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5 The philosophical 
significance of Ganti's work 
James R. Griesemer 

5.1 Units and levels: biology and philosophy 

' What are the basic kinds of entities to which the laws and principles of 
biology apply? Two traditions-structuralism and functionalism-have 

, emerged over the last 30 years to answer this question for evolutionary 
theory, which plays a fundamental interpretive role in the biological 
sciences. Both traditions take for granted the chemical basis of 
contemporary living things, a practice that limits what evolutionary 
theory can say about the origin of life and about evolutionary transitions 
producing new levels of organization. The theoretical biology of Tibor 
Ganti, developed over this same period, offers new possibilities for 
answers to the questions about units and thus can ground a fresh 
approach to the philosophy of biology. 

The units of evolution problem resembles other units problems in 
science. Identification and classification of the subjects of research are 
necessary steps in theory-building and are also important when assessing 
whether theoretical descriptions in the science are well formed and 
accurate. Theories cannot be built or checked unless they have identifi
able subjects. Quantitative theories need precisely specified quantitative 
units so that equations 'balance'; for example, if the left-hand side of an 
equation is in units of distance divided by time, then the right-hand side 
must be as well. 

The philosophical challenge in evolutionary theory over the last 
30 years has been to convince biologists they even have a units problem. 
Since the evolutionary synthesis and the molecular biology revolution of 
the mid-twentieth century, it has seemed clear enough that genes mutate, 
organisms are selected, and populations evolve, except in odd and 
esoteric cases such as when epigenes mutate, groups are selected, or 
ecological communities evolve. The argument that our general outlook 
on biological theory must change as a consequence of getting these 
sorts of units questions right has made some inroads into biological 
consciousness. However, to most researchers, units analysis is dull 
philosophical spade work that is pedestrian and unilluminating except, of 
course, during times of dramatic failure of principle or application of the 
sort that leads to scientific revolution (Kuhn 1970). Two typical reactions 
to the claim that evolution applies to units at multiple levels of organiza
tion are as follows: (i) since evolution is change in gene frequency, it is 
unnecessary to represent effects due to higher levels in order to make 
correct measurements of evolutionary change; (ii) even if representation 
of effects at higher levels improves the causal picture of evolutionary 
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change, the effects are rare or of such small magnitude that they can be 
safely ignored in calculations. (See Sober and Wilson (1998) for a review 
of these attitudes and Wimsatt (1980) for a general discussion of 
heuristics in the units of selection controversy.) The argument of those 
scientists who do incorporate serious attention to units analysis into their 
work is that these claims require investigation-serious engineering 
analysis-before they can be adopted as heuristics. We need to know 
when and where they break down in order to endorse them. But to do 
that we must incorporate them into the models and study them in a broad 
analysis of units. 

It is standard engineering practice to understand how something 
works by studying what makes it fail. To detect failure, a study of what 
the engineer's blueprint specifies as success is first required. In empirical 
science, blueprint specifications of how nature ought to work come in a 
variety of forms, including theoretical models, experimental designs, and 
observational protocols. An exact theoretical science must involve 
engineering analysis of theoretical models because these are the 
blueprints that lead to theoretical predictions as well as explanations of 
what the research process discovers. Units analysis makes a good 
problem for philosophers of science because failures at this level point to 
the kind of fundamental issues that philosophers seek to address. Thus 
their study may reveal the nature and limits of scientific concepts, 
principles, laws, methods, and practices. Hence units analysis can serve 
investigations into the power and generality of theoretical principles to 
predict and explain. 

The units of evolution is a key problem in the philosophy of biology. 
Not only is evolution an important field of biological research, but 
evolutionary units are of general significance because evolutionary theory 
is central to the whole structure of biological theory. Evolution integrates 
biology and provides its subjects. As Dobzhansky wrote, 'in biology 
nothing makes sense except in the light of evolution' (Dobzhansky 
1970, 5-6). Conversely, much of the rest of biology must figure in any 
significant understanding of evolution. Thus a proper account of the 
units of evolution provides a key not only to evolution but also to the 
conceptual analysis of biology as a whole. 

Philosophers are interested in the units of evolution in part because 
examination of units, their place in theory structure, and their role in 
empirical successes and failures all provide windows on the nature and 
practice of science (Wimsatt 1980). Theoretical and empirical biologists 
are interested in units of evolution for the same reasons. If units analysis 
fails, something might be wrong with theory. This was the thrust, for 
example, of early work on group-level selection: models describing 
evolution at gamete and organism levels failed to explain changes in gene 
frequency, whereas models including the group level fitted the data better 
(Lewontin and Dunn 1966). A parallel case about units of heredity has 
been made in the light of new evidence of epigenetic inheritance systems 
(reviewed by Jablonka and Lamb (1995); see also Griesemer (1998)). 
If something is wrong with theory, the units analysis checkpoint may 
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indicate steps toward theoretical advance. Ganti's work investigates life 
criteria for the units of an exact theoretical biology, and thus is of high 
significance for philosophical investigations. 'Exact' here means 'admit-
ting of absolute precision', which is only possible in the abstract world of 
a model-balls can move on billiard tables without friction in theoretical 
physics models, organism mating can be perfectly random in theoretical 
genetics models-and it is theoretical science which produces and 
investigates models. 

Of the two main traditions of units analysis in evolutionary theory, the 
structuralist tradition identifies evolutionary units with things appearing 
at particular levels in the hierarchy of biological organization (Lewontin 
1970; Wimsatt 1980; Hull 1988; Lloyd 1988; Brandon 1990). This 
hierarchy is bracketed below by the entities of physics and chemistry 
(atoms and molecules) and above by the entities of the social sciences 
(organized social, cultural, and linguistic communities). The biological 
entities in between include biochemicals (e.g. genes and enzymes), 
supermolecular complexes (e.g. organelles), cells, tissues, organs, organ
isms, and some kinds of groups of organisms (e.g. families, demes, 
species, and ecological communities). The evolutionary units question in 
the structuralist tradition is: Which of these given kinds of organized 
entities, under what conditions, are subject to forces of evolution or 
natural selection? These forces are specified by explicit evolutionary 
models which describe the dynamics of ideal units in populations. 

