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This paper is the first part of a trilogy, which comprises a detailed 
study of a special type of functional organization and demonstrates 
its relevance with respect to the origin and evolution of life. 
Self-replicative macromolecules, such as RNA or DNA in a suit- 
able environment exhibit a behavior, which we may call Darwinian 
and which can be formally represented by the concept of the quasi- 
species. A quasi-species is defined as a given distribution of macro- 
molecular species with closely interrelated sequences, dominated 
by one or several (degenerate) master copies. External constraints 
enforce the selection of the best adapted distribution, commonly 
referred to as the wild-type. Most  important for Darwinian behav- 
ior are the criteria for internal stability of the quasi-species. If 
these criteria are violated, the information stored in the nucleotide 
sequence of the master copy will disintegrate irreversibly leading 
to an error catastrophy. As a consequence, selection and evolution 
of RNA or DNA molecules is limited with respect to the amount 
of  information that can be stored in a single replicative unit. An 
analysis of experimental data regarding RNA and D N A  replication 
at various levels of organization reveals, that a sufficient amount 
of information for the build up of a translation machinery can 
be gained only via integration of  several different replicative units 
(or reproductive cycles) throughfimctional linkages. A stable func- 
tional integration then will raise the system to a new level of 
organization and thereby enlarge its information capacity consider- 
ably. The hypercycle appears to be such a form of organization. 

Preview on Part B: The Abstract Hypereycle 

The mathematical analysis of  dynamical systems using methods 
of differential topology, yields the result that there is only one 
type of  mechanisms which fulfills the following requirements: 
The information stored in each single replicative unit (or reproduc- 
tive cycle) must be maintained, i.e., the respective master copies 
must compete favorably with their error distributions. Despite their 
competitive behavior these units must establish a cooperation 
which includes all functionally integrated species. On the other 
hand, the cycle as a whole must continue to compete strongly 
with any other single entity or linked ensemble which does not 
contribute to its integrated function. 
These requirements are crucial for a selection of the best adapted 
functionally linked ensemble and its evolutive optimization. Only 

hypercyclic organizations are able to fulfil these requirements. Non- 
cyclic linkages among the autonomous reproduction cycles, such 
as chains or branched, tree-like networks are devoid of  such prop- 
erties. 
The mathematical methods used for proving these assertions are 
fixed-point, Lyapunov- and trajectorial analysis in higher-dimen- 
sional phase spaces, spanned by the concentration coordinates of 
the cooperating partners. The self-organizing properties of hypercy- 
cles are elucidated, using analytical as well as numerical techniques. 

Preview on Part C: The Real&tie Hypercycle 

A realistic model of  a hypercycle relevant with respect to the origin 
of the genetic code and the translation machinery is presented. 
It includes the following features referring to natural systems: 
1) The hypercycle has a sufficiently simple structure to admit an 
origination with finite probability under prebiotic conditions. 
2) It permits a continuous emergence from closely interrelated 
(t-RNA-like) precursors, originally being membres of a stable RNA 
quasi-species and having been amplified to a level of higher abun- 
dance. 
3) The organizational structure and the properties of  single func- 
tional units of  this hypercycle are still reflected in the present 
genetic code in the translation apparatus of the prokaryotic cell, 
as well as in certain bacterial viruses. 

I. The Paradigm of Unity and Diversity in Evolution 

Why do millions of species, plants and animals, exist, 
while there is only one basic molecular machinery 
of the cell: one universal genetic code and unique 
chiralities of the macromolecules? 
The geneticists of our day would not hesitate to give 
an immediate answere to the first part of this ques- 
tion. Diversity of species is the outcome of the tremen- 
dous branching process of evolution with its myriads 
of single steps of reproduction and mutation. It in- 
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volves selection among competitors feeding on com- 
mon sources, but also allows for isolation, or the 
escape into niches, or even for mutual tolerance and 
symbiosis in the presence of  sufficiently mild selection 
constraints. Darwin's principle of natural selection 
represents a principle of  guidance, providing the dif- 
ferential evaluation of  a gene population with respect 
to an optimal adaptation to its environment. In a 
strict sense it is effective only under appropriate 
boundary conditions which may or may not be 
fulfilled in nature. In the work of  the great schools 
of population genetics of Fisher, Haldane, and Wright 
the principle of  natural selection was given an exact 
formulation demonstrating its capabilities and restric- 
tions. As such, the principle is based on the prerequi- 
sites of living organisms, especially on their reproduc- 
tive mechanisms. These involve a number of factors, 
which account for both genetic homogeneity and het- 
erogeneity, and which have been established before 
the detailed molecular mechanisms of  inheritance be- 
came known (Table 1). 

