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Foreword

Every discipline has only once in its history such an exciting period 
which makes possible to provide the quantitative formulation of its 
basic relationships, establishing thereby its own exact, axiomatic 
theory. In mechanics, this has been done by Newton formulating the 
equations of motion; in electrodynamics by Maxwell with setting up 
the equations named after him. Some branches of science were not 
so lucky: for example, in chemistry a century went by with the argu
mentation of different tendencies resulting in an ever improving 
formalism quantitatively describing chemical processes, until finally 
Berzelius succeeded in refining chemical stoichiometry practically to 
its present form producing thereby an exact theoretical basis for 
chemistry.

In biology, an unbelievable amount of data and observations has 
been accumulated in the last centuries, especially in this century, 
and thus several previously mysterious processes of life have been 
clarified, such as heredity, photosynthesis, immunity, etc. Biology 
seems to have achieved by now the level of development to trans
form from an experimental into a theoretical science capable of inter
preting and forecasting events occurring in living systems quantita
tively. In several special branches (e.g. Mendelian genetics or popu
lation biology) it has already come true.

1 feel happy to be the witness of 15 years from the three and a half 
decade birth process of one of the most beautiful, most general and 
perhaps most exact paradigm of theoretical biology, the chemoton 
theory. At a time when the whole scientific apparatus of the world 
tried to discover the mechanism of the storage, replication and read
ing of biological information, Professor Gánti, the author of this
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book set the aim to study the operation of the “chemical super
machinery” governed and controlled by this hereditary information. 
Not that he would not know or esteem the results of molecular biolo
gy (a book of his appeared in 1966 on this subject), but because he 
supposed that the essence of life is hidden in the machinery con
trolled by the information enclosed in the genetic material through 
mechanisms revealed by molecular biology. By now it is for sure that 
he is right, since genes can be produced synthetically, but these 
genes are not capable of life by themselves. At the same time, with 
this choice, Gánti shut himself practically out of professional public 
life concentrating only on enzymes and genes and thus it is under
standable that his results were beyond the understanding of resear
chers dealing with narrower fields of the profession.

However, this relative isolation of the author brought him also 
some advantages: first of all he succeeded in extending the chemoton 
theory into a comprehensive and quantitative theory which is almost 
unprecedented in our today’s scientific world swarming with minute 
particulars. As a first step, a book entitled “The Principle of Life” 
was published in Hungarian in 1971 containing only a minimum of 
mathematical formulae. The book was very cordially welcome by 
any interested reader who was able to read in Hungarian. This edition 
was followed by a mathematically more demanding book in English, 
containing, however, only a narrow survey of biological principles 
and applications, entitled “A Theory of Biochemical Supersystems 
and its Application to Problems of Artificial and Natural Biogene
sis” , which was published jointly by Akadémiai Kiadó, the Publish
ing House of the Hungarian Academy of Sciences (Budapest) and by 
the University Park Press (Baltimore). My personal opinion is that, 
unfortunately, the formulation is too concise satisfying mainly math
ematical interests and narrowing thereby the circle of people capable 
of understanding its concepts to those exceptionally perfect in math
ematical modelling and theories. However, those who are capable of 
catching its concepts, set a very high value on the book.

Though by now a two-volume summarizing monograph entitled 
“The Chemoton Theory” has also been written by the author which 
contains on the one hand the biological foundations of “The Princi
ple of Life”, and on the other also the up-to-date mathematical de
scription of the model, that monograph is comprehensible only for
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the expert. Thus it is timely even today to formulate the essence of 
the thoughts of the author, from raising the problem to its solution 
in a brief but intellectually very interesting and exciting book for the 
non-professional.

This is what is provided in this book entitled “The Principle of 
Life” which was published 5 times in 3 countries. This is the sixth, a 
revised, up-to-date English variant. It has been a pleasure for me to 
write this foreword in the hope that the demands of readers striving 
for the understanding of the essence and mechanisms of life will be 
satisfied by this book, those having a deeper interest and susceptible 
to raising and solving general questions are encouraged to study the 
two-volume monograph describing the theory in a more exact 
manner.

Dr. /. Gyarmati 
corresponding member of 

the Hungarian Academy of Sciences, 
Professor of Physics
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I. Alive or lifeless?





Not so very long ago “living” was still considered synonymous with 
“moving”. According to Diderot: Surely matter is generally called 
living matter if it is able to move by itself. And something called by 
us dead matter, is matter which can only be moved by something 
else. Diderot, however, begins already to doubt: If living matter is 
really matter moving by itself, how can it stop moving without 
dying?
Indeed, in the days of Diderot the seemingly motionless vegetable 
kingdom became completely accepted as belonging to the realm of 
life; hence, “organic” character became the chief differentiating at
tribute between “living” and “nonliving”. Then at the beginning of 
the nineteenth century it turned out that “organic” materials are 
nothing more than compounds of carbon, which can be produced in 
vitro: the meaning of “organic” widened and could not comprise 
living creatures only. New criteria were needed to distinguish the 
“living” from the dead and lifeless. Innumerable observations, in
vestigations and expericences formed a new, generally accepted 
view of life, which was summarized by the Hungarian biologist, Tiva
dar Huzella in the following words:

“The concept of life cannot be exactly defined; it can only 
be grasped from the totality of life-phenomena and living 
creatures can only be thereby distinguished from lifeless 
matter and from dead nature.”
“The concept of life consists of general life-penomena 
which carry out life in living beings. The life-phenomena 
are: motion, nourishment, growth, reproduction, 
excitability.”
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Thus “living” can be considered something which displays all 
the five life-phenomena prescribed by classical biology. In its time, 
this viewpoint wa$ generally accepted; even then, however, it could 
hardly be considered as satisfactory, since classical biology itself 
knows a lot of exceptions. And further difficulties arise, if we try to 
separate the living from the dead according to these criteria.

Consider an old animal deeply narcotized. It is not excitable, it 
does not feed, does not reproduce itself, and being old, it does not 
grow either. Four of the five life-phenomena cannot be seen on it 
and it is still living, as it is easy to verify by observing the beating of 
its heart. Nevertheless, if we give a greater dose of narcotics or if the 
animal is very sensitive, the heartbeats can easily be brought to a 
stop and thus the last of the life-phenomena; movement, vanishes. 
However, by fast and appropriate procedures: heart-massage, electric 
stimulation, injections, etc. the functioning of the heart can again be 
started. The animal is again alive.

There is a very old expression for the above state: sham death. Re
cently the word has been mostly replaced by a new technical term: 
the state of “clinical death”. The new term, however, does not 
answer the question: was our animal during the critical time living? 
The term is about clinical death, but we understand by it a living 
state, though no “life-phenomena” are present. Still we are speaking 
of returning from the clinical death. Thus according to our language 
the animal is dead, according to the criteria of life as well, but our 
feelings and intuitions do not admit that one could really return 
from death!

There are, however, more common cases in which it is not simple 
to separate the living from the dead. Is it easy in the winter (at 
— 10°C or — 20°C temperature) to decide about a tree whether it is 
living or not? According to the above criteria it does not live, since it 
does not exhibit all of the life-criteria, but by the next spring it will 
sprout anew. And what about the life-criteria in the case of worms, 
parametiums, unicellulars, and bacteria dried up by billions in the 
dust?

The classical life-phenomena taken together cannot thus be considered 
as the criteria for life. Many living organisms exhibit ab ovo only 
some of the life-phenomena, others only temporarily show all of 
them, others again temporarily do not show any of them, and by our
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common sense all of these organisms are still alive. The totality of 
life-phenomena of classical biology is not apt to separate life from 
death, the living from the lifeless.

It does not help either, if instead of the totality of the mentioned 
life-phenomena we consider as a criterion of life the potential capa
bility of the living system to exhibit the life-phenomena under given 
circumstances. So we could say about the tree that in spring it will 
sprout, nourish, grow and multiply again; clearly it has the capability 
to all these also during winter-time, when it does not show any of the 
life-phenomena. However, an old animal has even potentially lost its 
reproductive ability, and is still living; similarly, a plant that has. 
grown too old may have already the single potential ability of nour
ishment and it is still considered to be living. Thus the potential capa
bility of the set of these life-phenomena is not sufficient for the dif
ferentiation between the living and the dead, either. Therefore we 
have to seek among the life-phenomena one which perhaps would 
suffice in itself as a criterion of life; we have to look after one of the 
five classical life-phenomena which, even alone, could represent life.

By movement classical biology means an active change of place or 
position. There are species of algae and mushrooms whose individu
als are not able to change state or position, but active movement can 
be found within their cells, at least in mitotic cell division, during 
the wanderings of the chromosomes. Nevertheless, in the most 
simple organisms, in the so-called prokaryotic cells even this fails, 
thus active movement is not absolutely general in the world of life.

By growth we understand the ability of living organisms to enlarge 
the size of their body through increasing their body constituents. 
The potential capability of growth is considered as generally present 
in the living world. This, however, may be disputed, since for in
stance in bacteria and in certain unicellular creatures growth occurs 
only in connection with cell division and thus it is really not growth 
but reproduction. Living creatures once old have lost even the 
potential capability for growth, but it is not only for these, that 
growth in itself cannot be accepted as a criterion of life. Growth 
namely is not a property restricted to living beings. Crystals put into 
their saturated solutions present the phenomenon of growth, too; 
moreover, if the composition of crystal and solution is arranged so 
that on the surface of the crystal an “osmotic membrane” can be
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formed, then the growth of the crystals can take the form of “trees”, 
“sea-weeds”, and “mushrooms”.

By reproduction we understand the process by which an organism 
produces a new organism similar to itself or a germ capable of devel
opment. Reproduction, or more precisely its potential capability is a 
most important life-phenomenon in the world of the living, but it is 
far from being generally characteristic of individual life. Castrated 
animals have lost the capability of reproduction even potentially, 
most of the hybrids are as a matter of fact unable to reproduce them
selves, and still they are obviously living. Nevertheless, many 
people consider the capability of reproduction one of the most im
portant life-criteria.

“If in defining living beings we confine ourselves to emphasizing 
the reproductive capability, then also monomolecular viruses are to 
be considered as living beings, and thus we encounter here the sim
plest way of life” (Manninger). Nevertheless, there are molecules 
known in chemistry which in a suitable reaction mixture direct their 
own formation (autocatalytic systems, template molecules), yet 
nobody has called them living. Theoretically, nothing hinders the 
construction of an automata programed to produce a machine identi
cal with itself (self-reproducing automata). A machine like this will 
be capable of reproduction, but will it be living as well? Reproduc
tion is one of the most important capabilities of living beings, but it 
is not the essence of life. The capability of reproduction taken alone 
cannot be the criterion of life, either.

But let us stop here for a while. Reproduction and growth often 
cannot be separated from each other. The concept of reproduction is 
generally made possible by the fact that the living creature is an indi
vidual, a self-contained unit. This property is usually mentioned as 
one of the characteristics of living beings. The limits of the individual 
are, however, sometimes quite blurred. For example the fig tree 
(Ficus bengalensis) strikes air-roots from its branches and these pro
duce new trunks through the soil, so that a tree grows into a whole 
forest which can be considered as a single tree with a crown having a 
diameter of 300—400 meters. At the same time every trunk has its 
own roots and if separated from the “mother tree” it can live on 
alone. Should we speak here about reproduction or growth? If an 
earthworm is cut in two, both halves “regenerate” to give a complete
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earthworm. If a fresh-water polyp is dissected into more parts, every 
one of these develops into a complete new animal. Is this reproduc
tion or is it not? Biologists mostly consider the process as “only” 
regeneration. If, however, the same thing is performed in the vegeta
ble kingdom, for instance, if we cut down a piece from a plant and 
plant it so that a new plant develops from it, then we do not speak 
anymore of regeneration, but of “vegetative reproduction”. Thus 
claiming on the one hand the individual unity of a living being, on 
the other we could bring a lot of examples of “half of a living being”, 
“quarter of a living being”, etc. Obviously, growth, regeneration, 
and reproduction are not duly defined, or exactly differentiable 
concepts.

Nevertheless, the definition of excitability is the most problemati
cal one among classical life phenomena.

In the greater part of the animal world excitability has unambigu
ously the meaning of certain reactions; an answer appearing mostly 
in the form of some movement. This highest form of excitability 
cannot be restricted to the realm of life either, since modern 
electronics present every day equipment which can perceive various 
impressions and have the capability to “answer” to them appropri
ately. The difficulties increase if we consider the “excitability” in the 
vegetable world. Indeed, the word excitability is here mostly sub
stituted by “sensibility”, and various tropisms are mentioned as 
examples. But tropisms can often be found in the inorganic world as 
well. Sensitiveness viz. excitability is characterized by a special kind 
of answer to stimuli from the environment: living beings try to elimi
nate harmful effects by adjusting their metabolism. What else, how
ever, does under similar circumstances a simple chemical system? 
According to the principle of Le Chätelier—Braun, in a composite 
system at equilibrium every change of an intensive parameter brings 
about a shift in the equilibrium by which the system tries to blunt 
the effect, i.e. it more or less avoids the constraint. Every living 
being is among others a system of chemical reactions, thus it can 
hardly be called specific to life, that the answer to environmental 
stimuli tries to preserve the equilibrium state of the system.

The problem of metabolism was postponed deliberately in discuss
ing classical life phenomena. Usually, this one is considered as the 
basic life phenomenon, hence this requires the longest treatment.

19



So far —in accordance with our citation from Huzella —we have 
spoken of “nourishment”, but now we replace this by the more 
general and much more characteristic concept of “metabolism”. The 
Hungarian Scientific Encyclopedia defines the essence of metabo
lism by the property that “the living takes up the materials of its en
vironment, transforms them for the building up of its organism and 
for its life processes, and finally secretes the superfluous materials” . 
According to the same Encyclopedia living matter is distinguished 
just by its metabolism from the non-living.

In dealing with reproduction, we have already mentioned self- 
reproducing automata. In the last period of his wonderfully creative 
life John von Neumann, the great Hungarian-born mathematician, 
proved that there is no theoretical impossibility in planning self- 
reproducing automata which produce automata identical with them
selves or even more perfect ones. Moreover, these automata may be 
capable of finding and correcting errors occurring in themselves. 
Now if automata of this kind are possible, then they have to take up 
energy and materials necessary for functioning and self-reproducing 
from their environment, and to transform them so that they can be 
built into their own bodies, viz. into the bodies of their descendants. 
Moreover, they have to eliminate superfluous materials from their 
construction, so they work in a manner which suffices in every re
spect the above definition of metabolism. Is therefore this kind of 
metabolism identical with the metabolism occurring in living organ
isms? Scarcely. The two processes obviously cannot be considered 
as identical; the definition of metabolism is irrelevant. The metabo
lism of a living creature cannot be formulated in such a wide general
ity. First of all, it must be constricted to chemical processes, since 
the metabolism of a living organism is realized generally through 
chemical processes catalyzed by enzymes. Then we have to say 
something about the direction of metabolic processes, since metabo
lism in living organisms occurs with perfect organization and in a 
definite order.

Metabolism was characterized by Engels as the mode of existence 
of “protein bodies” . Nowadays this statement of Engels is often dis
puted, especially because of his connection between the essence of 
life and “protein bodies”. During the last two or three decades it ap
peared that nucleic acids have a more specific role in determining
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the properties of life than proteins. Nevertheless, by considering 
that in Engels’ time nucleic acids were quite unknown, the defini
tions of Engels can even today be mentioned among the most perfect 
ones. Are, however, even these completely perfect?

The answer may be cleared by a thought-experiment. A dialysa- 
tor, permeable for small molecules but impermeable for macromo- 
lecular proteins and nucleic acids, should contain the solution of an 
enzyme capable to synthesize ribonucleic acid (RNA) according to a 
given pattern. This enzyme is called RNA-polymerase. The solution 
should contain RNA also serving as a pattern. Suppose that this dia- 
lysator is placed into a glass containing the basic substances of RNA 
synthesis, i.e. the suitable nucleotide triphosphates and the ions 
necessary for synthesis. What will happen? The nucleotide triphos
phates and the ions diffuse through the membrane into thedialysator, 
where the RNA-polymerase begins to synthesize new ribonucleic 
acid from the nucleotide triphosphates according to the pattern of 
the RNA present there, while a pyrophosphate ion containing two 
phosphate radicals is cleaved off each nucleotide triphosphate. With 
increasing concentrations of pyrophosphate, an outward diffusion of 
these ions begins. By this method Spiegelmann succeeded in syn
thesizing in vitro infectious(l) viral ribonucleic acid. Similar methods 
were used by Kornberg to synthesize viral desoxyribonucleic acid 
(DNA).

Considering now the processes in the above system from a more 
general aspect, it can be stated that 1. the system (the dialysator con
taining the solution of RNA-polymerase and template RNA) re
ceived nutrients (nucleotide triphosphates and ions) from without,
2. the system transformed the incoming substances into its proper 
ones (into ribonucleic acids), 3. the waste materials produced in the 
process (pyrophosphate) moved off into the external milieu. There 
is thus a system containing a protein and a nucleic acid which takes 
up nutrients from outside and uses these for the building up of its 
own “body materials” while excreting the waste materials produced 
in the process. Thus this system performs a process corresponding in 
every respect to the classical definition of metabolism.

In spite of this, the system cannot be called living. Thus either the 
concept of metabolism is insufficient if taken alone to characterize 
life, or metabolism must be differently defined, in a more concrete
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and exact manner. It is indeed possible to do this, as will be seen 
later on.

After all, it may be said that in the context of classical biology 
neither life-phenomena in themselves nor their aggregates can char
acterize completely and specifically the living state. On the basis of 
classical life criteria it is impossible to definitely decide in every case 
whether a system is living or not and the limit, which must be 
transceded by a nonliving system to be transformed into the most 
primitive living system, cannot be found.

Discussions about the emergence and unfolding of life have con
tinued for some two thousand years, similarly to discussions about 
the essence of life. The “official” stand-point exposed above did not 
disclose too much. Did not, however, somebody among the many re
searchers stumble upon the secret of life? Let us see and discuss 
now some individual opinions.

Claude Bernard thought that life on its most simple grade does 
not depend on any special form. The seat of life is a substance —the 
protoplasm—determined by its composition and not by its form.

Similarly, Rudolf Höber was of the opinion that life is connected 
with a substance determined in its chemical nature, the protoplasm.

Investigations of the nineteenth century inspired foremost biolo
gists to consider the protoplasm a uniform substance, “living 
matter” . Many believed in a special living matter, which by its specif
ic and special composition is endowed with the properties of life, and 
which cannot be produced in a laboratory, it can only be confined by 
living matter differing in its physical and chemical nature from every 
kind of nonliving matter. It was, however, disclosed by the rapid 
progress of chemistry and biochemistry that sooner or later every 
substance of a living organism will be separately preparable in its 
natural “native” state capable of functioning and these substances 
so prepared do not differ from those of the protoplasm. If they are 
brought back to it, they are capable of performing their original func
tion again.

The very fast progress in biochemistry during the past two 
decades revealed in the protoplasm highly specific substances with 
complex structures indispensable to life, and this induced some re
searchers to propose a “living substance” again and even scientific 
periodicals published reports about “living molecules”. Meantime,
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however, it became unambiguously clear that these substances are 
not in themselves carriers of life; the secret of life is not bound to 
them.

Nowadays different kinds of proteins with a definite amino acid 
sequence and with definite properties can be produced synthetically 
and these synthetic proteins perform their function in the organism 
in the same manner as if they had been naturally synthesized pro
teins. Some thirty or fourty years ago it was still generally believed 
that if proteins could be successfully synthesized, the secret of life 
would be disclosed. Undoubtedly, the separation, analysis, and in 
vitro'synthesis of protoplasmic substances brought a wealth of in
valuable information, but this obviously did not lead to the disclo
sure of the essence, or the basic principle of life.

Lately, there has been much discussion about another kind of 
substance as a candidate for the essence of life. It was already pre
sumed by Weismann at the turn of the century that every organism 
carries a substance which does not change during its life and thus it 
may be the material carrier of inheritance. According to Weismann 
this substance—the so-called “idioplasm” —could be made responsi
ble for the properties of the organism and for their inheritance. The 
remaining part of the organism, the so-called “soma” was considered 
by him as a kind of nutrient repository, having only the task to nour
ish the germ-substance, which concentrates in itself the essence of 
life. Weismann’s “idioplasm” was followed by essentially similar 
concepts, thus by Ferworn’s “biogen”, Wiesner’s “plastem”, Hai- 
denhain’s “protomer” , Meyer’s “vitul”, Lepeskin’s “vitáid”, and 
the “molecular bionta” of Alexander and Bridges.

After these many and mostly speculative concepts viz. names 
there began to spread a completely new notion, namely the concept 
of the gene, introduced by Johanssen, and therewith began a hard 
strife lasting for decades between the different orientations and view
points. At the beginning, the gene was also a hypothetical concept, 
but soon it proved to be experimentally verificable. It was shown by 
a lot of exact biological experiments that inheritable properties have 
indeed in the living organism molecular carriers; the actual existence 
of genes was proved.

Investigations of the last three decades then disclosed, how the 
DNA in the nucleus of the cells transmits the inherited properties.
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In the long DNA-chain a sequential order of four kinds of building 
elements fixes information like a text in Morse code and this infor
mation fixed by the order of elements is genetical, i.e. during the 
reproduction of the cell it is recopied, unchanged into the DNA of 
the new cell. Similarly, it was proven that the cell has a decoding ap
paratus by which information coded in DNA can be transcribed and 
translated into concrete properties. Everything actually or potentially 
realized by the cell is coded in its deoxyribonucleic acid.

Nobody doubts today the identity of a DNA segment with the cor
responding gene. There is, however, much similarity between some 
properties of the DNA and of the idioplasm, biogen, plastem, 
protomer, vitul, vitáid, and molecular bionta supposed formerly. 
Perhaps the DNA may be the real carrier of life? Viruses contain
ing—protecting protein cover excepted—merely nucleic acids would 
be full-right living beings?

Is life identical to the information necessary for life? Can a virus 
be called living even if it does not contain more than the information 
necessary for the functioning of life?

By using an electronical analogy a virus can be compared to a 
punched card with a special program. It is not a computer capable of 
performing calculations. But once put into a computer it will start 
functioning and determine the run of the calculations. The punched 
card of a virus is so programed that the computer should produce 
punched cards identical to the starting one, which contains all the 
necessary information. The punched card is not changed herewith 
into a computer; neither can a virus be a living being.

This was formulated by Kahane by stating that a virus is a passive 
parasite: it does not reproduce itself, it is reproduced; it does not 
multiply, it is multiplied. A virus is a metabolite. An abnormal 
metabolite, certainly; but a metabolite and nothing else. The virus is 
no living being. Life is something much more complicated than a 
virus. According to Kahane, one cannot accept the assumption that 
life should be bound to proteins or to any other material carrier 
determined in its composition and chemical nature.

However important and indispensable DNA is for the functioning 
of life, the essence of life is not hidden in it alone. The DNA in itself 
does not show any life-phenomenon.
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Marie Jean Pierre Flourens thought that in every living thing 
form is more durable than matter.

Later on, Tivadar Huzella was of the opinion that living form and 
matter building it up do not coincide; form rules over matter in spite 
of the permanent change of the latter. This same property is ex
pressed by saying that the living organism has self-forming and auto- 
poietic capabilities.

' Similarly, Lucien Cuénot stated that nothing is living in the cell 
only the cell in its totality.

Through lack of any special substance carrying in itself life, there 
may perhaps be found a static system of chemical substances building 
up the living being, i.e. the anatomical make-up, or the morphologi
cal structure of the living being, which would hide the secret of life. 
Obviously, this structure cannot be realized macroscopically, since 
in comparing, e.g., fungi with trees and mammals, the difference in 
their morphological appearance is so big that almost no common or 
even similar part can be found in them. Even at a microscopic level, 
however, a decisive similarity can be found: all of them have basic 
component cells that is every multicellular organism have a similar 
interior structure. Every eukaryotic cell contains the same decisively 
important components, namely the nucleus, mitochondria, ribo
somes, cell membrane, etc. If the nucleus is removed the cell dies, 
but it cannot exist without the other components either. Obviously, 
the structure of the cell is the basis of life.

Recent micromorphological investigations disclosed surprising 
structural complexity even within the most simple cells. The cellular 
components themselves display an exquisite molecular structure. 
This exceedingly complex structure inspired biologists to bind the 
concept of life to these complicated multifaceted structures.

Is then—as it was said by Cuénot—the totality of the cell the car
rier of life, or is life bound to one of the cellular components? 
Removing a part of the protoplasm of an amoeba the amoeba lives 
further and replaces, regenerates the failing piece of protoplasm. 
The same operation can be repeatedly performed with the amoeba 
surviving each intervention and replacing the failing pieces of its pro
toplasm. The totality of the cell—at least in a quantitative sense —is 
not a criterion of life.
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There are known enzymes (lysozyme, cellulase, /3-glucuronidase) 
which can dissolve the cell walls of certain bacteria, fungi or plants. 
Cells without walls thus obtained —the so-called protoplasts —exhibit 
life-phenomena, they live, though of course they are very sensitive 
to environmental effects and perish easily. In bacteria sensitive to 
penicillin the formation of the cell wall is inhibited. Using a micro
scope, it can be seen how successive cell divisions produce cells with
out walls and how they form a seemingly fused living mass. The fact 
that this mass is indeed living is not only proved by its metabolism 
and growth, but also because it initiates the synthesis of cell walls if 
penicillin is in due time removed: the mass will be restored into cells 
closed in walls. Thus the totality of the cell is not a criterion of life 
even in a qualitative sense.

A German biologist, Hämerling removed the nucleus from cells 
of algae. Cells without a nucleus died. If, however, the removed nu
cleus was substituted by another one from the same species, the cell 
survived. Is the nucleus as a structural element a basic condition of 
life? Bacteria have no nuclei, they have no chromosomes in a mor
phological sense. The function of the nucleus is provided by a DNA- 
chain or DNA-ring in the cytoplasm. Thus not the structure but the 
function of the nucleus must be held indispensable with respect to 
life. Investigations in the last decade revealed mostly the structure, 
composition, and'what is still more decisive, the function of ribo
somes and mitochondria. Ribosomes have a well-defined role in the 
biosynthetic process of proteins. But this role involves nothing 
which is in direct connection with life: ribosomes are simply indis
pensable to the synthesis of proteins in living beings. Proteins, how
ever, can also be synthesized differently, in vitro; moreover, pro
teins, though indispensable to the present form of terrestrial life, do 
not belong to the essence of the concept of life. Finally there can be 
imagined (as supposed by exobiologists) “living beings” with an en
tirely different chemistry than those known to us, and if they show 
certain “life-phenomena” , then they must be called living even if 
they contain no proteins at all. Life, as a concept, is not tied to the bi
osynthesis of proteins.

Similar considerations are valid by and large for mitochondria as 
well. Mitochondria are the “power plants” of the cell; they are the 
place of the so-called terminal oxidation process and thus they
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synthesize ATP and other substances to provide energy necessary 
for chemical processes of the cell. Mitochondria with their specific 
internal structure are complicated elements of the cell; their struc
ture, however, is not indispensable to life. Their function is need
ed—but only in the present form of terrestrial life and not even in 
every kind of cell.

With respect to the life of an individual, anatomical, morphologi
cal or, in general, structural composition may undoubtedly be of 
paramount importance. Obviously, the functioning of a certain 
living creature depends on a definite order of basic structural ele
ments. With respect, however, to life as a general concept there can 
be found no morphological or structural element which specially and 
in itself can be responsible for all the fundamental phenomena char
acterizing life.

Therefore the search for the essence of life in some special sub
stance, or in some extraordinary chemical compound must be aban
doned and, similarly, the attempt to bind that complicated entity 
which is called life to a clearly defined and well-determined mor
phological structure must be given up. If nothing else, the dynamical 
character of life phenomena in itself requires this. Thus life should 
be considered from its dynamical aspect, instead of its static one.

The above considerations, however, are only valid in the domain 
of microscopic and submicroscopic structures. There are more sub
tile (molecular, submolecular) levels of structure. Thus it will not be 
superfluous to cite some opinions concerning the role of these sub
tler structures.

According to N. N. Semyonov, the physico-chemical foundations 
of life can hardly be interpreted on the basis of the properties of life
less matter known to us so far. Living matter may have some new, 
thus far unknown physico-chemical properties, which must be re
duced to collective interactions occurring in the superorganized 
molecular structure.

Similarly, I. D. Bernal was of the opinion that life is a partial, con
tinuous, progressive, versatile, and conditionally interacting self- 
realization of potentialities of intraatomic electron states.

These and similar opinions were obviously formed under the 
inspiration of the “atomic age”. In the past two or three decades 
physicists took a very intensive part in biological research and have
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had a large share in establishing molecular biology. Still, it can 
scarcely be believed that the essence of life should be looked for on 
the level of atomic interactions.

Among the organizational levels of matter, chemistry presides 
over nuclear physics and the level of biology is above chemistry. Ob
viously, there is a connection between life processes and the atomic 
structure of the cell, but this connection is indirect, and 
multimediated.

Chemical phenomena are determined basically by atomic proper
ties such as the electronic structure of atoms, the energy states of 
electrons, etc. Still, in practice there is no need to deal with chemical 
phenomena on a quantum-mechanical level. If the cause of the phe
nomena is to be reduced to a deeper level, only then is nuclear phys
ics involved. Chemistry, however, was already an independent sci
ence with proper and still valid laws, when even the seeds of nuclear 
physics did not exist yet.

Biology, deals with phenomena which are composed of innumera
ble chemical phenomena. Biology represents a still higher organiza
tional level than chemistry. How then could the laws of this organi
zation be looked for on the level of phenomena with a lower grade of 
organization than that of chemistry? To deal with the functions of bi
ological systems it seems to be more practical to consider laws de
scribing even more complex phenomena than those occurring in 
simple chemical systems.

Of course, this does not decrease the role and significance of 
nuclear physics and quantum mechanics in biological research. The 
new science of quantum biology has already achieved important re
sults. Special electronic structures of macromolecules, their different 
excited states as well as their interactions, etc. may underlie many bi
ological phenomena. The functioning of a living system requires spe
cial quantum-biological properties and endowments. But concerning 
the totality of a living system, it is more expedient to look for laws 
dealing with the totality of biological systems, disregarding the solu
tion of the partial functions.

In this sense was it stated by M.F.X. Bichat that: Life is the organ
ism in action. Similarly, H. Spencer thought that: Life is a definite 
combination of the diverse changes both simultaneous and subse
quent. Platon was already well aware of this changing sameness:
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“We say about every living being that it is the same one and identical 
... though there is nothing in it which remains the same; the same 
name is given to him though he is always born anew and something 
always perishes in him, in his hair, in his flesh, in his bones, in his 
blood and in his whole body.”

Leibniz, too, emphasized this unceasing dynamism: “Our body is 
in constant flow like a stream; constantly parts are taken up by it 
while others leave.”

One of the founders of modern biology, G. L. Cuvier, was of the 
opinion, that it is erroneous to consider life simply as the bond con- 
nectihg the elements of the living body. On the contrary, life is a 
drive moving these elements unceasingly.

Undoubtedly, life is process. A process bound to matter in the 
living beings. Indeed, the classical life phenomena—movement, 
metabolism, growth, multiplication and excitability—all hide some 
kind of process. Thus life cannot be considered as something static. 
Life is a process and therefore can only be found where changes cor
responding to this special process occur.

These considerations seem to be most trivial and yet lead to 
surprising statements if followed consistently. From this point of 
view, the opposite of life is not death but the lifeless state. Thus the 
resting seed does not live nor do dried microorganisms or animals 
and man in the state of clinical death. They do not live, since the spe
cial processes characterizing life do not flow in them. But neither can 
they be considered as dead, since the proper influences may initiate 
life processes in them again. Thus between the living and the dead 
matter, between the living and the dead organism, there is still 
another state; that of the capability of life: the state of viability.

Death is not necessarily related to the stoppage of the heart, the 
ceasing of breathing, the failure of excitability or the stopping of 
metabolism. From this state man still can be brought back into life, 
as proven by innumerable clinical cases. This is not death, only a 
nonliving state. Similarly, dried bacteria or yeasts cannot be consid
ered dead, when they exist in a dried state for years. No living thing 
is dead until —under proper conditions—the processes characterizing 
life can be started in it anew. The absence of the life functions, the halt
ing of life processes means the ceasing of life, but does not mean death.
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Life therefore may also be defined as the functioning of a viable 
organism: “Life is the organism in action”. As a matter of fact, this 
definition does not bring us any further: it is just as difficult to find 
criteria for viability, as for life itself. But even ifit does not mean so
lution, this definition sheds perhaps some light on the subtler struc
ture of this set of phenomena. Namely now we have to conceive 
death not as the ceasing of life but as the ceasing of viability. Dead 
matter now is not to be identified with nonliving but with nonviable 
matter. But then we have to find the point where viability ceases; we 
have to find out, what does happen, if viable matter loses its viability, 
or rather when does this occur at all? What are the criteria of 
viability?

The living organism reacts sensitively to changes in its environ
ment: it initiates in itself processes which compensate or decrease 
the harmful effects of environmental change. The viable (but actual
ly nonliving) system does not try to resist changes in its environ
ment, does not react to stimuli, it changes together with the environ
ment: its parts are in equilibrium in themselves and with each other, 
and the whole system is in equilibrium with the external environ
ment. Processes compensating environmental changes do not take 
place in the viable seed, the dried bacterium, or in the winter tree, 
these are in equilibrium in themselves and with their environment. 
If, however, the tree loses its viability it begins to decay, the perished 
bacterium autolyses, and the dead seed rots. Similarly, eggs do not 
spoil whilst they are viable, but last until detrimental changes occur. 
But if an egg loses its viability, if its interior equilibrium is disturbed, 
then it rapidly goes bad. Is it possible that the secret of viability or 
more specifically life can exists in this equilibrium? Before answering 
the question let us see some opinions concerning life as a process.

I. B.S. Haldane was of the opinion that life is a self-reproducing 
system of chemical reactions.

According to I.D. Bernal, life is a set of self-sustaining processes 
restricted to a given space. He thought that the order and combina
tion of the processes taking place in a living being are more charac
teristic to it than any structural property of its inert substance.

J. Loeb, at the turn of the century emphasized that the only 
answer to the question of living matter is the same as that to the fol
lowing one: What determines the phenomena of automatic develop-
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ment and of reproduction? If all life phenomena are finally of chemi
cal nature, then the answer can be based within the boundaries of a 
sequence, or of several sequences, of certain chemical reactions.

G.M. Frank, half a century later, formulated this from the new 
perspective of cybernetics: “A living organism is an exceedingly 
complicated system of innumerable chemical processes directed by 
catalysts. In order that the life of each individual organism be possi
ble, this system has to be sustained by regulatory and automatic con
trol mechanisms developed quite exactly during the process of 
evolution.”

Ludwig von Bertalanffy emphasized system-theoretical aspects: A 
living organism is a hierarchical order of open systems which sustain 
themselves by the exchange of their own constituents according to 
the constitution of the systems themselves.

The author of this book some years ago stated: “ ... life must be 
considered a process. This process takes place in a special system of 
reversible reactions so that the system is thermodynamically unsta
ble and its state is sustained by the spontaneous uptake of nutrients 
and energy.”

