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NOTE BY THE AUTHOR

A few introductory remarks may be helpful to avoid possible misinterpretations when
a relatively new subject is presented.

It is not the intention of the author to face the reader with a new type of life or
new living forms. The numerical symbioorganisms presented in this paper are not living,
not in the sense commonly attributed to this term. It is, however, the purpose of this
paper to present a part of the rapidly growing evidence to the effect that, what we are
used to consider living beings (terrestrial life forms) are a particular type of symbio-
organisms and are subject to the same evolutionary improvements and to many other
“biophenomena” which are common to a large class of symbioorganisms,

There is nothing more peculiar about this statement, except for its more recent dis-
covery, than about statements like the following:

1) living organisms are physical bodies and are subject to the same mechanical and
physical laws followed by all physical bodies.

2) living organisms are formed by chemical compounds and are subject to the same
kind of chemical reactions, which are the object of biochemistry. B

The investigation of physical, chemical and symbiogenetical phenomena are all im-
portant for the understanding of different aspects of the process which is designated by
the common term “LIFE”.

If the reader at any stage should fall for the temptation to attribute to the numerical
symbioorganisms a little too many of the properties of living beings, please do not make
the mistake of believing that this was the intention of the author. The properties of
symbioorganisms are clearly and specifically described and they should be understood
statement by statement the way they are presented.

As to the terminology used the following principles have been followed: concepts
presenting some form of similarity or analogy with a bioclogical concept have been
designated by the same or a similar term. For example: “symbicorganism” corresponding
to the biologic term “organism”; or “symbiosis” (also termed “utility association”)
corresponding to the biologic term “symbiosis”; and “mutation” to disignate hereditary

1) The investigation presented in this paper was supported in part by research grants
RG-6080 and C-2306 from the National Institutes of Health, United States Public
Health Service. The first part of the investigation was performed while the author was
a temporary member of the Institute for Advanced Study in Princeton, New Jersey,
and the evolution experiments and competition tests were performed by the electronic
computer of the Institute.
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changes which are not normal crossing results, the same term used for such hereditary
changes in biology. This terminology has the advantage of being easy to remember and
of making the analogies with biological concepts immediately clear to the reader without
requiring tedious explanations. However, the reader should be careful not to confuse a
term used in connection with symbioorganisms with the same, or a similar term used
in biology. The reader who is aware of this will have no difficulty in keeping the
record straight. The terms and concepts used in connection with symbioorganisms are
in no case identical to biological concepts; they are mathematical concepts (see appen-
dix) usually applicable to a large variety of symbioorganisms. The biological terms are
often selected by the common use of the language and they usually refer to empirical
objects and observed biologic phenomena.

Empirical models of symbioorganisms, such as the numerical symbioorganisms de-
veloped in a particular experiment are to be considered as empirical representations of
a mathematical entity in the same sense as a circular object can be used to represent a
circle as a mean of investigation or description. The same terminology used in the
mathematical entity investigated will of course also be used in its empirical models.

1. INTRODUCTION

This is the first of two papers the purpose of which is to give an orienta-
tion on the present stage and recent developments in the investigation of
numeric evolution phenomena. The second paper (BARRICELLI, 1962) will
appear in this journal later.

The Darwinian idea that evolution takes place by random hereditary
changes and selection has from the beginning been handicapped by the fact
that no proper test had been found to decide whether such evolution was
possible and how it would develop under controlled conditions. A test using
living organisms in rapid evolution (viruses or bacteria) would have the
serious drawback that the causes of adaptation or evolution would be difficult
to state unequivocally, and Lamarckian or other kinds of interpretation
would be difficult to exclude. However if, instead of using living organisms,
one could experiment with entities which, without any doubt could evolve
exclusively by “mutations” and selection, then and only then would a suc-
cessful evolution experiment give conclusive evidence; the better if the en-
vironmental factors also are under control as for example if they are limited
to some sort of competition between the entities used.

The author has shown in several publications (BARRICELLI, 1954 and 1957)
that evolution processes in many respects similar to biological evolution can
now be obtained using self-reproducing entities of numerical nature whose
properties are completely under control. Mutation and selection alone, how-
ever, proved insufficient to explain evolutionary phenomena. Another fun-
damental idea (to be explained in sections 2 and 3) had to be added to the
theory before it was possible to obtain evolutionary processes and other
phenomena characteristic of living organisms, which are listed in section 6.

It may appear that the properties one would have to assign to a population
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of self-reproducing elements in order to obtain Darwinian evolution are of
a spectacular simplicity. The elements would only have to:

1. Be selfreproducing and
2. Undergo hereditary changes (mutations) in order to permit evolution
by a process based on the survival of the {ittest.

Such evolution would actually have the characteristics of a purely statistical
phenomenon which may well occur in other than biological contexts.

In fact, examples of self-reproducing entities are well known and it is
no problem to define and construct more such entities artificially. It is for
instance well known that some chemical compounds, called “autocatalysts,”
have the ability to catalyze a chemical reaction between other compounds, a
reaction whose result is, among other things, an increase of the catalyst it-
self. ‘Such an autocatalyst will therefore become more and more abundant
as the reaction proceeds, or in other words, it reproduces itself. At the same
time, some compounds (called substrates) originally present will be con-
sumed, while other compounds (called by-products) may, by the same reac-
tion, be produced together with the autocatalyst.

Also in atomic physics, autocatalytic phenomena similar to the one above
described are well known. For instance a neutron may start a chain reaction
by hitting a uranium Usggs atom producing among other things two or more
neutrons, and thus reproduces itself by a process having the characteristics
of what may be considered atomic autocatalysis. The Uranium Usg5 atoms
act as the substrate of the nuclear reaction, which, in addition to neutrons
also produces some by-products (some elements of atomic weight roughly
half the weight of Uranium).

It is easy to construct artificial objects or define entities, for instance of
arithmetic nature, which are able to reproduce themselves. In this case one
may also choose the definition in such a way that the factors which are not
indispensable, conceptually, such as substrates and by-products, will not be
included among the elements to be operated upon. For instance, one may use
as self-reproducing entities a group of numbers written in the first line of
a crossection paper -— see fig. 1, where negative numbers are underlined —
and one may choose arbitrarily a reproduction rule for these numbers. The
reproduction rule used in fig. 1 is the following: in one time unit (genera-
tion) a positive number m is reproduced m squares to the right and a nega-
tive number # is reproduced -n squares to the left. The result obtained from
the first line by following this reproduction rule is recorded in the second
line. Applying the same reproduction rule to the second line, one obtains the
third line, efc. Of course, in order to prosecute the operation, one would have
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to state some rule to decide what to do in the cases in which two different
numbers happen to fall (collide) in the same square. This will be done
below.

The other property essential for Darwinian evolution, wviz.,, undergoing
hereditary changes, is probably not as common outside the living organisms
as is the faculty to reproduce. There is little point in trying to enumerate
phenomena which might be interpreted as examples of hereditary change.
For the purposes of this paper, it is sufficient to recall that the genes of a
cell and the viruses are examples of self-reproducing elements with the
ability to undergo hereditary changes. In both cases the ability to reproduce
and to undergo hereditary changes seems to be a property of the nucleic acid
which is an important constituent of these structures.

There is no difficulty in defining mathematical entities which besides the
faculty to reproduce have the property of undergoing hereditary changes. In
the numerical entities defined above, one may for instance choose some mu-
tation rules to apply when two numbers collide in the same square. The
number to be put in the collision square may be different from the two col-
liding numbers and may therefore represent a mutation.