The functionalist tradition argues that things are not units of evolution 
by virtue of their specific kinds of matter or location in the hierarchy 
of structural organization, but in terms of the functional role they play 
in the evolutionary process, regardless of the level of organization at 
which they occur (Dawkins 1976, 1982; Hull 1981, 1988). The functiona
list alternative to the structuralist tradition emerged in the 1970s when 
units of evolution were interpreted directly in terms of two basic 
functions, replication and selective interaction, as a way of comprehend
ing (or challenging) the extention of evolutionary theory to entities at 
many levels of structural organization besides that of organisms-the 
gene below and the group above (Sober 1984). These concepts general
ized the functions of genotypes and phenotypes in classical genetic 
models of evolution. 

Functionalists agree that function rather than structure makes 
something a unit of evolution (or selection or heredity) even though 
they disagree about how to characterize the functions and what are the 
empirically significant functional units in evolution. For example, 
Dawkins says that 'replicators' are the significant units of selection, 
while Hull, Brandon, and others say that 'interactors' are the significant 
units. Entities at each level of the structural hierarchy can be 
characterized in terms of both kinds of functional role in evolution 
(and in physiological, developmental, and ecological processes as well). 
The empirical question for the functionalist is: When and under 
what conditions do entities at a given structural level fulfil the roles of 
replicators and interactors? 



172 The philosophical significance of Gtinti's work 

Something plays the evolutionary role of a 'gene' if it has the propertirs 
of a replicator: longevity, fecundity, and copy fidelity (Dawkins 1976). 
A thing does not necessarily play that role because it has the structure ol' 
a molecular chain of nucleic acids. Indeed, on functional grounds, many 
chains of nucleic acids are not genes (e.g. the sequences used to prime 
the polymerase chain reaction in PCR machines). Whether entities al 

other levels of the hierarchy can play the role of genes in evolution-for 
example, germinal (or even somatic) cells, cell lines, tissues, organisms, 
demes, species, or ideas-is an open empirical question quite different from 
the conceptual problem of analysing the nature of replicator function. 

Structure and function perspectives need not compete, although the 
relationship between them has not been fully examined (Griesemer 2000b). 
Specifically, replicator and interactor functions are not really defined 
independently of the structural hierarchy, insofar as we discover and 
analyse the properties of these two functions by investigating the 
structures of modern living things which happen to fulfil those functions 
today. Genes are the paradigm replicators from which we learn what 
replicators must be like. Organisms are the paradigm interactors from 
which we learn what interactors must be like. Replicators must indeed be 
gene-like because genes are replicators, but it does not follow from this 
that the properties which geneticists use to describe modern Mendelian 
factors or highly evolved DNA sequences are necessary properties of 
replicators. Interactors must be organism-like because organisms are 
interactors, but it does not follow that the properties of the kinds of 
organisms that biologists have studied are necessary properties of inter
actors (e.g. the fact that they have physical boundaries or integuments 
such as skin or bark). Hull (1988) pointed out that there is a substantial 
'vertebrate bias' in the types of features that biologists, who are all 
vertebrates, take to be 'typical' of organisms, even though vertebrates are 
very 'atypical' organisms (see also Buss 1983, 1987). Modern genes may 
be just as atypical of replicators in general as vertebrates are of organisms 
in general; it is an empirical question with implications for units analysis. 
If there are replicators besides the ones made of DNA, then genes are not 
the units of heredity. The fact that all modern organisms contain nucleic 
acid replicators (DNA or RNA) is no assurance that replicators must be 
made of nucleic acid, that most are, or even that they are required for life. 
Ganti's focus on the role of 'genetic molecules' in the regulation and 
control of an autocatalytic metabolism makes it clear that replicator 
function need not involve all the properties of modern DNA. 

Replicator functioning in the modern biological world might turn out 
empirically to be fulfilled only or mainly by genes and in the cultural 
world by 'memes', as Dawkins argued. But evolution might have pro
ceeded from different origins and to a different result. A proper theory of 
evolutionary units would distinguish such possible but supposedly non
actual courses of evolution from conceivable but impossible ones. What 
is possible today might not have been possible at the origin of life, and 
what was actual at the origin might not be possible today. A definition of 
the replicat~r function must cover both situations. If the replicator 
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function is defined in terms of properties of DNA molecules (con-
temporary or ancient), then kinds of replicators unlike DNA would be 
ruled out by definition, even though they might have existed at the origin 
of life before the evolution of DNA replicators. 

Unit concepts of the replicator are like the proverbial leaky boat that 
must be rebuilt at sea. Each new wave of empirical evidence is likely to 
upset the delicate balance of the barely floating boatload of definitions. 
But the boat must float at all times if its passengers are to survive; 
its current condition is a severe constraint on what the reconstruction of a 
unit concept can be like. We use current conceptions of genes to tinker 
with the idea of the general replicator function in evolution. Since gene 
concepts have mostly been built around the experimental study of genes 
in living organisms, the conceptual resources for thinking about 
replicators have been shaped by the genetic boat floating in modem 
evolutionary waters. However, when the evolutionary origin of genes and 
genetic systems is addressed, the limitations of traditional approaches to 
the philosophy of evolutionary units becomes apparent. One of Tibor 
Ganti's most significant contributions to theoretical biology is to provide a 
viable means of thinking about living units without prior commitment to 
modern genes. Ganti's chemical perspective on life provides the continuity 
that keeps the boat floating. 