It is a highly characteristic feature of modern biology that in trying 
to approximate the functioning of living beings from any direction, it 
always stumbles at chemistry. Nowadays it is readily accepted that 
metabolism is a chemical process. Physiology looks at its phenomena 
through chemical reactions as well. The spread of stimuli in the 
nerves turned out to rest upon chemistry, too. Genetics found in a 
chemical substance—DNA — the carrier of hereditary information. 
New heritable properties can be produced by chemical means. 
Genetic information is also expressed chemically. Different catego
ries in animal and plant taxonomy can often be established on chemi
cal differences. In this respect the progress went so far that a new 
branch of botany developed, the so-called chemotaxonomy, which 
bases systematics and evolutionary connections of the plants on 
their characteristic chemical composition. And still more surprising
ly, in recent years the ability to disclose the chemical bases of psychi
cal and cognitive activity has developed.

No wonder then, if modern biology seeks the bases of life in the 
ordered state of processes taking place in the living organism, and 
these processes being chemical processes, their system is made re
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sponsible for life. According to Hinshelwood, these processes take 
place in the cell in a coordinated manner, and autosynthetic pro
cesses play a dominating role among them.

The above opinions cannot be dealt with individually here, since 
the greater part of the present book discusses the same theme. But 
the definition of Bertalanffy should be briefly commented upon, 
since it points at a concrete system of chemical reactions, namely the 
open systems. Thus he gave a definition involving metabolism, 
sensibility, growth perhaps, and reproduction. The functioning of 
open systems depends on the rate of input, and thus it is an unam
biguous function of the environment. These kinds of changes 
indeed occur in living systems.

“The environment constantly exerts an influence which is highly 
important since life is the state of a system, constantly renewing 
itself at the expenses of the environment” (Kahane).

But other changes characterize living beings as well, events which 
were described by Erwin Bauer in the following manner: It is charac
teristic to every living being that its state suffers changes which are 
spontaneous, i.e. are not induced by external causes. These changes 
cannot be interpreted by using open systems. Similarly, open sys
tems cannot explain the stability of living beings with which they 
resist to changes of the environment.

Thus living beings are undoubtedly open systems, but this is not a 
sufficient condition in itself. More must be presumed in order to ex
plain the maintenance of interior equilibrium, an adequate interpre
tation of the spontaneous change, and of the viable state. As taught 
by Claude Bernard, the constancy of the interior milieu is the condi
tion of free and independent life, and however diverse the mecha
nisms of life, they all result in a unique aim: to maintain on a con
stant level the conditions of life in the interior milieu.

Royer-Collard summarized this teaching by saying that to live 
means to remain the same and to change at once. Similarly, Tivadar 
Huzella stated that “during the permanent renewal of its material 
constituents the living organism sustains its stability, the dynamic 
equilibrium of its mechanical structure, and the historical legacy of 
its descendence in the complex interactions of its chemical 
constitution”.
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Erwin Schrödinger in his pioneering booklet What is life? ex
plained that life is an ordered and regular behaviour of matter, based 
not only on the disposition for the transition from order to disorder 
but also partly on the preservation of the existing order.

Undoubtedly, one of the most striking properties of living beings 
is the high degree of constancy of their interior milieu. The chief 
task of sensibility, excitability, and adaptability is just to ensure the 
constancy of interior circumstances and to maintain the equilibrium 
of the most important parts and substances of the living organism. 
This makes it possible in the clinical praxis to employ certain 
“normal values” or the characterization of the physiological func
tioning of the human body. Deviations from these values hint usual
ly at some failure; they indicate that the organism is ill. Changes in 
the numerical values of a characteristic property never occur alone, 
they are always accompanied by other changes, so that positive 
changes are compensated by negative ones and, conversely, negative 
ones by positive ones. Meanwhile, within the organism the stability 
of a system which cannot exactly be defined is preserved; something 
remains constant in the organism, it does not change. It is not exactly 
known, what this unchanging part is, or where its equilibrium mani
fests itself, but numerous observations and experiences prove its ex
istence. This equilibrium of the living organism was called by 
Cannon homeostasis.

Homeostasis is a concept used more and more frequently. Its role 
ranges from medical praxis to cellular biology. But in spite of its 
great vogue and its excellent ability to characterize the equilibrium 
of living beings, homeostasis cannot be the essence of life. Obvious
ly, the equilibrium does not concern the whole of the organism, 
since there are organs, substances, and processes which can be re
moved without disrupting the equilibrium. It may be surprising that 
a large number of the unimportant processes and substances can be 
removed from the organism without the equilibrium being upset. 
The remaining parts must therefore be responsible for maintaining 
the equilibrium, and at the same time also essential for life. It may 
be imagined that for the nonliving but not dead matter, i.e. for the 
viable matter, death means the irreversible upset of the equilibrium, 
since it cannot “be brought back to life”. Could one of the criteria of 
viability therefore be the homeostasis of the organism?

31



Having accepted this notion, the differences between living 
matter, viable but nonliving matter, and dead matter can be defined. 
Indeed, living is the material system which is in homeostasis and in 
which life processes are taking place; nonliving but viable (not dead) 
is a system in which the life processes do not occur but the system is 
still in homeostasis; finally a system is dead without homeostasis. In 
homeostasis without life-phenomena are the seed, eggs, trees in 
winter, men or animals in the state of clinical death, etc. They do not 
display life-phenomena since they are not living; but they are not 
dead either, since their internal equilibrium has not been disrupted 
yet. They are in a homeostatic state and the proper influences may 
initiate life-phenomena again.

Our life-definition in connection with the concept of homeostasis, 
however, does not bring us closer to the solution, though it perhaps 
allows a more subtile grouping of phenomena. Indeed, like the con
cepts of life and viability above, now the concept of homeostasis re
mains unexplained. We cannot answer questions like: What is 
homeostasis an equilibrium of? What are the components, mem
bers, and constituents of this system of equilibrium? These ques
tions remain likewise unanswered as were questions concerning the 
essence of life. Thus we did not succeed in solving the problem via 
homeostasis. But is there any hope of solving the problem at all, if so 
many trials, specúlations, and experiments have come to no conclu
sion over the centuries?

Indeed, F.A. Lipmann for instance thought that the limits, of 
cognitive capacities make it impossible for us to penetrate into the 
problem of life... We cannot know the essence of life, which has a 
metaphysical character. Similarly, Herbert Spencer declared that pro
cesses taking place in living organisms cannot be conceived as the 
result of any activity known to us. Consequently, we are obliged to 
confess that life cannot be understood in essence by physico
chemical expressions. In a quite different sense, the great physicist 
Niels Bohr considered the existence of life as an elementary fact, 
which cannot be more deeply established and which must be made 
the starting point of biology, just like the quantum together with the 
existence of the elementary particles is the basis of nuclear physics.

Thus we did not succeed in grasping the secret of life, wherever 
we tried to find it. Whatever was the direction we started from, the
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question could at least be postponed, but never answered. We have 
seen that the generally accepted viewpoint of classical biology does 
not explain the essence of life, and among the many ideas of different 
scientists, biologists and philosophers there was none who could 
have brought us even a little closer to the concept of life. Thus it is 
rightly asked, can the question be solved at all? Can life be defined 
by scientific laws? Can the basic principle of life be described by 
physical and chemical expressions?

In spite of the negative standpoint accepted by many authorities 
we must take a positive one. The basis of our positive standpoint is 
the example of the other sciences. Every science preserves its describing 
character until the few laws forming its foundations are revealed. Until 
this time, its phenomena can be observed and described, but cannot 
be explained exactly; and their will-o’-the-wisp explanations have to 
use uncertain notions like the phlogiston or the vis vitális. A certain 
amount o f knowledge at a certain level has to be accumulated before 
basic laws and basic equations can be established, and thus the founda
tions of the scientific discipline in question can be exactly lain. Having a 
couple of basic laws, the discipline can be built up as if by itself, 
rather automatically, and phenomena previously obscure become 
clarified and finally everything becomes obvious.

Biology was for a long time a descriptive and experimental knowl
edge; though in some particular domains, for example in genetics an 
exact treatment could be established (due to the Mendelian laws) 
with respect to some phenomena, e.g. hereditary characteristics, as 
early as the last century. It has been, however, only in the past few 
decades that knowledge concerning the basic phenomena of biology 
have begun to grow exponentially, and during this short period a 
number of very important but still partial questions gained their solu
tion. Such shining results clarified the problems of the molecular 
mechanism of heredity, and the controlling mechanisms of the or
ganism, i.e. the problem of regulation. Before these particular results 
were known, biology was not at a level, where a question concerning 
the essence of life could be relevantly posed.

Now, however, we are in a different position. The basic mecha
nisms of life—at least at the most simple level of life, at the level of 
the cell—are known. The time has also arrived for biology to become 
an exact science, derivable from proper theoretical bases.
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II. The unitary theory of life

“Life as a whole, from the simplest organisms to the 
most complicated ones—man of course included—is a 
long sequence of counterbalancings with the environ
ment, a sequence which becomes eventually very com
plex. The time will come—even if it is still rather far 
away—when mathematical analysis supported by 
scientific analysis can put into majestic formulas of 
equations these counterbalancings, putting finally into 
an equation life itself ”

(Pavlov)





1. Exact sciences

What do we understand by the term “exact science”? Exact sci
ences—like mathematics, mechanics, the theory of electricity, ther
modynamics, chemistry, etc.—are characterized by the common fact 
that they all have particular model systems, i.e. systems, which repre
sent phenomena of the real world clear of disturbing factors. Exact 
sciences are thus distinguished by being capable of constructing the 
specific phenomena under investigation in a pure form. Through 
model systems the exact sciences can describe the investigated phe
nomena in qualitative and quantitative respects, and can formulate 
them in a mathematical form.

The above formula contains two points worthy of consideration. 
First, we have to emphasize that any one of the exact sciences models 
only one part of the real world and even this one only from a definite 
point o f view, independently of the other phenomena. Second, it must 
be understood that it is not the real world which the exact sciences are 
capable o f treating with an absolute exactness, but their own model sys
tems. Phenomena of the real world are only approximated by them. 
This approximation makes the model system of an exact science in
tricate, and the mathematical apparatus of the exact sciences be
comes more intricate, the more exactly the real world is intended to 
be approximated by the model system.

Some examples will make this more clear. The basis of mathemat
ics is the series of natural numbers. Something like this series does 
not exist in the real world, since it is based on the abstract idea of 
completely identical things, which is an absurd supposition in the 
real world. If we take such thing—just one —, and then again a similar 
one —again, only one—, these two give together two. Herewith
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Starts the series of natural numbers: one plus one is two. In the real 
world, however, there are no two completely identical things, hence 
the most fundamental concepts of mathematics, the unity and the 
series of natural numbers, do not exist in the real world and even 
contradict it, thus merely remaining absurd abstractions. Neverthe
less, these abstractions are very fruitful, without them the world 
could not be described quantitatively.

Geometry also is build upon no less absurd abstractions. Its basic 
concept, the geometrical point is a two-fold absurd notion: on the 
one hand it hides in itself the basic absurdity, the unity, since every 
geometrical point is a unit and as a unit identical with every other 
geometrical point. On the other hand it also includes the basic ab
surdity of geometry, namely that of being without extension; it has 
no extension but is nevertheless something. This absurdity only 
allows spatial existence and motion to be exactly described by means 
of our geometrical concept, since the possibility of error is complete
ly excluded from the explanation by the very extensionlessness of 
the point. The other fundamental concepts of geometry are no less 
absurd abstractions, either. Just think of the line which is —by defini
tion-extended only in one dimension, of the plane which is not ex
tended in more than two dimensions, or of the parallels meeting in 
infinity, etc. The infinite itself is such a useful “absurd” abstraction.

But in spite of these absurdities, or more exactly on the very basis 
of these, geometry can be treated as a model-world with an absolute 
exactness. Only in this way can the properties of a rectangle, a circle, 
an ellipse, a cube, a cone, a sphere, etc. be exactly described by 
mathematical methods.

But it should be understood that these are mere abstractions; no 
lines, no parallels, no planes, no rectangles, no cubes, no cones, no 
spheres, etc. exist in the real world. In discussing the real world by 
this model system, geometry makes conscious neglections, 
renounces of absolute exactness and approximates phenomena and 
events of the real world only as far as it is made necessary by the 
given problem. This approximation, however, is exceedingly effec
tive; it suffices to solve most of the tasks of everyday life.

The contradictions contained in mechanics are not fewer either, 
moreover, the fundamental concept of mechanics, that of the mass- 
point, is the source of further contradictions. Being a unity—which
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is in itself a contradiction—it is furthermore without extension, i.e. 
it carries the contradiction of geometry and, moreover, it has mass 
in spite of being without extension. This is a further contradiction, 
since in the real world there exists no such matter having mass with
out extension. But this contradiction is necessary for mechanics to 
represent in its model system phenomena belonging to its topic, 
with an absolute exactness, so that this exact representation should 
approximate the phenomena of the real world to a degree suitable 
for practical purposes. The approximation can be surprisingly pre
cise, perhaps best shown by the example of space technology, when 
a rocket after travelling hundreds of millions of kilometres reaches, 
its target with the precision of some hundred metres.

The theory of electricity starts from similar abstractions, since —to 
remain on the point—at the bases of the theory there are point-like 
electric charges.

It is not necessary for every exact scientific discipline to reduce its 
basic notions to such prime absurdities. Chemistry can reduce its 
basic notions to concepts readily accepted by other sciences—math
ematics, physics—and thus in its model system the absurdities only 
appear indirectly. But at the birth-time of chemistry its fundamental 
notions (element, compound, atom, molecule, valence, chemical 
bond, etc.) were abstractions, though not absurdities. Later on it ap
peared that these abstractions can be found in the phenomena of 
other sciences, therefore they appear to us as realities.

Biology is mostly a descriptive and experimental science. Exact 
theoretical biology must find its own fundamental concepts to devel
op by and has to define these with an axiomatic precision, starting 
from the axioms and building up a model system which forms a ba
sis—at least in principle—for any phenomenon occurring in the 
living world and which can be described both quantitatively and qual
itatively by mathematical methods. As a matter of fact, these re
quirements are nothing less than the birth of theoretical biology, 
waited in vain by the science of life for so many decades.

Undoubtedly, over the decades books with the proud title “theo
retical biology” have appeared and there exists a much appreciated 
international review for theoretical biology. However, in the proper 
sense of the phrase we cannot yet speak of the birth of theoretical 
biology. Disciplines bearing this name are the application of results
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obtained from already exact sciences —mostly from mathematics, 
physics and cybernetics—to biology with the aim of describing the 
phenomena, as far as possible, quantitatively. This is, however, far 
from being an autochton theoretical biology.

Theoretical biology in the proper sense must be based on a model 
system built upon abstract models of the most simple systems of life. 
From this model system, models of more complex biological phe
nomena must be deducible by means of pure logic, and they must 
be expressible by mathematical formulas.

Fundamental models of this kind have as yet only been developed 
in biology for partial problems. Thus for instance for immune reac
tions and for enzyme —substrate specificity a simple key-lock model 
served quite well for a long time though it could never be mathema- 
tized and later on it turned out to be greatly simplified and mistaken. 
Far more fruitful was the DNA-model of James Watson and Francis 
Crick; a whole new discipline—molecular biology —was generated 
by it, building a marvellously successful abstract model upon the 
basic unit of genetics, the gene. By this abstract model storage and 
transfer of hereditary properties became logically interpretable. 
Moreover, upon the Watson—Crick DNA-model another, equally 
useful one could be built, namely the Lwoff—Jacob—Monod-model 
of genetic regulations. These two models changed in less than a 
decade the fundamental view of biology. The new discipline, 
molecular biology, opened entirely unsuspected perspectives in the 
research of life.

The DNA-model and the model of cellular regulations are, how
ever, quite unable to express quantitative properties adequately. 
Apart from their particularity, it is mainly for this failure that theo
retical biology needs some other model system, suitable to represent 
qualitative and quantitative aspects of phenomena alike. It seems 
that the theory to be introduced below —the chemoton theory —suc
ceeds in this task.

As every exact model system, chemoton theory has its scope of 
applicability: it is restricted to the level of biological individuals. Life 
is structured according to an organizational hierarchy. Living beings 
as living entities can be prokaryotes, eukaryotes, and multicellular 
organisms. Chemoton theory tries to treat these individual units 
theoretically, mainly on a prokaryote-level. It does not pretend, how
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ever, to deal with phenomena ruled by statistical laws. Thus when in
vestigating problems of population genetics or in describing phe
nomena of biocenoses principally different methods have to be ap
plied. Notable results have been recently obtained in these domains, 
and through theoretical biology fruitful mathematical models were 
formed. The present book does not deal with these; our investiga
tions are concerned with the laws governing the function of individu
al organisms; these laws will be presented here on the basis of the 
chemoton theory along with some results derived from it over the 
years.

Thus in the following we shall introduce the chemoton theory in. 
its present, more or less developed form. It must be emphasized, 
however, that we cannot speak of a complete and finished state of the 
theory. The variability of life is truly inexhaustible; to survey the 
whole, to take into account every phenomenon; to formulate the ap
propriate definitions so that they could never contradict any biologi
cal phenomenon and at the same time be relevant for the whole of 
life: this is a task which cannot be fulfilled in one step or in a few 
steps; this aim can only be approached through continuous polishing 
and correction. Thus it seems probable that the present formulations 
will be further polished in the future, though perhaps will not 
change basically.
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2. The units of life

Every exact science has for its proper basis some “units” . By unit 
we understand here not the metric system’s units of any discipline, 
but those final and most simple entities which still carry in them
selves the characteristic properties investigated by the discipline in 
question. In this sense, for example, the unit of geometry is not the 
meter or one gram the unit of mechanics, but the point and mass 
point respectively. But let us see this more minutely, this time by the 
example of chemistry.

If we halve a glass of water, both parts show the properties of 
water. By continuing the halvings and preparing a quarter, an eighth, 
a sixteenth, a thirty-second, etc. part of the glass of water, the parts 
thus obtained shów always the properties of water. But this halving 
cannot be continued infinitely. We reach a certain minimal unit 
which still has the general properties of water, but these properties 
are lost by halving the minimal unit and the resulting parts do not 
show the characteristic properties of water any more. So chemistry 
finally arrived at the idea of the molecule and found its real domain: 
the investigation of qualitative and quantitative properties appearing 
if a molecule is produced from other smaller parts or, conversely, 
disappearing if a molecule disintegrates into such parts. Therefore 
the molecule is a final theoretical unit of chemistry in the sense of a 
principle.

For a similar example crystallography can be considered. The crys
tals of common salt, for example, exhibit characteristic symmetries; 
the angles between their lateral faces and between their edges are 
constant; and though their optical properties depend on direction, 
they are the same from the same direction in every sodium chloride
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crystal. If a sodium chloride crystal is broken into pieces, every one 
of the little crystals thus obtained exhibits the characteristic crystal
lographic properties. The shuttering, however, cannot be continued 
infinitely, we arrive—though never in a practical disrupting—at a 
minimal piece of crystal which still shows all the characteristic prop
erties of common salt, which, however, disappear if this smallest 
piece, the so-called elementary cell, is further disrupted. Those ele
mentary cells are the basic units of crystallography.

What are, however, the basic units of biology? The answer seems 
to be quite simple: the minimal units which are still living, but 
which, if disintegrated, lose the properties characteristic of life. This 
simple principle, if applied to the practical questions of the living 
world, leads to a lot of contradictions. Thus, for instance, if we cut 
the throat of a chicken, the bird ceases to live. During the Middle 
Ages beheading was a very common punishment. Herewith the con
vict ceased to live. From this it follows that the chicken or the man 
would be the last units of life. If, however, only a foot or a wing of 
the chicken is cut off, or a foot or a hand of the man lost in some acci
dent, they do not consequently lose herewith the properties charac
teristic to life, they do not cease to live.

Contradictions of the opposite nature may also occur. It was men
tioned at the beginning of the present book that earthworms and 
fresh-water polyps cut into pieces “regenerate” themselves: every 
piece grows into a full animal. Then we did not put the question: is 
half of an earthworm also alive? Does a tenth of a polyp live, too? Or 
think of the example of Albert Szent-Györgyi: the heart taken out 
from a frog beats and functions for many more hours, although a so
lution of an appropriate composition must continuously flow 
through it. Does the heart prepared from the frog live? Our common 
sense suggests that it does; it is just in this sense called “surviving”. 
But if this heart lives, what is then really living: the frog or the indi
vidual parts of it? And if we cut into pieces the frog heart, the pieces 
of muscle still further, they function, they therefore live.

In virus research and in vaccine production an indispensable tool 
has been developed: tissue culture. Tissue cultures are obtained by 
growing pieces cut from an animal or a plant on an artificial nutrient 
solution. In this culture the individual cells of the tissue nourish, 
function, and multiply further. Tissue cultures can be prepared from
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tissue pieces cut from the animal after its death, and cells thus ob
tained may be maintained and propagated further for a long time. 
Now what is then living: the animal, its tissues, or its cells?

The criterion of human life for millennia was thought to be the 
heartbeat. Until the heart stopped beating, the person was consid
ered to be living; when the heart ceased to beat, he died. Thus the 
functioning of the heart was not a criterion of life itself, but of 
human life in particular. But heart transplantations recently becom
ing a usual occurrence, completely destroyed this view. The heart of 
a living man is taken out during the operation and is exchanged for 
the “living” heart of a dead man—and the patient continues living.

But how could an assassin defend himself before a tribunal by 
reasoning that he did not deprive of “ life” his victim, since his or 
her cells can be made to survive in a tissue culture? Or how could he 
pretend that his victim is “living”, since the victim’s heart or kidney 
was transplanted and is continuing to live in someone else? And 
what if “cloning” is successfully achieved in man just like as it is now 
possible in plants?

Obviously, our point of view fails somewhere. We have lost the 
limits of life. A hundred years ago these ideas were uniform: the lion 
died if shot, the tree perished if it withered. Nowadays, however, 
when viruses are crystallized and even synthesized; when cells 
separated from dead organisms are maintained for decades in tissue 
cultures; when a complete organism can be conjured up from a 
single somatic cell; when man’s “life-giving” organ can be taken out 
and exchanged by the “ living” organ of a dead man —nowadays the 
concept of the “living” clearly needs further investigation.

In order to define exactly the ultimate living units —the funda
mental units of biology —we need to clarify some further concepts. 
These will be introduced in the next two chapters. Only then can we 
give the exact definition of a living system. Meanwhile in the first ap
proach we confine ourselves to the units of life and do not strive to 
be completely exact.

Let us start from the contradiction that after the death of a multi
cellular organism its parts can behave as living. Thus for instance a 
frog is living whilst it displays the properties characteristic of life: nu
trition, movement, respiration, sensitivity. But all of these phe
nomena can obviously be abolished by destroying the spinal cord of
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the frog. This procedure therefore abolishes the functioning of a cer
tain living unit.

But let us transplant cells from the frog’s intestinal mucosa into a 
tissue culture. Given the proper circumstances intestinal cells will 
continue to metabolize, they retain their sensitivity, and can also 
multiply. Having put an end to the functioning of a certain living 
system, i.e. having transformed a living unit into a nonliving one, 
we encounter many new living units at this lower level of organiza
tion, namely at the level of the cells.

These cells display under a light microscope a rather complicated 
structure and contain particles scarcely visible, e.g. mitochondria 
with a further inner organization visible under electron microscope 
only. The mitochondria multiply within the cell independently of the 
reproduction of the cell and have a considerable genetic 
self-determination.

If the cells are mechanically disrupted, if they are killed, they 
cease to be living units. But if the mitochondria of these disrupted 
cells are collected by a suitable method and are put in an appropriate 
environment, independently of the cell, they continue to function in 
themselves, performing metabolic activity and oxidative processes; 
the same processes which were their basic tasks within the cells.

Do these isolated mitochondria live? The question is not easy to 
answer. Nobody has yet succeeded to propagate isolated mitochon
dria. But chloroplasts, the organelles performing photosynthesis in 
vegetal cells, have already been brought to division extracellularly in 
a suitable medium, if only once.

In conclusion, life therefore has units on three distinct levels of 
organization: on the level of certain cell organelles, on the level of 
cells, and on the level of multicellular organisms built up from cells. 
All three levels have their own distinct life and the ceasing of life on one 
of the three levels does not abolish directly the life o f the units of the other 
two levels.

Our reasoning progressed on this hierarchy of levels from the 
more composite to the more simple; but it will also be useful to 
follow the converse.

The universe of unicellulars used to be classified as two great 
groups called “prokaryotes” and “eukaryotes” , the former not 
having such a well-structured and separated nucleus as the latter.
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The prokaryotes comprise the simplest—and supposedly most an
cient-living beings: bacteria and cocci, blue algae and spirochetes. 
Prokaryotes have neither mitochondria nor chloroplasts.

Nowadays it is accepted that thousands of millions of years ago, 
some amoeba-like ancestral cells, only capable of fermenting readily 
available organic material, swallowed oxygen-breathing prokaryotic 
cells, which retained their relative integrity and self-sufficiency 
within the swallowing cell and changed into mitochondria. In this 
way animal cells could also have originated. Similarly, if fermenting 
ancestral cells swallowed beside the oxygen-breathing prokary
otes—the later mitochondria—some photosynthesizing blue-green 
algae as the primeval chloroplasts, plant cells have been formed. 
Even spirochetes have their role in this endosymbiotic theory: they 
could have contributed with their motility system to the origin of 
complete unicellular organisms moving with flagellae and ciliae. 
They may furthermore have facilitated with the same motility 
system in mitochondria-containing prokaryotes the formation of a 
real nucleus in which the genetic material is arranged in chromo
somes and performs complex movements, during cell division 
(Fig. 1).

amoeba-like blue-green aerobic 
ancestral cell alga bacterium Spirochaeta

Fig. 1. According to our present knowledge more complex cells (vegetal and animal 
cells, ciliata) originated from the symbiosis of simpler cells without nucleus, the so-

called prokaryotic cells

As far as the endosymbiotic theory extends, eukaryotic cells 
themselves are also composite living organisms, forming by the 
cooperation of several organisms a single system living on a higher
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level, so that the lower level systems retain their own life within the 
higher unit. It is worth mentioning that it is not difficult to find 
recent examples of a similar symbiosis. Unicellular organisms often 
swallow algae so that the latter are not digested but remain living 
within the cell, functioning and multiplying, and if the “host” cell 
divides, their number is statistically halved between the two descen
dant cells. Similarly, organisms which were formerly thought to be 
self-contained photosynthesizing beings, turned out to stop pho- 
tosynthesizing if cultured in the dark; after a number of divisions the 
descendants do not contain chloroplasts at all, thus are unable to 
photosynthesize. However, they are still capable of living and multi
plying in the presence of nutrients.

In looking for the ultimate elementary units of biology — ultimate 
units like point in geometry, mass point in mechanics, elementary 
charge in the theory of electricity, and molecule in chemistry —we 
clearly cannot remain on the organizational level of the multicellu- 
lars, nor even on that of the eukaryotic cells. The basic units of theo
retical biology are to be sought somewhere on the organization level 
of prokaryotes.

Prokaryotes are, however, themselves still rather complicated sys- 
temsy though they are not separable into further living parts. The 
prokaryotes Known to us are not identical to the simplest primeval 
living systems; they are the product of an evolution to be measured 
in thousands of millions of years. First of all, it is well known that the 
inner processes of the prokaryotes are regulated and controlled by 
highly complex regulating systems on several levels. It is enough to 
think about the results of molecular biology: The synthesis of DNA, 
the transcription of genetic information to RNA, the mechanism of 
protein synthesis, and the determination of the amino acid sequence 
have been all studied on bacteria, i.e. on prokaryotes, and the bulk 
of our knowledge is even today restricted mostly to prokaryotes.

But how extremely complex enzymatic mechanisms control and 
regulate the functioning even of these most simple living organisms! 
Molecular biology looks for the presence or absence of enzymes 
behind the individual properties, and if an erizyme belonging to a 
certain biochemical process is not present in the cell, the process in 
question cannot occur. At the present level of the living world this 
view is obviously correct.
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But chemistry —seemingly—contradicts this view. Enzymes, as 
we know, are catalysts. According to chemistry, catalysts accelerate 
only chemical processes that naturally occur, though far more 
slowly. The two views, however, many be considered consistent. 
Namely enzymes can increase the rate of chemical reactions ten- 
hundred million times, and a process within the cell running ten mil
lion times slower in want of an enzyme, from a biological point of 
view, can clearly be considered as not occurring at all.

In the living organism, in the cell, even in the most simple pro
karyotic cell a lot of chemical reactions run simultaneously. A given 
chemical substance is not restricted to a single chemical reaction, the 
different chemical reactions are connected and form a complicated 
unified reaction network. For a biologist, this network is determined 
by the enzymes present in it. For a chemist, the basic properties of 
the network are formed by the transformations of the participating 
chemical compounds, the enzymes present in the cell merely deter
mine the end result.

Thus the role of the intricate enzyme systems of the cell is only to 
control and regulate; they regulate by increasing or decreasing the 
rate of partial functions in a complex system which carries funda
mentally characteristic properties. Hence the basic characteristics of 
living systems are not determined by the enzymes; these merely 
speed up or slow down events, which carry the possibility of their oc
currence hidden in the properties of the regulated system.

In looking for the ultimate elementary units o f biology, we must not be 
led astray by the efficiency of the regulations carried out in them. The 
really ultimate, basic units of biology are not to be looked for in the 
enzymatic regulations, but in the system regulated by the enzymes.
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3. Sets and systems

Language with its subtle devices is often capable of exquisitely dif
ferentiating the phenomena of the surrounding world. Science with 
its exact methods reaches into categories attempting to define the 
endless diversity of the world. However, in order to name these 
categories, science has to use words from the common language, 
defining their meaning accurately though sometimes rather 
arbitrarily.

Scientific and everyday interpretations usually do not coincide. 
Scientific interpretation is an artificial one, while the common 
linguistic interpretation is the result of a long polishing from many 
centuries of use and thus the latter reflects often more exactly and 
more subtly the real situation. This holds for the expressions “set” 
and “system”, too.

The word “set” in the usage of our language refers to a disordered 
manifold, to some group of things. If we speak about a set of bricks, 
we do not think that it would be ordered in any way. On the other 
hand, the word “system” suggests somehow the notion of order and 
regularity. Quite differently in the scientific practice. In set theory, a 
rather new branch of mathematics, any manifold of things (ele
ments) are considered “sets”, independently of the orderedness or 
disorderedness within the manifold. Similarly, in thermodynamics, 
a highly important discipline of physics, every part of the world limit
ed by real or imaginary walls is considered as a “system”, again inde
pendently of the fact that within the walls rules order or disorder.

Cybernetics and system theory are two among several disciplines 
developed in the last decades. Cybernetics deals with functioning dy
namical systems, system theory with every kind of system. But both
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of them deal only with systems within which some kind of order 
rules, i.e. the individual parts of the system —its so-called ele
ments—are in a well-defined organizational relation. The system 
concept of cybernetics and system theory thus contradicts that of 
thermodynamics.

In different books on system theory and cybernetics we can find 
several definitions for “systems”, but all these are coined from 
some special viewpoint and, not infrequently, do contradict each 
other. In biology order is of fundamental importance. It is not by 
chance that one of the founders of system theory, Ludwig von Berta- 
lanffy was a biologist: he investigated the organizational laws of 
living systems and meanwhile struck upon quite general relations of 
organization, which are not only valid for living beings but also for 
everything having a genuine internal order and organization.

In looking for the basic laws of living systems, we have first to 
agree about the interpretation of the basic terms of these systems. 
Notably these terms are not used in the same sense by the different 
scientific disciplines. For biological purposes all these concepts are 
formulated anew, independently of their interpretations in other dis
ciplines. It seems, however, that the following formulations regard
ing systems preserve their validity also in other, non-living domains 
of nature.

First of all we have to define the word “set”. By it we understand 
a great number of things (elements) independently of their being in 
ordered or disordered state. Thus sets are conveniently divided into 
two great groups from the beginning: that of the disordered and that 
of the ordered sets or systems. Disordered sets will not be dealt with 
in the following. Some systems are ruled by a geometric order; e.g. a 
pile of bricks or a military marching column. In other systems order 
is not so obvious, but it can still be immediately seen that its parts 
belong to each other in a definite connection and not completely ran
domly, as for example in a machine or a radio. Still other kinds of 
systems have connections which can only be recognized in their 
functioning, over a period of time. A photograph of the solar system 
reveals a disordered set of celestial bodies, a photograph of a beehive 
or an ant-hill displays a confused mass of bees or ants. But if these 
sets are observed in the function of time, in their functioning, then
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their organization, their property of being a system becomes 
obvious.

The systems of the first group can be called “geometrical”, since 
they differ from a disordered set by the geometrical symmetries ap
pearing in them. But these do not interest us further. The two other 
groups form dynamical, functioning systems that display qualitative
ly new operational properties whilst functioning. These properties, 
however, depend on the inner organization and will disappear when 
it is lacking. Therefore these are dynamical systems. In one of these 
two groups of dynamical systems ordered functioning is guaranteed 
by a geometrical structure (but not symmetry!) of fixed materials; in 
the other group the elements of a system are not connected by a geo
metrical structure of fixed materials, the interactions of the elements 
occur through the space and thus these systems are modifiable and 
soft in their geometrical structure. The first may be called hard sys
tems, the latter soft systems.

The ant-hill (or more exactly not the “hill” as a building but the 
community of ants) is a dynamical soft system, since regulation and 
control of its operation occurs “through the space” by interactions 
between its elements, the ants. These interactions—produced by 
pheromones (certain smelling materials) and other individual con
tacts (e.g. the signs of the feelers) — guarantee the functioning of the 
system and not some solid geometrical structure of parts and 
connections.

But the elements of the ant-hill, the individual ants themselves, 
are systems on the next lower level of organizational hierarchy, and 
dynamical ones at that. But are they soft systems as well? They have 
a chitin cover of a definite and characteristic geometrical form, the 
parts of their bodies are integrated by “constituents” and “connec
tions” which regulate and control the movements and actions of the 
ants. But this is only a part of the picture. Their actions and their de
velopment are also regulated by certain hormones, which act at a dis
tance, “ through the space” whilst their life-functions are also con
trolled by the soft processes of their metabolism. Moreover, during 
pupa formation the geometrical structure of the larvae is dissolved, 
and a new structure is formed so that the life of the individual ant re
mains intact. The life of the ant-individual certainly depends on its 
inner organization, but not so much on the geometrical as on the
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“soft” structure of this organization. Similarly, the caterpillar and 
the beautiful butterfly developing from it have not the geometrical 
but the hidden “soft” organization in common! (Fig. 2). Organisms 
are fundamentally soft systems; molluscs like medusae and octo
puses as well as the hardest trees like oaks and nuts.

F ig. 2 . Not the geometric structure, but the hidden “soft” organization is a common 
property of the caterpillar, and the beautiful butterfly developed from it

Ants belong to the metazoa. Cells form the elements of their sys
tems, while on the next lower level of organizational hierarchy cells 
themselves are systems; dynamical, soft systems. Cells are living sys
tems; each cell has a distinct self-reliant life, the function of which, 
however, is subordinated to the functioning of the ant as a system on 
the next higher level, as the activity of the ant depends on the “life” 
of the ant-hill.

The ant is living, the cells are living, too. The ant-hill can be 
demolished so that the individual ants remain living, individual ants 
can be destroyed so that the ant-hill remains alive. Similarly, if the 
ant is killed, its cells may remain living and, conversely, individual 
cells can be destroyed so that the ant remains alive. Thus the life of 
the ant is not identical with the life of its cells or with the “life” of 
the ant-hill. Each one of these systems lives on a different level of or
ganization. A million ants are not an ant-hill, nor do a thousand mil
lion ant-cells in themselves form an ant. The ant as an ant is only 
determined by its inner organization, the soft organization connect
ing the functioning of the ceils. Similarly, the ant-hill as an ant-hill, 
i.e. a “ living”dynamical system is made by the soft organization con
necting the activities —i.e. the functioning —of the individual ants.
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Now what makes the cell living? The soft organization of its inner 
events and occurrences. I f  we are looking for the fundamental laws, for 
the principle of life, we have thus to establish the connections of this soft 
organization.