Table 1. Factors of natural selection (according to S. Wright [1]) 

Factors of genetic Factors of genetic 
homogeneity heterogeneity 

Gene duplication 
Gene aggregation 
Mitosis 
Conjugation 
Linkage 
Restriction of population 

size 
Environmental pressure(s) 
Crossbreeding among 

subgroups 
Individual adaptability 

Gene mutation 
Random division of aggregate 
Chromosome aberration 
Reduction (meiosis) 
Crossing over 
Hybridization 

Individual adaptability 
Subdivision of group 

Local environment of subgroups 

Realizing this heterogeneity of the animate world 
there is, in fact, a problem to understand its homogen- 
eity at the subcellular level. Many biologists simply 
sum up all the precellular evolutionary events and 
refer to it as ' the origin of  life'. Indeed, if this had 
been one gigantic act of creation and if i t -  as a unique 
and singular event, beyond all statistical expectations 
of  p h y s i c s - h a d  happened only once, we could satisfy 
ourselves with such an explanation. Any further at- 
tempt to understand the ' how '  would be futile. 
Chance cannot be reduced to anything but  chance. 
Our knowledge about  the molecular fine structure 
of even the simplest existing cells, however, does not 
lend any support to such an explanation. The regula- 
rities in the build up of this very complex structure 
leave no doubt, that the first living cell must itself 
have been the product  of a protracted process of 
evolution which had to involve many single, but not 
necessarily singular, steps. In particular, the genetic 

code looks like the product of such a multiple step 
evolutionary process [2], which probably started with 
the unique assignment of  only a few of the most 
abundant primordial amino acids [3]. Although the 
code does not show an entirely logical structure with 
respect to all the final assignments, it is anything 
but random and one cannot escape the impression 
that there was an optimization principle at work. One 
may call it a principle of  least change, because the 
structure of  the code is such that consequences of 
single point mutations are reduced to minimum 
changes at the amino acid level. Redundant  codons, 
i,e., triplets coding for the same amino acids, appear 
in neighbored positions, while amino acids exhibiting 
similar kinds of interaction differ usually in only one 
of the three, preferentially the initial or the terminal 
position of the codon. Such an optimization, in order 
to become effective during the evolutionary process, 
requires by trial and error the testing of  many alterna- 
tives including quite a number of  degenerated assign- 
ments. Hence, precellular evolution should be charac- 
terized by a similar degree of branching as we find 
at the species level, provided that it was guided by 
a similar Darwinian mechanism of  natural selec- 
tion. 
However, we do not encounter any alternative of the 
genetic code, not even in its fine structure. It is quite 
unsatisfactory to assume that it was always acci- 
dentally the optimal assignment which occurred just 
once and at the right moment, not admitting any 
of  the alternatives which, undoubtedly, would have 
led to a branching of the code into different fine 
structures. On the other hand, it is just as unsatisfac- 
tory to invoke that the historical route of precellular 
evolution was uniquely fixed by deterministic physical 
events. 
The results of our studies suggest, that the Darwinian 
evolution of species was preceded by an analogous 
stepwise process of molecular evolution leading to 
a unique cell machinery which uses a universal code. 
This code became finally established, not because it 
was the only alternative, but rather due to a peculiar 
'once-forever'-selection mechanism, which could 
start from any random assignment. Once-forever se- 
lection is a consequence of  hypercyclic organization 
[4]. A detailed analysis of macromolecular reproduc- 
tion mechanism suggests that catalytic hypercycles 
are a minimums requirement for a macromolecular 
organization that is capable to accumulate, preserve, 
and process genetic information. 

II. What Is a Hypercycle ? 

Consider a sequence of  reactions in which, at each 
step, the products, with or without the help of addi- 
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t ional  reactants,  undergo fur ther  t ransformat ion .  If, 

in such a sequence, any product  formed is identical 
with a reactant  of a preceding step, the system resem- 
bles a r e a c t i o n  c y c l e  and  the cycle as a whole a cata- 
lyst. In  the simplest case, the catalyst  is represented 
by a single molecule,  e.g., an  enzyme, which turns 
a substrate into a product :  

s-- Ep 

The mechan i sm beh ind  this formal  scheme requires 
at least a three-membered  cycle (Fig. 1). More 
involved react ion cycles, bo th  fulfilling fundamen ta l  
catalytic funct ions  are presented in Figures 2 and  3. 
The Bethe-Weizs~icker cycle [5] (Fig. 2) contr ibutes  
essentially to the high rate of energy p roduc t ion  in 
massive stars. It, so to speak, keeps the sun shining 
and,  hence, is one of the mos t  impor t an t  e x t e r n a l  

prerequisites of life on  earth. Of  no less importance,  
a l though concerned with the i n t e r n a l  mechanism of 
life, appears to be the Krebs-  or citric acid cycle 
[6], shown in Figure  3. This cyclic reaction mediates 
and  regulates the carbohydra te  and  fatty acid metabo-  