The discovery in the 1980s that RNA can have catalytic properties was 
quite startling, given prevailing views about the genetic role of nucleic 
acids and the catalytic role of proteins. At the time, many thought that 
nucleic acids could not be enzymes because enzymes were proteins by 
definition. Might it be that attention to modern DNA has similarly 
distracted us from the general properties required for replicators? 
Are epigenetic inheritance systems replicators? Could intermediary 
metabolism be a replicator? Is a cell membrane a replicator? Are whole 
developmental systems replicators? These are certainly not 'digital' or 
modular systems of unlimited heredity in the strict sense that DNA 
replicators are (Szathmary 2000), but it is not clear whether the digital 
property of unlimited heredity is necessary for replicators to be 
evolutionarily significant or only a contingently irreversible property 
that modern DNA replicators have evolved from non-modular holistic 
replicator ancestors. How should the replicator concept be formulated in 
order to serve a completely general analysis of units of evolution? 

Defining the replicator function in terms of properties of (modern) 
DNA would not be a serious limitation on the functionalist approach to 
units of evolution if the theory were only applied and checked within the 
framework of a fixed structural hierarchy of contemporary biological 
organization. Differently put, as long as evolutionary theory concerns the 
functioning of contemporary units at fixed levels of the biological 
hierarchy, i.e. the subject of most evolutionary and other biological 
research, the functionalist approach may be adequate to its intended task. 
However, if a philosophy of units is to address problems going beyond 
this scope-for example to problems of evolutionary transition, i.e. of the 
evolutionary processes from which the contemporary hierarchy of life 
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originated, including the origin of life from non-life-then a different 
approach is needed (Maynard Smith and Szathmary 1995). Otherwise, 
we risk assuming what is to be proved. This threat of circularity is the 
philosophical risk that conceptual projects like Ganti's must overcome. 
On the one hand, they must offer criteria that delimit units ( e.g. of replica
tors or ofliving things), but at the same time they must not do so in a way 
that prevents their rejection if they turn out to be conceptually or 
empirically inadequate. 

· If we assume a fixed structural hierarchy or define replicators in terms 
of contemporary structures (nucleic acids) in order to specify units, these 
problems cannot be solved. Theories of origins must not assume, in their 
concepts and principles, the existence of the very things and properties 
whose origins are to be explained. The process of evolutionary transition 
creates levels of organization, and so these levels cannot be assumed by a 
theory of evolutionary transition. If nucleic acid replicators are highly 
evolved (as Eigen's paradox and hypercycle solution shows they must be 
and which Ganti's theory addresses), then there must have been other less 
evolved kinds of replicators than contemporary DNA-based genes. But 
if there were, the replicator concept should not appeal to properties of 
contemporary genes without establishing that they are also properties of 
pre-transition proto-genes as well unless the scope of the replicator 
concept is not all life, but only all modern life. 

The problems of origin of life and evolutionary transition highlight the 
weaknesses of traditional approaches to the units of evolution; thus work 
on these 'esoteric' phenomena is theoretically and philosophically 
significant despite the temporal remoteness of the origin of life and the 
low relative frequency (i.e. zero) of life's original systems among 
contemporary organisms. If theory is to be general, then it must cover 
remote times as well as esoteric levels of organization. The common 
dismissal of a phenomenon as infrequent and therefore irrelevant to the 
formulation of 'good enough' theory no more applies in biology than 
it does in physics. Where would physics be if it ignored the 'big bang' just 
because it concerns only a few early moments in the history of the 
Universe? 

Structuralists cannot explain the evolution of the hierarchy because 
they assume its existence when they define units. Functionalists cannot 
explain the origin of life from non-life because they assume the presence 
of the life functions (replication and interaction) when they define units. 
A solution to such problems of biological origins requires understanding 
relationships between contemporary biological units and systems of non
and proto-biological units from which contemporary biological units 
evolved. In short, current perspectives in philosophy of biology are too 
limited for the job because they are shaped by an understanding of only 
the contemporary highly evolved world. 

A philosophy of biological units suited to esoteric as well as typical 
problems of evolutionary biology is greatly facilitated by the perspective 
of Ganti's chemoton model and life criteria (Ganti 1979b, 1987, 1997) 
(reviewed by Maynard Smith and Szathmary 1995, 1999). This perspective 
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adds chemistry to the traditional biological and evolutionary units 
approaches and offers a method for analysing the relationship between 
chemical and biological units. Ganti offers several key ideas that should 
figure prominently in a renewed philosophy of evolutionary units: fluid 
state automata, cycle stoichiometry, the chemdton model, and an 
integrated approach to life criteria and models. These are discussed in 
many of his publications, including The Principle of Life, only a few of 
which have been available in English translation or English language 
scientific periodicals. Their significance for the philosophy of biology 
will be considered in the rest of this chapter. 

5.2 Self-reproducing automata in the fluid state 

In the 1950s, von Neumann offered one of the first theoretical 
investigations of self-reproduction (von Neumann and Burks 1966). 
Ganti describes self-reproducing fluid state automata that are quite 
different from von Neumann's solid state automata. von Neumann 
imagined self-reproduction in the physical terms of solid state electrical 
machines which carry a description of the structure of the machine 
including a constructor capable of duplicating both the description and 
the constructor. von Neumann's approach is ingenious, but Ganti argues 
that solid state machines could not physically satisfy conditions for self
reproduction while fluid state machines could. Ganti's chemoton is a 
model fluid state automaton capable of self-reproduction. Moreover, 
there is no complete description of a chemoton contained within it. The 
reproduction of the chemoton is an emergent property of the chemical 
behaviour of the system. 

To see why fluid machinery is required for the living state and self
reproduction, a chemist's perspective is very helpful. Self-reproduction 
involves the production of a new offspring entity with relevantly similar 
properties out of the old parent entity. These properties must include the 
capacity for self-reproduction in order for the production of the offspring 
to be a reproduction (Griesemer 2000a,b,c). The flow of organized matter 
conferring developmental/constructive capacities from parent to off
spring, in contrast to mere repetition of pattern, turns out to be a very 
hard problem to solve in the solid state because the corresponding parts 
of parent and offspring hinder one another geometrically while the latter 
is being produced. Even inorganic crystals can transmit pattern by 
interaction with adjacent monomers, and so self-reproduction must be 
more complex than crystal growth (Penrose 1959; Szathmary and 
Maynard Smith 1993). 

