelled, yielding protonouns and protoverbs, and these are linked to simple
propositions with no systematic word
order and almost no grammatical structure. Grammatical items, such as the, of,
his, above, therefore, -ing, are absent. As a
result, many sentences have ambiguous
meaning.
What were the initial conditions and
the selection pressures that allowed the
emergence of protolanguage? The assump
tion that a high level of social intelligence
and social learning was one of the necessary preconditions for the evolution of
language is widely shared (see Ref. 48 for
a recent discussion). It is also accepted
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that the evolution of the vocal apparatus
played an important role in the evolution of
language@, although its precise role is controversial. Darwin suggested that a rudimentary form of song was the first,
essentially emotional, protolanguage50.
Kimura proposed that tool-use led to
gestural communication, and that vocal
speech came late+. In the same vein,
Corballis argued that articulate speech
had to be built on the control of motor
skills51, because both are founded on
generativity - a general ability to represent entities and actions by combining
their component parts. Cenerativity first
emerged with tool-making and was generalized to include vocal and visual generativity. Donald stressed the demand for
increasingly better memory, and better
voluntary access to memories, and suggests a mimetic stage involving all modalities before the emergence of spoken
languageds. All these factors are suggested
as major contributors to the transition of
the type of protolanguage seen when apes
are taught language.
Although the amount of information
that even a very simple protolanguage can
transmit and store is enormous, relative to
other vocal communication systems, complex sentences are impossible, and the
type of transmissible information is limited relative to that allowed by a mature
grammatical language.

The emergence of mature language
with universal grammar
The transition from protolanguage to a
rich, fully grammatical, mature language is
no less obscure than that of protolanguage,

and is the subject of much speculation and
discussion. Following Chomsky’s theory
about the innate quality of syntactic
structuressz, some linguists and evolutionists argue that the evolution of syntax is
the most important process in the evolution of mature language and that syntactic structures must be a result of
biological evolution and not of cultural
evolution (reviewed in Ref. 53). Others
believe that syntax is the emergent consequence of cultural evolution based on
gradual lexical inventionas. The lack of
even remotely similar structures in other
animals suggests to some that a macromutation (of unprecedented magnitude)
has produced syntactic structures, while
to others it suggests that it was the emergent pleiotropic threshold effect of the
gradual evolution of general intelligence
in a species that already possessed a
protolanguage. Still others believe that
gradual evolution of adaptive syntactic
structures occurred46.
A plausible way for the gradual evolution of syntax, from a mental structure
that depended on extensive learning into
an innate mental structure, could have
been46via a process known as the Baldwin
effects4,or genetic assimilation55. This process of darwinian selection requires that
the environment has a double role, being
both the inducer of the adaptive phenotype and the selective agent. In the extreme case, natural selection leads to
the transition from a stimulus-dependent
physiological or behavioural response to
a stimulus-independent response. A lessextreme case of genetic assimilation is a
transition from a response that depends

Box 4. Learning and the evolution of behavioufl
Hinton and Nowlan constructed
a genetic assimilation model showing how learning can facilitate adaptive
evolution. The model is a neural network with 20 potential connections,
each specified by a different
genetic locus. Each of the 20 genes can be in one of three allelic forms: form 1 (connection present), form
0 (connection
absent), or form ? (connection
unspecified,
and modifiable by learning). There is only one
network that is ‘correct’, all other networks being equally ‘incorrect’
(thus we have a flat adaptive land
scape with a needle-like peak).
The simulation starts with 1000 randomly generated organisms,
so that each organism has 10 of
its loci fixed in a 1 or 0 position (with equal probability), and the 10 other loci at the ? position, that is, let?
for learning to specify. Once an organism has acquired the correct setting in a ? locus, it is not altered
subsequently.
Each organism can perform 1000 trials during its lifetime. The organisms are sexual, having
one offspring per mating, and to generate the next generation, 1000 matings are performed. The probability
of being chosen as a parent increases if the organism has learnt, and is proportional to 1 t 19fl/lOOO,
where n is the number of trials that remain after the organism has acquired the correct network. Thus, an
organism that was born with all the correct fixed connections,
and does not need to learn at all, has a
fitness of 20, whereas an organism that has never learnt has a fitness of 1. The sexual reshuffling of genes
allows the formation of new allelic combinations,
and selection eliminates the fixed alleles at the incorrect
positions and increases the number of the fixed alleles at the correct positions.
It is important to note that although there is only one correct network (‘the needle in the haystack’),
different genotypes can end up having the right network: different combinations
of fixed alleles in the
correct positions and different ? loci that assume the correct position following learning can produce the
right network. As with other epistatic systems, there is selection for allelic combinations
rather than for
alleles, Selection leads to a higher frequency of ‘learners’ and to more-efficient
learning, depending on
fewer trials. The point is that, without learning, having 15 connections
correct would be no better than
having five correct: with learning, however, the former case decreases the time of learning, and, in turn,
increases fitness. Ultimately, more and more correct couplings that had to be learnt at the beginning
become genetically assimilated.
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