ES EP 

E 

Fig. 1. The common catalytic mechanism of  an enzyme according 
to Michaelis and Menten involves (at least) three intermediates: 
the free enzyme (E), the enzyme-substrate (ES) and the enzyme- 
product complex (EP). The scheme demonstrates the equivalence 
of catalytic action of the enzyme and cyclic restoration of the 
intermediates in the turnover of the substrate (S) to the product 
(P). Yet, it provides only a formal representation of the true mecha- 
nism which may involve a stepwise activation of the substrate 
as well as induced conformation changes of the enzyme. 

Y 

Fig. 2. The carbon cycle, proposed by Bethe and v. Weizsgcker, 
is responsible-at least in part-for the energy production of mas- 
sive stars. The constituents: 12C, 13N, 13C, 14N, 150, and ~SN 
are steadily reconstituted by the cyclic reaction. The cyclic scheme 
as a whole represents a catalyst which converts four tH atoms 
to one 4He atom, with the release of energy in the form of 7-quanta, 
positrons (8 +) and neutrinos (v). 

3 

C 

cH3cooH  .# r 8H 
8 

Fig. 3. The tricarboxylic or citric acid cycle is the common catalytic 
tool for biological oxidation of fuel molecules. The complete 
scheme was formulated by Krebs; fundamental contributions were 
also made by Szent-Gy6rgyi, Martius, and Knoop. The major 
constituents of the cycle are: citrate (C), cis-aconitate (A), isocitrate 
(I), c~-ketoglutarate (K), snccinyl-CoA (S*), succinate (S), fumarate 
(F), l-malate (M) and oxaloacetate (O): The acetate enters in acti- 
vated form as acetyl-CoA (step 1) and reacts with oxaloacetate 
and HzO to form citrate (C) and CoA (+H+). All transformations 
involve enzymes as well as co-factors such as CoA (steps 1, 5, 
6), Fe a+ (steps 2, 3), NAD + (steps 4, 5, 9), TPP, lipoic acid (step 5) 
and FAD (step 7). The additional reactants: H20 (steps 1, 3, 8), 
P, and GDP (step6) and the reaction products: H20 (step2), 
H + (steps 1, 9), and GTP (step 6) are not explicitly mentioned. 
The net reaction consists of the complete oxidation of the two 
acetyl carbons to CO 2 (and H20). ! t generates twelve high-energy 
phosphate bonds, one formed in the cycle (GTP, step 6) and 11 
from the oxidation of NADH and FADH2 [3 pairs of electrons 
are transferred to NAD + (steps 4, 5, 9) and one pair to FAD 
(step 7)]. 
N.B.: The cycle as a whole acts as a catalyst due to the cyclic 
restoration of the substrate intermediates, yet it does not resemble 
a catalytic cycle as depicted in Figure 4. Though every step in 
this cycle is catalyzed by an enzyme, none of the enzymes is formed 
via the cycle 

CoA=coenzyme A, NAD=nicotine amide adenine dinucleotide, 
GTP=guanosine triphosphate, FAD=flavine adenine dinucleo- 
tide, TPP=thiamine pyrophosphate, GDP-guanosine diphos- 
phate, P =phosphate 

lism in the living cell, and  has also fundamen ta l  func- 

t ions in anabol ic  (or biosynthetic)  processes.  In  bo th  
schemes, energy-rich mat ter  is converted into energy- 
deficient products  unde r  conservat ion,  i.e., cyclic 
res torat ion of the essential mater ia l  intermediates.  
Historically, both cycles, though they are little related 
in their causes, were proposed at a bou t  the same 
time (1937/38). 