It was mentioned above that an ordered pile of bricks is a system. 
If this is halved so that the order of the bricks is not disturbed, both 
of the resulting two halves remain systems; their quantitative proper
ties change, but the qualitative properties of the original and the re
sulting systems are the same. A crystal of rock-salt shattered by a 
hammer falls into many small pieces, but the small crystals have the 
same' qualitative properties as the original rock-salt crystal: symme
tries, angles between faces and edges, optical properties, etc., are all 
identical. Similarly, the railway net of a continent is a system. If a 
war breaks out on the continent, this system will fall into two or 
more parts, into two or more independent smaller systems. But 
every subsystem continues function, every one displays the qualita
tive properties of the railway.

The radio is a system, too. But if a radio is cut into two or more 
parts, its qualitative properties inevitably change: we cannot halve a 
radio so that both parts can remain radios. Similarly, a motor car is a 
system, but a motor car cannot be halved so that both parts remain 
motor cars. Also the ant is a system, and neither can the ant be 
halved so that both parts remain living ants.

The first kind of systems may be called divisible systems, the 
second unitary systems. Living systems are obviously unitary systems. 
Divisible systems are mostly composed of more, sometimes very 
many, unitary systems which can be connected in a complicated 
manner; they can be merged into or be covered by each other.

The basic laws of life are to be searched in the organizational mode of 
the simplest biological unitary systems, i.e. at the level o f prokaryotes, the 
simplest cells without nuclei, mitochondria, chloroplasts, and flagella. 
However, even the term of the unitary system is not clear enough to 
sustain the fundamental principle of life. This can be seen from the 
following example:

The box of a radio can be removed without any effect upon its 
sound and, similarly, many parts of it can be removed without any 
change of its fundamental qualitative properties. Lamps, body, and 
many pieces of a motor car can be removed and it still remains a car.
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So these systems have parts which can be removed without influenc
ing the fundamental qualitative properties of the systems. But it is 
not possible to remove a single atom from an acetic acid molecule so 
that it preserves the properties of acetic acid. If we substitute an 
oxygen atom to two hydrogens in it, we get an ethanol molecule with 
entirely new qualitative properties, and if we take away from this a 
hydrogen atom we arrive at acetaldehyde, having again quite new 
qualitative properties.

This is why molecules were called in the previous chapter the 
final, elementary units of chemistry. Similarly, the final elementary 
units of crystallography were the elementary cells consisting of some 
atoms, ions or molecules, according to the three types of crystal. No 
atom, ion or molecule, i.e. no building element can be removed 
from these elementary cells without abolishing the characteristic 
crystallographic properties. In these systems there is nothing super
fluous: they are built of the minimal number of elements, i.e. subsys
tems necessary to the appearance of the given qualitative properties. 
These modules therefore shall be called minimal systems.

New qualitative properties are the result of the organization of minimal 
systems!

In Chapter 1 we have seen that the exact sciences are built upon 
the final elementary units of their own domain or, more exactly, 
upon the abstract theoretical models of these units. Now we can 
make this formulation more exact by stating that exact sciences are 
based upon abstract models of their own minimal systems. And now it is 
clear, why: the qualitative properties characteristic for the discipline 
in question appear first in these minimal systems. Thus the atom 
(hydrogen atom) displays the basic qualitative properties of nuclear 
physics, the molecule those of chemistry, the elementary cell those 
of crystallography. The new qualitative properties can be understood 
most readily in these minimal systems, where they can be dealt with 
most exactly, and the models of these minimal systems can be formulat
ed with absolute mathematical precisity. The minimal system of the 
generator is a loop of wire rotating in a magnetic field, that of the 
radio a “detector” radio consisting of a valve, a coil, a condenser, 
and a receiver.

The principle of minimal systems is in a sense independent of 
their actual existence. The molecule as a minimal system of chemis
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try is actually existing and stable, the wire-loop rotating in a magnetic 
field serves for sake of teaching only, the elementary cell of crystal
lography does not exist in itself, being unstable and only made stable 
by millions of similar cells within the crystal. The appearance of new 
qualitative properties is still bound to these minimal systems independently 
of their actual existence, and the scientific treatment of properties 
depends on the models of the minimal systems and on the exact descrip
tion of their quantitative relations.

Organisms, as it was mentioned, are unitary systems. But there is 
not a single living system in the present living world which is a mini
mal system! Just think, how many things can be removed from a, 
man without robbing him of his life or of his manhood! Mutagenic 
effects may modify or abolish many a properties of cells without kill
ing them. Present-day living systems have a lot of accessory pieces, 
properties, and capabilities which are not obligatory to life itself, but 
are only necessary to a life differentiated, qualificated and refined 
within the community of the living world, in the given environmen
tal conditions, by the present state of evolution.

But in looking at the basic principle of life we have to consider the sim
plest living system, a minimal system already displaying the properties 
characteristic of life as “life” and of which nothing can be taken away 
without the loss o f these properties. This minimal system will be the ulti
mate elementary unit o f life, this may be the fundamental term of an 
exact theoretical biology. In the following, we shall consider this final 
elementary unit of biology, this minimal system and the laws govern
ing its functioning, and we shall try to deduce from these minimal 
systems the phenomena of the living world. These final elementary 
units will be called chemotons, and we shall see why later on. First, how
ever, we have to cast at least a bird’s-eye view on the general proper
ties and governing laws of dynamical systems.



4. Function and stability

Our language divides changes into two groups, those of occur
rences and those of functions. An occurrence is a change which 
occurs once: e.g. a material system passes from one state into anoth
er. On the other hand, function means a permanent and halting 
change; it means the capability of a material system to suffer perma
nent changes so that it actually remains unchanged. Is this a 
contradiction? ,

• An explosion in a quarry is a single process which cannot be 
repeated in the same manner: the explosion occurred. If the gas in
jected into the cylinder of an internal-combustion engine is ignited, 
here, too, occurs an explosion, but this process can be repeated 
many times, the explosion can be performed in the same manner 
and with the same consequences millions and millions of times 
anew. The internal-combustion engine functions.

In both cases chemical energy is released; and the released 
energy, or at least a considerable part of it is used to perform work. 
In the former case the work performance is momentary, in the 
second continuous. Continuous work performance can only be achieved 
by means of adequate work-performing systems, characterized by 
changes occurring through a series of constrained motions, so that mean
while the inner organizational characteristics of the systems remain 
unchanged.

Continuous work-performance has therefore two conditions: one 
is the released energy changeable into work, the other is the system 
doing the work-performance. Let us consider first the energetic con
ditions of work-performance.
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Our view—and usually the view of physicists —is ruled by the me
chanical concept of work, according to which work is equal to the 
product of the force and the displacement occurring in the line of its 
action. So if no force is applied, no work-performance occurs. Neith
er is there any work performance, if there is no displacement in the 
direction of the acting force. Here, however, we stumble already 
upon a contradiction. Let this be illuminated by an example.

Suppose that during the building of an iron bridge some structural 
iron element must be held for a quarter of an hour at a height of two 
metres in order to perform the necessary mountings, the fitting in 
and tightening of screws, etc. The task can in principle be solved in. 
several ways. Let us see some of them. We have to emphasize that 
the raising of the structure to the given height necessitates the in
vestment of work, but its maintenance at this height can be solved 
with or without work-performance (Fig. 3).

Let the first solution be the building of a provisional scaffolding, 
which supports the heavy structural iron element during the assem
bling. In this case the holding of the latter at two metres does not re
quire work, since the force of gravity acting upon the iron structure 
is compensated by a force of the same magnitude but of contrary di
rection produced by the mechanical strength of the timbering. In 
this case we are dealing with a mechanical equilibrium.

For the second solution we do not use any timbering; the iron 
structure is held in its place by a sufficient number of workers for a 
quarter of an hour. According to the physicist there is now no work- 
performance, since there is no displacement. The building workers, 
however, will think they were performing a hard physical work; and 
biological tests indeed show that in their bodies the same phenomena 
can be registered as by physical work performed in the “mechanical 
sense”.

In the third solution the structure is fastened to a balloon filled 
with a gas lighter than air. Aside from smaller operations necessary 
for maneuvering it, no work-performance is now necessary for hold
ing the iron structure, since the gravitational force acting upon it is 
compensated by the buoyancy of the balloon.

Let us now in the fourth solution replace the balloon by a helicop
ter. Here the helicopter clearly has to perform more work during the 
holding of the iron structure in the air: this surplus work appears in.
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Fig. 3 . Four ways to hold a heavy iron structure. In the first and the third there is no 
work-performance, In the fourth case permanent mechanical work is required. But in 
the second case? From the perspective of the physicist, there is no work- 
performance, but the workers holding the iron structure would scarcely believe him.

Rightly
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the greater fuel-consumption, the surplus mechanical work per
formed can be calculated from the growth of the amount of the 
moved air, etc. Thus in this case mechanical work is obviously re
quired to hold the iron structure at the given height.

To maintain the same state—an iron structure at two metres’ 
height —requires thus in the first and third case no kind of work- 
performance, in the second case though no physical work- 
performance is required, some kind of “biological” work is neces
sary, in the fourth case, however, a permanent mechanical work- 
performance is required.

In order to solve the paradox, we have to remember some basic 
theorems of physics. The first of these is that every material set or 
system spontaneously strives to reach a state of equilibrium. Many 
kinds of equilibrium states are, however, possible: an object in me
chanical equilibrium does not involve thermic equilibrium, and a 
chemical equilibrium does not involve magnetic or electric equilibri
um, etc. In our above example we had to deal with a mechanical 
equilibrium, the condition of which is that the vectorial sum of the 
mechanical forces acting upon the object must be equal to zero. In 
the first and third cases this is given as a matter of course: in the first 
example the gravitational force acting upon the object is compensat
ed by the forces developed by the deformations caused in the timber
ing; in the third example it is compensated by the buoyancy force 
caused by the difference in specific weights, thus the conditions of 
the mechanical equilibrium are given by definition.

In the second and fourth example, however, a static mechanical 
equilibrium like this cannot occur because of the lack of a com
pensating static force. In these two cases the system thus cannot be 
brought to a state of equilibrium mechanically. Since, as mentioned, 
every material set or system strives to reach a state of equilibrium, in 
a state far from equilibrium any material set or system can only be main
tained by some permanent energy investment, i.e. by permanent work- 
performance. This continuous work-performance in the case of the 
helicopter appeared as mechanical work. But when the iron structure 
was held by workers, the work-performance was chemical, not 
mechanical.

The mechanical definition of work is not sufficient to completely 
understand chemical work-performance. According to the definition

61



of work in thermodynamics

-AU = -  (Q + L)

where AU is the change in the internal energy content of the (ther
modynamically defined) system, Q is the heat produced, L is the 
work performed. (The negative sign refers to the fact that the system 
loses from its internal energy content by giving off heat and doing 
work.) Thus in this definition work is connected to energy change 
and heat produced rather than to displacement and force.

Work-performance always occurs through some work-performing 
system, which —theoretically —directs the released energy on a con
strained path and does not allow it to turn entirely into heat. Thus 
for instance the energy released in the burning of a benzine-lamp 
turns almost entirely into heat, but in an internal-combustion 
engine a considerable part of it is transformed into mechanical 
energy.

Chemical energy is transformed by man with his machines mostly 
into mechanical energy, and the useful work is performed by some 
mechanical means. In accumulators and batteries chemical energy is 
directly transformed into electric energy. In the chemical industry 
and in chemical laboratories chemical energy is often transformed 
into chemical energy, i.e. the decomposition of one compound is 
directly used to synthesize another compound. This, too, is work- 
performance, chemical work-performance.

The fundamental form of work in living organisms is chemical work- 
performance. The cells “break down” the nutrients, i.e. transform 
them into compounds of smaller internal energy. The energy so re
leased, inevitable heat-losses excepted, is used to synthesize their 
own constituents, thus ensuring their continuous growth and repro
duction. There are cells which besides doing chemical work can use 
chemical energy to perform mechanical or electrical work, or to emit 
light. Thus in our example, when the workers held the iron structure 
motionless, work was done, since for the balancing of the gravita
tional force they had to strain their muscles at the price of a perma
nent chemical work-performance.

We have mentioned that continuous work-performance can only 
be done by means of a work-performing system, which changes
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during work so that it finally remains unchanged. In an internal- 
combustion engine the explosion removes the piston from its place, 
but the engine is so constructed that the displacement occurs on a 
constrained path and after work-performance the piston returns to 
its starting position. The windmill (Fig. 4), the water-turbine, the 
electromotor, the turning-lathe and the planer, etc. all move on con
strained paths and their continuous function can be broken down 
into a chain of subsequent work-performing cycles. In mechanical 
work-performing constructions this cyclicity, this periodicity can be 
seen directly. The continuous work-performing capability of non
mechanical work-performing systems also depends on cyclic pro
cesses or—as they are often called for sake of simplicity—cycles. A 
well-known non-mechanical work-performing system is for example 
the refrigerator, where a cooling gas in a work-performing system 
passes through subsequent cycles of different states of pressure and 
temperature.

Fig. 4. The windmill is permanently changing during performing work, but finally it 
still remains unchanged

Living systems are dynamical functioning systems, life itself is the con
tinuous, organized functioning of the system, which can only be main
tained at the price of permanent work-performance. Thus living organ
isms are never in equilibrium; the living state is characterized by the 
very capability of living organisms to maintain themselves per
manently far from equilibrium, of course at the price of a continuous 
expenditure of energy. And here we have again a paradox, due to the 
generally accepted usage of words.
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In the everyday usage equilibrium and stability are identical or 
nearly identical concepts, in the sense that the properties of a set or 
system do not change with time in a state either of equilibrium or of 
stability (or at most they fluctuate about the equilibrium/stability 
state). In thermodynamics, however, the concept of equilibrium was 
restricted to the stable state of closed systems. From this it follows 
that living systems cannot be in a state of equilibrium as they are 
open systems through which a stream of material flows in the course 
of their metabolism, this being one of the fundamental 
life-phenomena.

Later on it turned out that open systems can also have (stable) 
states in which the properties of the set or system do not change with 
time, namely if the quantities of the material coming in and going 
out in unit time are the same. This state is said to be a stationary or a 
steady state. The theoretical bases of the stability of stationary states 
were laid down in irreversible thermodynamics, at the time when 
Bertalanffy’s organism-concept was becoming widely used. Berta- 
lanffy also considered the stationary state as the basis of the stability 
of living beings, and since then this opinion has become widely 
popular. Moreover, the stationary state is sometimes considered 
identical with homeostasis.

Inadvertently, of course. The stationary state is, by definition, a 
state of open systems with an equal rate of incoming and outgoing of 
matter. Living systems, however, are fundamentally growing (accu
mulating) systems, taking up more matter than that going out. A 
growing system cannot be in a stationary state, hence attempts to 
reduce the stability of living systems to the irreversible ther
modynamics of open systems in steady state are ab ovo doomed to 
failure.

Obviously, stability is not merely a mechanical or a thermody
namical problem. It is a basic problem of almost every system, from 
natural material systems through man-made contrivances to eco
nomical and political systems. Understandably, the question of sta
bility appears nowadays in the most diverse disciplines; thus stability 
tests are applied to economic systems, stability criteria are used in 
control- and automata theory, "eybernetical” stability criteria were 
developed by Ashby, who even constructed a “cybernetic homeo- 
staf’.tWhich—contrary to the common belief—does not produce
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homeostasis, since homeostasis is the “equilibrium” state of accu
mulating systems, while the Ashby-homeostat is not an accumulat
ing system.)

Stability criteria were of course formulated by abstract mathemati
cal methods, too. This was already done at the end of the last century 
by the Russian mathematician Lyapunov. Mathematical stability in
vestigations to this day are mostly based on Lyapunov’s work: the so- 
called Lyapunov functions regarding the system in question are an 
example. But Lyapunov had already stated in his starting principles 
that a system with permanently growing or decreasing energy cannot 
be in a stable state, and thus accumulation systems are ab ovo ex-, 
eluded from the domain of Lyapunov stability.

Accumulation, growth, and multiplication are fundamental to the 
living world, even if we consider prokaryotes, eukaryotes, multicel
lular organisms or populations. But all these systems maintain their 
“internal constancy” or homeostasis during their growth and com
pensate by dynamical responses the adverse changes of the external 
environment. In living systems, cells, and organism, this compensa
tion occurs by fundamental biochemical mechanisms which, howev
er, are the same ones which can use the chemical energy of the nu
trients to an effective directed work-performance.

It was repeatedly mentioned that changes in work-performing sys
tems must occur along a series of constrained paths. The compensa
tion of external effects can occur only by some kind of regulation, 
which also demands changes occurring along a series of constrained 
paths. Finally, growth and multiplication requires that the processes 
in question should all be controlled, which also presupposes a series 
of changes occurring along constrained paths.

In mechanical devices the presence of constrained paths is accept
ed as something quite natural. We encounter every day from the 
swinging of the pendulum to the cycles of the piston such con
strained motions. In electric and electronic devices changes of the 
current are invisible, but we know that the wires are the constrained 
paths of this change and if they are short-circuited the device fails to 
work. But in living systems the transformation of energy, work- 
performance, regulation, and control all occur by chemical means, 
in solution; where are the constrained paths, and of what kind are 
they?
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In looking at the secret of life, in looking for the fundamental princi
ple of life we clearly have to look at the nature and organization of “con
strained paths”, consisting of chemical changes capable of work- 
performance, control, and regulation in solutions.

The author of this book stated in 1966 that in all living systems cer
tain chemical cycles and their more complex forms: closed reaction net
works, are the basis o f life-processes andform the stability and homeosta
sis of living organisms. The “chemical motor” performing the trans
formation of chemical energy into directed work —i.e. the “function
ing” of the living system —consists of chemical reaction cycles. The 
very cyclicity of these cycles ensures the variability and stability of 
living systems: despite continuous change and function the system 
remains—from an organizational point of view —always the same. 
This stability ensured by cycles is fully consistent with the accumula
tion processes, growth, and multiplication, as will be shown in the 
treatise on the organization of chemotons.
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5. The criteria of life

Living systems are qualitatively different from nonliving ones; 
i.e. living systems have qualitative properties or groups of qualitative 
properties which occur exclusively in the living world and cannot be 
found in the nonliving. In what follows, these common characteris
tics found in living organisms will be called life criteria, the laws unit
ing these characteristics will be considered the principle of life, and 
life itself as a common general abstraction of every kind of living 
being will be accepted as a philosophical and not a biological catego
ry. The life criteria will be dealt with in the present chapter, the 
principle of life will be discussed in connection with the organization 
of the chemoton. Life as a philosophical category will not be dealt 
with in the present book.

The due selection and axiomatically exact formulation of life crite
ria is of fundamental importance in theoretical biology. As we have 
seen, classical biology could not solve this task during its long history 
of two thousand years. We shall present here a quite new system of 
life criteria, which entirely differ from the classical ones, the so- 
called “life phenomena”. This new system of life criteria appeared 
first in the original edition of this book in 1971. But in the highly 
ramifying world of biology it is not easy to select the fundamentally 
common characteristics, since it is impossible to find a research 
worker who could claim to know every part of the living world with 
the required precisity. Thus the originally published system of crite
ria has been somewhat modified since 1971 and the present edition 
of the book contains a refined and up-dated form of it, concerning 
content and formulation alike. Nevertheless, even the present 
formulation cannot be considered a final one, either in content or in
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axiomatic exactness, though it is most probable that major changes 
will not be necessary in the future.

Life is the function of particularly organized material systems. 
Thus life is not the property of a special matter in the sense of chem
istry, of a chemical compound—e.g. protein or nucleic acid — , but it 
is the property of specially organized systems. Thus it is rather incor
rect to speak about living matter; it is more adequate to speak about 
living material systems.

A system is living if, and only if, certain characteristically composed 
processes (life processes) occur in it. The totality of these processes, 
i.e. the functioning of the system results in characteristic phenomena 
which are well suited to differentiate the living from the non-living.

A system suitable for the occurrence of the processes in question 
may be either functioning or in a state actually non-functioning but 
capable of doing so. This system in its functioning state is said to be 
living, in its non-functioning but functionable state only capable of 
living but not dead. This latter state corresponds to latent life, clinical 
death, resting seeds, dried-in microorganisms and frozen organisms. 
This is a state non-living and not dead.

Death is an irreversible change making the system irreversibly in
capable of functioning. Consequently, if life corresponds to the func
tioning state of these special systems, death corresponds to the state 
incapable of functioning. There also exists, however, an intermedi
ate state, a state capable of functioning but actually non-functioning, 
i.e. the state with the capability of life, in which the system does not 
live, since the special processes do not occur, but is not dead either, 
since its processes can always be started if suitable circumstances 
arise.

The totality of life processes, i.e. the functioning of living systems 
produces special phenomena apt to generally characterize the living 
state. Among these phenomena there are some which can be found in 
every living being in every minute of its life without exception. Thus with
out the constant and joint presence of these the system cannot be 
living. The joint presence of these is an unavoidable criterion of the 
living state, these therefore will be called real (actual, absolute) life 
criteria. There is, however, a group of life phenomena the presence 
of which is not a necessary criterion of the living state of the indi
vidual organisms, but which are indispensable with regard to the sur
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viving of the living world. These, too, will be considered life criteria, 
and in contrast to the absolute ones they will be called potential life 
criteria.

The real (absolute) life criteria:

1. A living system must inherently be an individual unit

A system is regarded a unit (a “whole”) if its properties cannot be 
additively composed from the properties of its parts, and if this unit 
cannot be subdivided into parts carrying the properties of the whole 
system.

A system forming a unit (unit system) is not a simple union of its 
elements, but a new entity carrying new qualitative properties as 
compared to the properties of its parts. These new properties are 
determined by interactions occurring according to the organization 
of the elements of the system. Only the system as a whole displays 
the totality of these properties.

Living systems form inherently, i.e. by their very existence, a 
unit. Thus living systems are inherently unit systems: life always is 
the property of a unit system. The inherent unity of the living sys
tems, however, does not exclude the possibility of accessory compo
nents: i.e. a unit system does not have to be a minimal system at the 
same time.

Since living systems are genetically determined structurally as 
well as functionally, the biological unity of the system is genetically 
determined, too. The genetic program carries information with re
spect to the living unit as well.

2. A living system has to perform metabolism

By metabolism we understand the active or passive entrance of 
material and energy into the system which transforms them by 
chemical processes into its own internal constituents. Waste prod
ucts are also produced so that the chemical reactions result in a 
regulated and controlled increase of the inner constituents as well as
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in the energy supply of the system. The waste products finally leave 
the system, either actively or passively.

Expressions like “external” and “internal” do not refer here to 
some spatial separation, but hint at the question whether the mate
rial is an organicpartof the internal organization of the living system 
ag a unit system or not. Thus stored nutrients like glycogen or starch 
are to be considered as external materials even if they are spatially 
situated within the living system.

3. A living system must be inherently stable

Inherent stability is not identical either with the equilibrium or 
with the stationary state. It is a special organizational state of the sys
tem’s internal processes, a state making possible the continuous 
functioning of the system and remaining constant in spite of the 
changes of the external environment. It means that the system, 
though continuously reacting by dynamical changes occurring 
within the living system, remains as a whole always the same. It fur
ther means that in spite of the permanent chemical transformations 
occurring in the living system the system itself does not decompose, 
on the contrary, it grows if it is necessary.

This inherent stability is something more than homeostasis, since 
homeostasis follows from it. Inherent stability is an organizational 
property, a natural consequence—as will be seen later on—of the 
network of chemical and physical processes occurring in the living 
system. The resting seed, the frozen tissue culture, the lyophilized 
microorganism or the dried-in protozoon is not at all in homeostasis 
or in a stationary state, though all of them satisfy the criterion of 
inherent stability, since under appropriate circumstances they live 
again. Thus a system in the state of inherent stability only displays 
homeostatic properties whilst functioning, hence this criterion in
cludes that of the homeostasis.

The living system with inherent stability is thus capable of living, 
but in a nonliving state does not display homeostasis. From its non
living state under appropriate circumstances it can be brought into a 
living state, and then it has at the same time the property of 
homeostasis.
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The concept of homeostasis comes from the great American phys
iologist, Cannon. Living organisms have a special “inner environ
ment”, differing in its state and composition from the external envi
ronment. Living systems, be they simple cells or complex multicel
lular organisms, strive to hold constant this inner environment in 
spite of external changes. This constancy of the inner environment 
was called by Cannon homeostasis. As it was already seen, this 
•constancy of the inner environment is a property of growing and 
multiplying systems as well, thus homeostasis cannot be identified 
with equilibrium, stationary state, Ashby’s “cybernetical homeo- 
stat”,' or Lyapunov stability.

The maintaining of the constancy of a living system’s inner envi
ronment—i.e. homeostasis—can only be carried out by perceiving 
the changes occurring in the external environment and by reacting 
upon them with active compensating answers. Excitability is thus 
the way homeostasis maintains itself; it is the mechanism of 
homeostasis. This can also be carried out in soft molecular systems, 
as it will be seen in connection with the chemoton theory.

Thus inherent stability as a life criterion includes the criterion of 
homeostasis as well as that of excitability in the most general sense, 
so it would be superfluous to express them separately.

4. A living system must have a subsystem carrying useful information for 
the whole system

Everything carries the information necessary for its origin, build
ing up, and function. There exist, however, certain systems, also car
rying information concerning things and events which are indepen
dent of them. Such systems are, for example, books, magnetic tapes, 
punched cards, discs.

In nature such “surplus-information” carrying capacity can only 
be found in certain subsystems of living systems such as the genetic 
substance, brain, immune system, etc. These carry not only informa
tion concerning themselves, but also information concerning the 
whole system or even the world outside the system. The presence of 
information-carrying subsystems is characteristic of every living
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system without exception, and is an indispensable criterion for the 
development of the living world.

Information coded in a system becomes real information only if 
there exists another system capable of reading and using this coded 
information. Living systems can read and use the information stored 
ir\ their information-carrying subsystems; moreover, they can copy,
i.e. replicate information during their multiplication. Living beings 
are not only characterized by storing information, but also by their 
capability to carry out informational operations.

5. Processes in living systems must be regulated and controlled

An existential condition of every dynamical, i.e. continuously 
functioning system is the regulation of its processes. Living systems 
as soft dynamical systems also have this property. Regulation in 
living systems occurs first of all through chemical mechanisms. As a 
matter of fact, regulation itself might not have been discussed as a 
separate criterion, since neither metabolism nor homeostasis can be 
realized without the regulation of the system’s processes, and it is 
therefore already presupposed by these criteria.

Nevertheless, regulation in itself can only ensure the maintenance 
and functioning of the system. In the living world, contrarily, unidi
rectional processes also occur: growth, multiplication, differentia
tion, development, and evolution are unidirectional irreversible pro
cesses, which cannot be accomplished by regulation alone. They all 
require besides regulation steering, i.e. a control according to some 
program. In living systems this control is also performed by molecu
lar mechanisms.

Potential life criteria:

1. A living system must be capable of growing and multiplying

Growth and multiplication are among the classical life criteria, 
their presence is general and indispensable in the living world. They 
are, however, not criteria of the living state itself; some of the
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domesticated plants and animals are ab ovo uncapable of reproduc
tion, neither are castrated animals capable of multiplication. Old ani
mals have lost their capability to grow and to multiply, without los
ing their life. The presence of growth and reproduction is not a crite
rion of individual life, but it is a condition for the existence of the 
living world, so it must be put among the potential life criteria.

We have to give some explanation for uniting growth and repro
duction into a single criterion. Life criteria must of course be valid 
for every individual of the living world on any of the levels of the or
ganizational hierarchy. Growth and multiplication, however, were 
separated only at a given level of evolution: in prokaryotes, but also, 
in many eukaryotes growth merely forms a part of reproduction. 
This can be well seen from the experiments of Hartmann: he re
moved daily for a period of 130 days, one-third of the cytoplasm of 
amoeba dividing on every second day, so that the nucleus was left 
untouched. The amoeba did not perish nor did it divide, since it 
never reached the stage of growth necessary for cell division.

The reproduction of multicellular organisms is only indirectly 
connected with their growth which is, however, a direct consequence 
of the reproduction of their cells. In the case of plants it can anyhow 
be disputed, whether their vegetative multiplication should be con
sidered growth, multiplication, or regeneration. Therefore to treat 
the capabilities of growth and reproduction as a single criterion is ra
tional practice.

2. A living system must have the capacity of hereditary change, further
more the capacity of evolution, i.e. the property to produce more and 
more complex and differentiated forms through a very large series of 
subsequent generations

Under heredity we understand the capability of living systems to 
produce individuals identical or similar to themselves or else germs 
which ensure the development of such individuals. The criteria of 
reproduction, however, include that of heredity, so it would be 
redundant to consider heredity as a separate criterion.

However, the living world could not have evolved if heredity had 
been strictly exact, i.e. if the properties of the offsprings had been
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always identical with those of the parents. In this case new properties 
could never have arisen in the living systems. Hence we have to take 
as a separate criterion the capacity of hereditary changes, i.e. the ap
pearance of properties in the offspring which were not found in the 
endless chain of progenitors. This capacity is an indispensable condi
tion of evolution, but is not a prerequisite of the individual’s living 
state, hence it is included among the potential life criteria.

The capacity of hereditary change is a necessary but most probably 
insufficient condition of evolution. A prerequisite of evolution is 
namely the possibility of the appearance of hereditary changes of dif
ferent (adaptive) “values”. This property can generally be found in 
the living world, but is of course no criterion of individual life, hence 
it is enlisted among the potential life criteria.

3. Living systems must be mortal

Death is undoubtedly characteristic of living systems in the sense 
that nonliving systems cannot die. This, however, only means that 
these two concepts are connected to form a complementary pair of 
concept. But death is indispensable to life in a deeper sense: death 
ensures in Nature the recycling of organic material. Without death 
the very same primaeval cells would exist on earth even today, 
which consumed at the beginnings of life the organic substance of 
the biosphere.

The death of the individual is thus indispensable to the living 
world. It is undoubtedly a life criterion, but it is not a criterion of the 
living state nor of the individual life, since the latter may cease with
out death. Thűs for example in the case of cell divisions by binary fis
sion and mitosis (because of the semiconservative replication 
mechanism of the DNA) one of the two strands of the DNA 
molecules of the individual daughter cells comes from the mother, 
while the other is newly synthesized. The other cell substances are 
statistically distributed among the two daughter cells, which there
fore contain in a statistically equal ratio the original substances of the 
mother cell and the newly synthesized substances. So the result is 
two equally young cells, neither of which can be considered 
“mother” or “daughter” cell. The life of these cells ceases during di

74



vision in such a manner that no corpse is produced, these cells are 
potentially immortal, at least in view of the continuity of their 
generations.

The ceasing of the life of the individual without death is not re
stricted to unicellulars, it may occur on the level of multicellulars, 
too. Simple multicellular animals, e.g. fresh-water polyps, planaria, 
and earthworms, can be cut into two or more pieces so that each part 
grows into a whole animal; the original individual—just like in the 
case of cell division—thus ceases to exist, but a corpse does not 
result. The same thing is well known in the vegetable kingdom (slip 
planting, vegetative multiplication).

Thus death is not an absolute, but a potential criterion of life, a 
criterion resulting from the existence of the living world.

The above criteria include —movement as a simple change of 
place excepted—all classical life phenomena, but in a more exact 
and in a better defined form. Furthermore, they include other crite
ria disclosing characteristics only in the light of molecular biology. 
Such are, for example, the regulation and control of information pro
cessing and other processes. Hence the listed life criteria contain 
stricter prescriptions concerning the “living” condition of a system 
than the classical life phenomena.

Since potential life criteria do not form a prerequisite of individual 
life, we have to consider every system living which fulfills the real (abso
lute) life criteria, independently of the concrete material construction 
of the system or of the quality of the chemical substances forming it.

This definition opens the way to treat the fundamental laws of life 
in a complete generality, independently of their actual realizations. 
Thus this definition is not bound to proteins, nucleic acids or even to 
carbon compounds, and if exobiology —the science of life outside 
Earth —one day happens to discover non-carbon-based living sys
tems, these may also be included on the basis of our general defini
tion built upon the following life criteria:

Real (absolute) life criteria

1. Inherent unity
2. Metabolism
3. Inherent stability
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4. Information-carrying subsystem
5. Program control

Potential life criteria

1. Growth —reproduction
2. Capability of hereditary change and evolution
3. Mortality.
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6. Subsystems of the living cell

Starting from different directions we reached the same conclusion 
in each of the previous chapters; and we determined what to do in 
order to disclose the basic principle of life. Each case corresponding 
to the different paths taken led to different requirements. These re
quirements are not inconsistent; on the contrary, they are comple
mentary to each other. Let us here summarize them in order to see 
more clearly the work ahead of us.

First of all, we stated that only an exact theoretical biology can 
lead to a knowledge of the laws of life. Exact sciences are based upon 
abstract theoretical models; thus we have to construct the abstract 
model system of theoretical biology, a model system which can be 
exactly described by mathematical methods and by which real biolog
ical phenomena can be approximated with the required preciseness.

Then we stated that model systems of the exact sciences start 
from abstract basic units which clearly carry the qualitative properties 
characteristic of the disciplines, without any disturbing moments. 
Therefore we have to look at the abstract basic unit of biology, at the 
unit displaying most clearly the characteristic qualitative property of 
biology: life.

We stated furthermore that systems displaying the fundamental 
biological property —i.e. life—can be found at different levels of an 
organizational hierarchy. If we are interested in the basic unit of life, 
we have to look at it on the lowest level where life is just appearing, 
i.e. on the level of prokaryotic cells.

But we have also stated that present-day prokaryotes are highly 
complicated, perfected by a long evolution and functioning with the
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aid of highly complex enzymatic systems of regulation. But the es
sence is not to be found in the enzymatic regulation systems. Un
doubtedly, these extremely increase the effectiveness of cellular 
functions and today no natural living system can exist without them, 
but the fundamental characteristics of life are carried in the system 
itself, which is regulated by enzymes. The basic principle of life must 
be looked for in the organizational manner of the system. The orga
nizational and functional laws of this regulated system are to be 
discussed.

We have seen further that quite contrary to man-made dynamical 
technical systems, living systems are fundamentally soft systems; 
i.e. their processes are not carried out by devices composed of solid 
pieces in strict spatial connection, but run in solutions through spa
tially non-fixed chemical reactions and still in an organized and 
regulated manner. The principle of life is to be looked for in the orga
nizational and functional laws of these soft systems.

A further restriction was brought in by the recognition that life is 
the property of unit systems, so its basic principle must be looked for 
in the organizational manner of soft unit systems.

But we have also seen that unit systems may have a lot of acces
sory parts which may hide the basic organizational characteristic of 
life. Thus we have to look for minimal systems which already display 
the characteristics of life, since the appearance of new properties is 
bound to the organizational manner of minimal systems. Of course, 
this statement is equivalent to finding the principal basic units of 
biology. Hence the task is to construct an abstract and mathematical
ly exact model of the minimal system which displays the characteris
tics of life.