Self-reproducing entities must be complex, but to be complex they 
must also be fairly large. Being large and also solid state means that the 
production of the offspring would have to occur adjacent to the parent 
rather than within its body to avoid geometrical hindrance. These 
conflicting constraints on size and complexity due to the rigid geometry 
of the solid state are not present in the fluid ~tate. Different 'structures' 
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can be mixed together and share the same geometrical space, and yet be 
chemically and dynamically distinct, just as two populations of birds of 
different species can flock together in the same airspace and yet remain 
distinct populations. Offspring and parent chemical cycles can coexist 
geometrically for a time without disrupting one another. In Ganti's 
chemoton, a metabolic cycle can double in size and divide, with the two 
prospective offspring systems residing inside the same membrane without 
getting in one another's way. In modern cells, the 'dance of the 
chromosomes', in which the parental chromosomal material duplicates 
and moves to opposite sides of the cell, takes place within the body of the 
parent cell. The duplication of the chromosomal material does not 
disrupt the basic functioning of the cell as a whole. The architectural 
constraints on the solid state are too severe for von Neumann's automata 
to be a plausible abstract model for life. It is no accident that cells are 
basically fluid systems, even though they include many solid state 
component structures. 

In the decades following von Neumann's work and in parallel with 
that of Ganti, a new perspective on biological self-organization was 
developed by Maturana, Varela, and colleagues around the concept of 
'autopoiesis'. Auto-poiesis, self-production, is described by a theory of 
biological organization, i.e. a theory of relations among component parts 
that define the system comprising them as a unity. A unity is 'an entity 
( concrete or conceptual) separated from a background by a concrete or 
(sic) conceptual operation of distinction' (Maturana 1981, p. 15). The 
autopoietic tradition developed by Maturana and Varela focuses on this 
dynamic characterization of organizations, in contrast with the static 
aspect of structure or geometrical relations among components compris
ing a whole. (Another more recent program investigating dynamic 
organizations, focusing on the emergence of autonomy, has been 
developed by Hooker and colleagues (e.g. Collier and Hooker 1999). 
Simulation studies of the emergence of organization based on theoretical 
models of abstract chemistry are explored by Fontana and Buss ( 1994a, b) 
and Fontana et al. (1994).) 

Ganti also focuses on the dynamic aspect of life in his chemoton 
theory, emphasizing that living organization is best understood in terms 
of fluid machineries whose 'inherent unity' is not constrained by the 
geometry of solid state structures. Inherent units, for Ganti, are systems 
whose properties are not additive compositions of the properties of the 
parts, but rather whose new qualitative properties are 'determined by 
interactions occurring according to the organization of the elements of 
the system' (Ganti 1987, p. 69) (seep. 76 of this volume). Wimsatt (1985) 
has given an analysis of emergent system properties in terms of various 
kinds of failures of aggregativity. 

The distinction between organization and structure is critical to 
the insight shared by these traditions because self-organization, self
maintenance, and self-reproduction cannot take place within the structural 
space of the entity in the solid state. von Neumann's self-reproducing 
automata, for . example, required a 'constructor' that was part of his 
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hypothetical machine but geometrically outside the space of the part which 
carried the· information for the machine's structure (von Neumann and 
Burks 1966). In the end, von Neumann's automata are only descriptive 
models; they cannot be physically realized because the geometrical 
constraints of the solid state prevent the reproduction of the machine in 
its own space. Thus, not only is reproduction not an absolute requirement 
for living systems (see also Varela et al. 1981, p. 8), but understanding 
reproduction depends on an account of these requirements, which Ganti 
calls 'real' life criteria for living systems. Both the autopoietic tradition and 
the chemoton theory emphasize this. 

Another key similarity between autopoietic and chemoton theories is 
their recursive structure. Varela and colleagues state: 

The autopoietic organization is defined as a unity by a network of productions of 
components which (i) participate recursively in the same network of productions 
of components which produced these components, and (ii) realize the network of 
productions as a unity in the space in which the components exist. (Varela et al. 
1981, pp. 7-8). 

They go on to identify autonomy as the product of the operation of 
autopoietic organization, thus the realization of autopoietic organization 
is self-realization. 

Gan ti likewise discovered a recursive structure of self-realization in the 
autocatalytic chemical cycles of chemoton organization. The organiza
tion of such cycles is a unity in the autopoietic sense because it is due to a 
network of chemical productions of cycle components which participate 
recursively in the same networks that produced them, and these are 
realized in the space, bounded by a membrane, in which the components 
exist. However, Ganti's theory goes beyond autopoietic organization in 
his stoichiometric coupling of an autopoietic metabolism to the bounding 
membrane and a genetic molecule. Stoichiometry introduces flow of 
matter as a fundamental property of biological systems, one which can be 
analysed from a more realistic chemical perspective than the cellular 
automaton models of Varela and his colleagues. In this way, an operating 
chemoton also realizes self-reproduction because its autopoietic opera
tion leads to the formation of new autopoietic entities. While both Ganti 
and the autopoietic tradition argue, correctly and insightfully, that 
reproduction and evolution are not requirements of living systems, 
Ganti's chemoton theory reveals a deep connection between the absolute 
or real life criteria-those corresponding to the conditions for autopoietic 
organization-and the potential life criteria of growth/reproduction, 
heredity/evolution, and mortality in the chemical processes leading to 
duplication of chemical cycle components. 

