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Chapter Title: Keeping the Gene in its Place 

by Johannes Jaeger and Nick Monk 

Brian Goodwin was never part of the mainstream. His views and ideas on the 

development and evolution of organismic form were always radically different from 

those of the majority of molecular biologists, who often perceived Brian and his 

theories as reactionary. Many of those who engaged in discussion with him argued 

that he criticized the predominance of gene-based explanations in biology (and hence 

the major source of progress in the field at the time, see Keller 2000) without 

providing any specific, viable alternatives. 

This reaction to Brian’s work needs to be understood in the context of the prevailing 

trends in developmental biology during the last 40 years of the twentieth century. By 

the early 1960s, it was clear that biological processes were underpinned by molecular 

and genetic interactions. This raised two critical questions. First, what is the detailed 

nature of these interactions, and second, how do the dynamics of organismic form 

emerge from them? While answering each of these questions is clearly important, the 

mainstream approach focused almost exclusively on addressing the first. Remarkable 

and important progress was made, providing a detailed understanding of the 

molecular and genetic components of developing systems. Sadly, this progress 

fostered a climate that not only largely ignored the second question — that of 

emergence — but also tended to dismiss any attempt to address it as misguided. 

But times have changed. Biology is currently undergoing a paradigm shift. Instead of 

single, isolated genes, we are now beginning to study integrated systems — cells, 

tissues, organisms, even ecological networks as a whole — using computational and 

mathematical models combined with quantitative measurements. This approach, 

called systems biology, provides a very different perspective on the nature of 

biological processes, shifting focus away from genes as independent agents to their 

embedded role in a complex, dynamic biological context (see, for example, Gilbert & 

Sarkar 2000; Robert et al. 2001; Kitano 2002; Wolkenhauer 2002; Noble 2008; 

Gatherer 2010). Here we argue that this perspective is strikingly similar to what Brian 

had been proposing all along. Systems biology now provides quantitative evidence for 

many of the concepts at the foundation of Brian’s theories. Clearly, his ideas had been 
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visionary rather than reactionary. Still, surprisingly few biologists nowadays know of 

Brian’s contributions, which are only too rarely acknowledged in the literature. 

In this chapter, we review Brian’s thinking on cellular, developmental and 

evolutionary dynamics, which is both at the origin and the core of his wide-ranging 

interests in biological systems (see Goodwin 1994; Webster & Goodwin 1996; Solé & 

Goodwin 2000; Goodwin 2007, for a general overview). We aim to show how many 

of the concepts and theories he considered crucial — such as the importance of 

cellular dynamics, morphogenetic or generative fields, and his structuralist theory of 

rational morphology — are taking centre stage in biology once again, this time 

backed up by quantitative evidence that was not available when Brian first proposed 

his ideas. 

Cellular dynamics and oscillations 

Biological form arises through dynamic regulatory processes during the life cycle of 

an organism. Such processes consist of interactions between metabolites, ions, genes, 

cells, and other factors, which result in characteristic patterns of cell differentiation in 

space and time. One of the best-studied examples of this is the regulation of gene 

expression during development (see, for example, Davidson 2006; Gilbert 2010). 

Here, we will define a gene as a DNA sequence in the genome that encodes a RNA or 

a protein (Figure 1A). These gene products are only produced at specific times, or in 

specific cell types or tissues, through the processes of transcription and translation 

(gene expression). The exact pattern of expression depends on proteins, called 

transcription factors, which bind to the regulatory DNA sequences that determine the 

expression of the gene. Of course, these transcription factors are themselves encoded 

by genes that are regulated by other transcription factors, and so on. This results in 

complex regulatory networks (Figure 1B) containing dozens or hundreds of genes 

(and/or other factors, as stated above). If we want to understand biological form, we 

need to understand the temporal and spatial dynamics of the regulatory interactions in 

such networks. 

We will first turn our attention to Brian’s earliest work on the temporal organization 

in cells (Goodwin 1963; Goodwin 1966; Goodwin & Cohen 1969). It is no 

coincidence that Brian started out studying temporal cellular dynamics. The 
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fundamental truth that everything in biology is dynamic has always been at the core 

of his thinking. Nothing ever stays the same. Everything is process. 

 

Figure 1: (A) A gene: the coding sequence of the DNA (shaded box) is transcribed into messenger 
RNA (mRNA), which in turn is translated into protein. DNA sequence is composed of four bases, 
abbreviated A, C, G, and T. (B) A gene network: two genes (represented by boxes with associated 
black arrows indicating transcriptional activity) encode proteins called transcription factors 
(represented by squares and stars). Such factors bind to regulatory sequences, which often lie upstream 
of the protein-coding sequence of a gene. They can either have an activating or repressing influence on 
transcription (represented by white arrow and T-bar, respectively). The transcriptional activity of a 
gene is determined by the combination of transcription factors (activators and repressors) bound to its 
regulatory sequences. In this way, genes can switch each other on (upper) or off (lower gene), forming 
a regulatory network. Regulation of gene expression across time and space by such networks is crucial 
for pattern formation during development. Note that transcription factors can bind to and regulate their 
own genes (star-shaped proteins in panel B bind to their own gene). (C) A Goodwin Oscillator: 
oscillations in gene expression are based on negative feedback regulation. In the example shown, the 
protein product of a gene is repressing its own production by inhibiting transcription. Since there is a 
delay between the initiation of transcription and the appearance of the protein product at the gene’s 
regulatory sequence, this system can show sustained oscillatory behaviour. See text for details. 

Of course, this notion by itself was not new. Brian’s mentor, Conrad Hal Waddington 

(1975), was strongly advocating it at the time. However, information on the basic 

molecular and genetic mechanisms operating within cells was just beginning to 

emerge from laboratory studies, raising the challenge of explicating the link between 

cellular and systems-level dynamics. Jacob and Monod’s pioneering and hugely 

influential work on gene regulation in bacteria demonstrated that gene expression 

could affect the temporal regulatory dynamics of cells (Jacob & Monod 1961; Monod 

& Jacob 1962). Brian took these ideas and addressed the critical question of how one 

could account for system-level dynamics in terms of molecular genetics. What was 

new about Brian’s approach was his use of quantitative mathematical modelling and 

analysis to explore the sometimes counter-intuitive consequences that temporal 

regulatory processes could have for cell dynamics and pattern formation. Unlike 
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Jacob & Monod’s work, Brian’s focus wasn’t on the molecular details of these 

systems, but on their potentially far-reaching consequences for our understanding of 

biological processes in general. 

Brian chose to focus on the specific question of the emergence of coherent rhythms in 

organisms, such as the circadian rhythms that regulate physiological processes and 

activity in both plants and animals with a 24-hour period. The reasons for this were 

twofold. The first reason was pragmatic: Brian realised that it was necessary to find a 

system for which precise quantitative data were available. At the time, biological 

clocks were the only system for which this was beginning to be the case. The second 

reason was more profound: Brian argued that oscillatory behaviour was extremely 

likely to play an important role in determining the behaviour of cells and tissues 

generally. This view placed central importance on transient cellular dynamics, in 

sharp contrast to the emerging (if implicit) paradigm of development as a series of 

switch-like transitions between steady states. 

Brian identified negative feedback, operating on the elements that control the rate of 

expression of a gene, as a likely candidate for the principal generator of oscillatory 

behaviour (Figure 1C). Negative feedback was already well known to be widespread 

in biology. Homeostasis — the maintenance of physiological variables such as body 

temperature or the concentration of carbon dioxide and glucose in the blood stream of 

mammals close to a set point — relies on negative feedback control. In contrast to this 

stabilising role, negative feedback can also generate oscillations. Such oscillations 

were well known to engineers, but in a biological context were almost exclusively 

seen as an undesirable feature. Brian took the important step of not only realising that 

the negative feedbacks present in molecular and genetic interactions could generate 

important oscillatory dynamics, but also providing a concrete mathematical 

foundation for their study in terms of enzyme kinetics and the regulation of gene 

expression (Goodwin 1963; Goodwin 1966; Goodwin & Cohen 1969). 

Brian’s models helped to initiate, and have inspired, a rich vein of modelling of 

cellular oscillations (see Goldbeter 1997; Maroto & Monk 2009, for reviews). For 

many years following Brian’s original work, circadian rhythms provided the most 

compelling example of a cellular oscillator, and are now seen as a paradigm for 

integrative systems approaches to biology (see, for example, Hogenesch & Ueda 

2011). Although remarkable progress has been made in fleshing out the molecular 
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details of the circadian clock, a testament to Brian’s insight is the fact that negative 

feedback remains at the heart of the mechanism (Novak & Tyson 2008). 