We have stated, however, that living systems are functioning dy
namical systems which exhibit, despite permanent changes occurring 
in them, a remarkable internal stability. Processes leading to a 
change are not consistent with a state of equilibrium, thus states of 
internal stability are non-equilibrium states. But a system far from 
equilibrium can only be maintained at the price of permanent work- 
performance. In living systems this permanent work-performance 
occurs at the price of the energy of the nutrients, i.e. at that of chemi
cal energy. The work done in living systems is chemical work- 
performance. Therefore we have to construct the abstract model of a
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soft minimal system capable of permanent chemical work- 
performance.

We have mentioned that the prerequisite of permanent work- 
performance is that changes in a system doing work should pass 
along “constrained paths”. But we have seen that the elements of 
soft systems are spatially unrestricted. Hence the “constrained 
paths” cannot be spatially constrained paths like those of mechani
cal, electric and electronic devices. They must be of some other 
type, for example like the changes in the state of cooling gas in re
frigerators (though in living systems changes in phases can scarcely 
have.an essential role). Thus, in looking for the basic laws governing 
the functioning of living systems, we have to disclose the organiza
tional mode of the “constrained paths”, of soft chemical systems 
capable of permanent functioning.

Nevertheless, this is not enough. From all such systems only 
those are living, which fulfill the absolute life criteria. And even if we 
succeeded —at least in principle —in constructing such a system, this 
will represent a living individual only. In order to be able to model 
the evolution of the living world, the system must also include 
potential life criteria.

Now that we see the problem, we know exactly what to do. How
ever, the task is not easy, at first glance it even seems to be insoluble. 
And it really would be so, if we could not gain help from the sys
tem-subsystem relation, which makes possible the division of the 
task into more simple parts.

We have already dealt with sets and systems in a separate chapter, 
but we have not spoken about subsystems. Now we have to become 
acquainted with the concept of subsystems. Let us take for sake of 
simplicity the example of a car. We have said that the characteristic 
qualitative properties of a system originate from its organiza
tional—in the present case from its constructional —manner and 
cannot be found in the properties of its elements. The properties of 
the car (it is a motor vehicle, it can run, the energy of motion is 
gained by burning gasoline, etc.) cannot be found in the cogwheels 
of the gearshift, in the valves of the engine, in the steering device, in 
the tires, etc., only in the system assembled appropriately from 
these. There are, however, among these qualitative properties parts 
which are characteristic properties of the complete car, yet individu
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ally are complete before the car is entirely assembled. Thus for 
example the chassis is already apt to travel on the road though it is 
not capable of running by itself and one cannot sit in it. The engine 
produces energy by burning gasoline but the car cannot run with it 
alone.

• Parts of a complete system carrying in themselves characteristic 
and necessary qualitative properties of the complete system are said 
to be subsystems of the complete system. Thus we can consider as 
subsystems of the car e.g. the chassis—steering device, the engine, 
the body, the radiator, the electric device, etc. The complete dynami
cal system comes into being by the connected functioning of its sub
systems. It carries the characteristic properties of its subsystems but 
it is endowed with new qualitative properties as well. Thus, in the 
example of the car, none of its subsystems displays the property of a 
traffic vehicle.

Living systems can also be divided into subsystems. In man for 
example such distinct subsystems are the circulatory system with the 
heart and vessels, the nervous system, the respiratory system, the 
excretory system, the hormonal system, etc., which all have particu
lar qualitative properties also characteristic of the whole system. 
Characteristic of man as a whole, is that his heart beats, he thinks, 
he breathes, etc. But the qualitative properties typical to man are 
only carried by the complete system organized from these subsys
tems. This complete system, man as a dynamical system, is built up 
from its subsystems by the connected functioning of these subsys
tems: the function of each one is an indispensable condition to the 
functioning of the other ones. Not the subsystem itself is decisive 
here but its function: life is possible with a dialyzer, a pacemaker, an 
artificial heart, or in an iron lung, if the artificial subsystems carry 
out the function of the original subsystems.

Now we can see not only what to do but begin to see also how to 
do it. We have to look for the subsystems of the simplest living systems, 
then to construct the abstract models o f the soft minimal systems display
ing the qualitative properties of the individual subsystems. Finally we 
have to unite the subsystems into a single, functionally uniform system. 
All these well done, we must obtain the abstract model o f the simplest 
living system.

In every cell three subsystems: the cytoplasm, the membrane.
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and the genetic substance can be found. Beside these, there are 
numerous subsystems with particular functions in diverse type of 
cells, but these are not present in every cell. Therefore we may sup
pose that if we reveal the functions of these three subsystems, if we 
construct the abstract models corresponding to them and finally, if 
we organize them into a single system, we obtain the abstract model 
of the cell.

Among the three subsystems, perhaps the function of the cyto
plasm is the most complicated. First of all, this is the chemical 
motor. The cytoplasm contains the system transforming the chemi
cal energy of nutrients into useful work. Further, it is the homeostat-. 
ic subsystem compensating the influences of the external world by 
dynamically answering them. The cytoplasm is therefore responsible 
for the dynamical and organizational stability of the cell. But it is at 
the same time responsible for the sensibility, and excitability, too, 
since the accomplishment of homeostasis is nothing more than ex
citability. To achieve all these it is necessary that processes in the cy
toplasm should occur in a regulated order, thus the cytoplasm carries 
the property of regulation and is considered a soft system. Finally, 
the raw materials necessary for the growth and reproduction of all 
the three subsystems (cytoplasm, cytomembrane, genetic sub
stance) are delivered also by the cytoplasm; thus the cytoplasm is a 
self-reproducing soft system. (This statement does not contradict to 
the fact that the reproduction of the cytoplasm has preconditions en
sured by the other two subsystems.)

The primary task of the cell membrane is to hold together the cy
toplasm. Here we encounter a general requirement for the existence 
of soft systems which is not necessary in the case of hard systems. 
Namely the basic condition for the existence of every system is that the 
distance between their elements be smaller than the maximal range of in
teractions organizing them into a single system. In hard systems this is 
accepted as a matter of fact: the cogwheels of the clock are ab ovo 
connected, the constituents of a radio are joined by wires, etc., thus 
the structural organization of the hard systems automatically ensures 
the interactions of the elements. In the case of soft systems this does 
not naturally follow; a military division can only function where the 
orders can be sent to the soldiers, a herd can only function if the indi
viduals belonging to it are within eyeshot and earshot; the ant-hill
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within the range of the action of its pheromones; and the cell could 
not function if its substances were dissolved in water enough to fill a 
swimming pool, since the necessary chemical interactions could not 
take place between the molecules at such great distances.

In soft systems therefore the appropriate spatial closeness of their 
elements is a distinct condition. At the level of human society this is 
ensured by mental activity, in a herd of animals by instincts; in the 
case of insect societies smelling substances play a basic role. At the 
level of the cell and the organism, the spatial connection is ensured 
by membranes which are impermeable for their own internal sub
stances. This restricts the sojourn of the substances of the living 
system to a definite spatial domain, ensuring the optimal concentra
tions necessary for chemical work-performance and regulation.

The cell, however, has metabolic activity; so it is not enough that 
the cell membrane prevents the internal substances from diffusing 
into the external space, it is more necessary that external substances 
needed as nutrients can get from the exterior of the cell into its inter
nal space. Finally, metabolism produces a lot of waste-products, and 
these must also pass through the cell membrane, but in the opposite 
direction, from the interior of the cell into the external environment. 
Thus the task of the cell membrane as second subsystem is on the 
one hand to limit the cell spatially and on the other to ensure against 
the outer world the conditions necessary for the functioning of the 
first subsystem, the cytoplasm.

The fundamental task of the third subsystem, the genetic sub
stance, is to store information concerning the hereditary properties 
of the cell and to make copies from them during cell-division. As the 
regulation of the cellular processes was the task of the cytoplasm, so 
the control of the life-processes is the proper task of the genetic sub
stance. The genetic material contains the program which in the de
velopment of the cell appears as a sequence of unidirectional irre
versible events.

Therefore, in looking for the abstract minimal system of the cell, 
we have to construct the abstract models of the following three 
subsystems:

1. The abstract model of a soft (chemical) system fulfilling the 
task of a chemical motor, i.e. of chemical work-performance. This 
chemical motor must have a functionally stable inner organization.
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must be provided by chemical regulation, and must be capable of 
synthesizing chemical substances for itself as well as for other 
systems.

2. The abstract model of a soft (chemical) system which is capable 
of spatial separation, of selective permeability of chemical sub
stances, and of growth in the presence of its raw materials.

3. Finally, an abstract model of a chemical system which is capable 
of storing and copying information, i.e. capable of self-reproduction 
in the presence of the appropriate raw materials.

Fig. 5 . The organization of appropriate chemical reactions into a dynamic system re
sults in reaction systems displaying new qualitative properties. By starting from these 
systems as elements or subsystems, one can obtain chemical supersystems on a 
higher level of the organizational hierarchy. One type of these are the chemotons, 

which are at the same time biological minimal systems

In the following, we shall show how to construct pure chemical 
systems corresponding to the functions of the individual subsystems, 
and then, by uniting the chemical systems 1 and 2 as well as 1 and 3 
we shall obtain chemical supersystems, displaying qualitatively new 
properties of a biological character. Finally in the chemical supersystem 
obtained by the union o f the three systems—in the chemoton—we shall 
see all the properties chosen as life-criteria appear (Fig. 5).
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7. The chemical motor

As it was mentioned, continuous work requires a work
performing system which changes its state during the work so that it 
always returns to its original starting state, i.e. it “works” in a cycle. 
The internal-combustion engine, the electromotor, the windmill, 
the refrigerator were mentioned as examples. In doing chemical 
work, where chemical energy is consumed, i.e. where it is continu
ously transformed by a chemical system, this latter must work in a 
cycle.

But what is a chemical cycle? Certainly not a going around of the 
individual molecules, which would anyhow be impossible because of 
the random motions of the molecules in a watery solution, due to 
the thermal energy. The chemical cycle means that the individual 
molecules are transformed by chemical reactions into other 
molecules and then these again are transformed into still other ones. 
This ensures that after many transformations the original starting 
molecules are restored and the process can start anew.

If molecules are denoted by A and qualitative differences by in
dices, then the'first step of the process is:

A 1 —> a 2 [1.1]
the second A2 —  A 3 [1.2]
and further A 3 —> a 4 [1.3]

finally A n — 1 ~ * A n [l.n -1 ]
the last step A n ’ A 1 [l.n]
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That is, at the end of the process we arrived back at our starting 
molecule (Fig. 6). If we wished to summarize mathematically what 
finally happened, it would seem to be nothing, since each one of the 
members occurs on the left side of the equations as well as on the 
right, and so in the summing up they are balanced.

Fig. 6. In a chemical cycle the molecules will be transformed in every step, but they 
will be restored into the original molecules at the end of the cycle. A cycle like this 

satisfies also Ashby’s cybernetical stability criterion, too

In chemistry, however, these denotations mean material quanti
ties; hence if Aj can only be transformed into A2, this only to A3, 
etc., then equations [1.1 — l.n] mean that in this system no chemical 
process resulting in a change of the sum total of the system’s material 
can occur, even if the system “functions”, i.e. if chemical transfor
mations are occurring in it.

This simple model serves two purposes at the same time. First it 
clearly reveals the meaning of “constrained paths” in soft systems: 
they mean chemical transformations in chemical systems so that 
these reactions can only occur through steps prescribed by the “con
straint” . Thus for example a given A] can only be transformed to A2, 
this again into A,, this into A4, and so on.

But next it will become clear from our picture, how to create 
inherent dynamical stability in a system: one has only to “close” the 
“constrained path” formed by the chemical reactions, i.e. to bring it 
back to the starting point by a chemical cycle. In the example we 
have to ensure that An should be retransformed into A,, and here
with the cycle should be ready to start anew. Thus the system will be 
stable inherently, i.e. of its very nature, since being a cycle it cannot
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help always being reformed into itself. This at the same time fulfills 
the “cybemetical” stability criterion of Ashby, which requires that 
“ the sequence of transformations should not create new states”. (Of 
course, inherent stability is not identical with thermodynamic stabili
ty.) This inherent stability is not as yet the stability of the growing ac
cumulation systems, but—as we shall see later—it is already the 
basis of it (Gánti, 1971). It can be proved that inherent stability is 
not only valid for simple reaction cycles but also for the most com
plicated closed network of chemical constrained paths.

The first biochemical cycle was recognized by Hans Krebs on the 
basis of the fundamental discoveries of Albert Szent-Györgyi. This 
cycle is today known as the Szent-Györgyi —Krebs cycle, citric acid 
cycle, or tricarboxylic acid cycle. In this cycle organic acids are trans
formed into each other:

oxaloacetic acid —►citric acid [2.1]
citric acid — isocitric acid [2.2]
isocitric acid —► ketoglutaric acid [2.3]
ketoglutaric acid — succinic acid [2.4]
succinic acid — fumaric acid [2.5]
fumaricacid — malic acid [2.6]
malic acid — oxaloacetic acid [2.7]

It can be seen that in this cycle oxaloacetic acid will be trans
formed through a series of chemical reactions into oxaloacetic acid, 
i.e. in spite of continuous chemical transformations “nothing hap
pens” (Fig. 7). But if really nothing happens, what is then the aim, 
reason, role or task of the cycle? And if really nothing is happening 
here, is not this cycle then a kind of perpetuum mobile, going per
manently around without any energy source?

These questions, however, are wrongly put, since only the com-1 
pounds constrained to “cyclic paths” are considered in them. Chemi
cal reactions—some so-called intramolecular transformation excep
ted—take place by the interaction of two different compounds, or at 
least furnish two reaction products. Thus At needs for its transforma
tion a reactant or still another reaction product Y! is formed 
beside A2:
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F ig. 7. The reaction system of the Szent-Györgyi—Krebs cycle. The cycle “con
sumes” acetyl groups; by their “burning” into C 02 yields the energy necessary to the 
functioning of itself and for work-performance. As a result of work, hydrogen is pro
duced which, however, will not be used in its free state, but bounded to hydrogen

carrying compounds
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Ai +  X, * ̂ 2 [3.1]
or A, -*A2 + y 1 [3.2]
or else A. +  X. - A 2 + Yt [3.3]

The same holds, of course, for the other reaction steps, too (Fig.
8).

A2

V X 2...+Xn — An-1
\

a 3
/

\
A

— Y i+ Y 2.. .+  Yn

F ig. 8. A chemical cycle can only work at the price of external energy, mostly at the 
price of the chemical energy of introduced nutrients (X! +  X2+  ... + X n). The total 
energy of the waste products (Y1-fY2 +  ... + Y n) is always smaller than that of the

nutrients consumed

Now, if we scrutinize the Krebs cycle from this point of view, any 
possibility of a perpetuum mobile disappears. In the Krebs cycle 
carbon “is burned” into carbon dioxide, and the energy thus released 
drives the cycle around. In the First step of the cycle namely a struc
ture of two carbon atoms, a so-called acetyl group

O
II

c h 3- c -

is bound to the oxaloacetic acid and the oxaloacetic acid molecule of 
four carbon atoms becomes a citric acid molecule of six carbon 
atoms:
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c-c
(carbon skeleton
of acetyl group) C—C

+ I
C -C  — C -C
I I
C -C  C -C

(carbon skeleton (carbon skeleton
of oxaloacetic acid) of citric acid)

In the further transformations two carbon dioxide molecules are re.- 
moved from the citric acid, leaving four carbon atom products—in 
the final step the oxaloacetic acid forms the start again. Leaving 
aside chemical particulars, let us introduce the following designation:

Krebs
oxaloacetic acid —CD—’' oxaloacetic acid [4]

meaning that the oxaloacetic molecule passed the cycle —the con
strained path —discovered by Krebs a single time. Now we can write 
by the use of this designation that

Krebs
oxaloacetic acid + CH3 —CO---- © — oxaloacetic acid +  2C02 [5]

From this it can be clearly seen that two carbon atoms “are burned” 
to make carbon dioxide, while an oxaloacetic acid molecule “goes 
once around” the cycle. This “burning”, however, does not release 
much energy; the energy is just enough to make the cycle function.

Clearly, we have no perpetuum mobile, the chemibal cycle turns 
around at the price of the chemical energy of the external substance 
(in the present case of the acetyl group). Therefore the chemical 
energy content of the resulting side products is smaller than that of 
the reacting substances, the raw materials. This motor can work only 
if the raw material of greater energy content, i.e. the external react
ing substance, is present. Herewith we answered one of our ques
tions. The other one remains still to be answered: what is a chemical 
motor like this good for?
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At a general level wé have already given an answer in one of the 
preceding chapters: it may serve for work-performance, for doing 
chemical work, for performing useful, directed work. Now we have 
to reveal the mechanism of this work.

Speaking about chemical work-performance, let us consider first 
an example. Let this example be the production of hydrogen as a 
fuel of rockets. Hydrogen is used as a fuel in rockets because its 
burning to water releases a large amount of energy; the efficiency of 
the energy gain is very good with respect to weight. Large-scale in
dustrial production of hydrogen is carried out by breakdown of 
water, the energy necessary to it is provided by electricity. Hydrogen 
can also be obtained from water by chemical energy, but the use of 
electrical energy under industrial circumstances is more efficient.

Interestingly enough, living organisms perceived thousands of 
millions of years ago, what an efficient energy source the burning of 
hydrogen to water is; the energy supply of aerobic (air-using) organ
isms is fundamentally based on this process. Living organisms, how
ever, do not burn hydrogen in gaseous form, they use to it a special 
form of chemically bound hydrogen. Similarly, the combustion does 
not take place at a high temperature, but through a series of com
plicated chemical reactions, so that a minimal amount of the released 
energy should be wasted as heat. But how does the organism obtain 
combustible hydrogen?

Those versed somewhat in chemistry could perceive that equation 
[5] is incorrect. True, there is enough carbon for the production of 
two C 02 molecules, but the member of oxygen atoms is on the left 
side of the equation is three less than on the right side, and on the 
right side three hydrogen atoms are missing; just these give the solu
tion. Among the steps of the cycle are namely three in which the ex
ternal reacting substance is water. The oxygen of these water 
molecules gets into the carbon dioxide and the remaining hydrogens 
are bound to hydrogen-carrying compounds in a form ready to be 
“burned”:

Krebs
oxaloacetic acid -f CH3—CO----b 3H20  -C D -

oxaloacetic acid-f 2C02 + 9H [6]
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So in effect the citric acid cycle produces hydrogen by breaking down 
water and to this end it uses the energy released in the oxidation of 
carbon to carbon dioxide! Therefore it is indeed a soft system suit
able for continuous work-performance; a system capable of directed 
useful work by making use of chemical energy! (In order to avoid 
misunderstandings let us remark than even equation [6] is still over
simplified and incomplete.)

We have still to examine whether this system is really capable of 
permanent work-performance. Equation [6] means that a single oxa
loacetic acid molecule makes from one acetyl group and three water 
molecules, two carbon dioxide molecules and nine hydrogen atoms, 
if all chemical transformations of the cycle are performed just a 
single time. At the end of the cycle the oxaloacetic acid molecule, 
being regained, can go once again through the cycle, thus producing 
in sum, four C02 molecules and eighteen H atoms, which can be ex
pressed in equation as follows:

Krebs
oxaloacetic acid + 2CH3—CO----1- 6H20 —(jT)—

oxaloacetic acid +  4C02 + 18H [7]

Nothing hinders the repetition of this process a hundred times, 
which gives the result:

Krebs

oxaloacetic acid -I- 100CH3 — CO---h 300H20  —(ÍŐi) —
oxaloacetic acid +  200002 + 900H [8]

Indeed, the process can be continued until there are CH3 — CO — 
and water present. The chemical cycle, therefore, is continuously 
capable of directed useful chemical work-performance.

Now it would be quite reasonable to generalize the above state
ments, since innumerable cycles exist and all these have characteris
tic common properties. A relevant generalization, however, requires 
a general formula. Now I must ask the Reader to follow closely the 
simple calculations below. Seemingly, some mathematics will 
follow, but nobody must be frightened off by it, since this appears 
only to be mathematics, in reality it will not go beyond simple arith
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metics; even from this only addition will be used, at most some mul
tiplications here and there. (I have to mention this in advance, since 
the chemoton theory was equally objected to as being mere com
plicated mathematics without any connection to reality and as an 
empty biological gobbledygook since it missed relevant mathemati
cal formulas, say set theory.) To understand the chemoton theory 
some minimal formalism is, indeed, necessary. The basis of this 
formalism is just the general description of cyclic processes.

Let the internal components of a cycle (in the case of the Krebs 
cycle the organic acids) be denoted by Aj, A2, A3,... An. Thus in the 
case of the citric acid cycle oxaloacetic acid will be denoted by A], 
citric acid by A2, and so on. The reacting substances necessary for 
the individual steps will be denoted by Xj, X2, X3... Xn, the resulting 
reaction products by Yl5 Y2, Y3... Yn. We have seen that these two 
latter kinds of substances did not cause much trouble; let them thus 
be comprised by single symbols:

n

X] +  X2 -f X3 + ... + Xn =  X XjOrsimply X
i=i

and
n

Y, +  Y2 + Y 3 + ... + Yn = X Yj or simply Y.
i=l

In the following X simply means that every reacting substance is 
present in the necessary amount and Y means that all reaction prod
ucts arise in amounts corresponding to the reaction equation. Thus 
equation [6] describing the functioning of the Krebs cycle can be 
denoted as follows:

Krebs
A, + X A, + Y [9]

(oxaloacetic (reacting (oxaloacetic (reaction
acid) substances) acid) products)

This equation may be also interpreted as a summary of the following 
process: If one oxaloacetic acid molecule in the presence of all the
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necessary reacting substances goes once through every transforma
tion prescribed by the Krebs cycle, then it will be restored as oxa
loacetic acid, while every one of the necessary reacting substances 
will give one other molecule (or more molecules) prescribed by the 
chemical reaction equations. So far so good, since we have not done 
anything more than a substitution of the individual compounds of 
the Krebs cycle by letters.
A circle, however, is characterized by having no end and no begin
ning; it can be started anywhere. The same holds for a cyclic process. 
By putting a citric acid (A2) molecule into the reaction mixture in 
place of an oxaloacetic acid molecule and letting it pass through all 
the steps of the Krebs cycle until it becomes citric acid again, the 
same reacting substances will be used in the same amounts and the 
same reaction products will be obtained in the same amounts, as if 
an oxaloacetic acid molecule had gone through the reactions of the 
cycle. Therefore, we have

Krebs
A2 -(- X — (l)— A2 + Y [10]

and by the same principle

Krebs
A3 + X —(T )—»A3 + Y [11]

or

Krebs
A4 +  X —(p —* A4 +  Y [12]

and so on. A molecule of any one of the components of a cycle re
quires the same reacting substances and produces the same reaction 
products.

In chemistry, one does not work with a single molecule of a sub
stance, but with a great lot of them. Hence equations [9], [10], [11], 
etc. may refer, by definition, to molar quantities (i.e. to a number of 
6 • 1023 molecules) as well. In the case of many molecules, however,
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nothing ensures that only the component Aj or only A2, etc. is pre
sent in the system; we have to consider their mixture.

A, +  A2 + ...+  An =  E a ,, or simply: A.
i=l

Now every one of the components, in going once through the cycle, 
consumes and produces the same substances; so the individual 
components can be replaced by their mixture:

Krebs
A + X —(T)—►A + Y [13]

This, however, is an important result, since this equation states that 
in any mixture of the acids of the Krebs cycle, the same products are 
obtained in the same amounts if every one of the molecules of the 
mixture goes once through the reactions of the cycle.

This result, finally, can be generalized: In any mixture of the 
components A,, A2, ... An of a chemical cycle A the same reaction 
components are produced in the same amounts if every one of the 
components takes part once in every one of the reactions of the cycle 
A:

A
A + X - 0 - A  + Y [14].

I can imagine, how now some biologically oriented readers fetch a 
sigh: what a superfluous and senseless complication this is! At the 
same time, chemically oriented readers may hold equation [14] a 
primitive and even incorrect oversimplification! As to the latter, in a 
certain sense they are right; but the exact stoichiometric description 
is far too complicated and can easily be found in the listed literature. 
To the biologists, however, I have to answer that in spite of its ap
pearing a “superfluous” complication, this simple equation is the 
basis of the theory leading directly to biologically interesting results.

Let us now scrutinize equation [14], It is easy to see that A, occur
ring both on the left and on the right side of the equation, may even 
be neglected from a mathematical point of view. Indeed, chemists
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did not bother themselves much by it, and compounds like A were 
simply neglected in their stoichiometric equations. They realized, of 
course, the presence of substances which help and accelerate certain 
chemical transformations without any change in their quantity, but 
they did not realize that these substances are functioning in cycles. 
So they simply neglected these so-called “catalysts” in their equa
tions, or at most denoted their necessary presence by some sign 
above the arrow representing the reaction. Chemists were mainly in
terested in the compounds transforming into each other.

The main interest of biologists, however, is not the transforma
tion of one thing into another, since they know that animals trans
form organic compounds into carbon dioxide and water, yeasts trans
form sugar into alcohol and carbon dioxide, plants transform carbon 
dioxide and water into organic compounds and oxygen.

Biologists are first of all interested in the transforming agent 
producing the changes, since without this the process does not take 
place at all. This transformer (the case of growth excepted, dealt 
with in the following chapter) is present on both sides of the equa
tions and was denoted above by A. In the simplest case this A 
denotes a chemical cycle, in the most complicated one the complete 
metabolic network of a highly developed organism, say man.

Yeasts were considered by Berzelius not as organisms but as 
simple catalysts aiding the transformation of glucose into alcohol; he 
of course could not be acquainted with the highly complicated func
tioning of yeasts. However, his mistake was not too big: the basic 
principles are carried by cyclic processes in the case of simple cataly
sis as well as in the complicated metabolism of yeasts. These cyclic 
processes appear on both sides of the basic equations.

Moreover, equation [14] contains hidden the principle of inherent 
stability as well: A does not change during the running of the chemi
cal processes.

But A being unchanged, equation [14] shows that the driving 
force of the process is in the transformation X — Y, i.e. in the raw 
material, in the “nutrients”. From a thermodynamical point of view 
the feasibility of the process is the condition that the energy content 
of the sum of the raw materials should be larger than that of the sum 
of the products:

Ex > Ey.
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(Or, more exactly, the free enthalpy for the sum of the raw materials 
should be greater than that of the sum of the products: G x > G Y) 
The “chemical motor” , therefore, works only if the raw material can 
pass from a chemically higher energy level to a lower one, just like in 
the case of a water wheel, where water has to flow from a place of 
higher potential energy, to another of lower one, or in an electric 
motor, where current must flow from a higher electric potential to a 
lower one.

Biologists must first of all be concerned with this chemical motor, 
since this system of chemical cycles is the basis of the functioning of 
life (Gánti, 1971). This chemical motor lies along the downward 
path of chemical energy in order to turn this gradient into work; just 
like the waterwheel intercepts the fall of the potential energy of 
water; the electric motor, the current flowing from higher electric 
potential to lower; the windmill, the way of the decrease of at
mospheric pressure —all in order to turn into useful work the part 
“caught” by these motors from the released energy (Fig. 9).

F ig . 9. A chemical motor uses the decrease of chemical energy in the same manner 
as the water-wheel uses the fall of the potential energy of water. In both cases, part of 

the energy will be transformed into useful work
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Finally, biologists have to realize from equation [14] that the 
condition

Ex >  EY,

i.e. the requirement that the sum of the energy content (free enthal
py content) of the nutrients should be greater than the energy con
tent of the products, although being a necessary prerequisite for the 
chemical motor to function, does not preclude that the energy con
tent of individual products should be greater than that of any of the 
nutrients, provided that this surplus is compensated by the low. 
energy content of the other products. The real importance of this 
consequence will be seen in the next chapter.
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8. Growing systems

It is rather tempting to compare the properties of our chemical 
motor with those of the cytoplasm, one of the subsystems of the cell. 
Obviously, they have some properties in common: both are func
tioning systems, both are soft systems, both function by consuming 
chemical energy, both are inherently stable, both are capable of 
transforming “nutrients” into other kinds of chemical substances, 
both can continuously produce new compounds, etc. At the same 
time, however, they differ in many respects, the most important of 
these differences being the accumulative property of the cytoplasm: 
the cytoplasm is a system capable of accumulation —i.e. of grow
ing—but the chemical cycle is not.

Crystals also grow in saturated solutions, yet this is not an active 
but a passive growth, which is entirely different from the growth of 
the dynamical systems called accumulation systems. The growth of 
the latter does not require a saturated solution; they can often take 
up the substances necessary for their increase from highly dilute so
lutions. Moreover, they do not obtain their building substances in 
ready-made form; on the contrary, they make them themselves, 
from other substances, by means of chemical reactions.

Now we know substances which can promote their own synthesis 
by chemical reactions. These substances are called autocatalysts, 
since they catalyze their own synthesis, their own production. From 
here the solution is a single step: we have seen that catalysts function 
in cycles, i.e. a catalyst (more exactly a homogeneous catalyst) is not 
a single substance, a single compound, but a cyclic system with 
components functioning in the same manner. Thus autocatalysis is 
not the function of a single substance, the autocatalyst, but is the
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result of an autocatalytic chemical cycle, of a chemical reaction 
system.

The basic principle of the mechanism is simple enough. We have 
seen that a chemical cycle performs work, directed chemical work in 
the sense that it produces chemical compounds, synthesizes different 
chemical substances. As to the nature of the synthesized substances 
we introduced a single general requirement: the total energy (free 
enthalpy) content of the reaction products had to be smaller than 
that of the source materials. Within this condition the freedom is 
complete, and the properties of the given concrete cycle determine 
what kind of chemical substances can be produced by the cycle. Thus 
for instance the Krebs cycle produces hydrogen (or more exactly hy-‘ 
drogenated hydrogen carriers). Other cycles produce other kinds of 
compounds. And why should a cycle not synthesize one of its own in
ternal components? Indeed, such cycles were discovered in the last 
two decades, though their autocatalytic character was not realized. It 
was pointed out by the author of this book in 1971 that the malic acid 
cycle, the Calvin cycle, and the phosphorylation of adenine to ATP 
are all such autocatalytic cycles. Since the idea of autocatalysis in che
mistry and in particular in biochemistry is not always unambiguous, 
in what follows we shall call these autocatalytic cycles “self- 
reproducing cycles”, the more so, because this name corresponds 
far better to the specific properties of these chemical systems.

In considering the Krebs cycle again, this could only be a self- 
reproducing cycle if an oxaloacetic acid molecule running through 
the constrained path of the reactions, finally led to two oxaloacetic 
acid molecules:

Krebs
At +  X - 0 - 2 A ,  +  Y [15]

But there is such a cycle, namely the so-called malic acid cycle or 
malate cycle (Fig. 10). Even the components of the cycle are almost 
identical to those of the Krebs cycle, only the “constrained paths” 
and the source materials differ, and, of course, the end products. In 
the malate cycle the acetyl groups built in do not burn to form 
carbon dioxide, instead two acetyl groups are synthesized into malic 
acid, an acid of four carbon atoms, and this in turn is transformed 
into oxaloacetic acid:
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malate
Aj + X —(T)—>2A, +  Y [16],

thus during one turn of the cycle the starting oxaloacetic acid is redu
plicated. Under continuous functioning the following cycle starts al
ready with the double quantity of oxaloacetic acid:

malate
2Aj + 2X - Q - 4 A ,  + 2Y [17],

thus at the end of the second cycle the original quantity of oxaloacet
ic acid is fourfolded. It is easy to see that at the end of the third cycle 
the quantity of oxaloacetate present is eight times the original, at the 
end of the fourth sixteen times, then thirty-two times, sixty-four 
times, etc. That is, the quantity of the starting material increases by 
the power of two in the function of the “turnings” of the cycle.

Every member of the cycle functions in the same way and thus 
the equation corresponding to [16] can be written for any of its ele
ments; e.g. for citric acid (A2):

malate
A2 + X —(D —A2 + Y [18]

or for malic acid (A7) :

malate
A7 + X - © - 2 A 7 + Y [19].

From this it follows that—just like in the case of simple chemical cy
cles — the functioning o f a self-reproducing cycle does not depend on the 
ratios of the components present, and thus it can be written that

malate
A + X — 2A + Y [20],

i.e. we have to deal with the synthesis of the complete self- 
reproducing cyclic system and not with that of a single substance!

Not all self-reproducing cycles are so simple; there are very corn-
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Fig. 10. The malic acid cycle is a self-reproducing autocatalytic cycle. The amount of 
the starting malic acid is doubled in every cycle, while the system consumes acetyl-

coenzyme A
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plicated ones among them. As an example let us mention the so- 
called Calvin cycle (Fig. 11), which combines carbon dioxide into 
plant tissues during photosynthesis, i.e. performs the synthesis of 
carbohydrates from carbon dioxide. The process was disclosed by 
the American biochemist, Melvin Calvin, who was consequently 
awarded the Nobel prize.

In the Krebs cycle organic compounds “are burned” to carbon di
oxide whilst energy is released. Conversely, if we wish to synthesize 
organic compounds from carbon dioxide, we have to use energy, 
chemical energy. Plants gain their energy requirement from the 
energy of light; this must be first transformed into chemical energy. 
This is done by breaking up water: oxygen moves off into the air and 
hydrogen becomes bound to a hydrogen-carrying compound (NAD 
+ H2 —► NADH2). Beside this another compound appropriate for 
energy storing is also synthesized (ATP). This part of the pho
tosynthesis is called light reaction, since it only occurs in the pre
sence of light.

In the second period of photosynthesis the compounds rich in 
energy (NADH2, ATP) thus obtained are used in the Calvin cycle 
for the synthesis of carbohydrates, more exactly of sugar-phosphates. 
Now this synthesis does not require any other source materials than 
carbon dioxide and water, though the system itself is very complicat
ed, consisting of a reaction network organized from twenty-eight 
chemical reactions.

Carbon is thus built in into the living world by a self-reproducing 
cycle of organic carbon compounds, just like phosphor is by autoca- 
talytic cycles of organic phosphates. It seems that nitrogen also 
enters into the living organisms through a system of self-reproducing 
cycles of organic nitrogen compounds. Thus at the basis of the growth 
of the real living world self-reproducing cyclic systems can be found 
(Gánti, 1971).

After all these the time has come to compare the functions per
formed by the cytoplasm with the properties of self-reproducing 
reaction networks. We have mentioned that the cytoplasm is the 
chemical motor transforming the energy of the source materials into 
useful work. Exactly this is done by all chemical cycles, among them 
the self-reproducing cycles, too. We have seen that the processes of 
the cytoplasm are regulated processes. The same holds for every
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ATP ADP

Fig. I I .  Simplified illustration of the Calvin cycle. The inner compounds ot the cycle 
are sugar-phosphates transforming into each other, its “nutrient” is carbon dioxide, 
bounded hydrogen and bounded phosphate. The cycle gains the energy necessary for 
the transformation of carbon dioxide into sugar-phosphates, i.e. into its own inner 

compounds, from the bounded hydrogen and phosphate
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chemical cycle, since a cycle is, by definition, a feed-back process, 
which thus fulfills the basic requirement of regulation. (We shall 
return to this question in one of the following chapters.)

Further we have explained that the cytoplasm is the homeostatic 
subsystem of the cell, carrying the property of inherent stability and 
being responsible for excitability. We have already seen that all 
simple chemical cycles are, by definition, stable, since in a cycle the 
only changes which may occur are those leading always to the same 
states. But this inherent stability was not identified with the stability 
of the cytoplasm, since the latter is also stable during growth, while 
the simple chemical cycles are not growing systems.