Unidi rec t ional  cyclic restorat ion of  the intermediates,  
of  course, presumes a system far f rom equi l ibr ium 
and  is always associated with an expendi ture  of en- 
ergy, part  o f  which is dissipated in the envi ronment .  
On the other  hand,  equi l ibra t ion  occurr ing in a closed 
system will cause each individual  step to be in detailed 
balance. Catalytic act ion in such a closed system will 
be microscopically reversible, i.e., it will be equally 
effective in bo th  directions of  flow. 
Let us now, by a straight forward i terat ion 'procedure, 
bui ld  up hierarchies of react ion cycles and  specify 
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I 

Fig. 4. The catalytic cycle represents a higher level of  organization 
in the hierarchy of  catalytic schemes. The constituents of the cycle 
E 1 --+ E, are themselves catalysts which are formed from some en- 
ergy-rich substrates (S), whereby each intermediate E~ is a catalyst 
for the formation of  E~+j. The catalytic cycle seen as an entity 
is equivalent to an autocatalyst, which instructs its own reproduc- 
tion. To be a catalytic cycle it is sufficient, that only one of  the 
intermediates formed is a catalyst for one of the subsequent reac- 
tion steps. 

their particular properties. In the next step this means 
we consider a reaction cycle in which at least one, 
but possibly all of the intermediates themselves are 
catalysts. Notice that those intermediates, being cata- 
lysts, now remain individually unchanged during reac- 
tion. Each of them is formed from a flux of energy- 
rich building material using the catalytic halp of its 
preceding intermediate (Fig. 4). Such a system, com- 
prising a larger number of intermediates, would have 
to be of a quite complex composition and, therefore, 
is hard to encounter in nature. The best known exam- 
ple is the four-member cycle associated with the tem- 
plate-directed replication of an RNA molecule 
(Fig. 5). In vitro studies of this kind of mechanism 
have been performed using a suitable reaction me- 
dium, buffered  with the four nucleoside-triphos- 
phates, as the energy-rich building material and a 
phage replicase present as a constant environmental 
factor [7, 8], (A more detailed description will be given 
by B.-O. Ktippers [9]). Each of the two strands acts 
as a template instructing the synthesis of its comple- 
mentary copy in analogy to a photographic reproduc- 
tion process. 
The simplest representative of this category of reac- 
tion systems is a single autocatalyst, o r - i n  case of 
a whole class of information carrying entities I i -  the 
self-replicative unit. The process can be formally writ- 
ten as: 

X - I ~ I  

Reactions of this type will be considered frequently 
in this paper, we characterize them by the symbol 

@ 

NTP 
PP 

Fig. 5. A catalytic cycle of biological importance is provided by 
the replication mechanism of  single-stranded RNA. It involves 
the plus and minus strand as template intermediates for their mu- 
tual reproduction. Template function is equivalent to discriminative 
catalysis. Nucleoside triphosphates (NTP) provide the energy-rich 
building material and pyrophosphate (PP) appears as a waste in 
the turnover. Complementary instruction, the mechanism of which 
will be discussed in connection with Figure 11, represents inherent 
autocatalytic, i.e., self-reproductive function 

Double-stranded DNA, in contrast to single-stranded 
RNA, is such a truely se/f-reproductive form, i.e., 
both strands are copied concomitantly by the poly- 
merase [10] (cf. Fig. 6). The formal scheme applies 
to the prokaryotic cell, where inheritance is essentially 
limited to the individual cell line. 
Both plain catalytic and autocatalytic systems share, 
at buffered substrate concentration, a rate term which 
is first order in the catalyst concentration. The growth 
curve, however, will clearly differentiate the two sys- 

P P  

pip 

A 
�9 ! D 

P[D Ds 

P 
Fig. 6. A true self-reproductiveprocess exemplified by a one-member 
catalytic cycle can be found with DNA replication. The mechanism 
which is quite involved (cf. Fig. 12), guarantees that each daughter 
strand (D) is associated with one of  the parental strands (P) 
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terns. U n d e r  the s ta ted  condi t ions ,  the p r o d u c t  o f  
the pla in  cyta ly t ic  process  wilt grow l inear ly  wi th  t ime, 
while the au toca ta ly t i c  sys tem will show exponen t ia l  
growth.  
In str ict  t e rminology ,  an  au toca ta ly t i c  system m a y  
a l r eady  be cal led hypercycl ic ,  in tha t  it  represents  
a cyclic a r r a n g e m e n t  o f  ca ta lys ts  which  themselves 
are cycles o f  react ions.  We shall,  however ,  restr ict  
the use o f  this te rm to those ensembles  which are 
hypercycl ic  wi th  respect  to the cata ly t ic  func t ion .  They 
are ac tua l ly  hypercycles  o f  second or  h igher  degree,  
since they refer to react ions  which are at  least  o f  
second o r d e r  with respect  to ca ta lys t  concent ra -  
t ions.  

