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Abstract. Adaptive evolution is usually assumed to be directed by selective processes, devel-
opment by instructive processes; evolution involves random genetic changes, development
involves induced epigenetic changes. However, these distinctions are no longer unequivocal.
Selection of genetic changes is a normal part of development in some organisms, and through
the epigenetic system external factors can induce selectable heritable variations. Incorporating
the effects of instructive processes into evolutionary thinking alters ideas about the way envi-
ronmental changes lead to evolutionary change, and about the interplay between genetic and
epigenetic systems.
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Evelyn Fox Keller and James Griesemer have done an admirable job in
summarizing the principal ideas, arguments and goals of our book, Epigenetic
Inheritance and Evolution, so we need not reiterate its main themes. However,
their reviews give us a welcome opportunity to clarify some points, and to
take up some of the issues they have raised. The common theme that unites
many of their comments is the role of selective and instructive processes in
evolution, and the part epigenetic inheritance plays in them.

Evolution is usually presented as being directed by selective processes,
whereas development is best described as being dependent on instructive
processes. There is a fundamental difference in the logic underlying the
two types of process. Instructive processes are directed responses to factors
outside the responding unit.1 Embryonic induction is a classical example
of an instructive process, as is transcriptional regulation. With instructive
processes, an external factor “instructs” a system that is already constructed
to be able to respond to this type of factor in a precise, and often (but not
necessarily) adaptive manner. When the responding system is very plastic,
the external factor seems “to mould it to shape”; but even with extremely
plastic systems, it is clear that the very pliability of the system is to some
extent a pre-established evolved property.
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The role of instructive and selective processes in the immune response was
debated during the 1940s and 1950s, when explanations were sought for the
specificity of the immune response to a vast repertoire of antigens. According
to the instructive theory, the antigen (the external agent) moulded the antibody
to conform to its own shape, like a piece of plasticine; according to the selec-
tive theory, a large repertoire of antibody-producing cells pre-existed before
presentation to the antibody, and selection determined that only cells with
antibodies that can bind a specific antigen efficiently proliferate in response
to this antigen. Subsequent research has shown that a huge pre-existing reper-
toire of different antibody-producing cells is indeed present, and that selective
processes play a major role in determining the immune response. However, it
has also been found that a secondary source of variation is the result of bound
antigen stimulating mutations in the very region of the immunoglobulin gene
that determines the binding between antibody and antigen (see Watson et al.
1987). The process underlying the targeting of mutations specifically to the
binding region is an instructive process, although the mutations are not nec-
essarily adaptive. Similar processes, elevating the mutation rates specifically
in the sequences coding for the protein domain relevant to future function,
have since been described in micro-organism (Moxon et al. 1994).

In contrast to instructive processes, with selective processes the response
to an external factor is not predetermined, nor is it a necessary, emergent
property of the initial conditions; the response is a result of selection. Very
different principles underlie selective and instructive processes. Although we
do not dispute the fact that selective processes predominate in evolution,
whereas instructive processes predominate in ontogeny, we have argued that
both types of process are found in evolution and in development, and the
interplay between them provides one of the most exciting areas of biological
research. We believe that it is not helpful to categorically distinguish between
types of evolution theories based on selection and those based on instruction.
It is far more useful to examine the role of various processes in evolution.
Bell (1996) has argued that if variation occurs in a way that gives direction
to adaptive evolution, it means that evolution has to be studied like genetic
or biochemical processes, such as meiotic segregation or protein synthesis.
However, the assertion that instructive processes are important in evolution,
and that some aspects of evolution should indeed be studied in this way, does
not mean that instructive processes alone can explain adaptive evolutionary
change.

One of our major themes is that the variation on which evolutionary change
is based is affected by instructive processes that have themselves evolved. In
addition to random genetic change, natural selection has produced systems
that alter the base sequence of DNA by responding to special external stimuli.
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Other sources of heritable variation that have clearly been moulded by natural
selection are the epigenetic inheritance system, which is the focus of our book,
and the behavioural inheritance system, which transmits information between
individuals through social learning. The adaptability that these additional
inheritance systems allow can be the basis of long term genetic adaptations.
They enable the kind of adaptation that Waddington, one of the first peo-
ple to use “epigenetic” in its modern sense, explained in terms of genetic
assimilation.2

We had many problems with the terminology necessary to describe varia-
tions that are produced by instructive processes. Fox Keller points out that it
is not always clear when the heritable variations that we describe are “direct-
ed” (in the sense of being a response to an environmental change) and when
they are adaptive. The situation is further complicated by the fact that some
epigenetic variations can be “random” in the same sense that classical muta-
tions are said to be random. We tried to define the terms as precisely as
possible (Chapters 3 and 4) without changing the already established (and
unfortunate) jargon that has become current in recent years. In an earlier paper
about epigenetic inheritance systems (Jablonka, Lachmann and Lamb 1992),
we followed Boyd and Richerson (1985) and called “directed” variations
“guided”, in order to distinguish them from “adaptive” variations. However,
since “guided” too carries the flavour of “adaptive”, we decided to keep the
conventional terminology. If we were to re-write the book, we would proba-
bly now use “induced” variations instead of “directed”, because we believe
that this would generally clarify our intentions.3