Brian’s prediction that oscillatory dynamics should underpin a wide range of 

developmental and organismic processes is also turning out to be correct. Recent 

advances in live imaging of the levels of expression of the molecular constituents of 

cells and tissues have revealed an ever increasing collection of fundamental 

oscillatory processes with periods ranging from minutes to several hours (Kruse & 

Jülicher 2005; Maroto & Monk 2009). These oscillations regulate not only the 

dynamic responses of individual cells, but also play a central role in pattern 

formation. A striking example is provided by somitogenesis in vertebrates — the 

process whereby the basic segmental pattern of the trunk is established during 

embryonic development (Dequéant & Pourquié 2008). Here, oscillations in gene 

expression (driven by negative feedback regulation) co-ordinate the periodic 

assignment of groups of cells to individual tissue segments (Lewis 2008). 

These examples illustrate the importance of oscillatory dynamics for regulating the 

temporal behaviour of cells and for assuring the co-ordinated behaviour of groups of 

cells in development. A growing body of evidence now supports the idea that 

feedback-driven oscillations also play a more unexpected role in another central 

process in development  — the diversification and differentiation of cell types. 

Theoretical studies by Kaneko and Yomo built on Brian’s ideas by exploring the 

dynamics of a growing population of coupled cells, each of which contained an 

oscillatory biochemical network (Kaneko & Yomo 1997). Strikingly, they found that 

after an initial period of cell divisions during which the cells remained synchronous, 

the population split into locally synchronous groups of cells that had different phases 

with respect to each other. The oscillatory biochemical networks in the cells drove 

diversification of an initially homogeneous population, and provided a mechanism for 

cells to retain their identity and pass it on to daughter cells. This theory of 

differentiation — called isologous diversification — provided a theoretical realisation 

of Brian’s claim that oscillatory dynamics should play a role in many aspects of 

development. Further extensions of this work in the light of more recent experimental 

evidence have extended the idea to stem cells and cancer (Kaneko 2009; Kaneko 

2011). 
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A direct link between Brian’s insight into the essential role of oscillatory cellular 

dynamics has recently emerged from studies of the dynamics of the developing 

nervous system. In vertebrates, neurons differentiate from a dividing population of 

progenitor cells over an extended period of development. The rather measured tempo 

of neural differentiation is important to ensure that an appropriate diversity of neural 

cell types is generated. Time-lapse imaging in live developing embryos has shown 

that the biochemical differentiation network in neural progenitor cells goes through an 

extended oscillatory phase before the cells commit to a neural cell fate, and that these 

oscillations are necessary to prevent premature differentiation (Shimojo et al. 2008). 

Mathematical models of the neural differentiation network show that feedback of the 

type proposed by Brian is the critical feature of these networks that supports both 

oscillation and differentiation at the same time (Monk 2003; Veflingstad et al. 2005; 

Momiji & Monk 2009). 

Positional information and pattern formation 

While Brian was emphasising temporal aspects of cellular dynamics, his colleague 

Lewis Wolpert was arguing that such temporal mechanisms alone are not sufficient to 

understand pattern formation during embryogenesis. He formulated a simple toy 

model, the French Flag (Figure 2A), to demonstrate why spatial aspects need to be 

taken into account (Wolpert 1968). In this model, a substance (called a ‘morphogen’, 

after Turing 1952) is synthesized and released at one end of a tissue (the source), and 

diffuses to the other end of the tissue, where it becomes degraded (the sink). This 

results in a linear gradient of morphogen concentration across the tissue (Figure 2A). 

Wolpert argued that cells within the tissue have the ability to measure morphogen 

concentration accurately, and to exhibit distinct concentration-dependent responses. 

Specifically, cells exposed to concentration ranges lying between discrete thresholds 

switch on distinct target genes in response to the morphogen. If represented by the 

colours blue, white, and red, the different sub-territories of gene expression across the 

tissue form a pattern resembling the French Flag (Figure 2A). In this model, local 

morphogen concentration encodes ‘positional values’ that are read by the cells. 
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Figure 2: Wolpert’s French Flag model versus Goodwin’s oscillator-based positional information. 
(A) In the French Flag model, a morphogen is produced on one end of a tissue (the source) and is 
degraded at the other (the sink). In the absence of degradation within the tissue, a linear gradient of 
morphogen concentration will form. The model assumes that cells in the tissue can measure specific 
concentration thresholds in the gradient (T1 and T2). Depending on whether they are above or below a 
given threshold, cells in the tissue will differentiate in different ways (indicated by different shading). 
In this way, the morphogen imposes a co-ordinate system on the tissue (called positional information). 
The model exhibits size regulation due to the law of similar triangles: if the tissue is made smaller, the 
thresholds remain at the same relative position, and thus preserve proportionality of the pattern 
(adapted from Wolpert 1968; Wolpert 1969). (B) Positional information based on phase differences: 
cells in a tissue oscillate in a co-ordinated manner. This oscillation is called the S-wave. Those cells 
with the highest oscillation frequency (the pacemaker region) impose their period of oscillation on all 
other cells in the tissue. Another oscillation originates in the pacemaker region (the P-wave), but 
travels through the tissue much more slowly than the S-wave. Therefore, cells far away initiate this 
oscillation later than those close to the pacemaker region, and the phase difference between S- and P-
wave increases with distance from the pacemaker region. Cells can measure this difference, which 
therefore implements positional information analogous to that based on chemical morphogen gradients 
in the French Flag (Goodwin & Cohen 1969). x indicates distance from the source or pacemaker 
region. 

This simple model not only explains how a tissue can be patterned by a gradient, but 

also suggests how the pattern can adapt to differences in tissue size: under the 

assumption of a linear gradient (as described above), the position of the thresholds 

scales proportionally with the size of the tissue, according to the law of similar 

triangles (Figure 2A). 

Wolpert generalized his model by proposing that the morphogen could be the same in 

different biological processes and species, as long as the tissue’s reaction to it was 

specific to its context. In this way, morphogen gradients can be seen as encoding an 
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abstract and universal co-ordinate system imposed on any particular tissue. Wolpert 

called this co-ordinate system ‘positional information’ (Wolpert 1969). 

The French Flag model was very successful in showing that spatial aspects of 

regulation are crucial to understand pattern formation. On the other hand, there are 

three main problems with Wolpert’s argument. First, it puts a great (some say 

excessive) amount of pressure on the cells that measure morphogen concentration (the 

problem of interpretation). They need to be able to do this very accurately for precise 

patterning in the presence of molecular fluctuations in the gradient, a problem which 

was recognized by Wolpert himself (see the appendix of Wolpert 1989). The second 

problem is that the French Flag model is entirely static and feed-forward. It does not 

consider dynamic aspects of pattern formation at all. A fixed co-ordinate system is 

imposed on a tissue, and no feedback regulation occurs between downstream events 

in the target cells and the upstream morphogen gradient (Jaeger & Reinitz 2006; 

Jaeger et al. 2008). The third problem concerns size regulation: it only works for 

linear gradients, but fails for more realistic exponential gradient shapes (Slack 1987). 

In contrast, Brian — together with the physicist Morrell H. Cohen — managed to 

synthesize both temporal and spatial dynamics of pattern formation in an elegant and 

powerful way. Their model solves all three major problems with Wolpert’s French 

Flag. Goodwin & Cohen (1969) suggested that positional information can be encoded, 

not in the concentration level of a substance, but in the phase difference of two 

oscillations propagating through a tissue (Figure 2B). As we have seen above, 

oscillatory phenomena are common and fundamental in cells, whose basic dynamics 

are governed by their division cycles (Goodwin 1963). The first of the postulated 

oscillations, called the synchronizing or S-wave, emanates from a source or 

pacemaker region of the tissue, and induces all cells in the tissue to oscillate at the 

same frequency (Figure 2B). A second, positional or P-wave, is driven by the S-event 

in the pacemaker region, but propagates from cell to cell more slowly, creating an 

increasing phase difference with distance from its source (Figure 2B). Cells in the 

tissue can sense this phase difference, allowing them to measure their distance from 

the pacemaker. 