�9 [1 

In • 

I 
x/ a b 

Fig. 7. A catalytic hypercycle consists of self-instructive units Ii 
with two-fold catalytic functions. As autocatalysts or-more  gener- 
a l ly-as  catalytic cycles the intermediates Ii are able to instruct 
their own reproduction and, in addition, provide catalytic support 
for the reproduction of the subsequent intermediate (using the 
energy-rich building material X). The simplified graph (b) indicates 
the cyclic hierarchy 

A cata ly t ic  hypercycle  is a system which connects  
au toca ta ly t i c  o r  self-replicat ive units  t h rough  a cyclic 
l inkage. Such a system is dep ic ted  in F igure  7. The 
in te rmedia tes  11 to I~, as self-replicat ive units,  are 
themselves  ca ta ly t ic  cycles, for  instance,  comb ina t i ons  
o f  plus- and  minus - s t r ands  o f  R N A  molecules  as 
shown in F igure  5. However ,  the repl ica t ion  process,  
as such, has to be di rect ly  o r  indi rec t ly  fur thered,  
via add i t i ona l  specific coupl ings  between the different  
repl icat ive  units. M o r e  realist ical ly,  such coupl ings  
may  be effected by  pro te ins  being the t r ans la t ion  pro-  
ducts  o f  the preceding  R N A  cycles (Fig. 8). These 
pro te ins  m a y  act  as specific repl icases o r  derepressors ,  
or  as specific p ro t ec t ion  fac tors  aga ins t  degrada t ion .  
The coupl ings  a m o n g  the self-replicat ive cycles have 
to fo rm a supe r imposed  cycle, only  then the to ta l  
sys tem resembles  a hypercycle .  C o m p a r e d  with the 
systems shown in F igures  4 and  5, the hypercycle  is 
se l f - reproduct ive  to a h igher  degree.  

E 1 

E4 E 2 

E3 

Fig. 8. A realistic model of a hypereycle of second degree, in which 
the information carriers I, exhibit two kinds of instruction, one 
for their own reproduction and the other for the translation into 
a second type of intermediates E i with optimal functional prop- 
erties. Each enzyme E, provides catalytic help for the reproduction 
of the subsequent information carrier I,+ 1. It may as well comprise 
further catalytic abilities, relevant for the translation process, meta- 
bolism, etc. In such a case hypercyclic coupling is of a higher 
than second degree 

The s implest  representa t ive  in this ca tegory  is, again,  
the (quas i )one-s tep  system, i.e., the re inforced  au toca-  
talyst.  We  encoun te r  such a system with  R N A - p h a g e  
infect ion (Fig. 9). I f  the phage  R N A  ( + s t r a n d )  is 
injected into a bac te r ia l  cell, its genotypic  i n fo rma t ion  
is t rans la ted  us ing the mach ine ry  of  the hos t  cell. 

E 

o b 

Fig. 9. RNA-phage infection of a bacterial cell involves a simple 
hypercyclic process. Using the translation machinery of the host 
cell, the infectious plus strand first instructs the synthesis of a 
protein subunit (E) which associates itself with other host proteins 
to form a phage-specific RNA-replicase. This replicase complex 
exclusively recognizes the phenotypic features of the phage-RNA, 
which are exhibited by both the plus and the minus strand due 
to a symmetry in special regions of the RNA chain. The result 
is a burst of phage-RNA production which-owing to the hypercy- 
clic nature-follows a hyperbolic growth law (cf. part B, Fig. 17) 
until one of the intermediates becomes saturated or the metabolic 
supply of the host cell is exhausted. Graph (b) exemplifies that 
it is sufficient if one of the intermediates possesses autocatalytic 
or self-instructive function presuming that the other partners feed 
back on it via a closed cyclic link 
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One of the translation products then associates itself 
with certain host factors to form an active enzyme 
complex which specifically replicates the plus and 
minus strand of the phage RNA, both acting as tem- 
plates in their mutual reproduction [11]. The replicase 
complex, however, does not mult iply- to  any consid- 
erable extent- the  messenger RNA of the host cell. 
A result of infection is the onset of a hyperbolic 
growth of phage particles, which eventually becomes 
limited due to the finite resources of the host cell. 
Another natural hypercycle may appear in Mendelian 
populations during the initial phase of speciation, as 
long as population numbers are low. The reproduc- 
tion of genes requires the interaction between both  
alleles (M and F), i.e., the homologous regions in 
the male and female chromosome, which then appear 
in the offsprings in a rearranged combination. The 
fact that Mendelian population genetics [12] usually 
does not reflect the hypercyclic non-linearity in the 
rate equations (which leads to hyperbolic rather than 
exponential growth), is due to a saturation occurring 
at relatively low population numbers, where the birth 
rate (usually) becomes proportional to the population 
number of females only. 
As is seen from the comparative schematic illustration 
in Figure 10, hypercycles represent a new level of or- 
ganization. This fact is manifested in their unique 