The instructive processes that are underlain by epigenetic inheritance facil-
itate and sophisticate evolution. Epigenetic variations, some of which are ran-
dom, some of which are induced, and some of which are adaptive, can explain
many strange and seemingly exceptional patterns of inheritance, as well as
underlie important evolutionary events such as the transition to multicellu-
larity and many cases of speciation. Induced variations allow evolutionary
changes that are focused on the relevant range of phenotypes and conse-
quently reduce the overall cost of selection. If, as a result of environmental
change, the activity of some genes varies in a heritable way, selection will
be focused on these variations, without the cost of selecting against varia-
tion in other, “irrelevant” genes. When the variation is epigenetic, the unit of
heritable variation can be the whole cellular phenotype rather than a single
gene. Since an external factor can induce a whole battery of genes, heritable
cellular phenotypes can become the unit of evolution. Furthermore, the inter-
actions between epigenetic and genetic variations can enhance the effects of
both. Selection is always important in adaptive evolution, but what is selected
and when it is selected may often be determined by instructive processes. As
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Griesemer points out, the question of the unit of selection needs to incorporate
different types of “replicators”, not just genes and memes. Since the interre-
lations between different inheritance systems make it difficult to order them
into a clear-cut hierarchy, a network of interactions between different inheri-
tance systems and different levels of organization may have to be constructed.
This raises complex conceptual problems in defining the units involved, and
clarifying their causal relationships. However, the realization that additional
inheritance systems need to be included in the analysis of a biological system
may help to clarify other problems, such as what should be considered to be
“an individual” (Jablonka 1994).

While we have argued that evolution is more like development than previ-
ously thought, we also maintain (and this is a much less radical assertion) that
development is more like evolution than is usually acknowledged.4 Somatic
selection has recently been recognized as an important component of devel-
opment, and both genetic and epigenetic variations have been proposed to
be the basis of such selection (Buss 1987; Edelman 1987; Klekowski 1988).
However, epigenetic inheritance allows not just a single round of selection
between somatic variants, but several sequential rounds of intra-organismic
selection. The cumulative effect is “somatic evolution”. Somatic evolution
may enable adaptation to complex new circumstances (within the strict con-
straints of inductive processes), such as is seen in the immune system, or as
suggested by Edelman (1987) for the development of the nervous system.
Accepting the role of epigenetic inheritance and cellular memory in develop-
ment can provide some interesting and non-intuitive insights into the nature
and evolution of developmental systems. Krakauer and Pagel (1996) have
recently shown how, where there is cellular memory and epigenetic inheri-
tance, ideas about the evolution of animal communication can be applied to
intercellular signalling. It is clear that the evolution of mechanisms enabling
somatic selection and somatic evolution are important aspects of the evolution
of development.

Both Fox Keller and Griesemer point out that we revive Darwinian notions
of the causes of variation, and that the subtitle of our book, “The Lamarckian
Dimension”, may mislead and antagonize potential readers. We agree that our
ideas are basically Darwinian, and that our book offers modern interpretations
of some aspects of Darwin’s theory of variation. There is hardly anything in
the book that can be attributed to Lamarck, except for the idea, shared by
most scientists since the Hippocratic period, including Darwin and most
other 19th century biologists, that some acquired characters can be inherited.
However, since we wrote the book mainly for biologists, for whom the term
“Darwinian” carries the flavour of strict selectionism, and “Lamarckian” is
associated with heritable environmental effects, we used “Lamarckian” in
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the naive sense – in the sense of the theory incorporating the inheritance
of acquired variations. We realized that using “Lamarckian” is historically
imprecise, and sociologically may lead to our identification with charlatans
and the lunatic fringe of evolutionary biology. However, leaving out the
subtitle would have left an obscure and boring title. We must also confess
to some missionary zeal – a wish to challenge the dogma concerning the
inheritance of acquired variations in evolution. The reaction we have had
to the subtitle suggest that it was not a very good choice, after all. We
hope that this failure of our imagination will not prevent biologists taking a
less prejudiced experimental approach to the study of variation. As Darwin
realized, the nature and the origin of heritable variations is fundamental to
the understanding of evolution.

Notes

1 Sometimes extremely strong constraints can lead to effects that can be included under the
rubric of “instructive”. When a biological system responds to changes not because of its special
internal organization and information content, but mainly because of strong physical, chemical
or cybernetic constraints, the effects can be described, by default, as instructive. However, here
we use “instructive” in the direct sense, as described in the text.
2 For example, see Waddington (1957). Hall (1992, Chap. 6) discusses uses of the terms
“epigenesis” and “epigenetic”.
3 However, “induced” is not totally satisfactory, because it does not cover non-induced but
locus-specific changes, such as surface antigen-switching in trypanosomes.
4 Although until the early 20th century the processes directing ontogeny and phylogeny were
usually considered as one, for most of this century the emphasis has been on the differences
rather than the similarities between the two.
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