The following mutation rule has been applied in fig. 1: two numbers which
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Fig. 1. Selfreproducing numbers (see text). Adaptive selection but no extensive
evolution phenomena are possible.

collide in a square are added together, and from the result one subtracts the
content of the square above the collision square (except when the square
above the collision square is empty, in which case nothing will be sub-
tracted). If three numbers collide in the same square, they are added to-
gether, and from the result one subtracts twice the content of the square
above the collision place, and so on.

In this manner we have created a class of numbers which are able to re-
produce and to undergo hereditary changes. The conditions for an evolution
process according to the principle of Darwin’s theory would appear to be
present, The numbers which have the greatest survival in the environment
created in fig. 1 by the rules stated above, will survive. The other numbers
will be eliminated little by little. A process of adaptation to the environmental
conditions, that is, a process of Darwinian evolution, will take place.
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2. CRITICISM OF THE DARWINIAN EVOLUTION PRINCIPLE

The last example of Darwinian evolution clearly shows that something
more is needed to understand the formation of organs and properties with
a complexity comparable to those of living organisms. No matter how many
mutations occur, the numbers of fig. 1 will never become anything more
complex than plain numbers.

One may object that the situation is different for genes and viruses be-
cause of the greater complexity of the nucleic acid molecules which might
be expected to present far greater evolutionary possibilities.

If the situation is different for the simplest self-reproducing elements of
hereditary material, that must be for some other reason, but certainly not for
the evolutionary possibilities of each individual element. If one considers
the recombinational genes — which are the smallest fragments of hereditary
material which can be separated from adjacent hereditary material by cross-
ing over — as the self-reproducing elements from which the hereditary
material is formed, one finds the following situation. In most recombina-
tional genes only two allelic states are found; more rarely one finds 3 or
more allelic states. A recombinational gene with #n allelic states is a gene
which can exist only in # different varities which can be reached by one or
several consecutive mutations. The evolutionary possibilities of such a re-
combinational gene are therefore very limited. Evolution can do nothing bet-
ter than select the fittest of the n possible states. It is hard to visualize how
such a selfreproducing element could, simply by mutations and selection,
develop into a “homo sapiens” or anything able to construct a homo sapiens
even if allowance is made for the fact that the number of allelic states may
be generally or very often underestimated.

As far as evolutionary possibilities are concerned, the situation does not
seem to be any better for the recombinational genes, in spite of their ap-
parent complexity, than it is for the numbers recorded in fig. 1.

If the Darwinian evolutionary principle is to explain the complexity and
efficiency reached by living organisms, it must be applicable to the simplest
elements which are able to reproduce and mutate. One cannot start with
entities of considerable complexity and efficiency, as for example cells, even
if relatively simple unicellular organisms, such as amoebae, are chosen. It
is obvious that amoebae have a complexity, efficiency and evolutionary pos-
sibility far greater than the numbers in fig. 1. But these faculties of the
amoeba are part of the properties which evolution theory is supposed to ex-
plain rather than to postulate as a prerequisite for evolution.

In conclusion, the selection principle of Darwin’s theory is not sufficient
to explain the evolution of living organisms if one starts with entities having
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only the property to reproduce and mutate. At least one more theoretical
principle is needed, a principle which would explain how self-reproducting en-
tities could give rise to organisms with the variability and evolutionary pos-
sibilities which characterize living organisms.

3. THE SYMBIOGENESIS THEORY

A solution of this difficulty is provided by a theory which can be intro-
duced as a possible interpretation of the startling analogies existing between
intracellular viruses and genes. Intracellular viruses and genes are probably
both segments of nucleic acid with autocatalytic properties and with the
ability to acquire hereditary changes. Examples of intermediate stages
between viruses and genes have been found (cf. plasmagenes in Paramecium,
SONNERORN, 1949). Often the only way to distinguish a symbiotic virus from
a gene is provided by the virus’ ability to be transmitted by infection, be-
cause both are inherited in a similar way (cf. LEDERBERG & LEDERBERG,
Igs‘z)f In recent years the study of bacterial genetics and the relation
between bacteria and temperate phages has shown that an appreciable section
of genetic material of the E. Coli bacterium K, consists of symbiotic
viruses. An interesting theory, “the symbiogenesis theory,” provides a pos-
sible interpretation of the mentioned analogies between viruses and genes.
Originally the term “symbiogenesis” was used to qualify any theory imply-
ing that the first cell were formed by a symbiotic association of several en-
tities (MERESCHRKOWSKY, 10I0). A more recent version of symbiogenesis
theory, which has proved most fruitful assumes that the genes and possibly
other selfreproducing entities in the cell spring from originally independent
viruses or virus-like organisms which by symbiosis have been united with
the rest of the cell (Kozo-PoLIANSKY, 1924; BARRICELLI, 1947, 1952, 1055).
According to the symbiogenesis theory the evolution process which led to the
formation of the cell was initiated by a symbiotic association between several
virus-like organisms, Little by little an increasing number of symbionts of
the same nature may have joined the group, and the evolution process thus
initiated may have led to the formation of the various organs and properties
of the cell.

This theory solves the dilemma in which we were placed by pushing Dar-
win’s evolutionary principle to its ultimate consequences. Even if every re-
combinational gene were assumed to have only two allelic stages, the asso-
ciation of # genes (or primitive viruses) would yield an organism with 27
possible varieties. Among these many varieties natural selection undoubtedly
has a good choice. If the number # of genes is in the usual range of several
thousand, it may not appear so incredibly fantastic to imagine that among the
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2* possible combinations there may be some which correspond to organisms
as complex as Drosophila or possibly as complex as Man.

In short, the situation is completely reversed, and the limited number of
allelic states in each self-reproducing element does not represent an im-
portant limitation if the symbiogenesis theory is correct. 2

Until recently the possibilities of testing the theory were very limited.
With the development of bacterial and virus genetics testing possibilities pre-
viously unsuspected became available. On a theoretical basis the use of high
speed computers makes it possible today to decide what an evolution process
would look like when developing in accordance to the symbiogenesis theory.

4. THE SYMBIOGENETIC INTERPRETATION OF CROSSING

An important success of the symbiogenesis theory is that it can explain in
a simple way how sexual reproduction originated, a phenomenon whose inter-
pretation was a complete mystery before this theory appeared. In fact, if the
genes associated into larger organisms by symbiotic phenomena, they had
from the beginning the capacity to change hosts and associate with new or-
ganisms as parasites and symbionts usually do. This capacity, already at the
outset, conferred to the gene-association the adaptivity of organisms with
sexual reproduction which is based on the fact that a large number of useful
mutations — one in each gene — can expand in the population contempora-

2) This fact remains a fundamental difficulty in all non symbiogenetic attempts to
explain the origin of life; namely, the enormous variability, and consequently, the
enormous complexity of the first selfreproducing entity required by such explanations.
This difficulty is partly recognized by the authors of non symbiogenetic explanations,
since they all imply that life on this planet may have arisen only once in a period of
several billion years. The possibility that life in a primitive form (microorganisms)
might have been transmitted from other planets, by different types of space diffusion
phenomena, has also been considered.

When the variability of the selfreproducing entities is limited to very few allelic
states, the origin of such entities is no longer a problem. As a matter of fact, no
variability is strictly required in each individual self-reproducing entity. The presence or
the absence of a self-reproducing entity with the respective phenotypic effects these two
alternatives may have on the organism, are in themselves two allelic hereditary characters.

