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Chapter 1

Biological pattern formation

The growth of plants and animals is a highly intriguing process. A fully developed
organism is a complex arrangement of many different structures, yet it grows from
a single fertilised cell. In the initial stages of its development, an organism grows
by cell division only, forming a sphere of identical cells, but after this first stage,
more and more structure appears. The formation of structures out a less structured
tissue is known as morphogenesis (from the Greek words pogp?, =shape and yéveoug
=creation). Though many processes are involved in morphogenesis, the result is a
highly reproducible arrangement of the various structures.

The variety of structures arises, because different cells develop in different ways,
a process known as (biological) differentiation. Differentiation is a complex process,
which involves many phenomena like cell division, cell movement, gene activation
and changes in the shape of the cells. Irrespective of the exact mechanisms of differ-
entiation, the point I want to address here is the fact, that the way the cells develop
depends on their position in the tissue. Hence, there must exist some mechanism to
‘tell’ the cells, where they are in the tissue. Of course, the genes play an important
role in the differentiation process, but as the genetic information is the same in all
cells. the genes alone can not provide the necessary spatial information. Hence, we as-
sume that differentiation is triggered by a patterned signal, called the morphogenetic
field. Therefore. morphogenesis is also called (biological) pattern formation.

Disclaimer

This introduction is not aimed at providing a full description of the differentiation
process. Instead. I focus on one mechanism to generate spatial information in the
developing tissue. The choice for this mechanism was made purely on mathematical
grounds and I make no claim towards its biological relevance. 1 also am aware that it
underexposes the role playved by the genes in the differentiation process. In defence of
the mechanism that I am about to describe. I point to the reaction-diffusion models.
that have been used to reproduce biological patterns. including the patterns on sea
shells (see especially [33]). patterns on mammal coats [58. 60] and the regeneration of
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polyps [31, 52]. However the mechanisms behind these examples of biological pattern
formation remain unclear. More information on biological pattern formation can be
found in the literature [51, 60].

1.1 Modelling pattern formation

As the underlying mechanisms remain unclear, it is essential to develop (mathemat-
ical) models of biological pattern formation. The complexity of a fully developed
organism seems to rule out any kind of model, but fortunately the differentiation
pattern is not formed for the organism as a whole. Instead, development is build
up of individual steps, which in many cases only occur when previous steps have
been completed. For example, in a human embryo the arms are formed first as a
(shapeless) bud, and only later smaller structures like the hands are formed in these
buds. Furthermore, many of the developmental steps occur in a small part of the
embryo and can proceed independently from the processes in the rest of the embryo.
Using the same example, the development of, say, the right hand is not influenced by
the processes involved in the formation of the left hand. Thus, the patterns formed
in the individual developmental steps are relatively simple.

Despite the relative simplicity of the individual developmental steps, it is still not
easy to model them, as there are many phenomena such a model needs to incorpo-
rate. Arguably, the most important problem is the fact that during differentiation,
structure appears from a less structured starting point. Hence, any morphogenetic
model must be able to form spatial patterns spontaneously from a uniform state.

1.2 Reaction-diffusion systems

A frequently used type of models for the development of a morphogenetic patterns,
is the class of reaction-diffusion systems, in which it is assumed that differentiation
is triggered by concentration patterns of certain chemicals, called morphogens. In
this approach the developing tissue is considered as a chemical reactor, where the
morphogens can react with each other. Thus, the tissue is considered as a continuous
medium, without a direct influence of the cell boundaries, so that the morphogens
can diffuse freely. On the other hand, the influence of the tissue is not completely
ignored, as the composition of the tissue influences the chemical properties of the
morphogens. One can think here for example of the influence on the reaction rates
of the concentration of enzymes that facilitate the morphogen reactions. Therefore,
the influence of the tissue enters the model through parameters like the diffusion rate
and the reaction rates. This is especially important if the pattern formation process
follows an earlier differentiation process, which made the composition of the tissue
nonhomogeneous. However, these spatial effects are easily incorporated by including
space-dependent parameters (see Section 1.3 on the Hydra for an example).






























































































































































































































































































































































































































































































