By virtue of this connection, Ganti's work provides a conceptual bridge 
between the analysis of autopoietic organization and the autonomy of 
living systems on the one hand, and the analysis of units of evolution on 
the other. His chemical perspective on biological organization focuses 
attention on material organization and stoichiometric relations as the 
basis for identifying and individuating biological systems. 
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Progress in the philosophical investigation of units of evolution would 
be considerably enhanced by incorporating chemoton theory because it is 
precisely the problem of what counts as a relevantly biological system 
that has plagued the rigorous analysis of evolutionary units. Taking the 
properties of living systems for granted in the service of an account of 
units of evolution necessarily begs the important question of the 
evolutionary origin of those units. Moreover, analysis of units of 
reproduction, building on Ganti's insight into the chemical conditions of 
biological organization, has revealed the deep connection between 
heredity and development, and so the integration of work on units of 
evolution with developmental systems theory could also be advanced 
(Griesemer 2000a,b,c) (see also Szathmary and Maynard Smith 1997). 
The cutting edge in philosophy of biology today concerns the integration 
of evolution with development, and Ganti's chemical perspective is a 
much needed complement to these process-oriented but purely biological 
perspectives. 

5.3 Cycle stoichiometry: the language of living systems 

It is characteristic of life that it operates in cycles, and so taking a 
chemical perspective on life calls for an investigation of the chemical basis 
of cyclic behaviour of living things. Ganti developed cycle stoichiometry 
in order to describe the kinetics and dynamics of chemical autocatalysis 
and self-reproduction. It is a perspicuous notation for representing 
reaction cycles in intermediary metabolism, membrane neogenesis, and 
information-macromolecular replication. In this notation abstract models 
of the cell can be described as super-systems of interconnected auto
catalytic chemical cycles, bringing basic biological units into the chemical 
perspective. As a notation, cycle stoichiometry has the great advantage of 
distilling and focusing on aspects of chemistry that are particularly 
important for a broad understanding of biological subsystems, super
systems, and units. Thinking in its terms can also serve as a heuristic tool 
for extracting illustrative principles from chemical reaction networks, 
while providing a rigorous methodology that is capable of handling the 
complexity of real biochemistry. 

Cycle stoichiometry is discussed in greater detail in Ganti's technical 
work than could be presented in this book (Ganti 1984, 1989, 1991). 
More importantly for philosophy of biology than these technical details, 
however, cycle stoichiometry provides language appropriate for describ
ing, in functional terms, the kinds and patterns of chemical reactions that 
can satisfy life criteria in abstraction from many of the chemical details. 
Cycle stoichiometry makes reductionism look philosophically promising 
again as a heuristic research strat~gy (Wimsatt 1997; Griesemer 2000a) to 
complement, rather than compete with, holistic approaches such as 
developmental systems theory (Griffiths and Gray 1994; Oyama and 
Lewontin 2000; Oyama et al. 2001). A key point of philosophical signifi
cance of Ganti'.s book is its devotion to showing that cycle stoichiometry 
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describes life's functioning at its chemical minimum and therefore at 
its most general biologically. 

5.4 The chemoton 

Ganti's model of the simplest chemical supersystem capable of self
reproduction is called the chemoton. The chemoton, Ganti argues, 
satisfies five absolute life criteria, i.e. criteria that must be satisfied at each 
moment a thing is in the living state-inherent unity, metabolism, 
inherent stability, information-carrying, and program control. Ganti 
identified three 'potential' life criteria that at least some things in the 
living state must also satisfy if there is to be an evolving living world
growth/ reproduction, capacity for hereditary change and evolution, and 
mortality. The potential life criteria are related to requirements for units 
of evolution. 

Szathmary considers Gan ti's distinction of absolute life criteria for the 
living state from potential life criteria for units of evolution to be an 
important insight. Ganti argues that satisfaction of the potential life 
criteria is not necessary for satisfaction of the absolute life criteria, and so 
cases like sterile organisms (which are alive but cannot reproduce) and 
aestivating organisms (which are in 'suspended animation' and therefore 
neither alive nor dead) can be handled. I agree, although I also think that 
it might turn out that satisfaction of either set of criteria by members of 
a population of entities may be sufficient for satisfaction of the other. 
This is a conceptual problem that should interest philosophers. 

The chemoton model identifies three basic autocatalytic component 
subsystems which are present in all living cells: a metabolism, an 
information-carrying subsystem, and a membrane. In the simplest form 
of the model presented in The Principle of Life, Ganti showed how these 
three can be combined stoichiometrically to form a self-reproducing 
chemical autocatalytic cycle. Cycle stoichiometry makes this demonstra
tion efficient, understandable, and heuristic for a wide variety of 
problems about units of life. The metabolic subsystem of the chemoton 
is similar in important respects to known autocatalytic chemical cycles, 
which indicates that the model holds promise for interpreting the origin 
of life. Because it satisfies Ganti's absolute life criteria, the chemoton 
model can also be used heuristically in the philosophy of evolution
ary units. 

Life criteria can guide the search for such units. However, there are 
two ways to search: (i) look up and down the structural hierarchy for 
living units that satisfy functional or structural criteria for evolutionary 
units, or (ii) design a minimal unit out of units that are themselves non
living (i.e. a chemical unit), a population of which satisfy the potential life 
criteria. The first approach is descriptive while the second approach is 
constructive. The first approach is basically a matter of heuristic 
abstraction and iteration from what we already understand as life: 
study obvious cases of living things (such as organisms like us); formulate 
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criteria based on these easy cases; test and refine the criteria on more 
troublesome cases (like bacteria, viruses, schools of fish, the Earth's 
biota) to make them easier cases; repeat. The second approach is also 
iterative, but it does not simply abstract from what we know and believe 
about the easy cases. It does not take for granted that we always know 
life when we see it. Rather, it constructs a model on the basis of what we 
know and believe we can do with simple concepts and principles. Life 
criteria are first formulated for the easy cases-what we think they are 
like-but then it seeks to construct something, a model, that actually 
satisfies the criteria. If it can be built, so the engineering ethos goes, then 
the techniques of construction can be applied to harder cases. 