Nobody knows at what rate new autocatalysts are being created by chafice on this
planet. But, to put it mildly, every chemist would probably suggest that the rate per
second, or even better per microsecond, should be used as a unit rather than the rate
per billion years.

The origin of the selfreproducing entities is, therefore, no problem. The problems
are: (1) Whether a symbiotic association of a large group of autocatalysts is likely to
be formed. (2) Whether the symbiotic association of a large group of selfreproducing
entities is possible on statistical and mathematical grounds.

The second question is the one which is being directly answered in this paper. How-
ever, the nature of the answer and the results which will be presented are strongly
suggestive that also the answer to the first question would be affirmative, and that
terestrinal life is one result of such symbiotic associations.
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neously. This will sooner or later provide for the necessary reassociation -of
all the positively selected genes into the final organism. A great number of
phenotypic problems can in this way be solved contemporaneously without
delaying one another, a fact which permits an increase in the rate of evo-
lutionary adaptation by a factor of several thousand (R. A. Fisher, p. 122-
123, 1930).

According to the symbiogenesis theory sexual reproduction is the result
of an adaptive improvement of the original ability of the genes to change
host organisms and recombine. Examples will be shown in this paper of cros-
sing mechanisms and crossing phenomena observed during a series of arti-
ficial evolution phenomena developed as a test of the symbiogenesis theory
(see also BARRICELLI, 195%). On this theory crossing mechanisms can be ex-
pected to exist in all organisms, even the most primitive ones.

Among the experimental facts in support of this interpretation of the
origin of crossing and sexual reproduction one may cite:

1. Crossing in viruses. Crossing mechanisms are found in many
viruses, particularly in bacterial viruses (phages). ADAMS, 1950, page

377)-

2. Composite viruses. Examples are known of a virus which can
carry the genetic material of one or even two different viruses in the
same protein coat (JACOB, 1955; ApaMms, 1959). This is a startling exam-
ple of symbiosis which might easily lead to the formation of a single
virus with the genetic material of two or several different viruses.

3. Transduction in the E. Coli bacterium Ky, This form
of transduction is due to the fact that a genetic segment containing several
hereditary characters of the bacterium is still able, under certain con-
ditions, to act as a virulent phage (parasite). Under other conditions it
will act as a symbiont which is able to change the host organism and
bring with it the hereditary characters which are localized in the genetic
segment it represents., (ADAMS, 1950; BARRICELLI, 1956; various papers
relevant to this point by LEDERBERG, JacoB, CampBELL, FUERsT and
others, are quoted by ADAMS, 1959).

4. Provirus region in Ko An appreciable segment of genetic ma-
terial in K4, bacteria, the provirus region, is formed by symbiotic viruses
of the kind just described.

5. Defective phages. By mutation a virus may become unable to
act as a parasite and hence in order to be transmitted to another host
organism it may often be dependent on some mechanism different from
the kind of transduction described above. Two such mechanisms (Sal-
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monelle transduction and regular cross) are described below, Usually a
phage-genetic segment adapted to perform a function in the bacterium is
no longer apt to perform its original function in the phage (too many
mutations and substitutions). Transducing phages are therefore defective.
Transduction in Saelmonella Instead of carrying another
virls or several other viruses in its protein coat, a phage may carry
bacterial genes or genetic segments which no longer are able to act as para-
sites or individual organisms. This crossing mechanism is very common
in the genus Sabnonella.

Regular cross in Ky, In some cases two bacteria may attach to-
gether in order to permit the transmission of a genetic segment which
would be unable to perform the operation without such assistance from
the bacterial hosts. The genetic segment is transmitted from a “donor”
(male) to a
ment is usually different for different strains of donor bacteria used.
The transmitted segment will, moreover, be shorter if the mating is inter-
rupted. By interrupting the mating it is therefore possible to find out
which part of the genetic segment is transmitted first and may be con-
sidered as the beginning or “origin” of the segment and which part repre-
sents the end of the segment. In all donor strains studied so far, the or:gin
was represented by genetic material which at present is unable to act as a
parasite and according to present knowledge has no autonomous means of
transmitting itself to other bacteria. The ends of the transmitted segments,
on the contrary, are all in or at the edge of the provirus region. This
region consists of genetic segments which have their own mechanisms
by which they may be transmitted to other bacteria (by the transduction
mechanism of K, bacteria). Therefore, they do not need the assistance
of the bacterium in order to perform this operation.

The function of regular crossing in Ky, is apparently to assist in the
transmission of a genetic segment (probably a conglomerate of many
defective viruses) which no longer has its own mechanism of trans-
mission to other bacteria.

Several of the phenomena described above were predicted (BARRICELLT,
1947, 1952, 1955) by the symbiogenesis theory. The same phenomena
give a fairly good picture of the way in which the relation between sym-
biotic viruses and cells may have developed from infection to a crossing
mechanism. From regular crossing in K4, with large genetic segments
exchanged between copulating cells, a small step farther would apparently
lead to a crossing mechanism like that of Paramecium with exchange of
whole gametic nuclei between the copulating cells.

I

‘recipient” (female) bacterium. In Ko the transmitted seg-
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This is the symbiogenetic interpretation of the origin of sexual repro-
duction.

One may now ask: What about the origin of biologic evolution? Can the
symbiogenesis theory explain a phenomenon like this?

5. THE FORMATION OF SYMBIOORGANISMS BY NUMERICAL
ELEMENTS 3

To test the symbiogenesis theory and find out whether it can explain how
an evolution process like the biological one may arise, one may ouce
again make use of numerical entities. All one has to do it to modify the
reproduction rules used in fig. 1 in such a way that some kind of cooperation
or “symbiosis” between different numerical entities will be promoted. This
way one will find out whether it is true that by putting together elements
with the fundamental properties of self-reproduction, mutability, and reci-
procal (symbiotic) interdependency one can initiate an evolutionary process
similar to biological evolution.

In order to promote symbiosis one may change in the following way the
reproduction rules of fig. 1:

a) A number » will not be repeated in the square below it, as in fig. 1, but
only n squares to the right (if positive) or -n squares to the left (if
negative) in the next row (see fig. 2 and 3). This operation will be called
“translation to square (#) of next row without reproduction.”

b) If the new position (%) happens to be below a square occupied by a dif-
ferent number  then a second # will be placed in position (m), which
means m squares to the right (if m is positive) or -m squares to the left
(if m is negative) of the original #, but in the next row. This way a
number # can reproduce if another number m different from # is present
(see fig. 4).

If in this process the number # happens to come several times below
different numbers it may reproduce several times (see fig. 5, where the
number 4 from the second row appears 3 times in the third row).

The above reproduction rules are made with the purpose of permitting re-
production only when a numerical entity is together with other entities dif-
ferent from itself. A symbiotic cooperation between different numerical
entities is thereby rendered necessary for reproduction.

3) All terms borrowed from biology when used in connection with symbiogenetic
phenomena represent mathematical, not biological concepts (see appendix and note by
the author at the beginning of this paper). They are in no case identical to the biologic
concepts designated by the same or a similar term.



~3

5,

NUMERICAL TESTING OF EVOLUTION THEORIES

4
%
4
%
4
Fig. 2.
2
2
2
2
2
2
2
Fig. 3.
41 A3
S5
4 13l 4
4 3L T4l
4 3] ek 4
4 3 41 4
3 4 4 4
% A
% %
%
Fig. 4.
4 M4 12
11273
bq 2| M4
2 4
2 4
Fig. 5.

Fig. 2, 3, 4, 5. Reproduction rules requiring symbiosis (see text).