In this model, temporal and spatial regulation are tightly coupled to produce a robust 

and versatile pattern-forming mechanism. It can create much more intricate patterns 

than the French Flag, including periodically repeating stripes, and hierarchically 
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nested gradient patterns (Figure 2B). In addition, it can achieve size regulation if one 

considers a third, regulatory or R-wave, triggered every time the phase difference 

between the S- and P-waves exceeds a certain threshold. This mechanism not only 

retains proportionality with tissue size, but also buffers the pattern against noise in the 

period of the oscillations, thereby solving the problem of precise interpretation. 

The combination of elegant and simple regulatory principles into hierarchical, 

complex and robust patterning systems is characteristic of Brian’s work. It is more 

powerful than Wolpert’s approach in terms of explaining biological phenomena, such 

as robustness of patterning or regulative development. On the other hand, it is also 

much more difficult to understand, since its regulatory principles (oscillations and 

their phase differences) are much less intuitively accessible than the straightforward 

implementation of a co-ordinate system by morphogen gradients. Furthermore, 

oscillations are less easy to detect experimentally than spatial gradients of substances. 

It is probably for these reasons that Wolpert’s French Flag had a much more 

immediate impact on experimental research programmes than Brian’s oscillator-based 

model: it provided the motivation for the successful identification and 

characterization of a number of candidate morphogen gradients in embryos across a 

wide range of organisms, from slime moulds to flies to vertebrates (reviewed in 

Tabata & Takei 2004). A consequence of this was the widespread adoption of a rather 

static picture of development, centred on stable spatial distributions of morphogens. 

Yet, as these gradient systems are being studied more closely, and in more 

quantitative detail, it is becoming increasingly clear that their mechanism of action 

requires feedback regulation, and is much more complex and dynamic than predicted 

by the French Flag (Lander 2007; Jaeger et al. 2008; Dessaud et al. 2008; Wartlick et 

al. 2011), a fact acknowledged by Wolpert himself in recent years (Kerszberg & 

Wolpert 2007; Wolpert 2011). 

At the same time, there is an increasing amount of evidence for the importance of 

oscillators in developmental processes such as segmentation in centipedes (Chipman 

et al. 2004; Chipman & Akam 2008), insects (Pueyo et al. 2008), and vertebrates 

(reviewed in Dequéant & Pourquié 2008, see also above). In these pattern-forming 

systems, travelling waves of oscillatory signals determine the sequential formation of 

body segments. It is far from clear at this point how these waves affect cell 

differentiation. One model — proposed by Brian’s colleague Jonathan Cooke together 
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with the mathematician Christopher Zeeman — was directly inspired by Brian’s work 

on oscillators. It suggests that the oscillations implement a clock, which interacts with 

a wave front moving through the tissue (Cooke & Zeeman 1976; Cooke 1998). 

Similar assumptions underlie Brian’s own work with one of the co-authors of this 

chapter, in which temporal oscillations slow down and stop after a characteristic time 

span to create a periodic spatial pattern (Jaeger & Goodwin 2001; 2002). These 

models differ quite substantially from Brian’s original proposition, but the basic 

insight that oscillations can lead to robust patterning remains valid. 

A theory of form: fields and genes 

As we have mentioned at the very beginning of this chapter, Brian strongly criticized 

the molecular- and gene-centred biology of his time pointing out that biologists had 

lost sight of the problem of organismic form. Evolutionary theory, for example, in its 

guise as the Modern Synthetic Theory had basically been transformed into a branch of 

statistics, dealing with frequency distributions of alleles (specific variants of genes) in 

populations (see Mayr 2002, for an accessible introduction, or Charlesworth & 

Charlesworth 2010, for a more technical treatment). Change in these distributions — 

driven by natural selection — was considered to be the fundamental process of 

evolution. But natural selection acts on phenotypes: character traits (and behaviours) 

exhibited by growing or adult organisms. It does not act on genes directly. Yet 

nobody had (or has) a theory of how such phenotypes arise during development and 

evolution, and how developmental processes shape and guide the direction evolution 

can take. 

There is a whole, relatively new, discipline called evolutionary developmental 

biology (evo-devo) that attempts to deal with the issue of how to get from molecular 

evolution at the level of genes to the phenotypic level (see Wilkins 2001, for an 

excellent and thorough introduction). However, while some practitioners of evo-devo 

study evolution at the phenotypic level (see, for example, Minelli 2009), most take a 

gene-centric, molecular approach (Carroll et al. 2004; Davidson 2006; Carroll 2006): 

they gain their evidence by comparing gene expression, and the effects of its 

perturbation, across different species. It seems unlikely that this will result in a 

general theory of organismic form. 
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Therefore, an alternative, integrative approach is needed, based on the study of 

complex dynamical systems: we need to understand how the forms of interaction 

between developmental factors constrain and direct evolution. To achieve this, we 

first need to understand how developmental processes work. Brian’s theory on 

cellular oscillations and pattern formation (Goodwin & Cohen 1969) is an important 

first step towards such understanding. But it hardly constitutes a general theory, since 

it only looks at one particular type of pattern-forming mechanism. 

For this reason, Brian went on to develop a more general conceptual framework for 

the study of organismic form. This framework was first published in Goodwin (1982), 

and is described in a detailed and systematic manner — including evidence 

supporting it — in Webster & Goodwin (1996). It is based on the concept of the 

morphogentic field, and a scientific discipline called rational morphology, both of 

which had all but disappeared at the time Brian and Gerry Webster attempted to 

revive them. 

The concept of the morphogenetic field had originally been introduced by Theodor 

Boveri in 1910. It was further developed by classical embryologists such as 

Gurwitsch, Weiss, Harrison and Needham, who not only refined its definition, but 

also provided experimental evidence for field phenomena in development. In fact, 

fields were the predominant explanatory concept in embryology, until their sudden 

demise and eclipse by the gene around the fifties (see Gilbert et al. 1996, for an 

historical review). 

But what is a morphogenetic field? The problem was that until very recently nobody 

had a clear answer to this question in terms of molecular mechanisms. Fields tend to 

be abstract and elusive (just think of electro-magnetic fields in physics, which are 

utterly mysterious to a large number of people). In fact, Wolpert’s French Flag was an 

attempt at clarifying the definition of a developmental field, although it resulted in a 

rather minimalistic and static version of the concept (Wolpert 1968; 1969). Brian has 

several definitions of a morphogenetic field (which he sometimes calls ‘generative 

field’ or ‘generative mechanism’). A simple, but rather technical version is given in 

Goodwin & Trainor (1985), where the authors state that a field can be described by 

dynamical “equations defining space-time order in relevant variables” (for instance, 

concentrations of ions, metabolites and gene products, or phase differences in 

oscillations). More generally, Brian defines a morphogenetic field as a self-organising 
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whole governing the transformation of biological form: it is a dynamic process 

resulting in the emergence of increasingly complex spatial patterns as development 

proceeds (Goodwin 1982; Webster & Goodwin 1996). Over and over again, he 

emphasizes that form is dynamic, and the study of morphogenesis must be a study of 

process. 

Brian’s definitions of fields definitely improve on earlier attempts in terms of clarity 

and specificity, but remain abstract and a bit diffuse. Furthermore, they do not easily 

connect to specific experiments and research programmes in molecular biology. This 

definitely contributed to the difficulties in reintroducing the field concept to the 

mainstream of developmental biology, which was increasingly focused on identifying 

and characterising the molecular and genetic components underlying developmental 

processes. This led to modes of explanation that were dominated by static pictures 

that aimed to capture the logic of development. Unsurprisingly, these pictures were 

incapable of truly representing the fundamental dynamic and integrative aspects of 

developmental processes. 

In Brian’s view, morphogenetic fields are the generators of organismic form, and 

therefore are the foundation of any theory of the generative origin of phenotypes 

(Goodwin 1982; Webster & Goodwin 1996). In other words, morphogenetic fields, 

not genes, are the source of agency during development. They drive and determine 

developmental outcomes (or phenotypes). The parts of the system only exist for and 

by means of one another. The importance of any part (such as an individual gene) can 

only be understood in its context. Organisms have functional and structural unity. 

This view is called biological structuralism, in reference to the philosophy of 

language of the same name (Goodwin 1990; Webster & Goodwin 1996). It 

emphasizes the structure, or organisation, of a whole biological system over the type 

and nature of its individual components, and tries to uncover the dynamic principles 

that govern the directed transformation of biological form over time. 