The units of evolution controversy in philosophy of biology has 
tended to limit thinking about the functioning of evolutionary units 
within certain channels. Its effect on our understanding of the logic of 
evolution is similar to the teleological views of evolutionary adaptation 
that have been so heavily criticized by philosophers. We can no more 
assume the organizational hierarchy in general evolutionary theory than 
we can the end-state, or 'telos', for the sake of which natural selection 
acts. Natural selection is not a forward-looking teleological process, nor 
is it an 'upward'-looking process. Complexification and evolutionary 
transition to new levels of organization are to be explained, not assumed. 
Defining hereditary units in terms of what we know about contemporary 
genes, for example, is teleological in this sense. 

Teleological assumptions tend to creep into the functional analysis of 
biological units as well because functionalism (in evolutionary units 
analysis) shares many assumptions with the structuralism it was introdu
ced to correct. The belief that only DNA has the structure necessary to 
function as (biological) genes, if based on a definition of the gene in terms 
of the structural hierarchy, risks explanation of lower levels of 
functioning in terms of higher levels of structure which have not yet 
evolved. Note that after higher levels of structure have evolved, there may 
even be effects of higher-level evolution on lower levels of structure, 
further limiting the value of studies of contemporary lower-level units as 
guides to general properties of primordial replicators. The hindsight of 
teleology limits scientific imagination to such an extent that all the 
theoretician can do is sail along familiar shores, while what is needed is 
an exploration that strikes out across the ocean of uncertainty about 
processes of evolutionary transition to new levels of organization. 

5.5 Lessons from Gimti's work: engineering models 
and life criteria 

Usually, life criteria characterize units by describing them. Descriptions 
can be useful for interpreting difficult cases (cellular slime moulds, 
dormant spores, mules) or borderline cases (viruses). However, they tend 
to be limited by those things that we already recognize as living and the 
terms in which we recognize life (DNA-containing etc.). Therefore life 
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criteria which merely describe some living things are of limited utility. 
Exceptions can be found to most simple 'life functional analyses' of life, 
and so life criteria do not serve very well as conceptual analyses or 
definitions, but at most as criteria for practical decision-making 
(Feldman 1992). Many of the weaknesses of traditional approaches to 
life criteria can be traced to their development by purely descriptive 
means. Cycling between descriptions and tests of descriptions resulting 
from further observation and intuition is not a very robust procedure. 

An engineering or modelling approach is to develop life criteria as part 
of an iterative process working between description and construction. 
Life criteria which describe (some) living things can be used to construct 
theoretical or working (chemical) models of living things by virtue of 
satisfying life criteria to a first approximation. Then the behaviour of 
these models can be used in turn to refine the criteria in terms of how and 
how far the model's behaviour diverges from that of (known/suspected) 
living things. To the extent that the materials and methods of 
construction depend on different, deeper, or emergent properties of life 
than those available for convenient description, construction contributes 
positively to the project of constructing life criteria. 

Ganti pioneered the constructive use of life criteria as part of a 
programme for the development of an exact theoretical biology. What 
makes his approach appealing is twofold. First, the chemical perspective 
leads to a simple heuristic model, the chemoton, with which to think 
through general descriptions of life criteria. Second, emergent properties 
of chemoton behaviour discovered by computer simulations are found to 
be characteristic of life as well. The chemoton goes through a life cycle as 
a function of the dynamic behaviour of its stoichiometrically coupled 
subsystems. The growth, development, and reproduction of the 
chemoton as a whole is emergent behaviour, which is not built into the 
model blueprint. 

Ganti's real life criteria are similar in some respects to 'life functional' 
approaches tracing back to Aristotle (Feldman 1992). If Ganti had 
finished his 1971 book at Part II, Chapter 5, 'The criteria of life', we 
would have a clever philosophical scheme for 'defining life', but all we 
could do at that point would be to compare the criteria against further 
cases that might be observed. 

The rest of Ganti's book, from Chapter 6 onward, is quite different in 
character from the conceptual work of a philosopher, although it does 
not neglect the nuances and fine points of the life criteria offered in the 
early chapters. Rather than simply look and see whether the criteria are 
satisfied by more examples of biological things, Ganti describes a 
hypothetical construct or model of a chemically minimal system, the 
chemoton, which satisfies the life criteria. Ganti's important innovation 
in 1971, contemporary with Eigen, was to see how to formulate a minimal 
model of a living system constructively. What this means is that the 
model is based on known chemical principles in such a way that, at least 
in principle, a real system could actually be synthesized in a chemical 
laboratory with all the properties of a chemoton from constituents that 
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do not satisfy the life criteria. In fact, chemists are attempting precisely 
this (von Kiedrowski 1986; Rebek 1994; Szathmary 2000). The achieve
ment of a synthetic chemical biology would be as great as that of organic 
chemistry a century ago. 

It might be thought that this constructive strategy and achievement 
has already been reached. There is a large experimental literature on the 
origin of life (Deamer and Fleischaker 1994). Since Urey and Miller in 
1953, many experimentalists have investigated chemical reactions that 
suggest at least the outlines of a synthetic evolutionary biochemistry. 
However, synthesis of (some of) the constituents of life is not yet (or not 
even) an attempt to construct a system that satisfies life criteria. What 
Gan ti realized is that part of the problem of constructing an appropriate 
chemical model of life is one of a chemical notation appropriate to biology. 
Cycle stoichiometry fills that gap by providing a formal language in 
which to link chemical models to life criteria. 

The chemoton theory offers a number of lessons for the philosopher of 
biology interested in thinking about life in its most general abstract 
aspects. Because the heart of chemoton theory is an abstract chemical 
model of living organization, these lessons should be understood more as 
tools for disciplining theoretical investigation than as summary truths 
about empirical nature. Two points will be discussed. 