To the above reproduction rules one may add arbitrary mutation rules,
for instance by taking advantage of the cases in which two different num-
bers collide in the same square. To begin with, a rule will be used in which
no mutation can occur. The square in which two different numbers collide
will be left empty, only marked by a cross (X) or “collision sign.” If two
identical numbers collide, one of them remains in the collision square.
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In fig. 6 the absence of mutations is clearly manifested by the fact that
the original numbers 3, 1 and -3 are present everywhere and no new number
appears. However, in a few generations the numbers organize themselves
into a stable configuration (s, -3, 1, -3, O, -3, I, O where an 0 marks an
empty square) which is present everywhere in the figure. This kind of stable
configurations will be called “numerical symbioorganisms.” In the rest of this
paper it will be shown that symbicorganisms have many properties similar
to those observed in living structures. Some of the life-like properties of
symbioorganisms which will be presented below are termed:
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Fig. 6 and 7. Formation of a symbioorganism (6) and its reproduction characteristics (7).

(A) Selfreproduction; (B) Crossing; (C) Great variability; (D) Muta-
tion (if the rules stated above are changed in order to permit mutation) ; (E)
Spontaneous formation; (F) Parasitism; (G) Repairing mechanisms; (H)
Evolution,

6. GENERAL PROPERTIES OF SYMBIOORGANISMS

Symbioorganisms do not have to be of numerical nature. Any elements
with the property of self-reproduction and symbiotic cooperation may asso-
ciate into symbioorganisms of some sort, no matter wheter they are of
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numerical, chemical, or any other nature. According to the symbiogenesis
theory, living organisms are the particular kind of symbioorganisms which
arise when organic molecules are used as self-reproducing elements.

Some general properties which one may expect to find very often in sym-
bioorganisms and all of which are to be found in numerical symbioorganisms
are the following:

A) Selfreproduction. In fig. 7 it is shown that the symbicorganism

B)

©)

(5, -3, 1, -3, 0, -3, I, 0) — which arose in fig. 6 — is able to reproduce
itself,

Crossing. In fig. 8 and 9 the two symbioorganisms (9, -11, 1, -7)
and (5, -11, 1, -3) are crossed. The second parent organism differs
from the first one by two hereditay characters, 5 instead of g and -3
instead of -7. In fig. 8, where the first organism was placed to the left,
the second to the right, the crossing product obtained was the recombi-
nant (5, -I1, I, -7). In fig. 9 on the contrary, where the order of the
two parent organisms was reversed, the complementary recombinant (g,
-11, I, -3) was obtained. 1f these two crossing products are crossed with
one another, one can obtain again the parental structures of the previous
crosses as shown in fig. 1o and 11. Not all symbioorganisms do cross as
neatly as these. Often one or two of the crossing products are not com-
petetive in the presence of the parent organisms and can simply not
arise, nor could they survive if they did. Nevertheless, the very existence
of so simple a solution of the crossing problem is of great theoretical
significance,

Great variability. Each symbioorganism may consist of any
number of elements (genes or numbers) and each element may have
several allelic states. The number of varieties which can arise is practi-
cally unlimited. This does not mean that every symbioorganism, no mat-
ter how primitive will show a great variability. But under proper con-
ditions many symbioorganisms will (see fig. 24, generations 600, 1000,
1200, 1300, 1400, 1500, 1600, 1700 and 1800).

D) Mutation. To obtain mutations it is sufficient to change the rules

for collision of different numerical elements. The change will have to
be rather gentle if one wishes to keep the properties listed above.

All mutation rules which will be used in this paper consist in repia-
cing some of the collision signs X (marking squares in which two dif-
ferent numbers have collided) by a new number or mutation.

One example of such mutation rules is the following (Rule A):
1) An X (collision sign) which happens to be under an occupied square
remains.
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Left parent organism Right parent arganism
5T 79R17801791 5 T1350135013501 350713
7% 77307731728 11X 50735n735n735n7350T23s
17 n7T78nTz79177 511 351735n7250735013507135
11 InTzonT2s07 7%1 TX5N135NT2501350735173
in 75177507731 775 7135073507350 T3507351
78 773017907125 117 5nT35n735nT35#135071360
77 NT7901231077 5107 3517357073501 3501350735
ik InTzxnizsnd 751 Tasniafniasuiasniasnts
1 70778017380 1.3 1350735073507 350T350]
738 175017750775 nIX 51135NT36NT350MT36171351
77 9T7§072%Xn17 511 350T35n7 350 136H123507135
07 SNiz5uT7517 X351 T3511350n73501360135073
51 7 0775101251 15 1735013501360 71360713601
75 17517750775 n1x 5N7351M7350135N735071357
77 nT7s5NT7507251 571 35073507350 135nT35m735%
17 Sni25ni750175 751 T3517350735u7350735073
51 7501750175077 i7§ #7350 736073673607 35071
Product of the crass Right parent organism
Fig. 8.
Left parent ordanism Right parent organism
9
7
51 1
51 5f 51 n
1 En sn sn ]
51 51 511 51t 7
B 7
1 sm sy n
1 sy sy sy S
Su_ 5y 51 sm 7
51 &7 57 51 f
5p 51 5m13 Il
1 5n sm135Ni 9
51 5113511351 7
511351135011 351 1
1350135N135013 )i
11350171350713507 3
59735013501351 7

g
3
]
B
g
2
8

13
Left parent organi Right parent organism

Left parent organism Right parent organism
91 N136N13901381139N13 SN176017601 7501250125017
391 SNT3SNIIXNTIXMIXXTIXXDTX5NT250n776501 25017507
13%9 3SNT39NT39013XN1361126101750176M1750125072510
1713 13911 3XNTIXNIXXNTXXNT x50 1760125601260 717501765
ERil| NT39NT3I8NT3XNISENTZ501 75012501250 717601250717
381 INTABUIIXBIXXNTXXVTXENT 750175017501 751017501
139 29101391 3XN136N17501760T76NT78NT125071760W1250
113 T3ENT3XNT XXUIXXUTIX5NT 2607175072507 250717610125
u B139N135U1350175N17510125N12501725N175N1756017
191 ENT3ENTIXKUTXXNTIX50 17607176 T760N125610125017541
735 IXNT350135017501750 126N 17560125601 25017507172510
113 T3ENIXXNIXENTXSNTI 760 T128NT 2601 78NT261nT7501758
BT N135N136N17510126NT76N 1760175101250 1250176M12
5 1 EHTXENTIXENTX5NTZERT1 75N 1750712501 726M125n172577
Product of the cross Right parent organism
Fig. 10.
Left parent arganism Right parent organism
5N17501760125017 5017 977139H139013811139M1390139013
7511781 zsnlzsuwzxmzxu 797139071380739N73971739013907380738
T75NT7507 7601 7X017X0T 787 smxgmasm39n139u1391_ngs1_11391||39
175N 175017XNT7XNT7801 7139M1390139113917 390139771391
175N 72XNT7XNT73N1791 T38NTX9NT390T387735073
N7 7X0T7X0T79NT 791129 anizsn
Xn17Xn178n71780773n73 351138
7XNT7801790175013901 i3sm13
T79NT78M17901X9179% 11x311
n1230179117901790179 a3y
9Y778117811780178107X 113817391
Product of the crass Right parent organism
Fig. 11.

Fig. 8. 9. 10, 11. Crossbreeding in numeric symbioorganisms (see text). Crossing rules

similar to those of haploid organisms.