We therefore have to examine regulatory structure and organisation. As we have seen 

above, regulatory interactions in complex networks can be described by mathematical 

equations — a view pioneered in the context of development by Brian. Such a set of 

mathematical equations (one for the dynamics of each component of the system) is 

called a dynamical system. The equations describe how the state of each component 

(for instance, its concentration, its spatial distribution, its biochemical activity, or its 
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electric potential) changes over time. If we solve such a system — in the case of 

complex, non-linear problems usually by simulating it on a computer — we can learn 

about the patterns it can produce. 

It turns out that even a very complex, non-linear dynamical system usually only 

produces a limited set of robust patterns. These patterns are determined by what are 

called the attractors and basins of attraction of the system (see Strogatz 2000, for an 

excellent and accessible introduction to this topic). An attractor is a state of the 

system, at which it does not change any further. In other words, it has reached a 

steady state or a regularly repeating cycle. A basin of attraction is the set of initial 

states (also called initial conditions) that eventually end up at the same attractor. 

These basins of attraction define the morphological potential of the system, that is, the 

number and types of patterns it can produce. They also explain the discontinuous and 

constrained nature of phenotypes (this was proposed, independently of Brian’s efforts, 

in Oster & Alberch 1982). 

During development, these potentials collapse into specific morphologies depending 

on the conditions (external and internal) that are acting upon them. If they collapse 

early, we get mosaic development where the fate of different cells in an embryo are 

rigidly determined at early stages. If they collapse late, we get regulative development 

where cell fate remains flexible and malleable during early development.  

Apart from their limited number, there is another interesting aspect of attractors: 

many of them result in dynamic patterns that resemble each other in specific ways. 

For example, there are a large number of different dynamical systems that are able to 

produce a stripe (off-on-off) pattern across a tissue. These systems can be classified 

into only a handful of stripe-forming mechanisms that show striking similarities not 

only in the resulting pattern, but also in the dynamics of expression that lead to this 

final outcome (Cotterell & Sharpe 2010). This opens the prospect of a logical 

classification of forms, based on the kind of generative processes that produce them. 

Brian suggested that it may be possible to arrive at something equivalent to the 

periodic table of elements for development (Goodwin 1982). Such a table of 

biological forms would be independent of historical contingencies, since it describes 

the morphological possibilities from which the actual historical process of evolution 

can select. Evolved organisms correspond to dynamical systems that possess 

attractors for robust developmental trajectories and successful life cycles. 
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This brings us to a very old and contentious issue in morphology and evolution: the 

problem of essentialism and typology. Before Darwin, classification of animals into 

species (and higher-order taxa) was based on the definition of ideal forms or types for 

each species, an idea rooted in Platonic idealism (reviewed in Webster & Goodwin 

1996). Horses, for example, were seen as imperfect examples of the ideal horse (the 

horse type). This research philosophy is called essentialism or typology. 

Essentialism and typology were strongly refuted by Darwin, who argued that 

classification should not be based on any abstract type, but rather common descent 

(Darwin 1859). There is no ideal type, only individuals with all their imperfections 

are real. Species (and higher-order taxa) are nothing but names, for something that 

does not really exist. (Later, Ernst Mayr introduced the biological species concept that 

defined a species in a less arbitrary way, consisting of individuals that are able to 

interbreed.) This approach is called nominalism. 

Today, most evolutionary biologists adopt Darwin’s (or more precisely, Mayr’s) 

nominalist concept of species and other taxa. But still, it is very difficult (if not 

impossible) to avoid typology (Webster & Goodwin 1996). For example, we can 

easily distinguish horses from donkeys, and consider them separate species although 

they can interbreed. Moreover, we derive common descent from morphological or 

nowadays DNA-sequence similarity between organisms, criteria which rely on 

structural arguments. Finally, we can take nominalism ad absurdum: if common 

descent is the only criterion to define a species then our excrements would belong to 

the same species as we do! Therefore, common descent is neither sufficient nor 

practical for biological classification. 

Brian, together with Gerry Webster, argued that logical classification of form – based 

on dynamical systems theory – provides a way out of this dilemma (Goodwin 1982; 

Webster & Goodwin 1996). If we are able to classify organismic forms based on 

similarities between their generative processes, we have found a rational way of 

biological classification, a rational taxonomy. This neither depends on common 

descent — which is difficult to establish — nor essential types — which do not exist. 

Instead, individuals in a species are seen as variants of a common underlying 

generative process. Natural kinds are based on equivalent sets of field equations. Just 

as in the case of the morphogenetic field, this idea is not new, but goes back to the 

rational morphologists of the eighteenth and nineteenth century (St. Hilaire, Cuvier, 
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Owen) and Goethe among other pre-Darwinian thinkers (Webster & Goodwin 1996). 

What is new in Brian’s version is that rational taxonomy is put on firm mathematical 

foundations, since it is based on the quantitative comparison of dynamical systems. 

This structuralist view of development and evolution has profound implications. First, 

it provides an explanation of how phenotypes (which are what is being selected) come 

into being. It shows that surprisingly few biological forms and transitions between 

them are possible, which in turn explains why each species is qualitatively different 

from other species since no continuum of forms is allowed (although environmental 

or genetic influences can generate gradations in forms within types). This imposes 

obvious constraints on the future direction of evolution, and sheds light on the 

frequent occurrence of convergence (the evolution of similar character traits in the 

absence of common descent). Furthermore, it provides a foundation for the concept of 

character homology — the fact that our arms are structurally equivalent to pectoral 

fins in fish or chicken wings, but also to our legs — by postulating that homologous 

structures are generated by equivalent morphogenetic fields (see Goodwin & Trainor 

1983 or Webster & Goodwin 1996, Chapter 6, for a more detailed discussion). 

But what about genes? Brian went very far in his early work by stating that genes are 

not really relevant for the study of morphogenetic fields (Goodwin 1982). He 

explicitly used examples of morphogenetic fields (discussed in detail below) that did 

not include any genetic factors (Goodwin & Trainor 1980; Goodwin & Trainor 1983; 

Goodwin & Trainor 1985; Brière & Goodwin 1988). But later he revised and clarified 

these statements. Already in Goodwin (1983) he notes that genes act by setting 

particular constraints for generative processes, and in Webster & Goodwin (1996) and 

Goodwin (1999) he argues that genes are important components of morphogenetic 

fields, since they determine parameters, but not the structure or organisation, of most 

developmental systems. In other words, how and when genes interact definitely has 

important consequences on pattern formation, although there is no genetic program 

predetermining development. In the context of the dynamical systems view discussed 

above, genes play an important — although not exclusive — role in determining the 

attractors of a developmental system. However, the specific developmental path 

followed by an organism depends on many additional non-genetic and environmental 

factors. Therefore, criticisms claiming that Brian did not consider genes as important 

at all are clearly exaggerated; in reality, Brian was simply arguing strongly that it was 
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important to accept that genes are not necessarily central to an understanding of the 

regulatory dynamics of developmental process. 

The second important role of genes in Brian’s theories is their stabilising role in 

evolution. Obviously, genes are important for heredity. They preserve given 

developmental parameters, and hence given attractor states from generation to 

generation. In this way they select from a number of morphological potentials and 

stabilize a specific developmental process in a given evolutionary lineage. Moreover, 

gene networks have the ability to ‘learn’ and adapt, similar to the learning abilities 

exhibited by neural networks (Webster & Goodwin 1996). 

In summary, genes do play an important role in development and evolution. But there 

is no genetic program: genes do not have agency, or cause phenotypes. Instead they 

select and stabilize developmental processes based on morphogenetic fields, and 

contribute to adaptation through ‘learning’. 

Spatial harmonics: cleavage patterns, limbs, and fly embryos 

As we have seen in the previous section, the concept of the morphogenetic field is 

absolutely central to Brian’s thinking about development and evolution. It provides 

the causative framework, in which genes and other factors interact to create 

organismic form. However, we have also seen that the field concept is rather abstract 

and difficult to understand for anyone who has not been trained in physics or 

dynamical systems theory. For this reason, Brian used several examples of specific 

developmental processes to clarify and illustrate the meaning and explanatory power 

of morphogenetic fields. 