5.5.1 Control is distributed 

In modern cells, the metaphor that DNA is the master molecule of the 
cell describes the common biological dogma that genes are the central 
controllers of cell function through their role in 'coding for' protein 
sequences (Sapp 1987). The language of 'control' is used primarily in 
popular literature rather than in scientific publications, where 'switch' or 
'selector' gene is favoured (Robert 2001, p. 289). However, that dogma 
should be treated as something to be explained, a product of early stages 
in the evolution of life, and not as an assumption to be made in the 
construction of biological theory. After all, life might have turned out 
differently; its fundamental organization might have differed from 
modern cells in its earliest stages billions of years ago, and it might be 
different on other planets or in other senses (e.g. artificial life). One 
important lesson of chemoton theory is that the sort of control exerted by 
nucleotide-based genes in modern cells must be an emergent property of 
chemoton organization and thus is the kind of property that should be 
investigated as an empirical result of the operation of evolutionary 
processes, not assumed as an axiom of biological explanation and theory. 
In Ganti's model of the simple chemoton, the 'genetic molecule' is a 
polymer made from a single kind of monomer; thus it cannot have a 
centralized control of function by virtue of the specificity of its base 
sequence, because its base sequence is merely V-V-V- • • • . 

These genetic polymers are stoichiometrically coupled in the chemoton 
model to both the autocatalytic central metabolism and the autocatalytic 
membrane. Because of this coupling, the genetic polymer can carry 
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'excess information', i.e. information about the states of the other 
chemical subsystems of the chemoton as well as about the state of the 
chemoton as a whole. The genetic molecule grows at a rate proportional 
to the number of cycles of the metabolism and proportional to the size 
of the membrane. Hence the genetic molecule stores information about 
the developmental state of the chemoton-how close it is to dividing/ 
reproducing. 

Stoichiometry thus leads to a particular way of understanding control 
functions in terms of three kinds of chemical properties: reaction network 
topologies, reaction specificities, and reaction rates. Having a control 
function depends on being upstream of other stages of a process. This 
topological dependency of control functions has been broadly investi
gated philosophically under the label of 'generative entrenchment' 
(Schank and Wimsatt 1988; Wimsatt and Schank 1988; Wimsatt 1999, 
in press). Further, both the specificity with which a particular kind of 
molecule undergoes a given reaction in particular conditions and the rate 
at which that reaction occurs are aspects of the way in which a particular 
reaction can exert control over a system (network) of reactions. Reaction 
specificities determine the chemical nature of the network constituents 
and, in conjunction with exogenous nutrients, the network topology. 
Reaction rates determine the relative concentrations and dynamics of the 
operation of the system of reactions. Central control, the kind attributed 
to DNA on the basis of its spatial geometrical centrality in the modern 
cell, is dynamic control by subsystems that are stoichiometrically 
intermediate to a system of reactions in a network, i.e. they are upstream 
of at least some other subsystems but there are chemical feedbacks to 
them as well. Thus the chemoton organization describes a very basic and 
fundamental condition for genetic molecules to be central controllers: 
they are intermediates in the chemical operating of the chemoton and 
they exert control. 

This is an appealing result because it is consistent with contemporary 
philosophical resistance to the unique master role of the DNA, but at the 
same time leaves open the empirical possibility that DNA really does play 
the master role that the central dogma of molecular genetics implies. 
Stoichiometric control can be distributed throughout the chemical super
system of reactions, and yet it can make sense to distinguish the character 
of the control exerted by one type of controller (e.g. genetic molecule) 
from that of another (e.g. membrane). 

The developmental systems perspective in the philosophy of biology 
extends the claim of distributed control beyond the bounds of the 
organism per se to include 'external' environments as integral parts of 
developmental systems (Oyama 1985; Gray 1992; Moss 1992; Griffiths 
and Gray 1994; Neumann-Held 1998; Oyama et al. 2001); on the 
distinction between developmental systems perspective and developmen
tal systems theory, see Griesemer (2000b). Developmental systems theory 
argues that whole developmental systems are the 'replicators' or units of 
inheritance (Griffiths and Gray 1994). What chemoton theory adds to 
this distributed perspective is a set of specific.ally chemical notions of 
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control implicit in stoichiometry and mass-balance equations and how to 
specify them. Thus it adheres to the traditional belief that there is 
something special about DNA's developmental and hereditary role, 
namely its sequence-based coding function (Godfrey-Smith 2000). At the 
same time, it facilitates investigations of distributed control which do not 
adhere to the master molecule model and without endorsing the 
conceptual strategy extending outward from genes to include other 
possible replicators (Sterelny et al. 1996), which risks further embedding 
of problematic assumptions about modern genes in the general analysis 
of replicators. Indeed, DNA-based genes are probably latecomers to the 
evolutionary replicator game from the point of view of chemoton 
evolution. Philosophers should avoid 'nucleic acid bias' in their under
standing of life's organization just as much as they should avoid 
'vertebrate bias' in their understanding of biological species. 

One limitation of developmental systems theory has been its paucity of 
tools for delimiting developmental systems and thus its ability to make 
clear the role played by a given developmental 'resource', whether inside 
or outside a body, in structuring a system's developmental capacities, 
hereditary tendencies, and evolutionary potential. As critique, there is 
much to sympathize with in the developmental systems perspective, but 
there is much work to do before it can become a functioning alternative 
research programme. Ganti's cycle stoichiometry is a useful heuristic tool 
in this regard because it both constrains and guides exploration of control 
and regulatory relations and, more generally, interactions among com
ponents within a specified model of living organization. The constraint to 
satisfy the mass-balance requirements of stoichiometry could provide 
useful specificity for at least some models of developmental systems. 
It seems likely that other systems, such as symbolic inheritance systems, 
function precisely because they violate the conservation laws implicit in 
stoichiometry (Lachmann et al. 2000). 