2) An X which happens to be under an empty square or under another
X is replaced by a number M (mutation) whose absolute value is
equal to the distance between the closest number to the left and the
closest number to the right of the empty square in question (the
distance is measured in number of squares). If the two numbers have
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the same sign, the mutation M will be the positive distance
(sign +); if the two numbers have different signs, the mutation
M will be taken equal to the negative distance (sign —).

3) If there is no number to the right or to the left of the empty square
above the X (collision close to a border of figure) the X remains.
For instance, in fig. 12 at the second line where the two numbers

3 and —4 collide, one finds + 5 instead of an X because the distance
between the closest number to the right and the closest number to the
left in the line above is 5 squares and because they have the same sign
(both are positive). On the other hand in fig. 13 the place where the

3 2| |4
2 5 2
2 2
2 2 2
2 2
2
2
Fig. 12.
HERE 3) | |2 4
X 31x| |2
Fig. 13. Fig. 14.

Fig. 12, 13, 14. The A-mutation rule.

two numbers —2 and —j5 collide is marked with an X because there
is no number to the left of X in the line above. Likewise in fig. 14 the
X remains where the two numbers 3 and —4 collide since the square
above the collision place is not empty.

Several other mutation rules which have been used in evolution ex-
periments will be defined in this paper. Although the mutation rule may
influence the kind of symbioorganisms which arise, the general cha-
racter of the phenomena remains the same. 4

4. In earlier experiments mutations based on random numbers have also been tried
with comparable results. Some of the methods used in this paper will also yield fairly
random mutations when a symbioorganism— as very often is the case — collides with
invading numbers generated in an adjourned disorganized region. The frontier between
two different symbioorganisms is usually disorganized.

Acta Biotheoretica, XVI 6
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Spontaneous formation. In fig. 15 the first row contains
only the numbers 1, —1I, or empty squares selected by a random proce-
dure (heads and tails was played with two coins; two heads indicate 1,
two tails —1I, one head and one tail indicates an empty square). In the
following generations other numbers than 1 and — 1 arose by mutation
and various organisms recorded in the figures 16, 17, 18, 19, 20, 2I,
and 22 were formed.

This experiment shows that under favourable conditions symbioor-
ganisms can be formed quite frequently and the formation of a symbio-
organism is not a rare event. But of course if the environment is mo-
dified by the presence of other symbioorganisms such spontaneous for-
mation can be prevented.

Parasitism. One may note that one of the symbioorganisms (I,
—2, 1, 1, —2, 0) a so called tregener which arose near the upper right
border of fig. 15 in the above experiment (the one which is recorded in
fig. 17) does not reproduce completely. In fig. 17 the symbioorganism
loses its elements one by one and at the end nothing remains. However, If
the same symbioorganism is sowed together with the symbioorganism
(1, —1) which acts as its host it will reproduce normally as shown in
fig. 18. At the same time, the host is destroyed little by little. This re-
lationship between two symbioorganisms is very similar to the phenome-
non which in biology is called parasitism. The same terminology may
be used here. The symbioorganism (I, —2, 1, I, —2, 0) shall be called
a parasite of (1, —1).

Parasitism is a very common phenomenon among symbioorganisms

and it constitutes one of the major difficulties in the performance of
numerical evolution experiments. Often an evolution process will end
with the destruction of the species by a parasite which also will die out
once the host is destroyed.
Repairing mechanism. Damages are usually repaired by coo-
peration among several neighboring symbioorganisms. The repairing
process may often be partially or completely successful even if all the
symbioorganisms present are damaged by removing (cancelling) some
of their genes. In this case the repairing is more likely to succeed the
greater the number of symbicorganisms cooperating.

This phenomenon presents a startling analogy with the repairing
mechanism known in bacterial viruses as “reactivation by multiple in-
fection with inactivated (for ex. irradiated) phages.”

In all the 5 odd symbioorganisms of line 9 in fig. 23, a large fraction
of the numerical elements; selected by a random procedure, are can-
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15. Spontaneous formation of symbioorgarisms in an experiment started with
random numbers

Fig.
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23. Repairing mechanism by cooperation of several seriously damaged symbio-
organisms. Removed numbers (damages) in the ninth line are marked by X’s.
celled (replaced by an X in the fig.). The damaged symbioorganisms
left reconstitute the original pattern in a few generations. None of the
5 odd damaged symbioorganisms of line 9 would in itself have been
able either to reconstitute the original pattern or else to generate another
pattern able to survive and reproduce.

Recovery by the above repairing mechanism is not always complete,

and the reconstituted symbioorganism may often show deficiencies
(missing genes). A deficiency is not always lethal, and the symbio-
organism may therefore survive as a mutant.
Evolution. In fig. 15 the only example of hereditary change in a
symbioorganism is the change which transformed (1, —1) into (1, —3)
at the left side of the figure around generation 60. This change was
induced by an external element (—3) entering the symbioorganism.
Using high speed computers, evolution experiments have been per-
formed which involved a large number of hereditary changes. Some of
these evolution experiments will be described in this paper. The result
of such experiments can be summarized as follows:

Symbioorganisms can be completely modified. Their complexity may
drastically increase, and they can branch into different species which
are unable to interbreed.
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The evolution leads to a better adaptation to the artificial environ-

mental conditions and a greater ability to compete with other symbio-
organisms (see competition tests, Section g).
Both mutation and crossing phenomena played a central part in evolu-
tion. To begin with, most of the crossing was performed by single
elements (genes) which left one symbioorganism and entered another
symbioorganism. Later the “regular” crossing mechanism described in
fig. 8, 9, 10, and 11 became predominant. Such regular crossing is very
similar to the crossing in haploid species of living organisms.

7. EVOLUTION EXPERIMENTS

In order to observe evolutionary phenomena, the experiment of fig. 15
would have to be repeated on a much larger scale and for a much larger number
of generations. Such experiments were done in 1953, 1954, and 1956 in
Princeton, New Jersey, using the electronic computer of the Institute for
Advanced Study. Instead of 100 lines (generations) with 80 numbers each
as in fig. 15, the Princeton experiments were continued for more than
5,000 generations using universes of 512 numbers. Moreover, the actual size
of the universe was usually increased far beyond 512 numbers by running
several parallel experiments with regular interchanging of several (50 to 100)
consecutive numbers between two universes every 200 or every 500 genera-
tions (see BARRICELLI, 1957). A technical difficulty which showed up at
once was the development of a phenomenon which will be called “homo-
geneity.” Within a few hundred generations a single primitive variety of
symbioorganism invaded the whole universe. After that stage was reached
no collisions leading to new mutations occurred and no evolution was pos-
sible. The universe had reached a stage of “organized homogeneity” which
would remain unchanged for any number of following generations, and the
“final” symbioorganism occupying such universe would remain unchanged.

Attempts to modify the mutation rule did not remove this difficulty, but
they often led to a different type of final symbioorganism better adapted
to the new mutation rule. In many instances a new mutation rule would lead
to a complete disorganization of the whole universe, apparently due to the
death by starvation of a parasite, which in this case was the last surviving
organism. After this stage of “disorganized homogeneity” was reached, some
new organisms could arise again by chance once in a while. But they were
always promptly destroyed and the stage of disorganized homogeneity was
maintained. The reasons for development of disorganized homogeneity are
not entirely understood. But a mutation rule which encourages parasitism
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followed by starvation of the parasites once the host organisms are used up,
could be expected to give a result like this.

Both homogeneity problems were eventually overcome by using different
mutation rules in different sections of each universe. Also slight modifi-
cations of the reproduction rule were used in different universes to
create different types of environment (BaRRICELLI, 1957). Furthermore,
by running several parallel experiments and by exchanging segments between
two universes every 200 or 500 generations it was possible to break homo-
geneity whenever it developed in one of the universes.