The first of these models described the spatial and temporal sequence of the first cell 

divisions during embryogenesis (Goodwin & Trainor 1980). These cleavage divisions 

follow distinct stereotypical patterns in different groups of animals: sea urchins have a 

radial, amphibians a bilateral, and molluscs a spiral mode of cleavage (Figure 3A; 

Gilbert 2010). The central idea behind Brian’s model, which was inspired by the 

approach of D’Arcy Wentworth Thompson (Thompson 1917; Goodwin 1999), and 

was developed in collaboration with the theoretical physicist Lynn Trainor, was the 

following: starting with a spherical egg (which has the minimum possible surface 

energy of any solid), they assumed that the plane of each successive cleavage division 

was defined by the principle that it should increase the embryo’s surface energy by 
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the smallest possible amount. As it turns out, the geometrical arrangement of division 

planes predicted by the model resembles the one observed in radial cleavage 

(Figure 3A). Asymmetrical divisions, and other modes of cleavage (bilateral, spiral) 

can be obtained from the model by simple scale transformations along particular axes 

of the embryo. 

The Goodwin-Trainor cleavage model is an excellent illustration of what Brian meant 

by a morphogenetic field. Surface energy (and hence its minimisation) is a field 

property of the embryo: it is distributed over the entire surface, and energy values at 

one location depend on overall surface geometry. Therefore, the minimum-energy 

states corresponding to cleavage stages are determined by the spatial harmonics of the 

whole system. No localized gene expression is needed, although Brian acknowledged 

the role of genes, for example, to determine the chirality — left- or right-windedness 

— of spiral cleavage. This nicely illustrates how genes can choose from one of 

several intrinsic morphogenetic potentials, and stabilize the resulting specific 

sequence of morphogenetic events. 

On the other hand, the model suffered from several problems. It was extremely 

abstract and failed to correlate the minimisation of surface energy to local 

biochemical and biomechanical processes known to be involved in cell division. Later 

models by other authors were more successful in this regard (reviewed in Forgacs & 

Newman 2005, Chapter 2). Furthermore, the model was not truly dynamic, a 

deficiency it shared with D’Arcy Thompson’s original work (Goodwin 1999). 

Instead, it consisted of a series of steady-state solutions explaining each successive 

cleavage stage. And finally, its predictions were only approximate. Although a later 

version of the model improved its accuracy (Goodwin & Lacroix 1984) it was only 

able to reproduce new (but not existing) planes of cleavage divisions at each stage. 

For these reasons, the cleavage field model was largely abandoned, even by Brian 

himself, who did not cite it in his later work (for example, Webster & Goodwin 

1996). 
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Figure 3: Modes of cleavage and limb patterns. (A) Different animals show different types of cleavage 
patterns (the spatial pattern of their first few cell divisions). Here we show the three different types of 
holoblastic (complete) cleavage that were considered in Goodwin & Trainor (1980). Drawing adapted 
from Gilbert (2010). (B) Arrangement of bones — based on centres of chondrogenesis, or cartilage 
formation — as simulated by the field model in Goodwin & Trainor (1983). The model is able to 
reproduce patterns with any number of fingers (or toes), as well as the paddle-shaped limb of a fossil 
marine reptile, Ichtyosaurus, based on variations of the same generative process. The different regions 
of the vertebrate limb (stylopod, zeugopod, and autopod, roughly corresponding to upper limb, lower 
limb and hand/foot) are indicated for the 5-fingered limb. 

Goodwin and Trainor (1983) also created a model of limb patterning in vertebrates, 

based on the same principles as the cleavage model described above. It was 

formulated in terms of an abstract potential to initiate chondrogenesis, the formation 

of cartilage (and later bone), which determines the morphological structure of the 

adult limb (Figure 3B). Pattern formation was caused by a field mechanism, which 

depended on the shape of the developing limb, as well as an abstract principle of 

overall minimisation of the chondrogenic potential of the system. The model was able 

to reproduce the reduction and increase in digit numbers between different groups of 

vertebrates (and was even used to simulate the fossil limb of an ancient marine reptile, 

Ichthyosaurus; Figure 3B) in a way which required far fewer assumptions than the 

alternative view based on Wolpert’s concept of positional information (see above and 

Wolpert 1969). 
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Just as in the case of the cleavage field model, this conceptual model illustrated the 

explanatory power of morphogenetic fields in evolution and development. But it was 

also extremely abstract and did not even attempt to connect to potential cellular or 

molecular mechanisms in the tissue. Again, Brian abandoned it soon. In his later work 

on the concept of homology (Webster & Goodwin 1996) he focuses mainly on 

mechano-chemical models of limb development (Oster et al. 1985; Oster et al. 1988), 

which are more specific in terms of cellular and tissue mechanics, but very similar to 

Brian’s model concerning their field-like properties. 

As our final example in this section, we describe a series of models of pattern 

formation and spatial harmonics in the early embryo of the fruit fly Drosophila 

melanogaster, which Brian developed in collaboration with Stuart Kauffman and 

Axel Hunding (Goodwin & Kauffman 1990; Kauffman & Goodwin 1990; Hunding et 

al. 1990). These models are reviewed in detail in Chapter 7 of Webster & Goodwin 

(1996), and are discussed in relation to contemporary modelling efforts in Jaeger 

(2009). 

The first of these Drosophila models was based on the observation that the expression 

patterns of segmentation genes (which determine the position of the body segments 

later in development) go through a cascade of frequency-doubling events. 

Segmentation genes encode transcription factors that regulate other segmentation 

genes, forming a hierarchical regulatory network. They can be subdivided into four 

classes — maternal co-ordinate, gap, pair-rule and segment-polarity genes — 

corresponding to distinct tiers in the regulatory hierarchy of the segmentation gene 

network (reviewed in Akam 1987). Maternal co-ordinate and gap genes, which are 

high in this hierarchy and are activated early, show gradient-like patterns of 

expression in one to two broad regions along the major (head-to-tail or antero-

posterior) axis of the ellipsoid embryo. Pair-rule and segment-polarity genes, which 

are lower in the hierarchy and become activated later, show periodic patterns of 7 or 

14 stripes (Figure 4A). Thus, the number of domains increases as we descend in the 

hierarchy. Similarly, individual segmentation genes undergo frequency-doubling: the 

pair-rule gene even-skipped, for example, shows an increase from 7 to 14 stripes as its 

expression pattern matures over time (Figure 4B). 
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Figure 4: Pattern formation in the early embryo of the fruit fly Drosophila melanogaster. (A) The 
segmentation gene hierarchy: the protein products of maternal co-ordinate genes form long-range 
gradients, which regulate expression of gap genes in one or two broad regions of the embryo. Maternal 
co-ordinate and gap genes together regulate pair-rule genes, which are expressed in seven stripes. 
These in turn regulate the expression of segment-polarity genes in fourteen stripes, which form a pre-
pattern for segment formation later in development. (B) Most segmentation genes show increasing 
numbers of expression domains over time. The pair-rule gene even-skipped is shown as an example. It 
is not expressed maternally, but shows expression patterns similar to gap, pair-rule and segment-
polarity genes at different stages of development. (C) Turing modes are solutions to reaction-diffusion 
equations that represent a field mechanism of pattern formation. Selection of modes depends on the 
overall geometry of the embryo, rather than the details of regulatory interactions. We only show those 
modes which are similar to the expression patterns shown in (A) and (B). Frequency doubling between 
different modes is indicated. Ellipsoid-shaped embryos are shown with anterior to the left, posterior to 
the right; dorsal is up, ventral is down. 

There is no evident biological function for this dynamic behaviour. The 

developmental relevance of the early expression domain and the late, secondary 

stripes of even-skipped remains unknown. On the other hand, such frequency-

doubling events are very common in dynamical systems in transition to deterministic 

chaos (see, for example, Baker & Gollub 2008). They are also typically observed 

between standard solutions (called modes) of Turing reaction-diffusion systems 

(Figure 4C; Turing 1952). Turing systems are diffusion-driven patterning mechanisms 

able to produce a large range of spatial patterns from uniform initial conditions 

(reviewed in Meinhardt 1982; Murray 2002). 
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Based on this evidence, Brian and Stuart Kauffman created a model in which 

expression patterns are treated as a symptom, rather than the cause of the observed 

patterns. They assumed that gene expression is governed by an unknown global field 

mechanism representing the spatial harmonics of the embryo. The patterns predicted 

by the model roughly resemble the sequence of expression patterns observed for 

segmentation genes (Figure 4). But the modelled patterns only depend on the shape 

and size of the embryo, not the specific interaction between genes. This has the 

advantage that patterns are robust with respect to genetic perturbations and naturally 

scale in proportion to embryo size. 