5.5.2 Stoichiometry disciplines 

Stoichiometry adds a measure of discipline to philosophical efforts to 
formulate general accounts of units of heredity, development and 
evolution. The history of twentieth-century biology, and the dominant 
role of classical and molecular genetics within that history, have made it 
difficult even to think of other ways of describing biology than in terms of 
genes and their effects. Another dominant tradition of twentieth-century 
biology has been reductionism, which includes the view that principles, 
laws, and theories of phenomena at high levels of spatial organization (like 
organisms) must be consistent with principles, laws and theories of 
phenomena at lower levels of spatial organization (like atoms and 
molecules). This consistency is a necessary condition to satisfy the 
reductionist's dream of reducing biological theories to physical theories, 
and holds even for those of us who consider the real value of reductionism 
to lie in its heuristic aspects (Wimsatt 1976, 1987; Griesemer 2000a). It is 
a virtue of Ga.nti's cycle stoichiometry that it is applicable to life processes 
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at their most fundamental, but is utterly indifferent to our biological bias 
toward studying and explaining life in terms of particular classes of 
molecules and molecular processes. All the molecules of a chemical system 
must be considered to satisfy the rules of stoichiometry. Thus, if control 
over the course of a developing chemical system can be exerted by a simple 
'environmental' nutrient or stimulus, stoichiometry does not care whether 
that molecule is a DNA molecule in another body (as Dawkins (1982) 
examined in The Extended Phenotype) or a metal ion released from 
a mining operation to float down a contaminated river and be ingested by 
a fish. In organizational terms, stoichiometry provides the discipline to 
follow the molecular networks wherever they may lead rather than the 
organizational charts sanctioned by molecular dogmas describing how an 
organization is 'supposed' to work. The chemoton model counsels us to 
'follow the stuff as it moves around the chemical network and, in 
following the stuff, we will come to a clearer idea what role information of 
various sorts can and does play in that circulation of matter. 'Life', as 
Ganti begins his story, 'is an organization bound to matter'. 

5.6 False models as means to truer theories 

Traditionally, most biologists have been hostile to the goals and methods 
of 'theoretical biology'. Scepticism seems to flow from the attention that 
theoreticians often give to models obviously and blatantly simplified to 
the point that nothing stands out about them other than their falsity and 
even absurdity. Physicists have tended to be more tolerant of extreme 
simplification in their theoretical representations, perhaps because they 
have also tended towards equally extreme measures in their laboratories 
to produce, simplify, and control phenomena. Biologists have tended not 
to be as willing to force nature to fit procrustean beds of theory, 
laboratory walls, and existing technology ( or at least not as willing to 
admit when they are doing so). This has led some to characterize biology 
as a different and more experiment-driven kind of science than physics, 
or at least to claim that biology has a different relationship to its theories 
than do the physical sciences. Thus one might expect even greater animus 
towards Ganti's vision of an 'exact theoretical biology'. Exactness means 
absolute precision, and Ganti's hope of finding absolute precision in 
biology is surely a pipe-dream. 

Let us not misunderstand the goal and strategy of the exact theoretical 
biology that Ganti calls for. The aim is to produce an exact and complete 
model of the living state-an abstraction admitting of absolute precision 
in the formal specification of the living, not an absolutely precise 
empirical fit to the actual world ofliving things. The chemoton is an exact 
model in the sense that the calculations that can be made to predict and 
describe its behaviour are exactly determinable. This does not mean that 
anyone should expect to find chemotons in nature or that chemoton theory 
should lead directly to empirically accurate quantitative predictions of 
the behaviour of modern cells or organisms. Ganti is explicit on this 



186 The philosophical significance of Ganti's work 

point-the chemoton is an abstract model with a mainly heuristic 
function. It is a false model that can nevertheless be an effective tool in 
making predictions and generating explanations about phenomena 
(Wimsatt 1987). 

Gan ti's contributions to science can best be understood in terms of his 
background in chemical engineering, leading to his penchant to view 
models as tools for constructive theoretical science rather than as 
accurate representations of nature. The scientific value of a model lies as 
much in what one can do with it as in what one can say about it. Indeed, 
it has long been known that accuracy in representation is only one virtue 
among many that a theoretical model in biology might have (Levins 
1966). The philosophical problem raised by the use of false models is to 
understand how and why they are used at all, given that the goal of 
science is to aim at the truth about nature (Wimsatt 1987). Ganti's work 
shows that the principal use of theoretical models like the chemoton is 
constructive rather than representational; they provide a framework for 
constructing the principles which can then guide representational efforts. 
They are tools to calculate with, not only to calculate from. If Levins is 
right that a model is 'a reconstruction of nature for the purpose of study' 
(Levins 1968, p. 6), then we should pay as much attention to purposes, 
ways, and means of study as we do to the nature of and empirical 
evidence for representations. Ganti's chemoton model is not intended to 
be true in the sense of an accurate representation of living cells. 

Nor are Ganti's life criteria designed to stand on their own. They 
require the chemoton model to complete the specification of the living 
state because the model and its cycle stoichiometry supply a character
ization of the non-living units out of which things in the living state are 
composed. Ganti's analysis of the living state is not to be identified with 
his life criteria, real or potential, but with these criteria in conjunction 
with the chemoton as their working model. Likewise, the chemoton is a 
hypothetical construct, not a complete model of the universal or 
primordial living cell because it could not actually exist. Actual cells 
have many properties and parts besides those of a simple chemoton. 

The chemoton's functioning as a model depends on the life criteria to 
give it engineering 'blueprint sense' and the life criteria must be 
completed by the chemoton and cycle stoichiometry. This integrative 
approach to criteria and models represents a philosophically sophisti
cated position. It is in harmony with philosophical interest over the last 
30 years in the role of models in the actual practice of science. The ideas 
presented in Ganti's work introduce us to the coherent and integrated 
picture of what Ganti calls 'exact theoretical biology', a picture of the 
very science that many philosophers of evolution seek. 
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