Successful evolution experiments lasting for several thousand generations
have been performed by these methods. However the reasons for the dif-
ficulties and for the success of the procedure used are not yet sufficiently
understood. Later attempts to apply the same idea (see next paper of this
series, BARRICELLI, 1962) have shown that this method is more likely than
not to lead to a failure unless the same combination of mutation and repro-
duction rules is applied again. The rules used are indicated in the legend of
fig. 24.

8. RESULTS

Part of an evolution process developed in Princeton in 1956 is described
in fig. 24. The figure is obtained by a photographic method from IBM cards
punched by the computer and represents a part of the memory of the com-
puter at various stages during the evoution process. In a universe of 512
number locations (the number locations, o, 100, 200, 300, 400, and 500 are
marked in the upper and lower border of fig. 24), 5 generations every 100
are recorded in the figure, starting at generation 300 and ending at genera-
tion 2000 with an interruption between generation 600 and 1000. For exam-
ple, the number 300 at the right border of the figure marks the beginning
of the 5 generations 300-304, the location 400 marks the beginning of the
5 generations 400-404 and so forth. The number location and the generation
can be used to identify any spot in the figure. The data of the figure are
given in binary numbers. In a few cases the binary numbers will be trans-
lated into decimal numbers to identify some of the organisms for the reader.

The universe described in fig. 24 represents one of 5 parallel experiments
performed by the computer. At regular intervals segments of the universe in
fig. 24 were exchanged with two other universes of the same size but with
slightly different mutation and reproduction rules. Also inside fig. 24, four
different mutation rules were used in four different regions (see legend of
fig. 24).

A set of numbers introduced at generation 200 from another universe of
a parallel experiment, developed into several symbioorganisms in successive
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generations as recorded in the figure. At generation 600 a single species re-
presented by a few different varieties able to interbreed, occupied the whole
universe. At generation 1000 the same species and its parasites are still
evolving by mutation, crossing, and selection. Its varieties which can be seen
in the figure at generation 1000 are:

Number

Symbiocorganism Type Period Locations
333333 Independ. 2 0-80 and 490-511

333363363333363363 Parasite 18 8o-250

333303363333303363 Parasite 18 250-400

333393 Independ. 6 420-490

Symbiocorganisms like these which are formed by multiples of 3 will be cal-
led R-organisms.

At generation 1100 the universe was almost entirely disorganized, but the
R-organisms either survived around number location 200 or were reintro-
duced by an exchange with one of the other two universes. At generation
1200, three R-organisms occupied the region between the number locations
180 and 400. After generation 1200 the evolution of R-organisms, as can be
seen in the figure, leads to a greater and greater complexity. Every number
(gene) in the original symbioorganism is replaced several times by new mu-
tations. After generation 1600 all genes are multiples of 6. This is a charac-
teristic property of a type of the symbioorganisms which are called Q-
organisms (BARRICELLI, 1957). After generation 1800 the Q-crganisms ac-
quire a periodicity of 72 genes, which will remain their characteristic period
to the end of the experiment. After this characteristic periodicity was
reached the evolution proceeded at a slower rate until generation 5000 when
the experiment was discontinued. The last 3000 generations are not recorded
in fig. 24, but the end result, or the Q-organism which occupied the same
universe at generation 5000 will be shown in fig. 25.

A large number of other symbioorganisms arose after generation 2000.
One of these, which will be called QS-organism, survived for a long time
in competition with the Q-organisms. After generation 4000 the Q-organisms
invaded all 5 universes and the (QS-organisms were eradicated. The Q.S-
organisms arose as a result of a symbiotic association of a Q-organism with
another species (S-organism) whose genes are even numbers but mostly not
multiples of 6. Every other gene in a QS-organism belongs to a Q-organism,
and the remaining genes belong to an S-organism. Two examples of Q.S-
organisms are recorded in fig. 25 in the second competition test. The Q.S-
organism to the right has a period 16 and 4 alternate generations. Its numeric
elements translated into decimals are in the 4 generations.
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Generation
1 36, 14, 24, 10, 12, 30, 24, 34, 36, 14, 24, 10, 12, 30, 24, 34
2 12, 10, 24, 30, 36, 34, 24, 14, 12, 10, 24, 30, 36, 34, 24, I4
3 36, 30, 24, 34, 1z, 14, 24, 10, 36, 30, 24, 34, 12, 14, 24, 10
4 12, 34, 24, 14, 36, 10, 24, 30, IZ, 34, 24, 14, 36, Io, 24, 30

Several Q-organisms also show a comparable degree of complexity (for a
more detailed description of some evolution processes see BARRICELLI, 1957).
Both in the Q- and the Q.S-organisms every gene was replaced several times
during the evolution processes. The number of different varieties which
arose either by viable mutations, by crossing, or by invasion of foreign
elements must have been at least several thousand in each of the two types
of symbioorganisms. Several hundred-thousand mutations (judging from the
amount of machine time used and other criteria) arose during the g parallel
experiments, but less than 1 % of these mutations gave rise to competitive
varieties.

9. COMPETITION TESTS

Three experiments made in order to compare the competitivity or fitness
reached by several symbioorganisms are recorded in fig. 25. In the first ex-
periment (Test 1) two Q-organisms are compared. To the right (number
locations 240-511) is the Q-organism (Q 1800) which occupied the same
region at generation 1800 in fig. 24. To the left (number locations 0-240)
is a Q-organism (Q 5000) which occupied this region at generation 5000 in
the same experiment which is partly recorded in fig. 24. The mutation and
reproduction rules used and their distribution according to number location
are the same as in fig. 24.

The experiment clearly shows that Q 5000 is much more able to compete
under the conditions of fig. 24 and 25 than the Q 1800 organism. In the
first 12 generations recorded in the figure Q 1800 is rapidly being destroyed
and @ 5000 is rapidly invading its area. At the generations 24-27, which are
also recorded in fig. 25, Q 5000 has invaded the whole universe and nothing
is left of Q 1800. The reader may have noticed that Q 5000 penetrated into
the region of Q 1800 not only from the left but also from the right border.
This is because the reproduction rules have been applied considering the
universe as circular, or in other words considering number location o as
identical with 512 and number location 511 as identical with —1. The same
has been done in fig. 24, and the reader may notice that the symbioorganism
close to the left border is very often the same variety as the symbioorganism
close to the right border in the same generation.

In the second experiment (Test 2) two (QS-organisms are compared; a
QS 2500 to the left (loc. 0-240) with a QS 4000 to the right (loc. 240-511).
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Both symbioorganisms appeared in the continuation of the evolution experi-
ment of fig. 24 in generations 2500 and 4000 respectively. In this case the
two symbioorganisms are still able to interbreed and may be considered as
belonging to the same species, in spite of the 1500 generation interval which
separates them. Nevertheless a kind of frontier between the two organisms
can easily be seen in the figure, marked by the empty spots due to collisions
of different genes. It is evident that the genes of Q.5 4000 are rapidly in-
vading the area of Q.5 2500. After 35 generations the entire universe of fig.
25 (Test 2) was occupied by the genes of QS5 4000 and every gene of QS
2500 had disappeared. Also in this case the variety which had endured a
longer period of evolution in the universe of fig. 24 was better fit to compete
in this universe.