The process of self-reproduction does not disturb the property of 
stability. This can be seen easily by the example of the malic acid 
cycle. Let us begin with a single malic acid molecule and let us start 
the process. The malic acid is transformed into citric acid, this into 
isocitric acid, etc. and finally malic acid is formed again. In fact not 
one, but two molecules of malic acid are formed, but the second 
malic acid molecule does not hinder at all the first one in running 
through the “constrained paths” of the cycle anew, if there are 
enough source materials present and the solution is appropriately 
diluted. And the regulation of increase has here a really simple possi
bility: if the glyoxylic acid formed in the cycle is made to react not 
with acetyl-coenzyme A but with something else, then the self- 
reproducing character of the process ceases but the “chemical 
motor” continues to run, i.e. the regulation of increase does not 
affect in this system the functioning of the chemical motor.

At the same time the “chemical motor” perceives the external 
changes: every change in the environmental parameters of a ther
modynamic character (temperature, pressure, concentration, pH, 
etc.) has an influence upon the rate of the individual chemical reac
tions, thus the function of the whole system depends on this effect; 
the system performs the “chemical work” more or less intensively 
without any change in its structure. Thus it seems that self- 
reproducing cyclic processes satisfy the condition of homeostasis as 
well.

Finally, we have seen that the cytoplasm delivers the source mate
rials for the reproduction of itself and of the two other subsystems. 
As for the self-reproducing cycles, they of course can also produce
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the substances necessary for their own reproduction; we shall see in 
the following chapters that they can also do this for the other two 
subsystems.

In view of so many common properties between the functioning 
of the cytoplasm and that of the self-reproducing chemical cycles, we 
may clearly choose the latter as a subsystem of the abstract minimal 
system to represent the basic unit of life. However, there are many 
kinds of self-reproducing cycles; obviously, we have to choose the 
theoretically simplest one, which represents in the simplest form the 
basic properties interesting to us. Clearly, this will be a cycle of three 
steps: the first step is a reaction with the “source material” X, the 
second step is the production of the side product Y, and the third is 
the step of self-reproduction:

A, -f- X .— A2 [21]

A2 — A3 +  Y [22]

A3 —2Aj [23]

by summing and simplifying we have:

A
A +  Y - 0 — 2A +  Y [24]

or graphically:

Y

This is the abstract elementary model of the soft minimal system cor
responding to the cytoplasm. Thus we have found one of the subsys
tems of the basic unit of theoretical biology.
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9. Chemical systems multiplying by 
division

A farmer wishing for rapid results will sow annual plants and in 
some months he can harvest the crop. The next year, however, he 
has to begin everything anew. If he plants a fruit-tree, he has to work 
without any gain for years, but once the tree begins to bring fruit, he 
can reap the fruits of his work yearly for decades.

Something like this has happened to us. In eight long chapters we 
have only invested work, it is now time to await the results. They 
will indeed come, the first already in this chapter, and later on we 
shall be able to reap chapter by chapter new results, at the price of 
minimal allotments. This minimal allotment, however, can never be 
neglected. In the present chapter we shall have to find a subsystem 
which can be connected with the subsystem introduced in the previ
ous chapter and so we shall be able to gain from our work. For the 
sake of ease we shall seek a system which can fulfill the role of the 
cell membrane.

The ease means here that we need not seek very hard, the system 
is offered to us quite ready by nature. The cells are surrounded by a 
membrane of electron-microscopic thickness, and similar ones can 
also be found around cellular components, even in the cytoplasm 
itself and within mitochondria and chloroplasts. For a long time we 
did not know the membranes, we had no model by which the proper
ties of these membranes could have been properly interpreted. Then 
in 1972 Singer and Nicholson introduced the so-called two- 
dimensional liquid membrane model. Therefore we only need to 
generalize the statements about this model and write down its 
equation.

There are compounds which can easily be solved in water but not 
in alcohols, benzine, ethers; for example, salts and sugars. Then
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there are other compounds which are easily solved in alcohols, 
ethers and similar organic solvents, but are insoluble in water. Such 
compounds are, e.g., fats and oils. Solubility can be reduced to 
molecular properties: if the molecule contains hydrophilic groups, it 
is soluble in water, if it contains hydrophobic groups, it can easily be 
solved in organic solvents, the so-called lipid solvents.

But what will happen, if a longer, rod-like molecule has on its one 
end hydrophilic and on the other hydrophobic groups? In a system 
consisting of benzine layered over water will it be solved in the ben
zine or in the water? Such molecules arrange themselves on the 
border separating water from benzine with their hydrophobic part in 
the benzine phase and with their hydrophilic part in the water phase. 
Thus on the benzine-water surface arranged beside one another they 
form a layer of one molecular thickness. (Fig. 12). From this layer 
molecules can be removed either into the water or into the benzine 
phase only by an energy input. Conversely, spontaneous building in 
of molecules into the monomolecular boundary layer either from 
the water or from the benzine phase is accompanied by a release of 
energy.

benzine
water

Fig. 12. Rod-like molecules with hydrophilic groups on the one end and with hy
drophobic groups on the other are situated on the border of water and benzine with 
their hydrophobic groups in the benzine and with their hydrophilic group in the water

If such molecules with this double nature are forced into the 
watery phase, the molecules arrange themselves with their hydro- 
phobic parts turned against each other, thus forming a local water- 
free environment for their hydrophobic parts. This may occur in the 
form of aggregates or of double molecular layers. In such circum
stances the hydrophilic parts of the molecules on the surface of the 
aggregates, or of the membrane, are turned outward into the water, 
while their hydrophobic parts turned inward bring about conditions 
as if they were placed in some organic solvent (Fig. 13).
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F ig . 13 . If these molecules will be forced into water, they will group themselves so 
that only their hydrophilic parts should be in touch with water. This ordering may 

occur in the form of molecular knots dr in that of double layers

These membranes have interesting properties. Molecules can 
only be removed from them by investing energy, therefore in this re
spect the membrane can be compared to solids. In the plane of the 
membrane, however, the molecules are not bound by anything; they 
can be easily removed in any direction of the plane, and they can re
place each other, that is to say, the membrane behaves like a fluid. It 
was for this that Singer and Nicholson called these membranes two- 
dimensional liquids (Fig. 14).

F ig . 14 . A molecule from a molecular double-layer membrane can only be lifted out 
by work-performance; in this direction the membrane behaves like a solid body. On 
the other hand, within the plane of the membrane the molecules can move freely: in 
this direction they behave like fluids. It was for this that Singer and Nicholson called 

such membranes as “two-dimensional fluids”

Living systems are always surrounded by membranes based on 
double molecular layers, even if they are covered beside this with 
cell walls, flint shells, or chitin cuticula. Membranes of a double 
molecular layer are the membranes within the cells, too. The basic 
substances of natural two-dimensional liquid membranes are phos
pholipids, but such membranes can also be produced artificially with 
the aid of many compounds, if the molecules have at the one end hy
drophobic groups and hydrophilic ones at the other.
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As can be seen in Fig. 14, the hydrophobic groups at the edge of 
the membrane are still in contact with water, the edge of the mem
brane is thus an unstable system. Therefore the edges of membranes 
are ready to close and to form a closed spherical surface. If we start 
membrane formation in a watery solution, the result will be a lot of 
microscopic spherules bounded by membranes of a double molecular 
layer.

These membranes are also systems capable of growth. This 
growth, however, can rather be compared to the growth of crystals, 
since the solved membrane-forming molecules are built into the 
membrane spontaneously, without chemical processes, by mere 
physical effects. This incidentally corresponds to our above state
ment, that membranes behave like solids with respect to liquid. The 
growth of membranes may also occur on either of its two sides, but 
only on one since molecules can jump from one layer into the other.

Now we have to describe this process of membrane growth quan
titatively, by an equation. Yet this is a very simple task indeed. Let 
the membrane-forming molecules be denoted by T and the mem
brane built from a number n of molecules T by|Tn|.The incorporation 
of one molecule T into the membrane can be described by

[25],

Similarly, if n molecules T are incorporated into the membrane 
, we have:

+ nT T2n [26],

But the membrane becomes larger and larger with the building in of 
every molecule, and if the number of the molecules forming the 
membrane becomes the double of the original, the surface of the 
membrane is reduplicated, too. Thus | T ;n 1 represents at the same
time a surface which is the twofold of | Tn[.

Let us now construct the abstract model of a chemical system 
dividing in space. Let us connect the function of the autocatalytic 
cycle with the membrane synthesis. The simplest form of the con
nection is the requirement that the membrane-forming molecules 
should be produced by the autocatalytic cycle; therefore the mem
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brane may only grow if the autocatalytic cycle is functioning. In 
order to do this our autocatalytic minimal system must consist of 
four steps: to the three steps discussed above must be joined a fourth 
reaction producing the basic substance of the membrane, the 
molecules T (Fig. 15). Hence the elementary steps of the cycle are:

Á( +  X — A2
A2 — A3 +  Y
A3 — A4 +  T
A4 —2Aj

in general:
A

A +  X - 0 - 2 A  +  T +  Y [27],

Fig. 1 5 . The self-reproducing minimal cycle of the proliferating chemical supersys
tem. The cycle produces beside itself (A1, A2, etc.) and the waste products (Y) 

membrane-forming molecules (T) as well

Consider a spherical membrane consisting of a number n of 
molecules T. Let us put within it the substances of our self- 
reproducing cycles and suppose that these cannot leave the space en
closed by the membrane but the membrane is permeable for the 
source materials X and for the waste products Y. Let the number of 
internal components of the cycle within the sphere be n. The incom
ing source materials X start the functioning of the self-reproducing
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cycle, during one turn the cycle reproduces itself and at the same 
time produces n molecules T:

A
nA + nX —© -2 n A  +  nT + nY [27.1]

But the n molecules T become incorporated into membrane S  
thus reduplicating the surface of the membrane:

nT +

In adding equations [27] and [28] we have:

[28],

nA +
A

-f- nX — —>2nA -t- +  nY [29],

i.e. the two systems are indeed connected, they form a single super
system, and while one of its subsystems reduplicates itself, the other 
one is also reduplicated.

But what kinds of processes are hidden behind the above equa
tions? There is a spherule, something like a soap-bubble but far 
smaller, of microscopic dimensions. And it is not filled by air but by 
a watery solution and the whole sperule itself swims in a watery “nu
trient solution”. Within the spherule the components of the self- 
reproducing cycle are in solution; these cannot get out from the 
spherule but the substances of the “nutrient solution” can enter 
through the membrane into the interior space. Thus by means of 
these entering nutrients the cycle begins to function. This process 
consumes the nutrients, but new ones replace them from the exter
nal nutrient solution, thus a continuous nutrient current flows into 
the spherule.

But what are the nutrients used for? Some of them are used up in 
forming internal components of the cycle, which of course cannot 
get out from the spherule and so their quantity increases continuous
ly. Some of the nutrients are used for the synthesis of the basic sub
stances of the membrane. These cannot get out from the spherule, 
either, but are spontaneously incorporated into the membrane, i.e. 
the surface of the membrane increases, too. Hence both the internal
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content and the membrane enclosing it are growing. Moreover, they 
grow at the same rate: the reduplication of the one occurs at the 
same time as that of the other. Therefore while the content of the 
spherule doubles its surface is reduplicated, too.

Here we have a contradiction! To the double volume of a sphere 
belongs not the twofold of its surface but a much smaller one, since 
the volume of the sphere increases in proportion to the third power 
of the radius, while its surface only in proportion to the second. But 
the chemical “constrained paths”, the reactions relentlessly, pro
duce just as many internal cycle components as membrane-forming 
molecules. In order to solve the problem we have to consider three 
cases. According to the first, water flows from the external space to 
the interior of the spherule. Nothing hinders this, but the internal 
content becomes diluted, and a difference in osmotic pressure 
arises, which strives to remove water from the internal space. So this 
solution does not work.

The second possibility is that the spherule becomes deformed, its 
form deviates more and more from the sphere, forming larger and 
larger relative surfaces. But this is counteracted by surface tension 
and local electric charges. So only the third possibility remains: by 
the time that content and surface are reduplicated, the spherule 
divides into two equal spherules (Gánti, 1974). Nothing hinders 
this, since the membrane is an elastic two-dimensional liquid, and 
the result is a double surface to a double volume.

But what is the meaning of all this? We have joined into a “super- 
system” two systems of a strictly chemical character (or to put it oth
erwise, we joined two chemical subsystems to each other), and we 
obtained a system with a surprisingly new property of expressedly bi
ological character. Indeed, what can this system do? It separates itself 
from the external world, its internal composition differs from that of the 
environment. It continuously consumes substances from the environment 
utilizable for it; these substances will be transformed in a regulated chemi
cal manner into its own body constituents. This process leads to the 
growth o f the spherule; as a result of this growth at a certain size the 
spherule divides into two equal spherules, both of which continue the pro
cess. Thus after a certain time the original spherule becomes two 
spherules, after the twofold o f this time we already have four spherules, 
after the threefold of this time eight, then sixteen, thirty-two, sixty-four.
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one-hundred-twenty-eight, and so on, like in the case of unicellular or
ganisms multiplying by cell division (Fig. 16).

chemical
system

organisation

chemical
supersystem

Fig. 16. A special chemical supersystem, namely a self-reproducing spherule is 
formed by joining the functions of two distinct but compatible chemical systems, the 
self-reproducing cycle and the membrane-forming system. The supersystem thus 
formed displays qualitatively new properties, namely metabolism and the capability

of spatial division

Would somebody, perceiving a spherule like this under a micro
scope and realizing that it multiplies by division using nutrients, be
lieve that this is not a living system? Can we believe that the 
spherule is not living? A spherule, which is taking up nutrients, con
tinues metabolism, is excitable, and multiplies itself! Moreover, 
producing always the selfsame descendants, it seems to have the 
capability of heredity.

Nevertheless, the spherule is not a living system. It is not living, 
because a fundamental property is still missing from it. This property 
is not one of the classical life criteria, but on the ground of new 
knowledge gained by molecular biology it was chosen as an absolute 
life criterion. Our spherule has no information-storing subsystem. 
Hence it must still be completed by this property: we have to con
struct an information carrying subsystem and to integrate it into our 
above-gained system. Then our system will be a really living one.

But before doing this, we still have to put down our results gained 
so far in a formal manner, by means of equations.
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It is easy to do, since we only have to take into account the process 
of the division into two parts of the membrane surface |Tn| in
creased to its double size 2n

2n D 3 [30],

Thus equation [29] generalized to nutrient materials and waste 
materials takes the form:

nA + H  + nX —0 - ^ 2  nA + l  \ Tn | + nY [31],

which, however, is not as yet entirely correct, since 2 nA is also spa
tially separated into two parts; each | Tn | has its own nA, and so 
they form a single system. Let this be denoted by a bracket, and thus 
[31] can be modified:

[nA + \ j 2  ] +  nX - t D - 2  [nA + [ t ^  ] + nY [32], 

which already expresses completely that

[nA +

is the supersystem composed of two parts so that its function — 
while consuming the nutrients nX — reproduces itself not only quán- 
titalively but also structurally, i.e. the supersystem [nA + E l ] is 
multiplying.
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10. The chemoton

We have seen that informational subsystems alone are missing 
from self-reproducing spherules and prevent them from being living 
minimal systems. The two subsystems of the self-reproducing 
spherule correspond to two of the three cellular subsystems, namely 
to the cytoplasm and cell membrane. So, if the third subsystem, the 
informational one, can be found and connected in its function with 
the two other subsystems, we may indeed hope to arrive at the mini
mal system of life.

Again, we have to start with the explanation of a well-known and 
frequently used concept, the term of “information”. In what follows, 
this word will not be applied in the usual very wide sense, particularly 
not if we speak about information carrying systems.

Information namely is carried by all existing objects. A stone on 
the roadside carries information about its matter, its chemical and 
mineral composition, its circumstances of generation, etc. And the 
same can be said concerning any object. Human culture, however, 
produces systems which besides information about themselves carry 
another kind of information to which they are not so intimately and 
inherently connected. This book, for instance, carries on one hand 
information concerning itself, e.g. that it is made from paper, it con
sists of pages, has a cover, but on the other hand it carries (or at least 
the author hopes it carries) information about the principles of living 
systems, with which the book as an object, has of course nothing to 
do.

Not only books and other written texts carry surplus information 
of this kind; magnetic tapes, punched cards, electronic storing 
devices, etc. are also capable of storing information with which theyI
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as objects have nothing to do. In the following by speaking about the 
storage of information we will always be concerned with this 
“surplus information” , and information-storage systems are under
stood to be capable to retaining it.

A common property of information-storage systems of this kind 
is that information is stored by signs. Anything can function as a 
sign: a point, a dash, a letter, a hole, a knot, a state of magnetization, 
etc. Almost anything which is available in sufficient abundance and 
which can be fixed in space and in time so that it differs from its envi
ronment in order that the information hidden in it should be deci
pherable by an appropriate information-reading system. Information 
namely becomes effective information, if and only if another system 
is capable of reading and using it.

Information can be stored by any kind of sign, namely by the 
quantity and quality of the signs as well as by their order, of different 
signs. In the case of the three first figures of the Roman numerals 
the value of the number—i.e. the information to be communica
ted—is expressed by the quantity of signs, in the case of the first ten 
ciphers of the Arabic numerals by the quality of signs. Information 
concerning the value of higher numbers is closed in the case of both 
numerals into the order of signs of different qualities (Fig. 17).

0 5
I 1 6

II 2 7 MDCXXXII
III 3 8 19528295

4 9

F ig . 1 7 . The first three Roman numerals express the information to be communicat
ed (the numerical value) by the simple quantity of a sign, the first ten Arabic numer
als by the quality of signs. Informations concerning higher numerical values are 

coded in both systems by the sequence of different signs

It is easy to understand that chemical information can also be 
stored by the quantity and quality of signs. The hormonal regulation 
of multicellular organisms, and the informing role of certain fragrant 
substances—the so-called pheromones—in ant societies, depends
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mainly on the quality of signs. Nevertheless, alluring fragrant Sub
stances of the she-butterfly do not inform the he-one by quality 
alone, but by quantity, too: the male strives after the smell in greater 
concentrations and can thus find the female even from a distance of 
several kilometers.

Chemical communication systems like these can, however, only 
transfer instructions of a directing character necessary for regula
tions, and thus they are capable of storing information of short dura
tion only. Moreover, this manner is not adequate for the storage of 
more complicated information, since the signs, i.e. the individual 
molecules, are freely moving and constantly change their place. 
Thus, an order of signs cannot be formed from them which would 
make a major information-storage capacity possible. Therefore if 
complex information is to be stored chemically for longer durations, 
we have to fix the signalling molecules in space so that the informa
tion stored in them can be available for soft (chemical) decoding 
systems.

Molecules as signs can be fixed by chemical bonds, i.e. by poly
merization. If molecules serving for signs are denoted by V, then the 
chemical information-fixing by the quantity of the signs may be ex
pressed by the equation of polymerization:

°V — PVn [33],

where n is the number of molecules used for the storage of informa
tion (or, speaking chemically, the “degree of polymerization”) and 
pVn is the polymeric molecule formed from a number n of 
V-molecules.

The polymer may have either a stereo-network structure or a 
linear one. Polymers of the former structure are obviously inap
propriate for chemical information-storage, since the individual 
signs are not available for chemical decoding mechanisms, due to 
their great spatial cramming. On the other hand, linear polymers are 
ideal for information-storage, since the signalling molecules, which 
are ordered like beads on a string, are available from every direction, 
the line itself excepted.

However, the polymerization process characterized by equation 
[33] even if leading to a linear macromolecule is not enough in itself
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to store information effectively. Information would be fixed in this 
case by the simplest means, i.e. by the quantity of signs. What, how
ever, should determine the length of the linear polymers, i.e. the 
number of signs to be built into the individual polymeric macromol
ecules? In a common polymerization reaction mixture the polymers 
fmmed are not of equal lengths; there are among them very short as 
well as very long ones. However, information storage can only be 
achieved by linear polymers in which the number of the molecular 
signs is exactly determined. In this most simple case just the number 
of the molecules carries information within the macromolecule.

Nevertheless, there is a special type of polymerization—the so- 
called template polymerization —in which not any kind of macromol
ecules are formed. The word “template” really means “pattern” , as 
it has some kind of “patterned” structure. In this polymerization 
process the binding of molecules occurs only if there is a ready poly
meric molecule present; a polymeric file serving as the template, 
binding on its surface the individual sign-molecules which then 
become bonded to each other. It is thus determined by the template, 
what kind of macromolecules will be formed. However, the newly 
formed macromolecule can also serve as a template, hence the 
number of templates is reduplicated, and there are now twice as 
many template molecules present, i.e. twice as many macromol
ecules can now be synthesized at the same time. Since they can also 
serve as templates, the quantity of the polymeric molecules present 
in the reaction mixture will be fourfold, eightfold, sixteenfold, etc. 
of the template-quantity originally present.

Again, we have here an autocatalytic process: the template 
molecule is an autocatalyst! This fact in itself suggests that the pro
cess of template polymerization can readily be connected to the 
other two autocatalytic chemical systems dealt with in the previous 
chapters.

But the template mechanism is not only helpful in respect to infor
mation storage. The mechanism of decoding is also given here, since 
the information present in the template must be read when it is used 
for the synthesis of a new macromolecule. Moreover, not only the 
reading mechanism is given, but also the multiplication of the infor
mation, since the newly formed molecule contains the same infor
mation as the template by which it was formed. Thus it seems that
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the template polymerization system will be indeed appropriate for 
the role of the third subsystem in the minimal system of life.

Perhaps it will not be superfluous to remind the Reader of our 
aim to find the simplest possible abstract system, independently of 
whether it can be actually realized or not. As in the case of the previ
ous two subsystems, we shall show here also that this system is not 
the mere product of fantasy; as a matter of fact template polymeriza
tion systems are to be found in the real world. First of all, the well- 
known DNA synthesis is such a system. The same holds for RNA 
synthesis, too, as previously mentioned. In the living organism 
these- template polymerization processes occur by means of 
enzymes, but there is experimental evidence to show that the tem
plate effect may take place in non-enzymatic nucleic acid synthesis, 
too. Hungarian research workers, Ferenc Cser and his colleagues 
found that polymerization reactions of this kind also occur in the 
case of compounds of a non-biological character, namely in the poly
merization of acenaphthilene.

Taking into account the role of the pattern (the template), the 
reaction denoted above by equation [33] can now be written:

nV + pVn —. 2pV n [34],

which, besides the information storage, reflects the autocatalytic 
character as well.

Herewith everything is ready for the construction of the abstract 
model of the theoretically simplest living system, the chemoton. 
Moreover, we have a ready recipe for it, namely the same as in the 
case of the self-reproducing spherule: it is necessary to establish a 
“supply and demand” connection between the different chemical 
systems, i.e. to select the self-reproducing cycle so that it can pro
duce the raw materials necessary for the functioning of the informa
tional system.

As the simplest solution, let our self-reproducing cycle consist of 
a sequence of chemical reactions, each one of which performs a 
single task. Thus let the first step make use of the nutrients:

A, + X =  A2 [35]
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Let waste materials be produced in the second step:

A2 — Aj -t- Y [36].

The third step belongs to the information carrying molecules:

A3= A 4 + V [37],

The fourth step is the forming of the membrane-forming molecules:

A4- A 5 + T [38],

Finally, let the fifth step be that of self-reproduction:

A5= 2A , [39].

Now we have a self-reproducing cycle consisting of five steps which 
at the same time produces the basic materials of the two other sub
systems as well, as it can be seen from Fig. 18. The equation of this 
cycle is obtained by summing equations [35] — [39]:

A, X

V
Fig. 18 . Self-reproducing minimal cycle of the chemoton. The cycle produces beside 
its own constituents (A,, A2, etc.) and the waste materials (Y) the raw materials of 

the informational subsystem (V) and the membrane-formation (T) as well
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[401.
A

A, +  X - 0 - .2 A ,  +  V + T + Y 

Or, more generally:

A
A + X - Q - 2 A  +  V + T +  Y [411.

If this system works in the interior of a membrane-spherule con
taining the information carrying macromolecule, the sign molecules 
V produced here are polymerized according to the template present, 
and the membrane-forming molecules T are built into the mem
brane itself. Thus the equation of the chemoton will be obtained, if 
equation [32] describing the function and multiplication of the 
membrane-spherule is connected with equation [34], characterizing 
the working of the chemical informational system (i.e. by adding the 
two equations):

[nA +  pVn + + nX - 0 — 2[nA + pVn + P H l  + nY
----  [42],

where the expression

[nA +  pVn +  [1 J  ]

denotes the chemoton, which in the interior of the membrane- 
spherule built up from a number n of molecules T contains the mini
mal system corresponding to the protoplasm, the self-reproducing 
cycle nA, and the information-carrying polymer pVn corresponding 
to the genetic material.

Obviously, equation [42] means that the three chemical systems 
work in complete harmony: they grow with the same rhythm, they 
reproduce simultaneously and, as in the case of the self-reproducing 
chemical spherule, after appropriate growth the three systems are 
divided into uniform, functioning, self-divisible systems, i.e. they 
multiply. The three chemical systems form a single supersystem, in 
which the function of the original chemical systems is subjected to the 
function of the integral supersystem.
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Now, we have finally obtained the minimal system which corre
sponds to the basic organization of the prokaryotic cell, contains the 
subsystems corresponding to the roles of the cytoplasm, the genetic 
material, and cell membrane; a system capable of functioning, grow
ing, and multiplying. From a chemical point of view, we have to con
sider this a supersystem, since we have built it up from different 
chemical systems. From a biological point o f view, however, it is clearly 
a minima! system, since this is the theoretically simplest system which dis
plays all of the principal life phenomena. Thus the chemoton can be con
sidered the basic unit of life. However, we still have to prove that the 
chemoton is effectively living.
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11. Life at the chemoton level

It will not be difficult to prove the living character of the chemo
ton, since we have already discussed in detail the life criteria which 
must be fulfilled in order that a system could be considered a living 
one. We have now to examine whether the chemoton does or does 
not satisfy these criteria. If it satisfies the “actual” life criteria, we 
may consider it living. However, it would be even better if we found 
that it satisfied the “potential” life criteria as well. In this case we 
could hope that it would be considered the basic unit of an exact 
theoretical biology, from which the abstract theoretical model 
system concerning the whole living world could be deduced. The 
exact proof cannot, of course, be presented in this book; but the 
qualitative validity of our statements can easily be clarified by the fol
lowing simple considerations.

Let us see first the life criteria. According to the first life criterion 
the system must be an inherent unit which cannot be made up by 
adding together the properties of its parts, nor can be subdivided 
into parts that carry properties belonging to the system as a whole. It 
is hardly necessary to prove this criterion separately since in the con
struction of the chemoton parts (subsystems) the connections re
sulted in new qualitative properties not present in the individual sub
systems. Conversely, the chemoton cannot be separated into parts 
so that these display the properties of the whole. The special proper
ties of the chemoton are due exactly to the compositional mood of 
the three subsystems. Hence the chemoton satisfies the first real life 
criterion.

The second of these criteria requires that a living system should 
perform some kind of metabolism. Under metabolism we under-
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stand that matter and energy get —either actively or passively —into 
the system from the external environment, and are then transformed 
into its own internal materials in the midst of waste material produc
tion. These chemical reactions lead to the regulated and controlled 
growth of the internal substances as well as to the energy supply of 
the system. Finally the waste materials leave the system, either ac
tively or passively.

Now chemoton can perform all of these. An energy-rich nutrient, 
X moves into the system from the environment, and the chemical 
reactions of the system transform it into A, T, and V. These latter 
form membrane and genetic material in a regulated (and, as it will be 
seen, controlled) manner. The waste material Y is also obtained, 
and can leave the system through the membrane which is permeable 
to it. Moreover, the “chemical motor” of the system is driven by the 
energy made free during the transformation of the nutrient X, and 
the functioning of the system is ensured by this released energy. The 
chemoton therefore satisfies the second real life-criterion, too.

According to the third criterion, the living system must be inhe
rently stable. This inherent stability is ensured by the inner organiza
tional mode of the subsystem “chemical motor”, working as it does 
in a cyclic manner. Hence this property appears ready-made by one 
of our subsystems. Thus the chemoton fulfills as a matter of fact the 
third life-criterion. Moreover, chemotons have a remarkable adapta
bility with respect to environmental changes and are capable of com
pensating them quite effectively, as will be shown by computer simu
lations in the next chapter.

The fourth real life criterion states that living systems must have 
a subsystem which carries information concerning the whole of the 
system. We already know that the chemoton has a subsystem capable 
of information storage, but we have still to prove that this informa
tion refers to the integral system of the chemoton.

The information-storing role of the chemoton can easily be estab
lished in the case of its more complicated variants, the so-called 
mutative chemotons, which will be dealt with in one of the following 
chapters. In the following chapter, a computer simulation experi
ment will demonstrate that this characteristic can also be found in 
the simplest form. The basic principle, however, can already be 
sketched.
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The chemical reactions of the self-reproducing cycles considered 
so far were reversible, i.e. they could be driven forwards or back
wards, according to the given circumstances. Thus a cycle like this 
can revolve in both directions: in the case of a great amount of nu
trients it will go “forwards” and thus it will become self-reproducing. 
However, if there is a lack of nutrients and much waste material in 
the mixture, the cycle may also revolve in the opposite direction, 
and thus turn into a self-consuming process. It depends first of all on 
the concentrations of the nutrients and the waste materials, as to 
which one of the two directions will be followed and how fast. The 
cycle, of course, may also stand still in the function of the 
concentrations.

In living systems, however, the “chemical motor” —i.e. the com
plete reaction sequence —cannot go in the reverse direction, the 
growth of the cell is irreversible. The cell, of course, may suffer 
decomposition, but this can never occur along the same way as its 
building up. In the complete system of the chemoton this essential 
irreversibility must be ensured, and this can be done by building in 
irreversible processes.

This, however, is not too difficult. Indeed, even the self- 
reproducing spherule contains such a unidirectional process, namely 
the process of membrane forming: the membrane-forming 
molecules are built spontaneously into the membrane, but are not 
able to break away spontaneously. Thus in the self-reproducing 
spherule the cyclic system can only work in one direction, namely to
wards constant self-reproduction. This is because one of its products, 
the membrane-forming molecule T can never be accumulated, 
becoming promptly—and spontaneously—built into the membrane. 
Thus the self-reproducing spherule can only work in the direction of 
growth and multiplication.

Template polymerization, too, is a unidirectional process, and is 
appropriate to ensure the irreversible functioning of the system. 
However, quite differently from the membrane-forming molecules 
T which promptly join the membrane, the sign-molecules V only 
join to each other according to the pattern of the template molecule, 
when they have accumulated in a critical concentration. The accu
mulated V-molecules may thus slow down the reaction, or they may 
even stop it. (Obviously, they cannot reverse the reaction since this
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would also require the presence of T-molecules, which are, however, 
promptly transferred into the membrane.)

When the quantity of V-molecules reaches the critical concentra
tion necessary to start the template polymerization, most of the V- 
molecules present will be used up in the formation of the new poly
mer molecule pVn. Thus the concentration of V decreases and the 
functioning of the cycle becomes faster. The decrease in concentra
tion of V is a function of the length of the template molecule, i.e. of 
the number n of the sign-molecules present in the template pVn. A 
longer template molecule (i.e. a larger n) requires more molecules V 
for its reproduction, thereby decreasing the concentration of V and 
allowing the cycle to function more intensively. Conversely, a short
er template molecule allows the cycle to function slower and less in
tensively. This —as it will be shown by computer simulations —has a 
profound effect on the properties of the chemoton. Furthermore, 
these properties are hereditary, since the reproduction of the chemo
ton involves the reproduction of the pVn in its characteristic and con
stant length. Thus the template molecule pVn carries information 
concerning the system as a whole, which means that the chemoton 
also fulfills the fourth real life-criterion.

According to the Fifth life-criterion processes in the living system 
must be regulated and controlled. The previous discussions concern
ing the fourth criterion and metabolism form a sound basis to pre
sume that the different substances of the system are produced ac
cording to definite relations and in a regulated manner. In view of 
the way the integral system functions either the pVn or the mem
brane may have a controlling role. Thus the chemoton may fulfill the 
fifth life-criterion.

The sixth—or the First potential —life-criterion, growth and mul
tiplication need not be dealt with separately, since we have already 
seen in detail that this is a property of a self-reproducing spherule. 
Hence the chemoton also fulfills the first potential life criterion.

The seventh —i.e. the second potential —life criterion was the 
capability of hereditary change. When deducing some of the funda
mental laws governing heredity in the chapter on mutative chemo- 
tons, it will be seen that the chemoton indeed has this property. 
Nevertheless, the bases of this can already be seen here. It was men
tioned above that' the hereditary properties of the simple chemoton
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are determined by the length of the macromolecule pVn. Template 
polymerization is exposed to errors: shorter copies can be formed or 
two pVn molecules may be connected to a molecule of double 
length, resulting in molecules of changed length serving as tem
plates, producing descendants of changed property, which will be in
herited from generation to generation. Thus chemotons fulfill the 
second potential life criterion.

The eight—the third potential —life criterion was the capacity for 
evolution. That the chemoton fulfills this third potential life-criterion, is 
proved by computer simulation experiments.

Finally, the last of the criterions was the criterion of death. Not 
that of a “programmed” death, however, since unicellular organisms 
are potentially immortal. Cellular death means that natural circum
stances exist among which the structure of the cell deteriorates and 
the cell perishes. Chemotons have a kind of mortality just like this: 
their membrane-system is first of all highly sensitive, and the dete
rioration of their membrane surface leads to the perishing of the 
chemoton. Herewith chemotons fulfill the last life-criterion, too.

So we may state that the chemoton is indeed an abstract minima! 
system carrying all the fundamental and characteristic general qualitative 
properties of living systems. Moreover, it fulfills the potential life criteria, 
and thus we have to suppose that the chemoton is an abstract fundamen
tal unit of life from which an abstract model system concerning life, i.e. 
the exact, theoretical biology may be deduced with mathematicalprecisity.
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12. Computer simulation of the function 
of chemotons

Our equations so far have been stoichiometric equations, that is 
they described what kind of substances and in what quantities could 
be found in the given solution before the events and after them 
(after the occurrence of the events denoted by the equation). Yet 
these equations do not contain any hints about the actual occurrence 
of the events or about the rate of the occurrences. They do not tell 
whether seconds or millions of years are necessary to complete a pro
cess, nor do they say anything about the behaviour of the system 
under the influence of external circumstances. And in spite of this 
we dared to deduce from them all kinds of expressedly kinetic con
clusions about metabolism, regulation, control, growth, multiplica
tion, etc. Did we have the right to do it, and if we had, how can these 
statements be proved exactly?

As a matter of fact, the description of kinetic events —i.e. of the 
behaviour of dynamic systems —requires differential equations dis
playing the course of the occurrences as a function of time. Differen
tial equations describing the progress of a reaction —i.e. of its so- 
called “rate” —were already formulated a century ago by chemi
cal—or reaction—kinetics. Hence it is not difficult to write down the 
appropriate differential equations for the individual reactions of the 
chemoton. However, there remain two problems. First, a differential 
equation in itself does not provide information about the behaviour 
of the system, giving as it does mere prescriptions for the mathemati
cal solution of the equation, i.e. for its so-called integration. Now 
within the individual reactions of the chemoton, just the self-
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reproductory steps are described by so-called nonlinear differential 
equations of the second order, where a general mathematical solu
tion is not known. Thus the complete equation system concerning 
the chemoton becomes insoluble in a closed form, hence it does not 
give any information about the working of the system.