Catalyst E 

properties. Non-coupled self-replicative units guar- 
antee the conservation of a limited amount of infor- 
mation which can be passed on from generation to 
generation. This proves to be one of the necessary 
prerequisites of Darwinian behavior, i.e., of selection 
and evolution [13]. In a similar way, catalytic hypercy- 
cles are also selective, but, in addition, they have 
integrating properties, which allow for cooperation 
among otherwise competitive units. Yet, they compete 
even more violently than Darwinian species with any 
replicative entity not being part of their own. Further- 
more, they have the ability of establishing global 
forms of organization as a consequence of their once- 
forever-selection behavior, which does not permit a 
coexistence with other hypercyclic systems, unless 
these are stabilized by higher-order linkages. 
The simplest type of coupling within the hypercycle 
is represented by straight-forward promotion or de- 
repression introducing second-order formation terms 
into the rate equations. Higher-order coupling terms 
may occur as well and, thus, define the degree p 
of the hypercyclic organization. 
Individual hypercycles may also be linked together 
to build up hierarchies. However, this demands inter- 
cyclic coupling terms which depend critically on the 
degree of organization. Hypercycles H1 and HE, hav- 
ing the degrees p~ and P2 of internal organization, 
require intercyclic coupling terms of a degree pt +Pz, 
in order to establish a stable coexistence. 
It is the object of this paper to present a detailed 
theoretical treatment of the category of reaction net- 
works we have christened hypercycles [4] and to dis- 
cuss their importance in biological self-organization, 
especially with respect to the origin of translation, 
which may be considered the most decisive step of 
precellutar evolution. 

Autocotolyst @ 
(Se[f-replicative unit) 

Catolytic 
Hypercycle 

Fig. 10. The hierarchy of cyclic reaction networks is evident from 
this comparative representation (-,chemical transformation, -~ 
catalytic action) 

III. Darwinian Systems 

IlL 1. The Principle of  Natural Selection 

In physics we know of principles which cannot be 
reduced to any more fundamental laws. As axioms, 
they are abstracted from experience, their predictions 
being consistent with any consequences that can be 
subjected to experimental test. Typical examples are 
the first and second law of thermodynamics. 
Darwin's principle of natural selection does not fall 
into the category of first principles. As was shown 
in population genetics [14], natural selection is a con- 
sequence of obvious, basic properties of populations 
of living organisms subjected to defined external con- 
straints. The principle then makes precise assertions 
about the meaning of the term fittest in relation to 
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environmental conditions, other than just uncovering 
the mere tautology of 'survival of the survivor.' 
Applied to natural populations with their variable 
and usually unknown boundary conditions, the prin- 
ciple still provides the clue for the fact of evolution 
and the phylogenetic interrelations among species. 
This was the main objective of Charles R. Darwin 
[15] and his contemporaty Alfred R. Wallace [16], 
namely, to provide a more satisfactory foundation 
of the tenet of descendence. 

Actually, most of the work in population genetics 
nowadays is concerned with more practical problems 
regarding the spread of genetic information among 
Mendelian populations, leaving aside such academic 
questions as whether '  being alive' really is a necessary 
prerequisite of selective and evolutive behavior. The 
fact that obvious attributes of living organisms, such 
as metabolism, self-reproduction, and finite life span, 
as well as mutability, suffice to explain selective and 
evolutive behavior under appropriate constraints, has 
led many geneticists of our day to believe that these 
properties are unique to the phenomenon of  life and 
cannot be found in the inanimate world [14]. Test- 
tube experiments [7], which clearly resemble the ef- 
fects of  natural selection and evolution in vitro, were 
interpreted as post-biological findings rather than as 
a demonstration of a typical and specific behavior 
of matter. Here one should state that even laser modes 
exhibit the phenomenon of natural selection and an 
analysis of  their amplification mechanism reveals 
more than formal analogies. Yet, nobody would call 
a laser mode 'alive'  by any standard of  definition. 
Wsuch questions may not have much appeal to those 
who are concerned with the properties of actual living 
organisms, they become of-utmost importance in con- 
nection with the question Of the origin of  life. Here 
we must, indeed, ask for the necessary prerequisites 
in order to find those molecular systems which are 
eligible for an evolutionary self-organization. The un- 
derlying complexity we encounter at the level of  mac- 
romolecular organization requires this process to be 
guided by similar principles of selection and evolution 
as those which apply to the animated worled. 
Recent work (loc. cit.), both theoretical and experi- 
mental, has been concerned with these questions. In 
the following we shall give a br ief  account of some 
previous results concerning Darwinian systems. 