In the third experiment (Test 3) three symbiocorganisms, Q 5000, QS
4000, and an R-organism which appeared in a parellel experiment at genera-
tion 1900, are compared. Again the symbioorganism (Q 5000), which had
experienced the longest period of evolution, was the one which survived and
destroyed the other two.

In any particular universe the survival ability of a symbioorganism is evi-
dently determined by its genetic information, and it is clear that the ability
to survive is improved by evolution. The genetic structure of
any symbioorganism can rightly be considered as a
coded survival strategy program created and devel
oped during its past evolutionary history.

0. ERADICATION OF PRIMITIVE SYMBIOORGANISMS

The tests performed in fig. 25 show one reason why the Q-organisms are
the only ones which survived at generation 5000: all other symbioorganisms
had evidently been eradicated by the more competitive (Q-varieties.

A glance at the conditions at generation 5000 or even at generation 4000
could easily give the mistaken impression that a symbioorganism had been
formed by a lucky accident some time during the experiment, and that this
had given rise to all the Q and QS varieties developed later. The reader who
has followed the experiments of fig. 15 and fig. 24 from the beginning is
certainly aware that a large number of unrelated symbioorganisms usually
arise in such experiments. The only reason why they do not arise also at
a later stage is that they have no chance to do so in the presence of far more
competitive symbioorganisms developed later. The strong competition is also
the reason why all symbioorganisms which survive at the end are related. In
any given number of generations there is a finite probability that one or
several competitors will be eradicated. At the end only one type of symbio-
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organisms (which in the present case happened to be the Q-organisms) will
survive.

If this lesson can be applied to living organisms on Earth, the fact, that
present life forms seem to be more or less related, is no argument
for claiming that symbiogenesis occurred only once
on this planet. Nor is the fact that new life forms do
not seem to arise any longer an argument for claim-
ing that symbiogenesis could not be frequent under
favorable conditions and without competition from
preadapted species (see also “oxygen as antibiotic agent,” BaRrI-
CELLI, 1962, section 12).

11. THE EARLY CROSSING MECHANISMS

Another lesson which can be learned from these investigations is that
crossing is a phenomenon which appears very early in a symbiogenetic
evolution process and certainly before the symbioorganisms reach the com-
plexity we find in living beings (see next paper of this series BARRICELLI,
1962). All symbioorganisms investigated showed some kind of crossing
phenomena. In some cases a crossing process could have the character of
an infection or infiltration by a symbiont or a numeric element delivered by
another symbioorganism. However in all evolution processes the regular
crossing mechanism described in the figures 8, g, 10, and 11 became rapidly
predominant with evolution (for a closer description and classification of
the crossing mechanisms observed see BarrIicELLI, 1957). The common idea
that living beings may have existed for a long time before crossing
mechanisms appeared is hardly consistent with a symbiogenetic interpreta-
tion. The discovery of crossing in viruses and bacteria support the idea that
life may never have developed without crossing phenomena. The acci-
dental loss of crossing ability observed in some cases is usually equivalent
to the loss of more than 99.9 % of the potential evolution rapidity (FiSHER.
1030). The extinction of the species seems the inevitable result, as soon as
possible competitors take advantage of the situation.

1z. CONCLUSION

It is clear that many phenomena which were considered peculiar for living
beings are common to a large class of symbioorganisms. A question which
apparently has troubled many inquirers in these problems is that of the na-
ture of symbioorganisms and their relationship to living organisms. What
are the numeric symbioorganisms presented in this paper, and what are all
the other types of symbioorganisms, artificial or natural (see next paper of
this series BARRICELLI, 1062) 7 Are they the beginning of, or some sort of,
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foreign life forms? Are they only models through which one is able to in-
vestigate some properties of living beings and some aspects of biological
evolution?

The answers are: (1) They are not models, not any more than living or-
ganisms are models. They are a particular class of selfreproducing structures
already defined. (2) It does not make sense to ask whether symbioorganisms
are living as long as no clearcut definition of “living” has been given (see
also: “Note by the author” at the beginning of the present paper). It makes
better sense to ask whether the so-called living beings which populate this
planet are symbioorganisms, and if so, what kind of symbioorganisms they
are. The definition of symbioorganism has already been given and can be
summarized as follows: A symbioorganism is a selfreproducing structure
constructed by symbiotic association of several selfreproducing entities of
any kind.

The numeric symbiocorganisms presented in this paper have been developed
in order to test a specific prediction of symbiogenesis theory. The prediction
is that the phenomena listed in section 6 (general properties of symbio-
organisms) and possibly other phenomena until recently considered charac-
teristic of living organisms (biophenomena) are common to a large class of
symbiocorganisms. The test has given an unequivocal, positive answer. A
large group of biophenomena has peen detected in the numeric symbioor-
ganisms developed. In the next paper of this series (BARRICELLI, 1962) two
more biophenomena (the evolutionary improvement of performance in a
specific task and an infection process by a parasite which produces limited
injuries but does not destroy the host) will be described.

The answer obtained is also an answer to the question whether symbio-
genesis theory can explain the presence of the previously listed biophenomena
in living organisms. If living beings are symbioorganisms, they obviously may
have the same chance as other symbioorganisms to develop these particular
biophenomena.

The properties a class of self-reproducing entities would need in order to
build up symbioorganisms and start a symbiogenetic evolution process are
extremely simple. There is no reason to believe that billions of years would
be needed to develop the biophenomena described. What is needed is not
primarily time but a favorable chemical environment in which a large num-
ber of interconnected (symbiotic) autocatalytic reactions takes place. The
results presented in this paper show that under proper conditions even in
the very limited memory of a high speed computer a large number of sym-
bioorganisms can arise by chance in a few seconds. It is only a matter of
minutes before all the biophenomena described can be observed, Given
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enough time, there is no ¢ prior: reason why a proper chemical environment
could not do the same job.

There are very few important limitations concerning temperature and
other environmental conditions required for development of symbioorganisms.
Neither the low temperature of the moons of Uranus nor the high tempera-
ture of the Sun-side face of Mercury are sufficient arguments to exclude
the possibility of symbiogenetic phenomena. The experiment recorded in fig.
24 is a clear demonstration that symbiogenesis can not only take place on a
planet or satellite but even in the memory of a high speed computer. To
maintain that only conditions similar to those prevailing on Earth could
permit symbiogenetic processes would obviously be too great a pretention.

The symbioorganisms evolving in a sufficiently large environment for a
sufficiently long period of time may develop properties and organs with any
degree of sophistication which could be useful in their particular environ-
ment. The number of allelic states and varieties which are possible in a sym-
bioorganism (2" or more, where # is the number of genes, see section on
symbiogenesis theory) is not a serious limitation to the evolutionary pos-
sibilities. Unless some other severe limitation is imposed by the conditions
of the experiment or the type of universe in which the organism exists
(computer, planet, or test tube), there is no a priori reason for assuming
that other classes of symbioorganisms could not reach the same complexity
and efficiency characteristic for living organisms on this planet.

Whether life of the particular form (based on nucleic acid-protein associa-
tion) which has developed on this planet is frequent or rare or even a unique
phenomenon is difficult to say. On the other hand, symbicgenesis in one
form or another is likely to have occurred on every planet or satellite where
a large number of interconnected autocatalytic reactions are possible or have
been possible in the past. The conditions required are too simple for con-
sidering symbiogenesis as a unique or even an infrequent phenomenon.
However, as shown in the experiments of fig. 24 and 25, once a symbio-
genetic process has established itself, it would probably prevent or promptly
eradicate any other symbiogenetic activity which could possibly compete or
interfere with it. Under these conditions such new symbiogenetic activities
may indeed not only be infrequent but for all practical purposes impossible.