The system of differential equations, however, can be solved by 
the method of approximation, which, because of the very long 
computations necessary can only be performed by a computer. 
Hence we have performed—with the cooperation of Ferenc Békés 
and Ákos Nagy —a lot of investigations using a computer, and 
“simulated” the functioning of the chemoton. We obtained very inT 
teresting results, which will be discussed below, but first we have 
still to survey the second problem mentioned above.

A numerical approximation, of course, can only be performed for 
given numerical values. In our case, this means that we cannot 
obtain the functioning and behaviour of the chemoton in general. 
Only the behaviour of a specific chemoton can be simulated, which 
has a concrete composition and function among given concrete cir
cumstances. Obviously, innumerable internal compositions and an 
endless scale of external circumstances can be imagined: in order to 
become acquainted with the behaviour of the chemoton we would 
have to perform an infinite number of computer simulations.

Of course, one must not calculate every possible case; a reason
able choice of the circumstances allows a reasonable reduction. But 
even so the computational capacity required would largely surpass 
the actual possibilities.

So what remains to be done? Well, some computer simulations 
must be performed concerning the capabilities of growth, multiplica
tion, evolution, etc., while the general consequences as far as possi
ble are to be drawn from the general stoichiometric equations dealt 
with above. We may do this, since the stoichiometric equations are 
not the simple expressions of a material equilibrium. They are suit
able for the formulation of certain kinetic results, if a slight “cun
ning” hidden in them is used.

This “cunning” is the sign of the cyclic process. In “honest” stoi
chiometric equations the two sides are connected by the sign of 
equality, often substituted by a double arrow. Stoichiometric equa
tions describe what kind of substances are formed (quantitative rela
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tions comprised) from what other substances if the process is com
pletely accomplished. The signs of cycles introduced by us denote 
this accomplishment, but also hint at the fact that the cycle may be 
repeated with the same results.

Thus our cycle signs do not inform us about events within a 
period, giving as they do merely the final result of the period. If, 
however, the duration of the period is chosen as the unit of time, 
they show what happens during an arbitrary sequence of such time 
units. With respect to our chemoton this means that the equations 
do not inform us about the behaviour of the individual chemotons, 
but they describe what kind of chemotons are produced by a chemo
ton, i.e. what happens to the chemotons during the sequence of gen
erations. Given the duration of the periods (the “generation time”), 
it is possible to find out what happens from the function of the 
common physical time. Thus a stoichiometric equation with a cycle 
sign may be considered a kinetic equation with a single period as the 
lower limit of its “resolving power” .

Nevertheless, it must be realized that stoichiometric equations 
always give the result of a completely accomplished reaction; i.e. 
they refer to a complete, finished, irreversible state. Most of the 
chemical reactions (in principle all) are, however, reversible pro
cesses tending to an equilibrium which is never completely arrived 
at. This is well known to chemists, but nevertheless they write down 
stoichiometric equations for these reactions, since these are very 
easy to deal with in practical computations, and with knowledge of 
the equilibrium state the results can easily be corrected.

In the case of chemoton the above-mentioned stoichiometric 
equations are strictly valid only if every one of the reactions is irre
versible. But as a matter of fact we have required that most of the 
reactions should be reversible, leading to an equilibrium. However, 
in the case of highly complex systems like this, it is not as easy to cor
rect deviations as in a simple reaction. Hence the actual composition 
of the chemoton depends on the circumstances and can only be 
determined by computer simulation.

At the beginning of our investigations, when our first primitive 
simulations did not take into account the proper functioning of this 
highly complex chemical system, we expected the computer to give 
the same results for the composition of the chemoton as the stoichi-

\
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ometric equations. But we have obtained quite unexpected and 
seemingly ununderstandable results. As always in similar cases, we 
looked for the failure, and as we did not find it, we began to suspect 
our mathematician colleague of an erroneous programing. He of 
course protested, and a thorough search proved indeed that the pro
gram was faultless, but our chemoton could do more than we have 
expected from it, more than we have dared even to hope. (And this 
was far from being the only surprise caused by the chemoton!)

Namely in the chemoton (as in living organisms) inherited prop
erties are not expressed rigidly, but rather modified in accordance to 
the effects of the environment. Endowed with the same hereditary 
properties—the so-called “genotype” —an individual can be either 
fat or thin, either strong or weak, etc., according to the nutrients 
available and the effects from the environment, respectively. Only 
when this was realized did we properly understand that heredity 
merely describes the identity of properties for subsequent genera
tions only under identical conditions (in the living world and in the 
chemotons alike). Within the still very wide possibilities determined 
by inheritance different environments may produce rather different 
individuals.

The adaptability of the chemoton results from the reversibility of 
the chemical reactions, from their trend to achieve an equilibrium. If 
the chemoton consisted only of irreversible steps, heredity would 
then be expressed without adaptability, and the results could be read 
exactly in the stoichiometric equations. But reversibility generates 
adaptability, as we shall see soon from the simulation experiments.

Concerning simulations one may often encounter the opinion 
that “a computer can only give back what was put into it”. This, in a 
certain sense, is of course true. But we did not feed anything into the 
computer about the functioning of the chemoton! How did it still 
produce the above-mentioned results? This “serendipity” was just 
the essence of our computer simulations.

As already mentioned, the rate of a reaction could be described a 
long time ago by a differential equation. Let us take for instance the 
first chemical reaction of the chemoton cycle:

A[ +  X — A2.
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If we feed into the computer a program which integrates the differen
tial equation belonging to this equation, we obtain the course of the 
reaction, i.e. the quantity of the reaction product A2 in the system at 
any given moment. Obviously, this value depends—among others 
— on the external circumstances of the reaction (e.g. temperature) 
and on the concentrations of the components (e.g. X). Now we can 
obtain from the computer results wished in advance, in the sense 
that if for example we feed in much X, then much A2 will be formed 
at high rates, and if we feed in little X, then little A2 will be formed at 
a slow rate. But just the same thing happens in a test-tube, if we give 
much X component to a chemical reaction or only a little. Hence the 
computer can tell us, how the chemical reaction would take place 
within the supposed conditions, in the test-tube itself.

Of course, the same holds for the second reaction of the cycle:

A2 — A3 + Y.

Here, too, the course of the reaction can be arbitrarily chosen, 
within the possibilities determined by the equation.

If, however, the differential equations corresponding to the two 
reactions are jointly fed into the computer so that the reaction prod
uct of the first be the raw material of the second:

A! + X — A2 = A 3 +  Y,

then the second reaction cannot run in an arbitrary manner any 
more, since the quantity of the raw material produced by the first 
will determine its course. The course of the first reaction, on the 
other hand, will also be restricted, since it depends on how much of 
its end product is removed by the second. Of course, this does not 
hold for processes simulated only; in a computer the same holds for 
chemical reactions: two reactions “run down” in a different manner 
if they are connected as compared to that if they are not, since both 
influence and control each other, they depend on each other.

In computer simulations of the chemoton, only the differential 
equations of the individual chemical reactions were put into the computer; 
no kind of instructions were given concerning the functioning of the
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chemoton as a whole. We let the computer to calculate the process 
which would have been occurred in a solution where several con
nected chemical reactions run simultaneously, and we have regis
tered, how these reactions influence the course of each other.

First of all it was confirmed that—as it was expected —the system 
is capable of functioning: the chemoton may maintain metabolism, 
i.e. it may take up nutrients, it can make the whole system work 
from their energy and transform them in a regulated and controlled 
manner into the proper substances of the system so that this leads to 
its permanent growth.

Next it turned out that the system is excitable and sensitive, i.e. it 
reacts sensitively to external changes (e.g. changes of temperature, 
changes in the concentration of nutrients). This reaction manifests 
itself with a change of the internal composition of the system: the 
proportions of its internal components are changed. Yet on the other 
hand, the system reacts sensitively to internal changes as well, and 
during its individual life —i.e. from division to division —its composi
tion changes in a determined manner even among identical external 
conditions and the same changes are then repeated in each one of 
the offsprings during their individual lives.

Then it was proved that the information storage system (the pVn) 
indeed has a controlling and inheritance-determining role in the 
function of the chemoton. The length of the pVn, i.e. the value of n 
determines what kinds of internal changes occur and how during the 
individual life of the chemoton. Since the length of the pVn in the de
scendants is identical, the same changes will occur in every offspring 
during its individual life.

We discovered with surprise during our computer simulations 
that the pVn has within the chemoton something like a pacemaker 
role. The reduplication of the pVn is an event occurring only once be
tween two divisions; in the individual life of a chemoton the synthe
sis of pVn occurs only once, when the chemoton is prepared to 
divide according to the external circumstances. The pVn synthesis 
taking place gives a physical sign through the decrease of the osmotic 
pressure to begin the process of division. Thus the pVn does not only 
control the rate of metabolism, it is also capable of controlling the 
start of the division, even in this simplest model serving as a minimal 
system.
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The greatest surprise, however, was rendered by our simulation 
investigations concerning the stability of the chemotons. The 
chemoton is after all a chemical system, since every process in it is a 
chemical reaction, division excepted. Now the rate of the chemical 
reactions depends on the concentrations of the raw materials; it may 
be said with a rough approximation that it is proportional to the con
centrations of the raw materials. Therefore we have performed simu
lation experiments in which the concentration of the nutrients was 
suddenly decreased to a tenth of the original. According to well- 
known chemical experiments we have expected the metabolical pro
cesses of the chemoton to flow ten times slower, that is the genera
tion time to increase tenfold. For instance if one hour was needed 
for a chemoton under the original circumstances to reduplicate 
itself, we then expected that in reducing the concentration of the nu
trients to a tenth of the original, the reduplication time would be in
creased to ten hours. To our greatest surprise, however, the genera
tion time increased by a mere ten percent. Hence a tenfold decrease 
of the nutrients influenced the functioning of the chemoton a hun
dredfold less than it could have been expected on a mere chemical 
basis. More detailed investigations then disclosed that the internal 
composition of the chemoton upon these rough environmental 
changes is profoundly rearranged; the quantity of its internal compo
nent reacting directly with the nutrients (A[) is tenfolded at the cost 
of the other components, compensating herewith the decrease of the 
external nutrient, and thus the reaction rate remains substantially 
unchanged.

Thus chemotons have a considerable compensation capacity 
against external changes, they can make their internal functioning 
largely independent from external circumstances.

Hence our computer simulation experiments supported our previ
ous conclusions drawn from the stoichiometric equations concerning 
the chemoton; they proved that chemotons are individual, functioning, 
metabolizing, inherently stable, homeostatic, excitable, regulated and 
controlled, growing and multiplying systems provided with inheritable in
formation and are capable of hereditary change.

We are now strengthened in our conjecture that the chemoton is 
an abstract living unit which can appropriately be taken as a basis for
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a really exact theoretical biology. It is worth while to citing Pavlov 
again:

“Life as a whole, from the simplest organisms to the most com
plicated ones—man of course included —is a long sequence of coun
terbalancings with the environment, a sequence which becomes 
eventually very complex. The time will come —even if it is still 
rather far away —when mathematical analysis supported by scientific 
analysis can put into majestic formulas of equations these counterbal
ancings putting finally into an equation life itself.”

May it be too daring to state that the time did come for the fulfil
ment of this task? Let us try it anyhow, based upon our previous 
considerations.
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13. Chemo ton theory involves the 
principles of soft automata

Descartes once considered animal organisms as automata. His 
mechanistic ideas were later criticized, mostly legitimately. 
Nevertheless, his ideas were based upon real observations: he per
ceived that machines and living organisms have common properties. 
Obviously, these common properties could not be exactly expressed 
.in his time, since not only the functioning of living organisms but 
also that of machines were quite unknown. Therefore if we are now 
looking for common properties (and basic differences) between ma
chines and organisms, this is not done by following Descartes’s ideas 
but based on modern scientific knowledge.

First of all, machines (and other devices of modern technology, 
the so-called “automata”) and living organisms share common prop
erties in being organized systems whose characteristic qualitative 
properties originate from their internal organizational manner. Au
tomata and living systems are both dynamical systems: their charac
teristic properties present themselves during function. For this they 
first of all need an energy source, and both can transform external 
energy into directed useful work. The transformations within them 
are not arbitrary, but move in a regulated and controlled manner.

It was not by chance that Descartes considered living organisms 
to be somehow related to machines, since natural systems with prop
erties characteristic of machines can only be found in the living 
world. Only in living systems can these properties be found together. 
Moreover, animals all have in common the property of active “self- 
controlled” movement, which shows an extraordinary similarity to 
machine movement.

Nevertheless, the differences between organisms and machines 
are still more important than the similarities. First of all, living
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beings are soft systems in contrast to the artificially made hard dy
namical systems. Furthermore, machines must always be construct
ed and manufactured while living beings are not: they construct and 
prepare themselves. Living beings are growing systems in contrast 
to technical devices which never grow after their completion, quite 
contrarily they wear down. Living beings are multiplying systems 
and our automata (at least to this day) are not capable of multiplica
tion. Finally, the evolution, the perfection of living organisms is a 
spontaneous process occurring by itself through innumerable gener
ations, while machines, which in a certain sense may also go through 
a process of evolution, need for this always the activity and contribu-. 
tion of man.

These are not trifling divergences. In fact, the differences between 
living beings and automata are qualitatively more fundamental than 
the similarities. Nevertheless, this does not mean that the similari
ties are not based upon common principles: identical phenomena in 
machines and in living systems have identical laws in their back
ground, namely the laws of cybernetics and automata theory. If so, 
then elements and basic laws of cybernetics can be applied not only 
to the nervous system, neural networks, neural regulations, etc. 
(which at their own levels can be considered hard systems, being as 
they, are organized by fixed spatial connections), but also to soft 
chemical systems, and processes occurring in solutions. Exactly this 
is done by chemoton theory, and so in attempting to disclose the 
basic principles governing the function of soft (chemical) automata 
we have only to consider our previously discussed results from the 
view of the theory of regulation and control.

This, however, is hot an easy task. Machines and automata are 
constructed from well-known dynamical elements such as sensors, 
switches, relays, valves, wheels, wires, modulators, amplifiers, 
difference-formers, sign-formers, etc.

All of these allow a lot of practical realizations; thus for instance 
among the sensors tripping circuits, voltage regulators, tachymeter 
dynamos, governers, tripping transformers, string galvanometers, 
theostats, thermocouples, contact thermometers. Bourdon tubes, 
liquid manometers, pressure gauges, Pitot tubes, bolometers, flow 
meters, etc. may be mentioned. Similarly, among difference-forming 
devices there are instruments like amplifiers, differential manome-

I
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ters, differential gears, feeder voltage regulation transformers, 
Wheatstone bridges, etc.

It is easy to see that from elements like these machines, devices, 
and automata can be constructed, if only the elements are appropri
ately chosen and built together. But how can one imagine all this in 
solution? How can switches, amplifiers, wires, etc. exist in a pot of 
water and where can these be localized as organs? Obviously, the in
fluence must somehow be conducted from the sensor organ to the 
effector one, but how is this possible if the sensor, conductor and 
effector are all dissolved in a pot of water?

Nevertheless, it is still possible. We cannot present here the 
details of the functioning of soft (chemical) automata, but we can 
give the basic principles by which the functioning of such automata 
occurs in the living world. Let us now see them one by one.

First of all, we need some kind of a sensor. Sensors can be any
thing having properties which are modified by the environmental 
changes, provided that this change of property can influence the 
function of the machine or automaton. Obviously, electrical proper
ties of the sensor must be capable of change in an electric device, 
while in a mechanical one the sensor must go through a property 
change of a mechanical nature.

The sensor of a chemical automaton has to change in its chemical 
properties. This change, furthermore, must depend on the measure 
of the external effect and must be reversible, i.e. with the decreasing 
or ceasing of the external effect the chemical property change should 
also change back or return to the original position. In chemistry, this 
requirement is ideally fulfilled by the chemical reactions leading to 
an equilibrium, the so-called reversible reactions.

In a reversible reaction

A = B

after the equilibrium is completed the ratio of the number of the 
molecules A and B within the given circumstances is constant and 
this constant number (the so-called “equilibrium constant” K) is 
characteristic of the reaction. Now we have to emphasize in this defi
nition the “given circumstances” . Namely if the circumstances 
change, the numerical ratio A/B also changes, and if the circum
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stances return to the original, the original ratio will be restituted. Of 
course, the word “circumstance” may mean a lot of things: tempera
ture, pressure, concentration, pH and so on; everything registered 
as “state variable” in the thermodynamics of watery solutions.

Thus here we have an excellent sensor, from more than one as
pects. First of all, it is capable of measuring not only a single but a lot 
of state variables. It works without friction and reversibly, hence it 
does not break down. Neither can it err, since the end result in the 
statistical sum of the transformations of the individual molecules 
and the number of the molecules is so tremendously large (generally 
1020—1022 pro liter) that the possibility of an error is practically ex
cluded. If compared to the elements of hard automata, these are ad
vantages which would open incredible possibilities in the case of 
technological applications. These very possibilities were exploited by 
the living world. The soft automata of the living systems work practi
cally without errors; for the functional mistakes on the living beings 
always the “hard” automatisms of their organisms are responsible;

However, we have run a little ahead. So far we have only dis
cussed the advantageous properties of a single constituent, the 
sensor, but we have already spoken of the advantages of the soft au
tomata in general. Now we have to prove that the previous consider
ations also hold for the other constituents and, in general, for the 
whole of soft automata.

A reversible reaction perceives the environmental changes in the 
sense that under their influence its equilibrium will be changed. The 
quantity (concentration) of component A or of component B in
creases at the cost of the other, like the pointer of a balance or of a 
measuring instrument, when it is deflected from its original position. 
The new equilibrium corresponds to the new circumstances, but 
how does the whole of the system acknowledge of this change?

In the case of a technical automaton the effect passes through a se
quence of component parts to the effector, through the so-called 
action-chain.

Now in a chemical system such action-chains may also exist, 
namely the reaction chains. Indeed, the product of a reaction serves 
as the raw material for the other, then the product of this will be the 
raw material for the following one, etc. Thus we have an action-chain 
of chemical reactions which convey the action through elementary
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reaction steps from thfe sensory chemical reaction to the required 
chemical transformation. Thus in a reaction chain

A— B = C = D — E...,

where the product of one reaction is the raw material of the other, a 
disturbance—or if you like a “sign” —produced anywhere in the 
chain will run through the whole of the chain. Moreover, this con
duction of a disturbance, action or sign does not occur between two 
determined points of the space, as in the case of “hard” systems; it 
spreads as a “field” in the entire volume of the reaction mixture, 
acting at every point of the reaction network which is in chemical 
connection with the reaction chain. This action-chain is also error- 
free, since a number of 1020 — 1022 molecules take part in the convey
ance of the action.

The most important element of regulation technology is the 
closed action-chain, or as it is more commonly called, the feedback. 
This was previously discussed in a whole chapter, since the chemical 
cycle is nothing more than a closed action-chain, a chemical 
feedback.

In automatic devices the sign is usually weak and thus it cannot be. 
used directly to influence the function of machines and instruments. 
The weak sign must first be amplified. The amplification also has its 
chemical analogies: the above-discussed autocatalytic processes and 
the so-called chain reactions (which are not to be confused with the 
simple reaction chains). Namely chain reactions—similarly to auto
catalytic reactions, in fact as a type of them —are acceleratory reac
tions; the mechanism of explosion and a part of polymerizations is a 
chain reaction.

The above-mentioned elements are already enough for the build
ing of rather complex chemical automata with complicated functions. 
Thus for instance a system capable of producing a time standard can 
be constructed, i.e. it can give signs according to determined time 
periods. After all, this is a “chemical clock” without visible hard fix
tures, it is a solution which can be mixed and poured arbitrarily with
out disturbing its functioning. Indeed, it is functioning without 
errors, since every one of its constituents is present in 1020— 1022 
pieces, and thus the possibility of failing is by itself excluded. More
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over, this chemical clock can be set at will to give the sign (e.g. a 
change of colour) by a determined number of seconds, minutes, 
hours or even days.

Chemical automata have not as yet been constructed —in lack of 
theoretical principles—consciously. But several chemical reaction 
systems of a clock character were discovered by chance. After their 
discovery, they were reproduced experimentally. Such chemical sys
tems are called oscillating reactions. A vast literature is available 
about them, and they were popular and spectacular experiments of 
chemical lectures long ago. There are a lot of oscillating chemical sys
tems in living organisms, too; these are the basic mechanisms of the 
biological clocks.

However, the really fair automata are the program-controlled 
ones. Now these require a program as well as information storage 
and decoding capacity. These were also discussed above, even if not 
from the present viewpoint of automata. Anyhow, we have 
demonstrated the existence of molecular signs, the existence of 
chemical information storage and decoding, as well as the molecular 
feasibility of instructions transferred by messages. We have seen 
that messages stored by molecular information may serve as pro
grams in complex chemical systems; moreover, there is a chemical 
possibility of not only reading but also transcribing the program.

If chemical systems functioning according to the principles of 
regulation technology discussed above, are combined with chemical 
systems corresponding to the principles of control engineering, then 
we have the possibility of constructing chemical automata of particu
lar properties, such as a self-reproducing spherule or a chemoton. 
Beginnings like these forecast a complete theory of chemical automa
ta, which upon its course may transform the robotics of everyday life 
and may bring an even greater revolution of automatisation than the 
one brought by the electronic automata after the mechanical ones. 
However, all this is as yet hidden in the future.

The chemical automata introduced above can do something 
(besides error-free functioning) which is for present-day robotics a 
mere dream: they can reproduce themselves. Indeed, a self- 
reproducing spherule is already a self-reproducing chemical automaton, 
and the chemoton —as it was shown by computer simulations—is a 
self-reproducing chemical automaton capable of producing self-
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reproducing automata more complex than itself. This has already been 
dealt with in detail, only we discussed this feature of the chemoton 
in the language of biology and spoken about the capability of 
evolution.

It seems that John Neumann’s dream about self-reproducing au
tomata may come true in the not too distant future. Only John Neu
mann could not guess that his self-reproducing automata would be 
chemical “soft robots”, and not electrical or mechanical devices.
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14. Chemoton theory involves 
some basic laws of genetics

When 1 published in 1974 the ideas of the present chapter in a 
scientific periodical under the title “Theoretical deduction of the 
function and structure of the genetic material” , the opinion was that 
it is easy to describe the structure of genetic substance now, when 
more than two decades ago, in 1953, it was disclosed by Watson and 
Crick. Indeed, the structure of deoxyribonucleic acid was known and 
the laws of genetics were also known but all without a trace of 
chemoton theory.

Hence it is quite reasonable to discuss, what was known from 
genetics in fact and what was implied by chemoton theory. What can 
chemoton theory add —if anything—to the basic laws of heredity, as 
disclosed by classical genetics and molecular biology?

Inheritance in a strict sense means that the properties of the off
springs are identical to, or are composed of, the properties of the par
ents. We have already seen that the concept of self-reproduction 
comprises in this strict sense inheritance (but does not, of course, 
comprise inheritable variability). In the living world the material 
basis of heredity is the DNA (in some viruses the RNA). This is 
nowadays the almost generally accepted view in biology. When John 
Neumann outlined the conceptual building of self-reproducing au
tomata, he thought three subsystems as necessary for this purpose, 
one of which was the subsystem giving the technological description 
of the self-reproducing automaton.

Nevertheless, it can be seen from our above discussions that self
reproduction does not require technological description or genetic 
material. Self-reproduction —and herewith inheritance in the strict 
sense—can be realized without an information-carrying subsystem.
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Any molecule of an autocatalytic cycle can be considered as a 
molecular self-reproducing automaton. On passing through the se
quence of chemical states prescribed by the cycle, it reproduces 
itself, without any technological or genetic prescription concerning 
either self-reproduction or the properties of the new molecule.
. But if somebody feels that the self-reproduction of these 

molecules is not a true multiplication, let him think of the self- 
reproducing spherules, which—as we have seen —are metabolizing, 
excitable, homeostatic systems and after a functional growth divide 
into two equal spherules, i.e. they reproduce themselves. The prop
erties of the offspring are also identical with those of the progenitor; 
thus we may speak of inheritance, though no genetic material or 
genetic information is present.

Naturally, heredity is bound to genetic substances in the living 
world. However, the presence of genetic substance is not a prerequi
site for the reproduction of offsprings with the same properties; 
genetic substance is not indispensable for heredity. Similarly, a tech
nological prescription is not a prerequisite for self-reproducing au
tomata, either. Nevertheless, systems without genetic information 
do not have the capability of hereditary change. With respect to biol
ogy, this means that the possibility of evolution is relinquished.

As to automata theory, automata without technological prescrip
tion, though capable of self-reproduction, cannot produce automata 
more complex than themselves.

Hence chemoton theory in this case discloses more general laws, 
of which living beings and Neumann automata are special cases 
possessing the capability of hereditary variability besides that of 
inheritance.

Chemoton theory implies furthermore that hereditary properties 
are not exclusively bound to genetic substance even in the present- 
day living world. In fact, every living being has some fundamental 
hereditary properties which do not depend on nucleic acids or any 
other macromolecules, but on compounds of small molecular 
weight. In order to understand this, we must return to the role of 
enzymes in living systems.

The individual steps of a living being’s metabolism are catalyzed 
by enzymes. In general, a chemical reaction in a living being can 
only occur if the enzyme catalyzing it is in a state appropriate for
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functioning. Genetic information according to molecular biology 
refers just to the structure and synthesis of these enzymes; the pre
sence of hereditary properties depends on the presence of the ap
propriate enzymes.

The presence of an appropriate enzyme is not the only prerequi
site (though in the present-day living world an indispensable one) of 
the corresponding chemical reaction. The other absolute prerequisite 
is the presence of a substrate.

The presence of substrate in biology is mostly taken for granted, 
since the substrate either comes from the nutrients or is produced 
during metabolism. In fact, this is generally true, but clearly does 
not hold in the case of autocatalytic self-reproducing cycles and reac
tion networks, since the substrate is produced by the autocatalytic 
system itself. The functioning of a self-reproducing cycle does not 
only require the presence of every enzyme; as a matter of fact the 
process cannot start until at least one molecule of one (any) of the 
inner components of the self-reproducing cycle is not present. On 
the other hand, in the presence of that least of one of the inner 
components the process not only starts, but works more and more 
intensively, since the quantity of the substrate increases exponential
ly because of the self-reproductory character.

Now if during division a cell happens to be produced in which all 
components of its self-reproducing cycles are missing this cell will 
not possess the property determined by the cycle in question, even if 
all corresponding parts of its genetic material are completely intact 
(excepted of course, if the necessary component can be produced by 
an alternative metabolic pathway). This property will also be absent 
from the cell’s descendants, i.e. the failure is hereditary.

This seemingly curious statement does not contradict the general 
biological experience; it was only due to genetics and molecular biol
ogy that the inheritance-determining role of the genetic material was 
rather one-sidedly emphasized. In fact, our above considerations do 
nothing more than suggest a mechanism for the experience that one 
can never develop a living being from mere genetic material, i.e. 
only from chromosomes or from nucleus.

An egg, a seed or a spore must always contain the substances of 
the cytoplasm as well. This latter hereditary factor, however, depend 
on the environment. Let us examine this fact by a simple model,
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which is a somewhat more complex version of our self-reproducing 
spherule.

Let there function within the same spherule two cycles instead of 
the earlier one:

A
A + XA - ® - 2 A  + YA +  T [43]

and

B

b + x b - Q - ^ 2B + t  + yB [44],

Equation [43] is identical to equation [27], the upper index A of the 
nutrient X and of the waste material Y denotes merely that now, the 
nutrients and waste materials of the two processes are not necessarily 
identical. Equation [44] also describes the functioning of a cycle ana
logous to equations [43] and [27], respectively; but here the self- 
reproducing cycle passes through other kinds of inner components. 
Let both cycles produce the membrane-forming component T.

The functions of the spherule containing these two kinds of cycles 
is described by the equation:

A.B
[ J ( A  + B) + 

2
] +  j ( X A +  XB) - 0 ^ 2 [  ^-(A +  B) +  1 +

+  ^ -( Y a + Yb) 
2

[45],

Within the spherule the ratio of the quantities of components A and 
B may change; it may for instance depend on the concentrations of 
both XA or XB. However, the total quantities of A and B are fixed ac
cording to the rules already discussed.

As it is known, the rate of chemical reactions depends on tempe
rature: it is faster at higher temperatures and slower at lower ones. 
The temperature dependence of different reactions is not the same, 
thus it is most probable that cycles A and B do not react identically to 
temperature change. Let us suppose that at low temperatures the
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functioning of cycle A will slow down in a greater extent than that of 
B. What happens then if a self-reproducing spherule containing two 
cycles like these is put into permanently cold environment? Ob
viously, the quantities of the components of cycle B will increase 
with respect to those of A. This also means that the self-reproducing 
spherule becomes more active in the sense that it functions more in
tensively than in its original composition, i.e. adapts better to its en
vironment. Given appropriate environmental conditions it may 
happen that during a long adaptation period the quantity of the cycle 
A components will be so reduced that finally in a division not a 
single molecule of the components in cycle A can be passed into one 
of the two daughter cells. The function of this spherule is described 
by the equation

[ nB+ \ j ^ \  ] + nXB-© -* 2 [n B  + [ j ^ \  ] + nYB [46],

In this spherule and in its descendants cycle A can never appear 
again even if the spherule is put back into the warm environment. 
Thus our self-reproducing spherule became permanently cold
bearing, only by being cultured within continuously cold circum
stances. At the same time this hereditary change has nothing to do 
with the genetic substance, since the system does not contain any ge
netic prescription.

Strictly speaking, we have arrived at a contradiction in our pre
vious considerations, since we said that the self-reproducing spher
ule is not capable of inheritable change, while inheritable changes 
and evolution require a genetic prescript. But in fact the mentioned 
inheritable changes of non-macromolecular character are extremely 
special cases of very limited importance; they are not of mutational 
character, do not work in the direction of the more complex, and 
occur only very rarely. Only systems provided with a macromolecular 
genetic material are capable of information storage and thereby of in
heritable changes of mutational character, which with their enor
mous variability create the possibility of evolution. Our results based 
on chemoton theory are, however, of a more general character, in
cluding these more special statements of genetics and molecular 
biology.
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Similarly, the examination of inheritable changes of mutational 
character leads to more general laws on the basis of chemoton 
theory. Genetics and molecular biology have disclosed in detail, how 
inheritable mutative changes may occur via enzymatic mechanisms. 
However —as will be seen in the next chapter — , the appearance of 
enzymes in living organisms must have been the result of a long evo
lutionary process, and the appearance of enzymes must have been 
preceded by a long and complicated evolution of systems without en
zymes. This again would be impossible, if inheritable changes and 
evolution could only be accomplished by changes in enzymes. In 
what follows, we shall show that mutative changes are general prop
erties of systems with chemical informational subsystems, and me
chanisms based upon changes in enzymes are merely special cases of 
this. These latter mechanisms are, however, to be found generally 
and —as it seems—exclusively in the present-day living world.

For the sake of simplicity let us disregard the function of the 
membrane subsystem and consider the function and connections of 
the two other subsystems. Let us consider two distinct chemotons, 
whose functioning is described by the equations

A
[ nA + PVn] -f nXA —(T )—- 2 [ nA -I- pVn] + nXA [47]

and

[ mB + pZm] + mXB —(l)—► 2 [ mB +  pZm] + mYB [48],

The second equation is analogous to the First, but instead of a self- 
reproducing cycle built from components A it contains another one 
built from components B, which synthesizes a compound Z similar 
to V but not identical to it. Let compound Z also be capable of poly
merization according to an appropriate template poly-Z molecule 
(pZm). The length (m) of the template can be arbitrary, it can even 
be equal to the length of pVn occurring in equation [47], when n = 
m.
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Let us now unite these two chemotons by joining the two kinds of 
template polymers at their ends:

... V -  V -  V -  V + z -  z -  z ... 

. . . V - V - V - V - Z - Z - Z . . .

or, in equation:

PVn +  pZm^ p V nZm [49],

The united chemoton now works like the sum of the two originals, 
the V required for the reduplication of the (united) template poly
mer is produced by the cycle A, and the Z by the cycle B:

AJJ
[ nA + mB +  pVnZm ] + nXA + mXB -(T)-. 2 [ nA +  mB + pVnZm ] +

+ nYA + mYB [50],

This equation is similar to equation [45] describing the functioning 
of the system capable of inheritable adaptation. However, the ratio 
of A and B is not arbitrary since it is determined in a hereditary 
manner by the ratio of V and Z in the template polymer pVnZm.

Yet template polymerization is not a perfectly uniform process; 
an error may slip from time to time into the copying mechanism and 
for example a Z may be exchanged for a V. Then the number of V-s 
will be increased and that of Z-s will be decreased by one in the 
polymer:

pVn+1Zm_,.

We have seen that the template polymer determines in a hereditary 
manner the function of the cycles, hence after the error the descen
dants will be changed, and their hereditary composition will be de
scribed by the new expression

[(n + 1) A + (m — 1) B + pVn+1 Zm _,].
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If the same error is repeated in one of the following generations, the 
composition after this second error will be

Kn+2) A +  (m —2) B + pVn+2Zm_ 2],

It is easy to see that if the error is repeated m times during a long se
quence of generations, the molecule Z will disappear completely 
from the polymer and together with it cycle B disappears from the 
system, i.e. we come back to the type of the simple chemoton of 
equation [47], If the errors occur in the opposite direction, i.e. if V-s 
are exchanged for Z-s, then cycle A begins to disappear from the 
system, and after a sufficient number of these kinds of transcription
al errors we get back to the simple chemoton of type [48],

Thus with this mutative chemoton model we have introduced 
basic mechanisms of inheritable changes occurring not by gradual 
adaptations but in consequence of random errors. Here the basis of 
the hereditary change is the same as in biological mutation: in both 
cases monomers building up the genetic substance are exchanged, in 
the language of molecular biology “base substitution” ensues. 
Nevertheless, while in mutations occurring in the present-day living 
world the change of information due to a base substitution is always 
indirectly manifested by the synthesis of enzymes, in chemoton 
theory, in principle it is possible via a direct chemical route, too. 
Even before the appearance of enzymatic mechanisms the living 
world may have passed through the sequence of mutations and the 
corresponding evolutionary route, which finally made possible the 
development of enzymatic regulations.

From the above considerations two fundamental inferences can 
already be drawn. First, in chemoton theory the laws of inheritance 
are dealt with on a more general basis, at the level of principles. 
Hence chemoton theory may be capable of disclosing mechanisms 
outside the scope of genetics and molecular biology, based as they 
are upon the study of present-day living material. At the same time 
the fact that the laws disclosed by genetics and molecular biology are 
within these more general laws inferred by chemoton theory, 
strengthens the correctness and biological reality of the latter.
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In order to see the second inference, we have to remember that 
so far our considerations have not been based upon actual observa
tions of biology or genetics. Everything has been deduced from a 
chemical, physical, and system theoretical basis with results that 
were at most compared with our experience taken from the present- 
day living world, to show that our constructions are not unreason
able. This, on the other hand, means that the results do not depend 
on the actualities of the terrestrial living world, our starting point 
does not hide in itself ab ovo the end results, our deductions are not 
circular, they are not pseudo-deductions. Moreover, our results hold 
not only for the present-day terrestrial living world, but for the 
former one as well as for the—if they exist —extraterrestrial living 
beings, even if they are not built from nucleic acids and proteins. In 
order to see this, let us deduce the general theoretical molecular 
structure of the genetic material, but of course only in its broad 
outlines.