Axel Hunding implemented a three-dimensional version of this model, which he 

simulated on a supercomputer (Hunding et al. 1990). This numerical study confirmed 

the analytical predictions from the earlier model, and reproduced another interesting 

feature of gene expression that molecular biologists could not explain at the time: the 

asymmetry (called splay) of segmentation gene expression patterns along the short 

(back-to-belly or dorso-ventral) axis of the ellipsoid embryo (Figure 4A,B). 

The last of Brian’s Drosophila models, the Four Colour-Wheel Model (Kauffman & 

Goodwin 1990), is concerned with the interpretation of segmentation gene expression 

patterns by the cells of the embryo. It aims to explain why these patterns often do not 

match the regions of the embryo that are affected in segmentation gene mutants, and 

why we often observe mirror-duplications of entire body regions in such mutants. 

These phenomena are unexpected and not easily accounted for by the absence of a 

single factor. To explain them, Brian and Stuart Kauffman proposed that the cells in 

the embryo do not interpret individual concentrations of regulator proteins, but 

instead measure the ratio of concentrations between two or three factors (see Jaeger 

2009, for a more detailed discussion). This elegant, abstract model yields specific 

predictions, which have never been tested experimentally in Drosophila embryos. 

They are supported, however, by a recent quantitative study looking at wing 

development, which found that cells are indeed capable of distinguishing ratios, rather 

than absolute concentration values of morphogens (Wartlick et al. 2011). 

The other two models, however — which are the most relevant for our present 

discussion — were less successful. There was only isolated experimental evidence — 

based on perturbation of embryos with ether (Ho et al. 1987), and later also by 

magnetic fields (Ho et al. 1992) — that suggested the existence of a global field 
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patterning mechanism. On the other hand, even around the time these models were 

published, there was very convincing experimental evidence that local gene 

regulatory interactions are crucial, and that overall embryo geometry is not directly 

relevant for pattern formation in Drosophila (Akam 1989). Brian’s beautiful 

hypothesis was slain by ugly fact (Monk 2000). 

Still, these models raised questions that took decades to answer (or even be 

addressed) by experimental means. They were clearly ahead of their time. Over the 

last few years, new quantitative experimental techniques have become available that 

finally enable us to measure gene product concentrations with sufficient accuracy to 

model patterning robustness and size regulation. As predicted by Brian, these 

phenomena turn out to be emergent properties of the system, but the molecular 

mechanism they are based on remains open to debate (see Jaeger 2009, for a review). 

Similarly, it took 20 years to demonstrate that the splay of segmentation gene 

expression does depend on embryo geometry after all, but not quite as suggested by 

Brian’s model: it is due to the fact that the ventral surface of the embryo (its belly) is 

more curved than the dorsal side (its back), combined with an asymmetrical 

distribution of maternal proteins along the dorso-ventral axis (He et al. 2010). 

Despite their somewhat limited success, it is interesting to consider Brian’s field 

models in their historical context. A certain rate of failure is to be expected under the 

circumstances: no quantitative experimental approaches, nor suitable quantitative 

evidence, were available at the time to rigorously test such models. In fact, Brian 

never claimed that they get the molecular details right. Instead, he intended them to 

illustrate and clarify a concept — the elusive morphogenetic field. In this abstract aim 

we believe they succeeded, by illustrating how spatial harmonics could explain 

systems-level properties of the embryo, such as patterning robustness and size 

regulation. We still lack a mechanistic explanation of these phenomena, but recent 

quantitative evidence and data-driven modelling studies indicate that they are indeed 

emergent properties of the regulatory systems underlying pattern formation (Manu et 

al. 2009a,b). Unfortunately, this conceptual aspect of modelling is not really 

appreciated by many experimental biologists, then or now. 
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The mechanics of development 

Let us now turn to another example. It is Brian’s model of morphogenesis and 

regeneration in the unicellular alga Acetabularia acetabulum, once again established 

through a collaboration with Lynn Trainor. This example stands out for three reasons: 

first, it describes a generative field based on a detailed molecular mechanism without 

any genetic component, proving that (at least in principle) genes are not essential for 

morphogenesis. Second, it has stood the test of time much better than the models 

described in the previous section, although some details of the underlying mechanism 

may be incompatible with experimental evidence (see Holloway 2010 or Harrison 

2010, Chapter 3, for critical reviews). And third, it can be seen as a progenitor for a 

number of very successful computational models that examine the interaction of 

tissue mechanics, growth and chemical processes in plant development. 

Acetabularia, called the mermaid’s wineglass, is a very unusual organism. In consists 

of a gigantic single cell, several centimetres long, with a root-like structure (rhizoid), 

and a stalk carrying a variable number of whorls, which terminates in a cap-like 

structure (Figure 5A; Dumais et al. 2000). The nucleus is located in the rhizoid. When 

the terminal cap is removed, it regenerates in a reproducible fashion. Interestingly, 

regeneration also occurs in cell fragments that lack a nucleus, indicating that gene 

expression is not required for this morphogenetic process. 

Based on earlier experimental evidence (Goodwin & Pateromichelakis 1979; 

Goodwin et al. 1983), Goodwin & Trainor (1985) proposed the following model for 

cap regeneration in Acetabularia (Figure 5B): the two main factors considered are 

strain — imposed by growth processes, the rigid cell wall, and turgor pressure from 

the cell’s internal vacuole — as well as fluctuating concentrations of calcium ions 

(Ca2+) in the cortical region of the cytoplasm (the region just below the plasma 

membrane). These factors are tightly coupled through regulatory feedback. Ca2+ 

occurs in two states, either free, or complexed with Ca2+-binding proteins, which are 

either cytoplasmic or associated with the cytoskeleton (consisting of actin and 

microtubule protein filaments). Free Ca2+ concentration varies in a reversible manner 

with the viscoelastic properties of the cytoplasm. Viscosity decreases with increasing 

Ca2+ concentrations, while elasticity depends on Ca2+ in a complex, non-linear way. 

Local changes in viscosity and elasticity in turn induce strain in the cortical 

cytoplasm, which leads to an increase of free Ca2+. 
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Figure 5: (A) Acetabularia acetabulum, the mermaid’s wineglass, is a uni-cellular green alga. Its 
gigantic single cell consists of a rhizoid (anchoring organ), which contains the nucleus, a stalk, 
transient whorls, and a mature cap, where most of the organism’s photosynthetic activity is located. 
(B) The Goodwin and Trainor model of tip regeneration in Acetabularia: free Ca2+ in the cytoplasm 
leads to decreased viscosity and elasticity, which leads to increased local strain. This causes 
acidification and increased flexibility of the overlaying cell wall. Local strain, in turn, leads to the 
further release of free Ca2+. These interactions form a fast positive feedback of local strain and Ca2+ 
release. At the same time, high free Ca2+ concentrations lead to increased downregulation of Ca2+ due 
to the activity of pumps located in the cell membrane, and due to Ca2+ ions diffusion away from their 
source. This forms a slow negative feedback loop. This coupling of fast positive and slow negative 
feedback is typical for excitable media. (C) Morphogenetic sequence of tip regeneration: when the tip 
(with its cap) is removed, new cell wall is formed over the wound. High Ca2+ (due to high strain) leads 
to the formation of a regeneration tip through local buckling of the cell wall. This tip flattens after a 
while since the peak of the strain moves from the centre of the tip to form a peripheral ring (annulus). 
Local buckling (again, due to high Ca2+ and local strain) then leads to the formation of the transient 
whorls. Adapted from Goodwin & Trainor (1985), and Brière & Goodwin (1988). 

The model shows that both strain and Ca2+ concentration are highest at the apex of the 

regenerating tip leading to buckling of the cell wall (Figure 5C). It can also explain 

the regular arrangement of whorls at a later stage of regeneration (Goodwin & Trainor 

1985). These pattern-forming mechanisms are robust towards changes in parameter 

values (Trainor & Goodwin 1986), local fluctuations in Ca2+ concentration (Hart et al. 

1989), and are also present in a generalized model of calcium-cytogel interactions that 

includes Ca2+ flux or transport across the cell membrane (Brière & Goodwin 1990). 