APPENDIX

Readers who are familiar with the notion of stochastic time-series will
probably remember the definition of a Markovian time-series. An obvious
extention of this concept is represented by the notion of a Markovian vector
time series, in which each term is a vector }/; with several components (or
a set of numbers) instead of a single number.
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Definition:

If the probability distribution P (V;.1) of V., exclusively depends
on the last preceding term Iy (i.e. on the values of the Iy components) the
vector-time series is called Markovian. A degenerative case of a Markovian
vector time-series is the so called deterministic case in which not just
P (Viti1) but Vi 4, itself is entirely determined when 1, is given. This
deterministic case, which would obviously be trival and uninteresting in a
normal (numerical) time-series, is neither trival nor uninteresting in a vector
time-series, as the reader will have the opportunity to experience. As a mat-
ter of fact the so called time ¢ does not necessarily have to be time and could
be substituted by any dimension (called pseudo-time) implying the same re-
lationships between consecutive terms of the series. The numeric evolution
processes presented in this paper are examples of a Markovian vector time-
series, in which every vector (or term) has, as its components, the numbers
(inclusive zeros or empty squares) constituting a particular generation of
the process. Successive generations are successive terms (vectors) of a Mar-
kovian series. In fact every generation V; .4 ; or at least the probability
distribution of its terms is completely determined when the preceding gene-
ration Iy is given. The Markovian series will be deterministic if the mu-
tation rules applied specify the mutations in every single collision. It will
not be deterministic if random numbers are used in the determination of at
least part of the mutations.

As a matter of fact it is not necessary to consider only series consisting
of vectors or sets of numbers. Instead of numbers one may consider any
kind of entities (for example molecules or other gadgets) to be called
“Markovian elements”. If every term or set of elements V/; . ; (or at least
the probability distribution for the possible alternatives of V' 4 1) exclusively
depends on the preceding term V/; the sample of consecutive sets will be
called a timed Markovian universe or shortly a universe. The notions of
“deterministic” and “non-deterministic” universes are obvious from previous
definitions.

Readers who are familiar with the complexity of time-series problems
will be aware that Markovian universes can hardly have been the object of
farreaching mathematical investigation. However, the use of high speed data
processing computers makes possible the study of particular examples of
Markovian phenomena such as the numeric evolution phenomena investigated
in this paper. ‘

The notion of Markovian universes and Markovian entities gives the basis
for a mathematical definition of the concepts used in symbiogenesis theory.
We shall, however, not afflict the reader by presenting a long list of defini-
tions. It will be sufficient to point out that the notions of self-reproducing
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Markovian entities, self-reproducing sets of Markovian entities, utility asso-
ciation (symbiosis), symbioorganism, hereditary changes by crossing, muta-
tion etc. can be defined in terms of Markovian concepts and are to be con-
sidered as mathematical notions.

The numeric evolution processes and probably biologic evolution, if the
symbiogenesis theory is correct, are empirical examples of two different
symbiogenetic evolution processes. However, this statement does not tell
what life is, and can only describe one aspect (the symbiogenetic and evo-
lutionary aspect) of this complex phenomenon.

ZUSAMMENFASSUNG

Das Problem der Erforschung von Evolutionsphanomenen und Theorien unter Ver-
wendung von kimstlichen selbst-reproduzierenden Einheiten wird besprochen. Die Not-
wendigkeit eines theoretischen Prinzips zur Losung des Variabilitatsproblems wird be-
tont. Es wird gezeigt, dass das Variabilitatsproblem geldst werden kann unter Annahme,
dass selbst-reproduzierende Modelle (,,Symbio-organismen”) von jeder Komplexitit ge-
bildet werden konnen durch eine symbiotische Assoziation von verschiedenen selbst-
reproduzierenden Einheiten, jede mit sehr geringer oder gar keiner Variabilitat (Symbio-
genese-theorie). Weiter wird gezeigt, dass Symbio-organismen entworfen werden kon-
nen, welche imstande sind, Kreuzungsphanomene verschiedener Art zu erfahren, Schluss-
folgerungen, Voraussagungen und empirische Beobachtungen die eine symbiogenetische
Interpretation der Entstehung von Kreuzungen in lebendigen Organismen stiltzen,
werden besprochen.

Als einmal das Variabilititsproblem {iberwunden war, ergab sich die Moglichkeit,
kinstliche selbst-reproduzierende Einheiten zu entwerfen, welche imstande sind, eine
Anzah] verschiedener Evolutionsphanomene zu entwickeln. Die Symbioc-organismen, ent-
wickelt durch die elektronische Rechenmaschine von dem “Institute for Advanced Study,
Princeton, N.J.”, zeigten auch Kreuzungsphianomene, welche sich schnell zu einem
Kreuzungsmechanismus entwickelten, der den Vererbungsgesetzen ahnlich ist, wie sie
bei Ibendigen Organismen beobachtet werden.

Eine Mannigfaltigkeit von anderen Phinomenen, welche in einer imposanten Weise
mit biologischen Phanomenen iibereinstimmen, sind in den Abschnitt iiber allgemeine
Eigenschaften von Symbio-organismen aufgenommen. Ein konkurrenz Versuch zwischen
mehreren Symbio-organismen, in verschiedenen Stadien eines Evolutionsexperiments
gewahlt, wurde angestellt. Der Versuch zeigte eine dramatische Verbesserung von
Kignung und eine Zunahme von Konkurrenzfihigkeit wahrend des Evolutionsprozesses.
Verschiedene Folgerungen von evolutioniren Fortgang und Aussterben von unterein-
ander konkurrierenden Symbio-organismen werden besprochen. Die Einfachheit der Be-
dingungen fiir Symbiogenese und die grosse Wahrscheinlichkeit, dass symbiogenetische
Phinomene verschiedener Art auf anderen Planeten und Satelliten in Entwicklung sein
konnten, wird betont.

SUMMARY

The problem of testing evolution phenomena and theories by using artificial self-
reproducing entities is discussed. The need of a theoretical principle which can permit
the solution of the variability problem is emphasized. It is shown that the variability
problem can be solved assuming that self-reproducing patterns (called symbio-organisms)
of any complexity can be formed by a symbiotic association of several self-reproducing
entities, each with very low variability or no varability at all «(symbiogenesis theory).



98 BARRICELLI, NUMERICAL TESTING OF EVOLUTION THEORIES

Furthermore it is shown that symbio-organisms able to undergo crossing phenomena of
various types can be designed. Consequences, predictions, and empirical observations
supporting a symbiogenetic interpretation of the origin of crossing in living organisms
are discussed.

Once the variability problem was overcome, it was possible to design artificial (e.g.
numerical) selfreproducing entities able to develop a variety of evolutionary phenomena.
The symbio-organisms developed by the electronic computer of the Institute for Ad-
vanced Study, Princeton, New Jersey, also showed crossing phenomena which rapidly
developed into a crossing mechanism following laws of heredity similar to those observed
in living organisms, A variety of other phenomena presenting impressive analogies with
biological phenomena are listed in the section on general properties of symbio-organisms.

A competition test between several symbio-organisms selected in different stages of
an evolution experiment was performed. The test showed a dramatic improvement of
fitness and increase of competitivity during the evolution process. Several consequences
of evolutionary improvement and eradication of competitors are discussed.

The simplicity of the conditions for symbiogenesis and the high probability that sym-
biogenetic phenomena of various kinds may have been developing on other planets and
satellites is emphasized.
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