Indeed, we have not prescribed so far too much concerning the 
structure and properties of the genetic material pVn (or, in the muta
tive model, of the pVnZm). All that we required was that is should be 
a linear polymer and possess the template property, i.e. it should 
serve as a pattern to its own building up. Let us deduce now by pure 
speculative reasoning, i.e. independently from the actual structure 
of nucleic acids, what kinds of structure properties are necessary on 
a molecular level, so that pVn should fulfill these two conditions.

In order that the genetic message should be sufficiently stable, 
the individual signs—i.e. the molecules V —must be bound by ap
propriately strong chemical bonds. Hence the chemical bonds along 
the strand must be strong covalent bonds. Furthermore, a linear 
polymer can serve as a template for freely moving molecules in the 
solution only if the monomeric molecules V can get into connection 
with the V-s in the template molecule, and this also can occur only 
by some chemical bond. This latter bond, however, must be far 
weaker than the covalent bond in the chain, since we have supposed 
that after polymerization the newly synthesized strand can break off 
from the template, i.e. bonds between the old and the new strands 
can become detached without breaking off the bonds along the 
strands. The difference between the strength of the two kinds of 
bonds must be at least one order of magnitude.

151



Since the template determines the building up of the new strand 
according to monomeric units, the weak bonds must also be formed 
unit by unit:

template new strand 
in forming

The longer the new polymer, the more weak bonds bind it to the 
old strand, hence the stronger the binding of the newly synthesized 
strand to the template. The binding is strongest, when the new 
strand is exactly as long as the template. Hence the double strand 
state is the stable one among all the possible states. However, the 
template cannot have a single strand structure either, since the 
newly synthesized strand cannot break off, being as it is strongly 
bound to the other. The genetic material must thus have a 
double-stranded structure.

The molecular structure of the DNA was deduced from the 
geometric structure of the individual monomers, the nucleotides. 
The chief concern of Watson and Crick was to find out, what kinds 
of macromolecular structures can be built up from nucleotides of 
given molecular configurations; and they found that one of these 
— the well-known double helix model—corresponds exactly to the 
structure, function, and physical properties of the DNA in the nu
cleus of the cells. Thus they obtained their results for the structure
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of a concrete molecule, the DNA. It was realized later on that RNA 
may also have a similar structure.

We, however, did not require anything with respect to the chemi
cal configuration of the monomer V. Starting from the most general 
functional property, namely from the capability for template- 
formation, we arrived directly at the double-stranded structure, 
which must hold for the chemical information storing material of 
any self-reproducing soft system, not merely for the DNA. We 
therefore arrived at the same law but from the opposite direction: we 
do not state that the double-stranded structure of the genetic mate
rial happens to be brought about by the sterical configuration of the 
monomers. On the contrary, we do say that the genetic material as 
such must have a double-stranded structure and thus it can only be 
built of monomers which allow the formation of this structure.

We have, however, to add one further note. The deduction of the 
double-stranded structure sketched above is necessary only if the 
genetic material occurs in itself (in the greatest part of the present- 
day living world the DNA is joined to proteins, the so-called nucleo- 
proteins), and if its synthesis occurs by simple chemical means and 
not by enzymatic mechanisms. Otherwise the stability does not 
imply the double-stranded structure, as the binding to the template 
also may occur by strong bonds and the break-off of the newly 
synthesized strand could be solved by means of enzymes. The 
double-stranded structure of the present-day genetic material as well 
as the presence of weak bonds in it may thus indicate that its forma
tion and the first phase of its evolution preceded the appearance of 
enzymes during the evolution of the living world.

A similar reasoning not to be given in detail shows that it is of 
only a negligibly small probability that the forming double-stranded 
structure should not be helical but straight like a ladder. Similarly, 
the probability is very small that the monomers serve for themselves 
as templates (i.e. V for the V, Z for the Z); it is far more probable 
that complementary monomers are paired as templates for each 
other. In the latter case a monomer V must have a corresponding 
pair W so that

V with W and 
W with V
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could form a couple in the chain, e.g.:

V -  W
I I

V -  w
I I

W -  V
I I

V -  w
I I

W -  V

W - V
I I

W - V

V -  w

In this case, however, the sign in the double helix of the genetic 
material is not represented by the molecule V but by the monomeric 
couple

V -  W.

A chemoton-like soft system with mutative capacity requires at least 
two kinds of signs, i.e. two kinds of monomeric couples, hence 
besides the couple V — W we need still another one

Z -  S.

Thus the genetic material capable of mutations must consist of at 
least four kinds of monomers, in about a way like this:
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I I
V -  w
I Iz - s
I I s - z
I I

V  -  w
I I
W - V
I Is - z
I I s - z  
I I
W - V
I I
W - V
I
z -  s 
I I
V -  w

We started from the laws of soft systems with nonenzymatic regula
tion and the capability of mutation and evolution, and deduced from 
this that the structure of the genetic material must be double-stranded 
with complementary couples of at least four kinds o f building monomers. 
This is exactly the structure of the DNA according to Watson and 
Crick, but we arrived at this result independently of the actual configu
ration of the building monomers.

Our laws concerning the structure and function of the genetic 
material are not restricted to the DNA. To put it differently, if some
where in the universe some kind of “ little green men” lived, the 
genetic information in their cells would be stored in this same gener
al way, forming the basis of their mutability and evolution. The
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genetic material in their cells would be built up from four kinds of 
monomers by complementary pair-formation into a double-helix 
structure, even if this latter happened to be chemically very much 
different from DNA. Genetic laws implied by chemoton theory 
transgress indeed the realm of present-day living beings.
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15. Chemoton theory involves an 
explication of the origin of life

Among the great problems of biology, the one with the longest 
past is undoubtedly the question of the origin of life. The ancient 
religious scripts as well as the primitive myths all contain some idea 
of or at least a hint at the origin of the world, the Earth, and life, 
showing how origins from the beginnings excite the fantasy of man. 
Beyond religious and mythic imagination, the problem of origins 
emerges in the first scientific writings, too. Epicurus, Aristotle and 
Lucretius all dealt with the problem of biogenesis; moreover, they 
did not restrict the origin of life to Earth, but emphatically sustained 
that life is not a privilege of Earth.

In the eighteenth and nineteenth centuries, the question of the 
origin of life was restricted to the Earth with the result that the nas
cent experimental sciences brought forth many “experiments” con
cerning the spontaneous origin of life. It was well known, how primi
tive these ideas and the circumstances of these experiments were, 
therefore the French Académie finally decided to conduct a competi
tion for the experimental proof or refutation on the possibility of the 
spontaneous origin of life. The winner of the competition was Louis 
Pasteur with his famous experiments proving that the so-called abio- 
genesis does not exist. Every living organism descends from another 
one, every cell originates from another cell. And now we can add: 
every gene is brought forth by another gene.

Pasteur’s experiments were exact and irreproachable thus the 
question of abiogenesis was put aside for a while. At the same time, 
Aristotle’s teachings about “panspermia” were renewed, and in the 
form of “litopanspermia” and “radiopanspermia” diffused beyond 
scientific circles into the sphere of an interested public. According to 
the doctrine of litopanspermia germs of life closed into meteorites
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wander about freely in space while according to radiopanspermia 
they are carried by radiation. Both doctrines state that random en
counters with celestial bodies appropriate for life would then give 
the possibility for these germs to thrive and develop. As to our 
present-day knowledge, neither litopanspermia nor radiopanspermia 
can be excluded with absolute certainty. But even if they existed, it 
would only postpone and not explain the origin of life.

In the twenties of our century it was repeatedly and emphatically 
discussed in the Soviet Union by Oparin and in Britain by Haldane 
that the origin of life must not be imagined within circumstances 
favourable for present-day living beings. Conditions on the surface 
of the primeval Earth differed enormously from present-day surface 
conditions, and the undoubtedly exact experimental results of Pas
teur do not therefore exclude the possibility that the origin of life 
within those primeval circumstances was spontaneous. It is due to 
Oparin and Haldane that the problem was never again forgotten and 
about the middle of our century a series of comprehensive experi
mental works were started. The main lines followed by these experi
ments suggested with scientific exactness the first part of the com
plicated process, namely the formation of the basic materials of the 
living matter, the so-called “chemical evolution”.

To pose the question concerning the origin of life to philosophy or 
ideology was naturally quite right. Scientifically, however, the ques
tion was rather unreasonable, since it was not known exactly, the 
origin of what had to be explained. In fact, in order to be able to ex
plain the development of the living from the nonliving we need to 
know first of all what kind of difference exists between the living and 
nonliving state. Without knowing this difference, how could we 
answer the question?

There are of course many differences between the living and the 
nonliving, but from our point of view, the difference of principle is 
the essential. Thus for instance living and nonliving systems are cer
tainly different in their material composition: nonliving systems 
generally consist of inorganic compounds, while living systems of 
organic ones. This difference involves the question, how organic 
compounds came into being? Now this is a scientifically reasonable 
question, since we know the basic difference of principle between 
organic and inorganic compounds and thus the origin of this dif-
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ference can be investigated by exact scientific methods, as was done 
during the last three decades.

The difference between living and nonliving, however, is not 
identical to that between organic and inorganic. The difference be
tween living and nonliving must therefore first be revealed and only 
then can we begin to study the question of the origin of life. More
over, this question is not a philosophical one, here we must give 
scientifically exact answers to questions like what is life, what kind 
of material, organizational or other characteristics produce the qual
itatively new properties appearing in living systems as a surplus with 
respect to the nonliving ones. Until we are unable to exactly explain 
the essence or principle of life, we cannot answer the question of abi- 
ogenesis, the question concerning the spontaneous origin of living 
systems from nonliving ones. Only with a knowledge of the principle 
of life may we hope to find a direct way to the understanding of the 
origin of life.

The author of course believes that the chemoton theory correctly 
discloses the essence of the fundamentals of life; indeed if he did not 
believe this, he would not have written this book, which even in its 
title hints at this problem. On the other hand, if the answer given by 
chemoton theory to the question concerning the essence of life is 
really correct, the spontaneous origin of living systems from nonliv
ing matter must be deducible from it. In order to do this, however, 
we must learn something about the external conditions necessary 
for the spontaneous formation of living systems.

It has already been said above that, according to Oparin and Hal
dane, the surface conditions of the primeval Earth greatly differed 
from the present-day ones. The most important difference was not 
in the temperature or in the measure of volcanic activity, but in the 
composition of the atmosphere: it was lacking one of its main 
present-day constituents, molecular oxygen, while it contained 
many compounds rich in hydrogen, including also the two-atomic 
hydrogen molecule itself. The major components of the primeval at
mosphere were hydrogen, nitrogen, ammonia, methane and water 
vapour; smaller amounts of hydrogen cyanide, hydrogen sulphide, 
formaldehyde, ethane were also present, besides helium and argon.

In 1953 Stanley Miller proved by laboratory experiments that in 
the presence of a watery phase in a gaseous atmosphere with such
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reducing components electric discharges produce organic acids of bi
ological importance, among them amino acids. The surprising results 
of these experiments were so demonstrative and simple that scien
tists were prompted in numerous laboratories to carry out further re
search. This work led to the highly-proven scientific picture of the 
so-called chemical evolution, the spontaneous formation of organic 
compounds of biological importance. Of course, here we can only 
sketch the main events of chemical evolution, without going into 
details.

Excluding helium and argon as chemical elements inapt to form 
compounds, the most frequent chemical elements in the universe 
are hydrogen, carbon, nitrogen and oxygen; i.e. the so-called biogen
ic elements, from which the substances of the living beings are 
mostly built up. In interstellar space these elements are to be found 
in the form of atoms, ions, molecules or in simple molecules like 
water, methane, carbon dioxide, ammonia, cyanic acid, 
formaldehyde.

In certain places of the universe, where these 2 — 5-atomic 
molecules are concentrated in gaseous form—as for instance in the 
gaseous envelope of celestial bodies or adsorbed on the surface of 
corpuscles of cosmic dust —they may be initiated to react by cosmic 
and other kinds of radiation. As a result, more complicated 
molecules are formed with 5 to 15 or even more atoms such as 
formic acid, methanol, ethanol, acetaldehyde, cyano-acetylene, 
ethane, propane, propionic aldehyde, etc., as well as some simple 
cyclic compounds like benzene, toluene, pyrrole, etc. Some sixty of 
these simple compounds were shown to be present by radioas- 
tronomic methods in clouds of cosmic dust and gases, as well as by 
chemical analysis in meteorites and samples of moon-rocks that 
were brought back to Earth. Among these compounds even macro
molecules, unsaturated cyanopolymers containing hydrogen, nitro
gen and carbon, may be found.

Where conditions of temperature and pressure allow the water to 
stabilize in liquid form, the above compounds may react with water 
as well as with each other forming a great number of organic com
pounds. Most of these compounds are among the fundamental sub
stances from which the present-day living world consists of: the es
sential amino acids, many organic acids and aldehydes, sugars and
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other carbohydrates, nucleic acid derivatives, porphyrins, etc. Fur
thermore, the above-mentioned cyanopolymers may be transformed 
by water into protein-like compounds, the so-called proteinoids. 
These proteinoids may be condensed into microscopic structures: 
membranes, spherules and strands.

Summing up we may establish that in places of the Universe 
where—as on the primeval Earth—water can be found in a liquid 
state, biologically important substances are piled up in large quanti
ties and in great variety: small molecular organic compounds, macro
molecules and microstructures (Fig. 19). This is already much more 
than a hypothesis, its details proven by thousands of experiments.

Fig. 19 . Individual steps of the chemical evolution. The first three steps can occur 
everywhere in the Universe, the fourth step only on the surface of celestial bodies, 

where water is to be found in a fluid state
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Nevertheless, the abundance of this primeval water containing 
organic nutrients and constituents was far from enough to start life. 
The set of all these compounds is not a living system yet. There is a 
tremendous qualitative difference between the most primitive living 
cells and the primeval nutrient medium containing the raw materials 
of living systems. The process filling this gap has been called prebiotic 
evolution, since it is located between chemical evolution and biologi
cal evolution leading from primitive cells to man. Thus prebiotic 
evolution is actually the process of turning into living, of the process 
of becoming alive. And it is here that present-day knowledge stops: 
there are no concrete experiments nor exact theories with respect to 
becoming alive. No wonder, since one has to know what in fact a 
living system is.

Starting from the hypothesis that the functioning of living systems 
is bound to processes catalyzed by enzymes having determined 
amino-acid sequences, we soon arrive at a deadlock. Indeed, the 
random formation of a certain enzyme having determined amino- 
acid sequences has a vanishingly small probability. Thus, for exam
ple, according to the calculations of Eigen, in a protein of a hundred 
amino acids the twenty kinds of amino acids can be ordered in 10130 
different manners. In order to illustrate how unimaginably large this 
number is Eigen calculated that the presently known Universe could 
contain when closely packed a mere 10103 of such protein molecules, 
so that the volume of 1027 universes would be necessary to find 
enough space for all the possible variations of a protein molecule of 
hundred amino acids.

Hence it is clearly inconceivable that proteins of a determined 
amino-acid sequence have been formed by mere chance; there is 
neither time nor matter sufficient for such a random formation. The 
formation of protein molecules requires guiding, a certain direction 
determining the amino-acid sequence of the arising protein, accord
ing to the properties of the substrate on one hand, and to some 
genetic material on the other. This, however, requires the supposi
tion that sterically circumscribed self-reproducing systems existed 
containing substrate and genetic material alike.

As we have seen, chemoton theory involved that the basic charac
teristics of living systems are not bound to the presence of an 
enzymatic regulation. Chemoton theory reveals organizational and
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functional laws of chemical soft systems working in a regulated and 
controlled manner, possessing genetic information, capable of 
evolutionary progress, and all these without the necessity of 
enzymes. Hence chemoton theory supersedes the contradiction by 
proving the possibility that living systems may form and function in 
which the amino-acid sequence of proteins has no role at all.

The theoretical possibility does not mean, of course, that such 
systems actually exist. In the realm of nature, almost all biochemical 
reactions occur through enzymatic catalysis. Thus we have to prove 
that biologically important reactions or primeval spontaneous chemi
cal processes may indeed have occurred without enzymes. In princi
ple, every reaction can of course take place without enzymes, since 
enzymes merely accelerate reactions, but this acceleration is in the 
order of 106 —108 and thus biochemical processes would occur with
out enzymes infinitely slowly.

However, experiments concerning chemical evolution refute the 
latter conclusion. It appeared that within reducing conditions —which 
correspond to the primeval ones —the formation of biologically im
portant substances is not that slow at all. It was found that within 
periods of hours, days or at most weeks, considerable quantities of 
biologically important substances are formed. Thus, for instance in 
the above-mentioned experiments of S. Miller, 15% of the intro
duced methane was transformed into other kinds of organic com
pounds in two weeks, sugar-forming experiments by Ponnamperuma 
showed that 80% of the formaldehyde introduced was transformed 
within six hours to sugar, in experiments by Matthews and Moser 
500 g of hydrogen cyanide rendered within two weeks 200 g of cyano- 
polymer which was spontaneously transformed in the presence of 
water into protein-like compounds, so-called proteinoids.

The French professor, René Buvet and his co-workers have re
cently been engaged with intensive and successful experiments con
cerning the possibility of non-enzymatic metabolism. They pointed 
out that the formation of almost every kind of biocompounds as well 
as the occurrence of biologically important reactions, may indeed be 
possible at real rates if we create conditions corresponding to the 
primeval ones. Moreover, the possibility of catalytic acceleration in 
reactions is not excluded in the absence of enzymes, either. Many 
minerals, among them some clay minerals in particular, have a
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catalytic effect on a lot of reactions. Professor Sidney Fox and his co
workers have shown the catalytic effect of proteinoids, these spon
taneously forming protein-like compounds, in reactions of biological 
character.

Thus we may accept that the chemical precondition of chemoton 
theory, namely the non-enzymatic realization of reactions of biologi
cal importance, has a real meaning with respect to the origin of life. 
If so, then in order to explain the process of becoming alive we must 
first investigate the possibility that chemical systems corresponding 
to the subsystems of the chemoton can be formed spontaneously 
under primeval conditions, and next to see if these can be self- 
organized into a single supersystem, the chemoton.

Many kinds of reactions can occur under primeval conditions, as 
shown by experiments concerning chemical evolution, where a great 
many different organic compounds were produced. Other experi
ments prove that these compounds are formed not in a single chemi
cal step but through a sequence of connected chemical reactions, 
through reaction chains. The so formed compounds are chemically 
related and are the products of alternative pathways, so that the reac
tion chains are connected into reaction networks. To my best knowl
edge, direct experiments have not yet been performed proving the 
existence of these reaction networks. Nevertheless, all experiments 
trying to reproduce primeval conditions suggest the formation of 
very complicated reaction networks in the reaction mixtures.

Experiments with the aim of verifying chemoton theory or the 
process of becoming alive according to chemoton theory have not 
yet been performed. Scientists investigating the events of chemical 
evolution did not try to find and locate cyclic processes, either. It is, 
however, easy to imagine that under primeval conditions chemical 
cycles must have had a very great role. The surface of primeval Earth 
was exposed to an ultra-violet irradiation ten times more intensive 
than the present-day one and this strong radiation, absorbed by the 
different organic compounds, produced energy-rich activated 
molecules. These activated compounds lost their “superfluous” 
energy through a sequence of connected chemical reactions and 
when they thus returned to their ground state, they completed a 
cycle. Photosynthesis occurs today by similar cyclic processes quite
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understandably, since the continuous utilization of energy can only 
occur through cyclic processes.

Indeed, autocatalytic cycles are well known to occur in experi
ments of chemical evolution. Buvet ascribes an important role to au
tocatalytic processes functioning in the primeval ocean. A good and 
much (even in the view of technological utilization) investigated 
example of an autocatalytic process in chemical evolution is the for
mation of sugars from formaldehyde; a process passing through a 
great variety of two-, three-, four-, five-, and six-atomic 
carbohydrates.

Thus we may concede that one of the three subsystems of the 
chemoton, the autocatalytic cyclic system may have originated spon
taneously; moreover, its formation and functioning was a necessity 
in the primordial waters before the appearance of life.

As to the second subsystem of the chemoton, the membrane sub
system, we have to consider that abiotic formation of two- 
dimensional fluid membranes was also experimentally proved long 
ago. These experiments were not performed in view of chemoton 
theory either, preceding its publication by almost a decade. The ex
periments were performed by an American professor, Sidney Fox, 
who prepared protein-like compounds from amino acids under the 
conditions of chemical evolution. These proteinoids, under appropri
ate experimental conditions, spontaneously formed double-layered 
membranes of electron-microscopic thickness which displayed the 
properties of two-dimensional fluids. Moreover, the membranes 
formed promptly closed themselves into spherules (as we presumed 
for spatially divided systems) so that the reaction mixture was filled 
with millions of identical spherules. The composition of the solution 
is different inside and outside of the spherule. The identical spatial 
dimensions of the spherules, hint at the existence of an optimal 
volume, strived at by every one of the spherules. Moreover, division 
of the spherules can be induced by changing the relation of the exter
nal and internal circumstances, i.e. by a mere physico-chemical 
effect.

Thus the membrane subsystem, including spherule formation 
and division mechanism, is not a mere theory: it can be realized ex
perimentally, and within conditions prevailing on Earth at the time 
of the origin of life.
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To find experimental proof for the spontaneous non-enzymatic 
formation of the third subsystem, the subsystem of information stor
age and reproduction, seems to be much more difficult. It is indeed 
an intriguing question, since nobody has succeeded in proving ex
perimentally the abiotic formation of nucleic acid macromolecules 
under the conditions of chemical evolution. This, however, is not 
very important, since the synthesis of nucleic acids in the living 
world always occurs by a template-mechanism. Thus pur task is to es
tablish whether under primeval conditions nucleic acids can or 
cannot be formed by template-mechanism, without the intervention 
of enzymes.

Several experiments concerning this problem have been pub
lished. However, their results do not say much: the process of poly
merization is indeed greatly accelerated by the presence of template 
molecules, i.e. the template-mechanism functions under primeval 
conditions without enzymatic catalysis, but it did not lead to true nu
cleic acid macromolecules, polymers consisting of a very large 
number of nucleotides. Non-enzymatic template-polymerization of 
nucleotides always stopped at so-called “oligomers”, chains consist
ing of merely five or six nucleotides.

This, however, does not contradict the chemoton theory; on the 
contrary, it seems to strengthen it. Chemoton theory would have 
been brought into trouble by completely successful results, i.e. the 
formation of highly polymerized nucleic acids from nucleotide 
monomers through a mere template-mechanism, under the given 
experimental conditions.

In fact, we have seen that the information-carrying molecule pVn 
must have a double-stranded structure, since only this one is stable 
in solution. However, only a single strand can serve as a template, 
since in the double-stranded form the two strands mutually cover 
each other’s template surface. Now in order to explain the results of 
the nucleic acid forming experiments mentioned above, let us sup
pose that a new strand surpassing the length of four to five nucleo
tides cannot break off anymore from the template and thus by block
ing the template-surface hinders the synthesis of free nucleotide 
chains longer than five or six monomers. Indeed, it is well known 
from earlier investigations with a different aim that oligonucleotides 
of four to five nucleotides are the longest ones which still can spon
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taneously become detached from the template at room temperature, 
and thus longer polymers than these cannot be expected to appear in 
the above chemical evolution experiments.

But in the chemoton the double-stranded information-carrying 
molecule pVn functions as a full template, making possible the 
synthesis of new pVn molecules. How does this happen? In living or
ganisms, the information-carrying substance, i.e. DNA, has a 
double-stranded structure, too. This double strand becomes separat
ed forming two single strands which serve as templates for the 
synthesis (the so-called replication) of new DNA by complicated 
enzypiatic mechanisms leading to separation. These mechanisms 
have not yet been disclosed completely. As to the chemoton, we 
have seen that during its functioning the inner conditions are so 
changed that the separation of the double strand occurs without 
enzymes, by mere physico-chemical effects. It can be shown by 
rather circumstantial reasoning (not explained here) that these con
ditions can occur only once in the life of each chemoton and lead 
necessarily to the synthesis of pVn molecules. The synthesis of pVn, 
as we have seen, starts the spatial division of the chemoton. Hence 
the rhythm-giving, pacemaker role of the chemoton depends on the 
due formation of these conditions for the separation of the double- 
stranded pVn. Without this pacemaker function pVn would be con
tinuously synthesized in the chemoton causing it to lose its internal 
temporal order. However, exactly this internal temporal order is fail
ing in experiments concerning abiotic nucleic acid synthesis by 
templates, and thus the absence of highly polymerized products indi
rectly proves our reasoning based on chemoton theory. Thus we 
may consider it experimentally corroborated that the third, the in
formational subsystem of the chemoton may have been originated 
and functioned under primeval non-enzymatic conditions.

Hence the abiotic formation and functioning of the three subsys
tems—autocataly tic reaction networks, two-dimensional fluid mem
branes, chemical informational system—are supported by exact ex
perimental results, though these experiments were never performed 
in order to conscientiously prove the existence and function of these 
chemical systems. Yet the results of these experiments are already 
steps in the prebiological evolution, i.e. in the long process of 
becoming alive, which is nothing more than the self-organization of
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living systems. From the existence and functioning of these steps 
the appearance of the living system is merely a single further step: if 
the functioning of the three subsystems interlocks, a self- 
reproducing system capable of evolution, i.e. a chemoton, is formed.

This last step has not yet been proved experimentally, as nobody 
has performed experiments in this direction. Nevertheless, the suc
cess of such an experiment would mean nothing less than the synthe
sis of a living system, i.e. the production of artificial life, the creation 
of life from non-living matter. The possibilities of this will be dealt 
with in the next chapter.
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16. Chemoton theory involves the strategy 
of the synthesis of living systems

There is time to stop here and make a little detour. Man has so 
often thought himself to be on the verge of finding the secret of life, 
so often imagined that only the very last step has to be taken to com
plete the Grand Work! As in the Second Part of Goethe’s Faust, 
where after mixing and processing the appropriate material the 
Homunculus will finally be born in the alembic of the Great Magi
cian. Are we not also looking for some scientific recipe for such an 
Homunculus? Is there any recipe at all? Is it possible to produce a 
living being in a laboratory, from mere unliving matter?

No doubt, a great number of recipes were conceived over the 
centuries. Let us cite here from Oparin’s book merely two, both 
from famous scientists. The first comes from Paracelsus, that 
phantastic mixture of a scientist and a magician of the Xlth century. 
According to him, human spermium is to be put into a pumpkin, 
where a lot of very complicated processes are to be performed on it. 
After a certain time within the pumpkin a very little man is formed, 
having every part of his body just like a baby born from a mother, 
only every one of its parts is much smaller.

Paracelsus’ recipe is, however, very imperfect. The pumpkin is a 
living thing and the spermium comes from a living being, too. Thus 
the recipe would not solve the synthesis of the living from nonliving, 
even if it—miraculously enough—could somehow be accomplished.

Somewhat better is the recipe of the famous iatrochemist of 
Brussels, Van Helmont, written a century later. This is characterized 
by Oparin as follows: According to him (Van Helmont) human exha
lations may serve as generating factors, so one has to put a dirty shirt 
into a pot containing some grains. After a period of 21 days the “fer
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mentation” ceases and the exhalations of the shirt mixed with the 
exhalations of the grain will certainly produce some little mice.

This is a more artificial production of life, since it does not directly 
require living systems to take part but their “exhalations” are 
nevertheless necessary again.

In the middle of our century a complete and—a single error ex
cepted—scientifically unreproachable recipe was written for the pro
duction of living systems from lifeless matter by the famous English 
biologist, I.B.S. Haldane. His recipe is the following: “Take a Planet 
with some carbon and oxygen, irradiate it with sunshine and cosmic 
rays and leave it for a hundred million years” .

Everyone who read the previous chapter of this book may realize 
that —the presence of oxygen excepted —this recipe is a perfect one 
and is unreproachable from a scientific point of view. Indeed, it 
would certainly lead to the formation of living systems from lifeless 
substances. Yet—to put it mildly —it would be somewhat difficult to 
perform the experiment under laboratory conditions. Nevertheless, 
until now nothing more serious has been brought forth for the artifi
cial production of living systems.

But we must emphasize here, as we have done in the discussion 
of the question of the origin of life, that nothing more serious could 
have been brought forth, either. Indeed, if one wishes to produce a 
living system artificially, one has to know at least what a living 
system is, and what the essential characteristics of life are. Humanity 
dreamed of speaking machines thousands of years ago—just think of 
the Ark of the Covenant or of Hephaistos’s speaking golden servants 
in Homer—but could even Leonardo have made a radio, if the very 
essence and principles of broadcasting were unknown?

Living systems are uncomparably more complicated than radios. 
Still we have to suppose that the reproduction and the artificial synthesis 
of living systems is a more simple topic than the development o f the radio 
was. I know that this statement is quite surprising, but could a radio 
have arisen spontaneously from materials found in Nature, under 
the mere influence of external circumstances? Obviously never, and 
under no kinds of conditions. Nevertheless, living systems—as was 
hinted at in the above-cited recipe of Haldane— do arise spontane
ously, given the appropriate conditions. Under appropriate conditions 
matter organizes itself spontaneously into living systems. Thus for the
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synthesis of living systems complicated devices do not have to be 
built; only the appropriate conditions must be provided, and the 
living system will be self-organized. This spirit of the self-organizing 
universe may have been felt by Goethe, when he, in the 
Homunculus-scene of the Faustus, spoke about the special impor
tance of “mixing”. Yet if so, why chemoton theory? And why did 
not has anybody yet synthesized a single germ of a living system?

We think the basic problem was the failure of an adequate view. 
The author of this book is strongly convinced that in the present 
state of science every essential condition is available for the artificial 
production of living systems. In principle they could be synthesized 
in any well-equipped biochemical laboratory after the development 
of the necessary research methods and details, which would not take 
more than some years.

I am aware that this is far from being the general view of biolo
gists. Indeed I know of only two scientists performing experiments 
along this line; later on we shall return to their work. Excluding 
them nobody has yet tried to synthesize living systems by means of 
modern science and this has a very simple reason: nobody knows 
where to begin. There is no theoretical background for a belief in 
success—or even in the reasonability— of experiments with this aim.

Now the present chapter aims to show that chemoton theory may 
give this theoretical background for the artificial synthesis of living 
systems. On the basis of chemoton theory one may sketch a plausible 
strategy for the artificial synthesis of living systems, as well as for the 
control of the living state of the systems obtained in the experiments.

What kind of living systems should we try to produce experimen
tally? From the millions of vegetal and animal species which one 
should be chosen? Our chronic literary-mindedness makes us of 
course to dream about a speaking and thinking human-like creature, 
an intelligent homunculus. In the discussions about abiogenesis 
mice, snakes, frogs, rats, vermes and flies “were born” in such ex
periments. Spallanzani and later on Pasteur had already to prove 
only the impossibility of the spontaneous production of moulds and 
bacteria. Obviously, the synthesis of living systems cannot begin 
with the production of mice and man. Moreover, the artificial ab 
initio synthesis of complicated living beings is not a question of inex
perience and beginning. Presumably, the laboratory synthesis of
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higher multicellular organisms will never be a feasible project and 
the demand for it will never arise.

The laboratory synthesis of living systems namely is not what is 
believed either by the public or by experts. Perhaps one day the 
alembic-breeding of fertilized eggs will be a common procedure, 
maybe human embryos will be brought to mature within artificial cir
cumstances from unfertilized eggs. The time may come when not 
only from eggs but from any kind of somatic cells a complete animal 
can be developed and thus thousands of identical living beings can 
be cloned. We may even succeed in solving the large-scale industrial 
production of pork-chop or of beef-thigh in tissue culture, but all 
these —if a social demand for their success arises—would be mere 
manipulations of already existing biological systems, having nothing 
to do with the artificial synthesis of living systems. In fact, an artifi
cial production of living beings presently found in nature would be 
quite unreasonable and aimless.

Yet what can be the aim of synthesizing artificial living systems at 
all? It will be expedient to begin our considerations by borrowing the 
concept of “total synthesis” from organic chemistry.

Total synthesis is a process where a compound is produced not 
from other compounds but directly from its composing elements, 
e.g. if a sexual hormone containing some 60 — 80 atoms is synthe
sized directly from carbon, hydrogen and oxygen. This, of course, is 
an extraordinarily complicated task for the chemist, hundreds and 
thousands of times more difficult and more expensive than produc
ing the same compound from common substances of a similar 
chemical structure. Large-scale industrial production of more com
plicated compounds never occurs by total synthesis in the strict 
sense.

What is then the use of total synthesis?
The precondition of the exactness of chemistry is the knowledge 

of the molecular structure of different kinds of compounds. The 
some three million compounds of organic chemistry scarcely differ 
in their elementary composition, they are distinguished from each 
other by the organization of their composing atoms. Obviously, 
organic chemistry could not exist without the knowledge of the 
structure of organic molecules. In order to reveal the structure many 
methods are used, mostly in combinations. By these one can con
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struct the exact structural model of molecules so small that indis
cernible even with an electron microscope. After constructing the 
model, however, one still has to prove experimentally the correct
ness of the model; it must be shown that in fact it corresponds to the 
molecular structure of the compound in question.

The best method for this purpose is a total synthesis. Knowing the 
laws of chemistry one can tell, what individual steps of the synthesis 
must be taken in order to obtain from the elementary components 
the final compound corresponding to the model. If the compound 
synthesized according to the model is identical with the original com
pound, then the constructed model of its molecular structure is 
correct.

Hence total synthesis has an indispensable role in the develop
ment of theoretical organic chemistry. In practice, however, it would 
be quite unreasonable to produce washing powders or insecticides by 
the method of total synthesis; there are much simple, easier and 
cheaper methods for this.

Similarly, the total synthesis of living systems—i.e. their produc
tion from nonliving matter—can have no other aim than to prove 
their supposed organizational structure. All other aims can be 
achieved by simpler, easier and cheaper natural methods, brought to 
perfection by Nature during billions of years. However, every total 
synthesis requires a model for its completion. In the case of chemical 
total synthesis we have the model of molecular structure and for the 
total synthesis of living systems we have their organizational model. 
Here comes chemoton theory into the artificial production of living 
systems, as the only detailed organizational model of living systems 
established so far. The strategy of total synthesis can only be elabo
rated in possession of an appropriate model, since one has to know 
what to synthesize and what kinds of organizational properties the 
compound to be synthesized should have.

It is here that we have to discuss the works of the two scientists 
mentioned above as the only ones dealing with the question of syn
thesizing living systems. One of them is the American professor 
Sydney Fox, who was the first to make proteinoids by heating amino 
acids and then by changing the conditions to produce microspheres. 
These experiments are of utmost importance with respect to the re
search of chemical evolution and of the origin of life.
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Indeed, proteinoid microspheres have many highly interesting 
properties. These can be classed into two groups. The first of these 
groups comprises the following properties: microspheres are bound
ed by a two-dimensional fluid membrane, there exists under given 
environmental conditions an optimal volume strived at by each 
SRherule; microspheres can be brought to divide by changing the cir
cumstances; daughter-spherules in a solution of membrane-forming 
proteinoids grow to the same volume as the parent; irradiation in
duces budding and in a proteinoid solution the buds grow; the mem
brane has selective permeability and the internal composition of the 
spherule differs from its exterior, etc. It is easy to see that all these 
properties correspond completely to the properties derived for the 
membrane subsystem of the chemoton.