III. 2. Necessary Prerequisites of  Darwinian Systems 

What is the molecular basis of  selection and evolution ? 
Obviously, such a behavior is not a global attribute 
of  any arbitrary form of matter but rather is the conse- 
quence of peculiar properties which have to be specified. 

The essential requirement for a system to be self- 
selective is that it has to stabilize certain structures 
at the expense of  others. The criteria for such a stabil- 
ization are of a dynamic nature, because it is the 
distribution of competitors present at any instant that 
decides which species is to be selected. In other words, 
there is no static stability of  any structure, once 
selected; it may become unstable as soon as other 
more ' favourable '  structures appear, or in a new envi- 
ronment. The criteria for evaluation must involve 
some feedback property, which ensures the indentity 
of value and dynamic stability. An advantageous mu- 
tant, once produced as a consequence of  some fluctua- 
tion, must be able to amplify itself in the presence 
of a large excess of less advantageous competitors. 
Therefore, advantage must be indentical with at least 
some of those dynamic properties which are responsi- 
ble for amplification. Only in this way can the system 
selectively organize itself in absence of an 'external 
selector'. The feedback property required is rep- 
resented by inherent autocatalysis, i.e., self-reproduc- 
tive behavior. 
In a general analysis using game models [18], we have 
specified those properties of matter which are neces- 
sary to yield Darwinian behavior at the molecular 
level. They can be listed as follows: 

1) Metabolism. Both formation and degradation of 
the molecular species have to be independent of  each 
other and spontaneous, i.e., driven by positive affin- 
ities. This cannot be achieved in any equilibrated sys- 
tem, in which both processes are mutually related 
by microscopic reversibility yielding a stable distribu- 
tion for all competitors once present in the system. 
Complexity, i.e., the huge multiplicity of alternative 
structures in combination with time and space limita- 
tions simply doesn't allow for such an equilibration, 
but rather requires a steady degradation and forma- 
tion of  new structures. Selection can become effective 
only for intermediate states which are formed from 
energy-rich precursors and which are degraded to 
some energy-deficient waste. The ability of the system 
to utilize the free energy and the matter  required 
for this purpose is called metabolism. The necessity 
of maintaining the system far enough from equili- 
brium by a steady compensation of entropy produc- 
tion has been first clearly recognized by Erwin 
Schr6dinger [19]. 

2) Self-reproduction. The competing molecular struc- 
tures must have the inherent ability of instructing 
their own synthesis. Such an inherent autocatalytic 
function can be shown to be necessary for any mecha- 
nism of selection involving the destabilization of a 
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population in the presence of a single copy of a newly 
occurring advantageous mutant. Furthermore, self- 
copying is indispensable for the conservation of infor- 
mation thus far accumulated in the system. Steady 
degradation, a necessary prerequisite with respect to 
condition 1) and 3), would otherwise lead to a 
complete destruction of the information. 
3) Mutability. The fidelity of any seif-reproductive 
process at finite temperature is limited due to thermal 
noise. This is especially effective if copying is fast, 
more precisely, if it requires for each elementary step 
an energy of interaction not too far above the level 
of thermal energy. Hence mutability is always physi- 
cally associated with self-reproducibility, but it is also 
(logically) required for evolution. Errors of copying 
provide the main source of new information. As will 
be seen, there is a threshold-relationship for the rate 
of mutation, at which evolution is fastest, but which 
must not be surpassed unless all the information thus 
far accumulated in the evolutionary process is to be 
lost. 
Only those macromolecular systems which fulfil these 
three prerequisites are eligible as information carriers 
in a virtually unlimited evolutionary process. The 
properties mentioned have to be inherited by all 
members of the corresponding macromolecular class, 
i.e., by all possible alternatives or mutants of a given 
structure and, furthermore, they have to be effective 
within a wide range of concentration, i.e., from one 
single copy up to a macroscopically detectable abun- 
dance. The 'prerequisite of realizibility' excludes sys- 
tems of a complicated composition and structure, in 
which the features mentioned would result from a 
particular coincidence of molecular interactions 
rather than from a general principle of physical inter- 
action. As an example, consider the nucleic acids as 
compared with proteins. Reproduction in nucleic 
acids is a general property based on the physical 
forces associated with the unique complementarities 
among the four bases. Proteins, on the other hand, 
have a much larger functional capacity, including in- 
structive and reproductive properties. Each individual 
function, however, is the consequence of a very spe- 
cific folding of the polypeptide chain and cannot be 
attributed to the class of proteins in general. It might 
even be lost completely by a single mutation, 

Systems of  matter, in order to be eligible for selective 
self-organization, have to inherit physical properties 
which allow for metabolism, i.e., the turnover of  energy- 
rich reactants to energy-deficient products, and for 
('noisy ") self-reproduction. These prerequisites are in- 
dispensible. Under suitable external conditions they also 
prove to be sufficient for selective and evolutive behav- 
ior. 