Together with Christian Brière, Brian extended the model to simulate the two-

dimensional surface of the regenerating tip (Brière & Goodwin 1988). This model 

also incorporates tip growth, and the interaction of the cortical cytoplasm with the 

overlaying cell wall. At the apex of the regenerating tip, this interaction is a simple 

positive feedback loop (Figure 5B). Increased strain in the cytoplasm leads to the 

release of protons through the plasma membrane. This in turn results in the 
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acidification of the cell wall, which releases Ca2+, further increasing local buckling 

and strain. In contrast, Ca2+ is actively pumped out of the cytoplasm at the periphery 

of the tip. 

This combination of a short-term positive feedback, with a long-term negative one 

(Figure 5B,C) is very similar in its dynamics to the mechanism creating cellular 

oscillations described above. It leads to the local amplification and propagation of a 

morphogenetic signal (Ca2+, in this case). This type of dynamical system is called an 

excitable medium. 

Apart from revealing this novel layer of feedback regulation, the extended model also 

explained how the regenerating tip becomes increasingly flattened over time 

(Figure 5C). As it becomes more and more cylindrical, strain and maximum Ca2+
 

concentration become shifted towards the periphery of the tip, forming a ring around 

the apex. This is where whorl formation will be induced by a repetition of the 

morphogenetic events described above. 

Apart from the fact that neither Ca2+ nor strain are directly controlled by gene 

regulatory events, this system also beautifully illustrates the close coupling of 

mechanical and chemical mechanisms in a morphogenetic field. Few other models of 

pattern formation have achieved such integration so far. A notable exception is 

provided by recent studies concerning growth and pattern formation in the shoot 

apical meristem — the growing tip of the shoot of higher plants that generates the 

aerial structures of the plant. Although the shoot apical meristem is multi-cellular, its 

morphogenesis depends on the control of cell wall mechanics, just as in Acetabularia. 

Furthermore, it too exhibits a reproducible pattern of morphogenesis — termed 

phyllotaxis — that depends on the tight coupling of mechanical and chemical signals 

(Newell et al. 2008).  

The mechanisms underlying phyllotaxis have been studied in some detail in the plant 

Arabidopsis thaliana, using a combination of experimentation and computational 

modelling. Attention has focused on the interplay between the plant hormone auxin, 

which provides chemical signalling between cells, and the orientation of microtubules 

in each cell — structural elements that regulate the pattern of deposition of new cell 

wall material. Auxin is transported between cells to generate concentration patterns 

that prefigure morphogenesis; in turn, the sub-cellular localisation of the auxin 
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transporters changes dynamically as morphogenesis proceeds, providing feedback 

between the morphogenesis of the meristem as a whole and local chemical transport. 

Recent studies have shown that this feedback is provided by local stress in the cell 

wall, which regulates the localisation and orientation of both microtubules and auxin 

transporters (Hamant et al. 2008; Heisler et al. 2010). 

The picture that is emerging from studies of morphogenesis in higher plants (Hamant 

& Traas 2010; Chickarmane et al. 2010) is strikingly similar to the model for 

Acetabularia presented in Goodwin & Trainor (1985). And yet, Brian’s pioneering 

work is rarely acknowledged. One reason for this may be that it was simply too far 

ahead of its time — and of sufficiently powerful experimental techniques — to have a 

significant impact on the community.  

Robustness and evolution 

There are two complementary questions we can ask about biological pattern 

formation. The first one is: what are the mechanisms that create pattern? How does 

pattern arise? We have been dealing mainly with this question so far. The second 

question deals with reliability and variability: how does the pattern change from 

individual to individual, or under variable environmental conditions? Obviously, this 

second question is of enormous importance to evolutionary biology. Without 

variation, there is no evolution. Moreover, the way a trait varies has profound 

consequences on how easily and how rapidly it can evolve. 

One particularly striking feature of biological systems is their robustness against 

mutation and environmental perturbations (reviewed in Wagner 2005). It is usually 

quite hard to change a developmental process. Many mutations show no phenotypic 

effects at all, and fruit flies look like fruit flies whether they grow in the Siberian 

tundra or the tropical rainforest of Brazil. Traditional molecular biology and 

evolutionary genetics, with their focus on isolated genes instead of integrated systems, 

have no explanation for this phenomenon. Even in a dynamical systems context, 

robustness is not self-evident. Morphogenetic fields are complex, and our experience 

with engineering indicates that the more complicated a system the more sensitive it 

becomes to failure. Why is this not the case in biology? 

Brian — together with Stuart Kauffman, and the mathematical biologist James D. 

Murray — suggested an explanation for the robustness of biological systems in terms 
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of their regulatory structure which governs their dynamical behaviour. The argument 

is quite simple and generally applicable (Goodwin et al. 1993). Developmental 

processes (and hence morphogenetic fields) are organized in a hierarchical manner: 

one pattern transformation leads to another. Early patterning of the embryo gives way 

to organogenesis — the formation of specific organs in particular locations at 

particular points in development — and so on. It is precisely this hierarchical 

organisation that gives embryology its robustness. 

We have seen earlier that morphogenetic fields are best described as dynamical 

systems (Strogatz 2001). The patterns such a system can produce depend crucially on 

its initial conditions, that is, its state at the beginning of the process. In our context, 

initial conditions are given by the output of the patterning system preceding the 

current stage of development. Early embryonic patterning in Drosophila, for instance, 

provides the starting point for the formation of nerves, muscles, and other organs later 

in development (see, for example, Lawrence 1992). 

Now we need to remember another important aspect of dynamical systems: even 

complex, non-linear processes are only able of producing a limited number of 

patterns, due to the typically low number of attractors in the system. In this way, the 

choice of initial conditions for any patterning process is naturally limited by the 

attracting states of those stages of development preceding it. These specific initial 

conditions are likely to fall into a very small number of basins of attraction, severely 

restricting the number of attractors the system can reach. In less technical language: 

previous patterning processes severely limit and select the subset of patterns the 

current stage of development can produce. This corresponds exactly to the definition 

of robustness: even if initial conditions (determined by genetics and the environment) 

are extremely variable, the number of possible outcomes is limited. The same patterns 

will be produced no matter what the starting point. 

This idea can be illustrated with a simple example: the coupling of a Turing 

patterning mechanism and cell sorting (see Goodwin et al. 1993, for a detailed 

description). As we have seen when discussing pattern formation in Drosophila, 

Turing systems are diffusion-driven mechanisms capable of producing a number of 

stereotypical output patterns, which are called modes (reviewed in Murray 2002). Let 

us now assume a mass of black and white cells, which both adhere to each other with 

different affinities: black cells stick to each other less strongly than white cells do. A 
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ball of cells will form with white cells in the middle surrounded by black cells 

(Figure 6). This system can be coupled with a Turing patterning mechanism 

governing the formation of black and white cells. The first two modes of a Turing 

system on a sphere are (1) a monotonic gradient, and (2) a pattern with a peak or a 

trough of black cells in the middle. Let us assume that the latter two patterns (peak or 

trough in the middle) govern the source of black cells. Due to cell adhesion, the 

sources of black cells will always come to lie at the poles of the sphere, and never in 

its middle. This immediately constrains the accessible modes of the Turing system: 

the pattern with a trough of black cells in the middle is selected over the pattern with a 

peak (Figure 6). The output of the Turing system has been constrained, and pattern 

variability is decreased, by the coupling of the two mechanisms. An equivalent 

argument can be made regarding the coupling of cell wall and cytoplasmic dynamics 

in Acetabularia (Goodwin & Trainor 1985; Brière & Goodwin 1988; Goodwin et al. 

1993).  

It is important to emphasize again that Brian’s theory of robustness is based on the 

dynamical behaviour of developmental processes. In this sense, it is a mechanistic 

theory, since it explains robustness in terms of generative mechanisms (that is, 

morphogenetic fields).  

 

Figure 6: Robust patterning through coupling of cell adhesion and Turing patterning mechanisms. 
Differential adhesion between black and white populations of cells leads to a pattern where a core of 
white cells (which strongly adhere to each other) is surrounded by black cells (whose adhesion is 
weaker). This mechanism can be combined with a Turing pattern mechanism, in which the morphogen 
induces the differentiation of black cells. This automatically leads to a pattern where the poles of the 
sphere are formed by black cells. The alternative pattern, where black cells occur in the middle, never 
occurs because it is excluded by the cell adhesion mechanism. This reduction of alternatives leads to 
robustness of patterning. Alternative Turing modes are shown to the right. After Goodwin et al. (1993). 
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The type of robust, hierarchical developmental mechanism that Brian had envisaged 

has now been implicated in patterning during early Drosophila embryogenesis. At 

this stage of development, nuclei in the fly embryo divide very rapidly (about every 

10 to 20 minutes). These divisions are not an essential part of the underlying 

generative mechanism: identical segmentation gene expression patterns can be 

observed in models with or without a representation of cell division (Gursky et al. 