As to the other group, the properties of primitive enzyme activity 
and of associativity with nucleic acids, can both be reduced to the 
macromolecular characteristics of the membrane-forming basic 
proteinoids.

Recently, professor Fox began to consider these microspheres 
living systems, because of the above-mentioned properties. Howev
er, he does not give criteria for the discrimination of living and non
living systems. Our system of criteria is not fulfilled by Fox’s micro
spheres, since they do not metabolize (their growth is the result of 
the building in of ready-made proteinoids which are not produced by 
the system itself), they have no informational subsystem and (as a 
consequence) their processes are not self-controlled, all events are 
regulated by external conditions. Nevertheless, Fox’s proteinoid mi
crospheres correspond in their structural and functional properties 
perfectly to one of the subsystems of chemoton, namely to the mem
brane subsystem. Hence they may be considered as experimental proof 
of the artificial producibility and of the spontaneous production under 
primeval conditions o f the membrane subsystem.

In fact, originally Fox did not want to synthesize living systems; 
he looked for the possibility of abiotic production of protein-like 
compounds. During his experiments he stumbled accidentally upon 
proteinoid microspheres —a proof in itself of the great probability of 
the formation of such systems—and only after investigating them 
for a decade did he arrive at the opinion that they may be considered 
living systems. His opinion, however, was not based upon the laws
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of self-organizing living systems, but merely upon some “biological- 
oid” properties of the proteinoid microspheres.

The other scientist, who performed direct experiments along the 
immediate biogenesis is Krishna Bahadur from India. He and his 
wife, S. Ranganayaki have been working on the spontaneous forma
tion of microscopic spherules containing molybdenum atoms from 
primordial-like soups. Their experimental research did not attract 
too much attention in the scientific literature, although their results 
are the most interesting and most promising ones in this field. The 
reason for this might be that only modest experimental technics and 
equipments are available for them, which are not in fashion nowa
days among the scientists. Nevertheless, their spontaneously 
generated microscopic spherules—the so-called “jeewanu”-s 
— possess not only ✓ the ability of membrane formation, but have 
some metabolic activity too, including also some primitive pho
tosynthetic network. (The “jeewanu” is a sancrite word, means 
“particle of life”.) Thus it seems that these jeewanus possess at least 
two of the subsystems of the chemotons, the metabolic and the 
membrane subsystems. It was not investigated by the above authors 
whether the jeewanus have some primitive informational subsystem 
or not.

But it is time now to sketch the strategy of the total synthesis of 
living systems on the basis of chemoton theory. According to 
chemoton theory a living system must contain at least three subsys
tems: a self-reproducing cyclic system, an informational subsystem, 
and a membrane subsystem. An appropriate connection of the func
tions of these automatically gives a living system. We have seen that 
experiments have already proved the possibility of spontaneous for
mation as well as the artificial production of the individual subsys
tems. However, there remains a final step, namely the joining of the 
three subsystems into a single functional supersystem.

The synthesis of living systems depends on the possibility of find
ing three compatible subsystems which function if joined. This 
done, we still have to find the system of connections joining them, 
since on the one hand it is far from certain that the autocatalytic 
cycle renders in a finished form the raw materials of the other two 
subsystems, and on the other, all raw materials of the other two sub
systems may not be produced by the autocatalytic cycle. Undoubt-
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edly, in the chemoton these connections were direct and were bound 
to one compound. The reason for this was simply that the chemoton 
is the abstract model of the simplest possible living system and it is 
highly improbable that it can actually be realized in this theoretically 
most simple form.

■ We have therefore to show that it is not unimaginable to find 
three compatible (i.e. joinable) subsystems. It is reasonable to start 
from systems known to function experimentally, the more so since 
among them there are two which are in distant relation. These are 
the autocatalytic sugar synthesis starting from formaldehyde and the 
template polymerization of nucleic acids. The former process pro
duces carbohydrates of 3-7 carbon atoms from formaldehyde, 
among them a sugar of five carbon atoms, ribose, one of the consti
tuents of the nucleotide molecules serving as raw material in the 
template polymerization of nucleic acids. The nucleotides have the 
structure

base — ribose -  phosphate,

where the ribose and phosphate are the same in each of the nucleo
tides, while the base can be one of adenine, guanine, cytosine or 
uracil. These nucleotides are thus connected through the ribose to 
the autocatalytic system, formaldehyde serving as raw material. 
Thus through the ribose the two systems, the autocatalytic cycle and 
the process of template polymerization, may be connected function
ally. In fact, some publications recently reported on spontaneous 
membrane —as well as microsphere —formation in solutions contain
ing formaldehyde and ammonium cyanate.

On the other hand, one of the steps of nucleotide synthesis being 
the reaction of sugar with phosphate, the autocatalytic cycle could be 
formed from sugar-phosphates, too. In fact, the Calvin cycle func
tions through the transformation of sugar-phosphates just like these. 
Moreover, one of its inner components is ribose-5-phosphate, the 
starting material of nucleotide synthesis in the present-day living 
world. Hence there is indeed a natural connection between template 
polymerization and autocatalytic cycle.

A cycle of sugar-phosphates is also suitable for forming a connec
tion with the third subsystem, if the membrane consists of phospho
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lipids and not of proteinoids. In fact, the basis of membranes in the 
living world is a matrix of double-layered phospholipids having the 
properties of a two-dimensional fluid, and the synthesis of phospho
lipids occurs from the so-called acetyl-coenzyme-A, formed in the 
transformations of sugar-phosphates.

Thus three subsystems exist which theoretically can be joined 
into a single whole. Moreover, the vegetal world functions just by 
the joining of these same subsystems: plant cells incorporate the nu
trients carbon dioxide and water through the Calvin cycle, nucleo
tides are synthesized from ribose-phosphate formed in the Calvin 
cycle, and phospholipids are produced by the break-down of sugar- 
phosphates formed in the same cycle. Obviously, this is something 
like a chemoton of the plant cell.

One must not forget, however, that in plant cells all these occur 
by the interaction of many enzymes through complicated enzymatic 
regulations. We have no empirical data about the non-enzymatic 
functioning of the Calvin cycle within abiotic conditions. The theme 
has been scarcely investigated, because a simultaneous determina
tion of the sugar-phosphates in a complicated system like this is one 
of the most difficult tasks of modern biochemistry. Nevertheless, 
the abiogenic formation of sugar-phosphates as well as their transfor
mations into other kinds of sugar-phosphates is already documented 
in the relevant literature.

However, the synthesis of the living systems ought not to begin 
with the abiotic function of the Calvin cycle. Photosynthesis was a 
rather late discovery of the living world, thus it is not at all certain 
that the Calvin cycle itself could be made to function appropriately 
within non-enzymatic conditions, either. Moreover, the first cells 
had no need for photosynthesis, since the primeval soup had plenty 
of raw materials produced in the chemical evolution on which the 
first living systems could base their function by breakdown. __

Now, three functionally joinable subsystems can be found based 
upon the break-down of sugars. In this case the role of the autoca- 
talytic cycle is filled by the autocatalytic phosphorylation of the ade
nine, which, when joined with the break-down of sugar produces 
adenosine triphosphate (ATP). ATP is the general phosphorylating 
agent of the living organisms. Both nucleic acid template polymeriza
tion and formation of membrane-forming phospholipids require or
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ganically bound phosphate, which is conveyed to them by the general 
ATP conveyer, the autocatalytic phosphorylation.

Thus we sketched the theoretical possibility of several ways which 
may be used, in principle, for the synthesis of living systems, though 
it is rather improbable that exactly these systems will be joined in the 
first artificially produced living systems.

We have arrived at the aim of this chapter: we have demonstrated 
the possibility of artificially synthesizing of living systems, if one 
wishes, the possibility of their “total synthesis” . Is this really the 
whole story? Was it not much ado about nothing? I think the reader 
may feel some disappointment. After all, we generally expect under 
the title “artificial living systems” some kind of a homunculus.

Nevertheless, let us just remember the artificial liberation of 
atomic energy. Once its theoretical possibility was disclosed, the first 
artificial transmutation of atoms was accomplished within two 
weeks(l) by Frédéric and Iréné Joliot-Curie. However, these labora
tory experiments were not accompanied by terrible explosions, enor
mous heat and other spectacular phenomena. Merely the presence 
of a few phosphor atoms was revealed by subtle methods. Still, the 
scientists were well aware of the unheard-of perspectives opened by 
these experiments. Indeed, a decade had scarcely passed before the 
first atomic pile had already been ignited.

178



17. Chemo ton theory involves the 
possibility of an exact 

theoretical biology

In the previous chapters we were somehow always concerned 
with life, still we cannot claim that our treatment was a full-right biol
ogy or even a theoretical biology. The foregoing considerations, the 
question concerning the origin of life and the construction of artifi
cial living systems, were nothing more than foundations for the de
velopment of an exact theoretical biology. Indeed, what is biology? 
A science dealing with living beings, with the living world. In our 
considerations systems actually found in the living world occurred 
mostly as examples. We hope, however, that our preceding deduc
tions may serve as the basis for developing mathematically exact 
models, which are suitable for describing more complicated systems 
of the living world, and thus actual biological phenomena can be 
treated with appropriate precisity. The present chapter aims to hint 
at this possibility.

However, at present this is a mere possibility. Theoretical biology 
is not as yet an autonomous science like theoretical physics, and its 
development cannot of course be the task of a single man. Even at 
this level our considerations required the application of many disci
plines like physics, chemistry, thermodynamics, cybernetics, etc., 
and the knowledge of all these clearly surpasses the capacity of a 
single man. And although the results—with the exception of 
computer-simulations done in cooperation —reflect certainly the au
thor’s own investigations and rest still upon more or less exact de
ductions, this was only possible at the price of stopping everywhere 
just at the bases and leaving alone the elaboration of the individual 
topics. Thus for instance the author did not wish to develop a cy
bernetic theory of soft automata or the irreversible thermodynamics 
of the stability of accumulation systems. This is not and cannot be
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our task; it is to be done, if necessary, by competent students of the 
respective disciplines.

On the other hand, in the present chapter we shall deal with prob
lems which have not as yet been worked out. Some of them, for in
stance the principles governing the function of certain soft learning 
systems, are already sketched; in the case.of others, as for instance 
the case of the model of eukaryotes, the way is only guessed and re
quires follow-up. There are finally topics in which only signs point to
wards a hopeful solution. Our final aim being the development of a 
theoretical biology, all the above still have their place here, since 
some of them may perhaps stimulate somebody to try to follow one 
or another of the ways, contributing thus to the development of 
theoretical biology.

Undoubtedly, the description of the present-day living world 
must contain enzymatic regulations. Enzymes have not yet occurred 
in chemoton theory and therefore chemotons have never been 
called cells. In fact, we avoided even speaking about “primeval 
cells” or “protocells” in connection with chemotons. But a chemo
ton completed with enzymatic regulation certainly would be some
thing which could already be considered as a model of the cell. How 
can enzymatic regulation be built in into the chemoton?

It was mentioned in the discussion of the information carrying 
subsystems that information can be stored by the quantity of signs, 
by the quantitative relation of two or more signs and by the sequence 
of signs. In the simple chemoton, information was stored by the 
quantity of signs, in the mutative chemoton by the ratio of two (or 
four) kinds of signs.

Although the sequence of signs had no role in the mutative 
chemoton, due to the mechanism of template polymerization the 
sign sequence of the offspring molecule is identical to that of the 
template molecule. Hence the offsprings of a mutative chemoton 
contain the same sign sequence and the same information, if the 
sign sequence carries information. Thus the mutative chemoton has a 
capability as yet unused, namely to store information by sign sequences, 
which is of infinite capacity.

It is easy to see that this is the point, where enzymatic regulation 
can be brought in. The mutative chemoton offers by itself a free 
capacity, which can be filled. In nature this capacity is filled, since
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enzymatic regulation depends on the sign sequence of the genetic 
substance; sign sequences of the DNA determine the enzymatic 
functions. The exact model of this function has yet to be constructed 
and must be integrated into the chemoton model in order to create a 
complete exact model of the living cell. We have already succeeded 
in incorporating enzymes into the stoichiometric equations of 
prokaryotes.

The integration of enzymatic regulation is not a preliminary con
dition for the construction of models of more complicated biological 
systems. Let us emphasize again that enzymes cause changes in reac
tion rates, but properties depend ultimately on the occurrence or 
non-öccurrence of chemical reactions in the organisms.

On our way towards more complicated biological systems it will 
prove expedient to return again to our reasonings about total synthe
sis, and to discuss anew our statement that the demand for artificially 
produced highly complicated living beings from lifeless matter will 
never arise.

We have said that total synthesis in chemistry means the direct 
synthesis of a compound from its elementary constituents. In princi
ple this concept is still true, but in practice the meaning underwent a 
slight change of interpretation. In fact, in order to perform a total 
synthesis it is not always necessary to start from the very elements; 
in most cases it suffices to start from simpler compounds the struc
ture of which is already known from total syntheses performed by 
others. Thus if somebody wishes to synthesize cellulose in order to 
prove its structure, he need not produce it directly from carbon, 
hydrogen and oxygen; it is enough for him to start from glucose, 
since cellulose is built up from glucose molecules, and the total 
synthesis of glucose had already been carried out by others. Just like 
in the proof of a geometrical theorem: we need not always start from 
the very axioms, it is generally enough to refer to an already proven 
theorem.

Complex biological systems are organized from simpler ones into 
systems on a higher degree of organizational hierarchy. The eu
karyotic cell is organized from a few kinds of prokaryotic cells, multi
cellular organisms consist of milliards of several kinds of eukaryotic 
cells, animal communities, say the colonies of social insects, are
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again organized from some kinds of multicellular individuals into a 
higher system.

Hence if one tries once to solve the “total synthesis” of a system 
on the organizational level of eukaryotes, it is not necessary to start 
from lifeless material. It is enough to begin with prokaryotes, provid
ed that the synthesis of prokaryotes from lifeless substances has 
been already performed. Thus until the synthesis of systems on a 
prokaryotic level is not solved, eukaryotes cannot ba “totally synthe
sized” either; if, however, on the level of prokaryotes the total 
synthesis is already feasible, then it is superfluous on the level of eu
karyotes, since here the synthesis of prokaryotes is an intermediate 
step anyhow. Similarly, if one wishes to produce a multicellular or
ganism it is not necessary to start from chemical elements but from 
eukaryotic cells. This, however, is already feasible, since complete 
plants or animals can be developed from a single somatic cell.

Now we can understand better the categorical statement that the 
demand for producing multicellular organisms, animals or man from 
nonliving matter will never arise. As a matter of fact, only systems on 
a prokaryotic level can be produced from lifeless substances; the produc
tion of eukaryotes can only be accomplished from prokaryotes, i.e. from 
already living systems and, similarly, multicellulars can only be produced 
from eukaryotic cells, i.e. from living systems built up from other living 
systems themselves. All these “syntheses” are thus biological opera
tions and not constructions from lifeless substances, since the pro
karyotes belong obviously to the realm of biology.

If now we wish to extend chemoton theory towards more com
plicated biological systems, it will be reasonable to follow the same 
path. The chemoton is a general abstract model including the bases 
of every function of a prokaryotic cell, the enzymatic regulation ex
cepted. Exactly because of this abstract generality it is suitable for 
generating many kinds of concrete chemoton models. Thus —in 
order to restrict ourselves to examples from the known living 
world—the abstract chemoton may be equally constructed from 
models in which the self-reproducing cycle is driven by the fermenta
tive decomposition of finished organic molecules, or is capable of 
building in C 02 by using the energy of light, or else transforms 
organic compounds into C02 and H20  with the help of the 0 2 of the 
atmosphere. Moreover, a concrete chemoton model can be con
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structed using the energy of the nutrients not only for chemical 
work but also for mechanical motion.

It is easy to see that these chemotons are nothing else than con
crete models of different kinds of prokaryotic cells, capable of dif
ferent kinds of metabolism (fermentative, oxidative, photosynthet
ic) and of movement. We have seen that eukaryotic cells originated 
from a symbiotic connection of several prokaryotic cells. Thus in 
order to obtain the exact model of the eukaryotic cell, we have to 
join different types of prokaryotic models into a single system as the 
organization of three independent subsystems into a single “super
system”, the chemoton had to be done.

The way leading from eukaryotes to multicellular organisms can 
be modelled best in two separate steps, one being the elaboration of 
models from different organs, the second the unification of these 
into the model of a single organism. As an introduction, it will be ex
pedient to construct a model of a “simple” organ. Let this be the 
brain.

Now, the author does not wish to make some bad jokes. He is per
fectly aware that the brain is generally considered the most com
plicated organ of a living being, and with good reason. Indeed, the 
brain is capable of producing something, namely thinking, which is 
quite exceptional in the living world and the mechanism of which 
cannot be explained as yet.

But from the aspects of functional —or so-to-say “software” — 
modelling things seem to be somewhat different. Let us only com
pare the tasks of the brain with those of the skin or of the kidney. 
How many influences act upon the skin? It has to react upon cold, 
heat, pressure, radiations, moisture, composition of air, etc., it has 
to respire, perspire, to defend against infections, to regenerate, and 
has a lot of other functions, too. Similarly, the kidneys have to indi
vidually regulate the excretion of many compounds, and maintain 
the ionic concentrations of the blood.

Whereas the brain? It is enclosed into a hard shell, protected from 
the injuries of the environment. The cortex does not have to react to 
direct effects from the exterior world, it does not have to defend 
itself, and once developed, its neurons need not even multiply. Un
doubtedly, it has a highly complicated and subtly organized struc
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ture; this intricate«! “hardware”, however, is far from being “hyper- 
determined”: there are large areas in it where one can —to speak 
with a certain exaggeration—“slash” it without fatal consequences.

Indeed the brain has a single task: to receive, to process, and to 
emit electric signs running along the nerve fibres. This “single” 
task, however, is far from being simple. To speak more exactly, this 
is not just a task but a whole spectrum of tasks, within which the 
brain has to solve an infinite number of ever newer.tasks. So many 
kinds of tasks, that it would be simply impossible to imagine a sepa
rate mechanism for each. Just this fact may be, however, a clue to 
the solution: the principle governing the functioning of the brain must 
not be looked for in an information storing substance, but in the endless 
variability of the signs.

This, in principle, is the reason why the functional model —the 
“software” —of the brain cortex can be deduced from the chemoton 
theory. Namely only the neurons have to react upon incoming elec
tric signs, and thus a special chemoton model capable of this single 
function of the neurons can be designed. Moreover, appropriate vari
ations of this basic model can be devised, and, similarly to the con
struction of the chemoton, where the uniting of three subsystems 
led automatically to a supersystem with surprising new properties, 
the joining of different kinds of “neuronal chemotons” also leads to 
new qualitative characteristics which may be considered models of 
learning and perhaps even of thinking.

First of all, of learning. And while learning, the system becomes 
transformed and changed. Then the learned things begin to fade: the 
system forgets. However, it does not forget anything completely. It 
learns generally through multiple reiterations, but also through 
single strong “imprintings” which never become deleted. The 
system is even capable of “dreaming” . Moreover, ifit is confronted 
with unsolvable situations, it may behave like something “gone 
mad”: it may have “fixed ideas”. These “obsessions” may in some 
cases be “cured” by electroshock treatment, with time. The func
tioning of the system becomes more and more rigid heading toward 
something like “senility”. In this state more and more experiences 
collected in its “youth” emerge, but in a quite unconnected manner. 
However, in crisis situations the system is capable of recalling every
thing learned in its “life” .
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These and similar properties follow directly from the model. The 
details cannot be given here, but the reader can find them in the fifth 
chapter of the first volume of the author’s monograph, The Chemo- 
ton Theory. It is of course as yet far from certain that the brain really 
works by a mechanism like this. Yet even in this case, chemoton 
theory has provided us with a detailed model of learning soft 
automata.

Up to now, even the first steps have not been taken towards the 
building up of models of multicellular organisms from models of in
dividual organs, but the way seems to be open, since the “recipe” is 
given: one has to find the appropriate “demand and supply” coupling 
between the models of the organs.

Herewith we arrive at the end of our way. Moving from molecules 
to multicellular organisms, we have sketched the possibility of an 
exact theoretical biology. One may and ought to go further towards 
biocenoses and the whole living world, but this is the task for the 
future. The author has still in the present book a single task left: 
after following the path of scientific reasoning so far, he must now 
turn to conscientiousness and social insight. Let the last chapter 
belong to them.
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18. The responsibility of the biologist

The history of science and technology seems to suggest that the 
progress of humanity and the development of science is accompanied 
with human tragedies. The martyrs of arctic research and of the 
explorations in remote parts of the Earth full of dangers, are com
memorated by books and monuments. A monument in the garden 
of the Saint George Hospital, Hamburg bears the names of the vic
tims of X-rays and radioactive radiations—more than two hundred. 
It .would be virtually impossible to collect the names of victims of the 
development of chemistry; the names of the many-many chemists 
killed by explosions, poisons, burns, and by the corrosive effects of 
acids and strong caustics. A whole book could be written on the vic
tims of aviation; and who could count the many-many victims of the 
research and development in electricity?

In this book we have sketched topics like the synthesis of living 
systems, the production of soft automata, or the development of 
learning soft systems. Topics like these have so far been dealt with 
mostly by science-fiction writers. Moreover, we have treated them 
not as mere theoretical possibilities, but sketched the way towards 
their actual realization. Where will these all lead to? Can we follow 
this way without punishment? Are there not catastrophic possibili
ties hidden along it? Would it not be better to stop or, on the contra
ry, must we follow this way to its end? Doubts like these may arise in 
a conscientious reader, as indeed they have arisen in the author, too.

The process of biological manipulation did not begin with chemo- 
ton theory. Man has been led along this path by the domestication of 
animals, the cultivation of plants and the application of the first 
drugs, but of course not consciously. The eventual harms were '■e-
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stricted and the damages were always dwarfed by the advantages. In 
fact, the damages were mostly not perceived at all, or at least their 
cause was not even suspected. But nowadays biological manipulation 
has assumed enormous dimensions in almost every part of biology, 
from birth-control to the break-down of the environmental equilibri
um. There is no need to dwell on these matters here, as they are 
dealt with in widely-read books.

However, in the dangers evoked by biological manipulations 
there is something more threatening than, and qualitatively different 
from, the perils produced so far by technology and civilization. I 
think the qualitative difference is caused by two factors; the one is ir
reversibility, the other a time factor. Let me explain this by the story 
of the chemoton theory.

The first ideas of chemoton theory were born in 1952 from the in
sight that every living system is the place where two basic opposite 
properties prevail. One is that living beings must always compensate 
the changes of the environment in order to preserve their state of 
equilibrium, the other is that the same living beings must go 
through a sequence of events which never recur and the whole pro
cess is irreversible, as for instance the processes of embryonal devel
opment, reproduction or of aging. That is, one of the processes must 
be bound to (not necessarily in a thermodynamic sense) reversible 
and the other to (again not thermodynamically) irreversible events, 
thus the two processes mutually exclude each other, hence they 
must be realized by two subsystems functioning by two different 
mechanisms. The first was called “equilibrium subsystem”, the 
other “chief cycle”. (These are the names used in my book Revolu
tion in the research of life, which was published in Hungarian in 
1966.) Later on the first became the homeostatic self-reproducing 
cyclic system, the other one the informational subsystem.

Natural or artificial influences affecting the homeostatic subsys
tems of living systems—within the limits of compensability—do not 
cause lasting changes in it. On the other hand, influences affecting 
directly or indirectly the informational subsystem cause irreversible 
changes just because of the irreversible functioning of the informa
tional subsystem.

Undoubtedly, the concept of back-mutation is known in genetics; 
sometimes a mutational change becomes “back-mutated”
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! . 
Nevertheless, due to its low probability this event occurs in a solitary 
individual after many generations, and this fact cannot cancel the 
fact that meanwhile offsprings of the original mutant should be —ev
entually innumerably —multiplying and interacting with other mem
bers of the living world.

Since the basic units of the living world-carry unidirectional irre
versible sequences of events, the systems built up from them will 
also carry unidirectional programs on their respectively higher levels 
of organizational hierarchy. Thus in eukaryotic cells the mitosis, in 
multicellular organisms the ontogenesis, i.e. embryonal growth and 
differentiation, and at the level of the living world phylogenesis, are 
all instances of such a unidirectional irreversible program.

And here we arrive at a fundamental difference in principle be
tween the living and nonliving world. The state of nonliving systems 
namely is entirely determined by external circumstances. This was 
the fundamental insight of thermodynamics, leading to the concept 
of state variables. With knowledge of the state variables (pressure, 
temperature, volume, etc.) the state of a nonliving system —a few 
cases excepted—can be uniquely determined.

The same does not hold, however, for the living world. Events 
are, here too, influenced by state variables which naturally restrict 
the realm of possibilities, but besides these other limiting factors 
appear as well. Such limiting factors specific to the living systems are 
not only changes in the informational subsystems of an individual 
and of its progenitors, but also changes caused in the informational 
subsystems of living systems being in mutual interaction with the in
dividual in question or with its progenitors. To state it concisely: the 
living state is determined by the external circumstances as well as by its 
own previous history. If some experiment of cosmic dimensions 
could reproduce exactly the development of an Earth, the evolution 
of life in this experiment would not follow exactly the actual course 
of phylogenesis, since in the changes of informational subsystems 
random events have an essential role and every random event once 
occurred will manifest itself unavoidably in the endless manifold of 
progenitors.

Our properties are not only determined by those of our father or 
by how our grandfather had chosen his wife, but in a certain sense by 
things which occurred to some amoebas or blue-green algae three
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thousand million years ago. Moreover, not only through the infor
mation written in their genetic material, but also by the genetic sub
stance of other living organisms. As to the reindeer it is far from in
different what is written into the genetic substance of lichens or into 
that of the wolf.

This complex sequence of events is the essence of the irreversibil
ity factor. Something like this is at most extremely rarely —and peri
pherally-found in the nonliving world, but in the living world it is a 
fundamental determining factor. It is this factor of irreversibility, 
which makes biological manipulations incomparably more dangerous 
than .manipulations performed on nonliving systems. As to the 
latter, one can also produce catastrophes, but here sooner or later 
every bad thing comes to an end. In the living world, however, noth
ing really comes to an end, neither good nor bad. Every event which 
has an impact upon the irreversible processes will continue to exer
cise influence until the end of the living world. Thus the effect of 
these events is in practice endless.

The other factor is less fundamental but it nonetheless hides dan
gers of similar importance. In the nonliving world reaction follows 
action in general immediately or within a short time. Thus for in
stance if we strike a match in ethereal vapours these will explode im
mediately and, similarly, if a bridge is badly overloaded it will col
lapse immediately. Thus individual catastrophes may be inavoidable 
but their repetition can be avoided, since we are aware of the 
prompt reaction.

However, in biology even an immediate effect presents itself with 
a rather large delay. Even a simple infection or some poisoning has 
in the organism a latency of some hours, days, or even months. And 
a damage in the genetic substance will be manifested earliest in the 
next generation, which in the case of man means decades.

Indirect effects are already of an evolutional character and are 
manifested only after hundreds or even thousands of years. Thus we 
cannot obtain knowledge about them at all. Now almost every one of 
our present-day actions produces an effect of some kind, which will 
accompany the evolution of the living world through millions of 
years as an inheritance and as a damned one, unfortunately.

During the long history of the species man has been used to 
taking care exclusively of the present, the past began to be appreciat-
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ed more or less during the short history of civilization. As to the 
future, until the present century it meant at most some decades and 
even this was left to the rulers.

Yet we have now arrived at a different age. Our activities affect 
blindly and brutally the future and this future means not a few 
decades anymore but the whole future, not only the future of man 
but that of the entire living world. Today man affects with his activity 
much more the future than the present.

Whether we wish or not, we influence the irreversible processes 
of the entire biosphere, and we do it ignorantly. This interference, 
however, cannot be prevented; it has its roots in the development of 
technology and civilization, and the progress of society is, just like 
the evolution of life, irreversible. The irreversibility of man namely 
involves the irreversibility of society, just as the irreversibility of the 
informational subsystem involves that of the chemoton, then the 
prokaryotes, then the eukaryotes, and the irreversibility of the euka
ryotic cell implies that of the multicellular organisms and this latter 
the irreversibility of the entire living world, which we call evolution.

There is no alternative. Human beings and human society cannot 
exist without the progress of science and technology. In a sense, 
“manipulation” is unavoidable. Nevertheless, interference and 
manipulation need not necessarily imply catastrophes. Although the 
history of science suggests that progess often occurred at the price of 
setbacks, accidents and catastrophes, this is by no means a fatal rule. 
We have an actual example that catastrophes—at least in scientific 
research—can be avoided.

This example is the deliberation of atomic energy in the nuclear 
reactor. Needless to say, the growth of the atomic pile carried the 
possibility of far greater dangers than anything previously, and still 
no catastrophic errors occurred during its development. No wonder, 
since an exact theory was first worked out which was capable of 
determining in advance events and necessary conditions with a qual
itative and quantitative precisity and only then were experiments 
practically applied. Indeed, at the time of practical applications 
atomic physics was already a well-established and truly proven 
theory, helped from two sides by quantum mechanics and by statisti
cal mechanics.
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Biology is nowadays chiefly an experimental and descriptive sci
ence. It has no theory by which it could describe qualitatively and 
quantitatively biological processes, the reactions of cells, multicellu
lar organisms, biocenoses, or of the entire biosphere upon external 
or internal effects. Undoubtedly, there are some fields of biology 
where we have already fruitful theoretical models for important par
tial processes, as for instance the Watson —Crick model of inheri
tance or the different models of the intracellular regulations. Howev
er, all these are unable to give a quantitative description and refer to 
partial processes. We must know the responses of entire living 
beings and of entire biocenoses in order to know the consequences 
of our interferences.

Hence the creation of an exact theoretical biology is a foremost 
task. This must be an exact biological model system having exactly 
determinable properties so that the actual biological phenomena 
may be approximated by it with the necessary precisity.

In the case of deliberating atomic energy—first in the history of 
science—the investigations required sums of the magnitude of na
tional product, and these enormous sums did not allow trial and 
error, one had to be sure in the results. Not the anguish for the 
future and not the fear from catastrophes put here theory and re
search before practice.

Unfortunately, in the case of biology the situation is the reversed 
one. Here the large sums are not required by the biological manipula
tions themselves, but very often, as in the case of environmental pol
lution, by their prevention. Thus the development of theoretical 
biology is not driven by direct material interests, the driving force 
must be human responsibility.

Indeed, the elaboration of an exact theoretical biology is the pre
condition of the designability of biological processes. Needless to 
say, how important this planning is in view of environmental policy, 
public health, demography, provisional policy and scientific research 
alike. The possibilities for developing a potent theoretical biology 
are provided today. However, doing it effectively depends not only 
on the biologists. Organizers of scientific research and governments 
share in this responsibility with biologists.
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Tibor Gánti:

THE CHEMOTON THEORY

Vol. I. The Theoretical Basis o f Fluid Machineries

In this volume it is shown how is it possible tct project, analogously 
to the projection of mechanical automata, fluid chemical automata 
from chemical reaction systems, which are organized not in geo
metrical space as the former ones, but in a chemical state space. For 
this purpose, first of all the so-called cycle stoichiometry and stoi- 
chiokinetics are introduced by the author in order to discuss the 
operation of the structures to be projected by algebraic equations. 
These concepts are used for the quantitative description of the ele
ments of fluid chemical automata, such as reaction chains, branch
ings, chemical cycles and informational chemical operations. Subse
quently their modes of coupling, and the quantitative conditions of 
their coupled operation are shown, then simple fluid automata, self- 
reproducing, finally proliferating fluid automata are projected qual
itatively and quantitatively. This sequence is closed by the program- 
controlled, proliferating fluid automaton, the so-called chemoton. 
In the last chapter the projection of a fluid computer operating on a 
cybemetically new principle is outlined the elements of which are 
chemotons of different types. (Contents: I. Introduction II. Construc
tional elements of fluid machineries: Reaction chains; Branchings; 
Chemical cycles; Self-producing chemical cycles; Storage and repli
cation of information; Compartmentalization; III. Design of simple 
fluid machines: Coupling of simple parts; Coupling of self- 
reproducing parts; IV. Proliferating fluid automata: The forms of 
genesis; Proliferating microspheres; Proliferating fluid clockworks; 
Chemotons; V. Outlines o f self-organizing fluid computers: Introduc
tory remarks; Constituents of fluid computers; The basic networks; 
Cogitator networks; Design of cogitators; Cogitators with time- 
coder; Activity, sleeping, death; To fluid robots).
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Vol. II. A Quantitative Theory of Living Systems

In this volume, the main goal of the author is to show that living sys
tems are basically fluid chemical machineries the essence and opera
tion of which can be understood, discussed quantitatively and pro
jected on the basis of the methods described in the first volume. It is 
shown that the program-controlled, proliferating fluid chemical au
tomata, the chemotons, behave like living systems and that their 
genesis takes necessarily place under prebiotic conditions from com
pounds produced by chemical evolution. The detailed and complete 
metabolic map of a possible concrete prebiotic chemoton is provided 
and its operation is calculated by means of cycle stoichiometry and 
stoichiokinetics. Thereafter it is shown how the evolution of these 
systems leads to the necessary appearance of enzyme-RNAs and 
gene-RNAs, then to the development of enzyme proteins and DNA 
genes. After an exobiological outlook, the volume is closed by 
revealing how is it possible to reach the exact quantitative treatment 
of today’s living systems with the help of the chemoton theory. 
(Contents: VI. About the living world in general: What is life? The 
most general properties of living beings; Life criteria; Chemotons as 
living systems; VII. Chemical evolution: Setting on objectives; The 
date of the genesis of life; The genesis of Earth; The primitive atmo
sphere; Chemical evolution; VIII. The biogenesis: Biogenesis 
models; Metabolic network of a prebiotic chemoton; Quantitative 
description of prebiotic chemotons; IX. Prebiotic evolution: Introduc
tion; Beginnings of prebiotic evolution; Appearance of enzyme ac
tivity; Origin of coenzymes; Origin of genes and the code; X. Exobi
ological outlook: Introductory remarks; Possibility of the existence 
of non-terrestrial type of life; Exobiological studies in the Solar 
System; XI. Outlines of a quantitative biology: Introduction; Some 
genetic considerations; Quantitative discussion of prokaryotic cells; 
Stoichiometric fundaments of evolution; Biotechnological 
applications.)
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This book attempts to answer the thousand-year-old question: what 
is life, and it does this in an unusual manner quite different from the 
present attitude of biologists. The theory described—the so-called 
chemoton theory—is sometimes compared with the revolutionary 
discoveries bringing about new chapters in the history of science 
(Newton, Copernicus, J. von Neumann), and sometimes it is cate
gorically refused. The reader may form his or her own opinion about 
the whole concept, if not about the professional details of chemoton 
theory, since the author in this book omits these details together 
with the mathematical equations and leads the reader through the 
main ideas in a well readable and interesting manner. In the mean
time, the reader learns in what the different scientists saw the secret 
of life, what is it that separates the living from the non-living, how is 
it possible to produce machineries, self-reproducing machineries 
and even program-controlled self-reproducing machineries from 
mere liquids, etc. And if someone thinks it to be impossible, those 
who are not satisfied by the logical chains of thoughts or those who 
want to learn also the professional details, are referred to the two- 
volume professional monograph of the same author, to “The 
Chemoton Theory”, in which the exact mathematical proofs hidden 
behind the far-flung logical derivations of this book are also 
provided.
This book has been published until now in 6 editions, in 3 countries, 
and there is also a hope that it will live up to more editions in further 
languages.
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