2004). They do, however, contribute to the robustness of patterning in a way exactly 

equivalent to that proposed by Brian. Each division cycle can be treated as a 

successive stage in a hierarchical patterning system. And each preceding cycle — by 

setting specific initial conditions — constrains the subset of attractors that can be 

reached during the subsequent stage (Gursky et al. 2006). 

Apart from this, evidence concerning the generative source of robustness remains 

scarce (see Manu et al. 2009a,b, for one of the very few exceptions, although in this 

system, robustness is based on regulatory compensation, rather than the hierarchical 

nature of development). This is quite surprising, given the large amount of interest 

that this topic has elicited in the last few years. The reason may be that, in contrast to 

Brian’s theory, most current approaches of robustness fall short of providing a 

mechanistic explanation. Let us illustrate this with an example. 

The robust nature of biological systems seems to counteract and contradict their 

ability to evolve (also called evolvability): how can a robust developmental process 

be flexible enough to adapt? Recent research by Andreas Wagner and colleagues 

based on computer simulations of gene regulatory networks has provided an elegant 

and surprising solution to this paradox (Ciliberti et al. 2007a,b; Wagner 2008). This 

work considers a simple gene network model, in which genes encode transcription 

factors that control the expression of other genes. Such models can be simulated in 

large numbers. Each network differs in its ‘genotype’: the number and type of 

regulatory interactions they incorporate. Depending on their genotype, different 

networks will produce distinct characteristic output patterns of genes that are either 

switched on or off. This output state represents their ‘phenotype’. 

Such simulations yield some truly surprising results, which do not depend on the 

details of the model: they confirm earlier propositions based on theoretical 

considerations (Oster & Alberch 1982; Goodwin 1982) that many different genotypes 

produce the same phenotype. Moreover, they reveal that many of the genotypes 
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producing the same phenotype are connected by mutation: you can get from one 

genotype to another by changing only one single interaction in the network. 

Therefore, such connected genotypes form what is called a neutral network (or more 

precisely, a neutral network of networks) in genotype space. 

Surprisingly, typical neutral networks span a large proportion of genotype space. This 

implies that a large number of mutations can occur before no further neutral change is 

possible, and that genotypes producing the same phenotype are not necessarily similar 

to each other. Both of these implications demonstrate that observed phenotypes are 

produced in a robust manner. The more connected genotypes produce the same 

phenotype, the more robust it is. 

But how is this compatible with an increased ability to evolve? Let us now consider a 

non-neutral mutation, one that does produce a change in phenotype. Usually, such 

mutations are detrimental. However, when environmental conditions change, and 

adaptation becomes a requirement for survival, it is beneficial for an evolving 

population to be able to produce as much phenotypic diversity as possible. This 

ability is increased in populations with individuals that have spread out across large 

neutral networks. The reason for this is as follows: each genotype has a specific 

subset of phenotypes that are all one mutational step away (its genotypic 

neighbourhood). The further the distance between two genotypes (in terms of 

mutational steps) the less likely they are to share the same phenotypes in their 

neighbourhood. Thus, the farther two individuals are from each other in genotype 

space, the more likely their offspring will have different phenotypes when mutated, 

which in turn increases phenotypic variability of the population. 

In summary, this theory — which is representative of much current work in the field 

of network evolution — provides an intuitive resolution to the conflict between 

robustness and evolvability. Populations of robust organisms are more evolvable 

because they can explore larger numbers of new phenotypes by mutation. This insight 

is of absolutely fundamental importance to our understanding of evolutionary 

dynamics. On the other hand, Wagner’s theory leaves robustness itself as an 

unexplained observation. It does not examine the generative mechanisms that lead to 

robust phenotypes. Therefore, Brian’s theory is complementary to these current 

efforts, and his contribution to the field remains standing as a challenge for future 

research. 
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Conclusions 

In this chapter, we have compared Brian’s work on biological form and robustness 

with other approaches to these problems: the molecular branch of evo-devo, or 

Wagner’s theory of robustness, for instance. The situation is very much equivalent in 

both cases: Brian consistently drew attention to the fact that we lack a general and 

generative theory that explains the developmental and evolutionary origin of 

phenotypes, and the robustness with which they are produced. Decades later, we still 

do. This is a real problem, since we know that the nature of these phenomena greatly 

influences the rate and direction of evolution. Without such a theory, our view of how 

life evolved on Earth is simply incomplete, and evolutionary biology remains a 

discipline based on historical contingency without the capability of understanding (or 

predicting) the regularities and trends we can observe in evolutionary processes. 

We have shown here that Brian’s theories attempted to fill this very significant gap in 

our knowledge. They raised important questions that were (and still are) difficult to 

tackle. There simply were no adequate experimental approaches, and hence no 

adequate experimental data, to put his ideas to a rigorous test. It is not surprising then 

that many of Brian’s models and ideas turned out to be incorrect. Brian would not 

have been surprised or disappointed by this himself. Paraphrasing a soul mate of his, 

the controversial astronomer Fred Hoyle, he said that it did not matter whether nine of 

his ideas were wrong as long as the tenth was a really good one. Furthermore, he saw 

the importance of his models not in precise prediction of experimental results, but 

rather as conceptual tools that help us think about biological form by clarifying what 

we mean by morphogenetic fields and generative processes, and by demonstrating 

their potential implications for morphogenesis and evolution. His field models of 

cleavage, limb development, and pattern formation in Drosophila beautifully illustrate 

this point. 

We believe that Brian’s single most important contribution to the fields of cell, 

developmental and evolutionary biology is his insistence that explanations must be 

given in terms of generative processes. This is his structuralist theory of biological 

form, and its astonishing robustness in the face of unpredictable and variable 

environmental and genetic circumstances (Webster & Goodwin 1996). He argued 

that, due to this robustness and the discrete nature of phenotypes, it is possible to 

achieve a general theory of biological form, a rational taxonomy, based on the 
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structural similarity of the generative processes that underlie biological pattern 

formation. He put such a theory on firm mathematical foundations by showing how 

cellular dynamics and morphogenetic fields can be encoded and studied within the 

framework of dynamical systems theory. Genes do not determine the outcome of 

development by themselves, but rather act within this context of dynamic biological 

structure or organization. Therefore, Brian did provide an alternative to gene-centric 

biology. Criticisms that see him as negative, and anti-gene, are simply misguided. 

Brian’s alternative view has long been neglected and misunderstood by experimental 

biologists. However, it is now staging a comeback in the form of systems biology. 

The situation in terms of experimental techniques and evidence has changed 

dramatically in the last few years. Today, we have a whole arsenal of integrative and 

quantitative methods that allow us to identify all relevant factors involved in almost 

any given cellular or developmental process, and to measure their changing potentials, 

activities or concentrations accurately and reliably across space and time. We also 

have computational and mathematical methods to infer regulatory interactions 

involved in cellular dynamics or morphogenetic fields from the quantitative datasets 

we are creating. Systems biology, for the first time, enables us to tackle the questions 

Brian had raised in a rigorous manner, firmly based on experimental evidence. 

We have tried to show how this is happening in fields such as stem cell research, plant 

morphogenesis, and research of developmental robustness and size regulation in 

Drosophila. Stem cell biologists are now trying to understand cell differentiation in 

terms of attractors. The parallels between Brian’s Acetabularia model and modern 

simulations of the apical shoot meristem are striking, both in their approach and in 

their insights. Finally, we are only now rediscovering the emergent field-properties of 

the early Drosophila embryo, where dynamical models are used to investigate the 

astonishing error-correction and size-regulation capabilities of the system. These 

studies are strongly indebted to Brian’s earlier approaches, although they rarely 

acknowledge him. The questions they ask are exactly the questions that Brian had 

raised decades ago, and the concepts they use are similar to those used by Brian. It 

would be fantastic if, in our fast-paced world today, more systems biologists would 

remember the roots of their field. Brian is, no doubt, one particularly strong branch of 

that root system.  
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