I lL  3. Dynamics of  Selection 

The simplest system in accordance with the quoted necessary prere- 
quisites can be described by a system of  differential equations 
of  the following form [4] (2=dx/dt; t=t ime):  

~i=(hiQi-Di)xl-}- ~,, WlkXk +dl)i (1) 

where i is a running index, attributed to all distinguishable self- 
reproductive molecular units, and hence characterizing their partic- 
ular (genetic) information. By x i we denote the respective popula- 
tion variable (or concentration). The physical meaning of  the other 
parameters will become obvious from a discussion of  this equation. 
The set of  equations first of  all involves those self-reproductive 
units i, which are present in the sample under consideration and 
which may be numbered 1 to N. It may be extended to include 
all possible mutants, part of which appear during the course of  
evolution. 
In these equations describing an open system, metabolism is 
reflected by spontaneous formation (A~Q~xO and decomposition 
(D~xO of  the molecular species. 'Spontaneous '  means that both 
reactions proceed with a positive affinity and hence are not mu- 
tually reversible. The term A~ always contains some stoichiometric 
function fi(ml,  m2 . . .  mz) of  the concentrations of energy-rich 
building material (2 classes) required for the synthesis of the molec- 
ular species i, the precise form of which depends on the particular 
mechanism of reaction. This energy-rich building material has to 
be steadily provided by an influx of  matter as have the reaction 
products to be removed by a corresponding outflux (~i). For  a 
spontaneous decomposition, the Di-term is linearly related to xl 
reflecting a common first-order-rate law. In more complex systems 
both A~ and D~ may include further concentration functions if 
the corresponding reactions are enzyme-catalyzed or if fnrther 
couplings among the reactions are present. 
Self-reproduction, the second prerequisite, manifests itself in the 
xz-dependence of  the formation rate term. A straightforward linear 
dependence represents only the simplest form of inherent autocata- 
lysis. Other more complicated, yet still linear mechanisms, such 
as complementary instruction or cyclic catalysis, can be treated 
in an analogous way as will be shown Nonlinear autocatalysis, 
on the other hand, is the main object of  this paper. 
Mutability is reflected by the quality factor Qi, which may assume 
any value between zero and one. This factor denotes the fraction 
of reproductions that take place at a given template i and result 
in an exact copy of  i. There is, of  course, a complementary term 
related to imprecise reproduction of the template i; A~(1- Qz)x i. 
It means the production of a large variety of 'error  copies'  which 
in most cases are quite closely related to the species i. The produc- 
tion of  error copies of  i will then show up with corresponding 
terms in the rate equations of  each of  its 'relatives'  k. Correspond- 
ingly, the copy i will also receive contributions from those relatives 
due to errors in their replication. These are taken into account 
by the sum term; ~ w~kx k. The individual mutation rate parameter 

i ~ k  

wk~, will usually be small compared with the reproduction rate 
parameter A~Q~-the smaller the more distant the 'relative' k. 
If all species present and their possible mutants are taken into 
account by the indices i and k (running from 1 to N), the following 
conservation relation for the error copies holds: 

Ai(1- Qi)xi = Z ~ WlkXk (2) 
i i k~ - i  

The individual flow or transport term cbi, finally, describes any sup- 
ply or removal of  species i other than  by chemical reaction. It 
is required due to the metabolic turnover (cf. above). In most 
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cases each species contributes to the total flow ~bt in proportion 
to  its presence: 

Xi 
~i = ~ t - -  (3) 

~xk 
k 

In evolution experiments the overall flow can be adjusted in order 
to provide reproducible global conditions, such as constant overall 
population densities: 

Y. xk = const-~ c, (4) 
k 

In this case, the flow cb t has to be steadily regulated in order 
to compensate for the excess overall production, i.e. 

k k k 

where we call E~ ~ A , - D ~  the 'excess productivity' of  the template 
i. Notice that the error production does not show up explicitly 
in this sum as a consequence of the conservation relation (2). 
If, in addition, the individual fluxes of  the energy-rich building 
material are also regulated, in order tO provide for each of the 

classes a constantly buffered level (m 1 . . .  ml) , the stoichiometric 
functions f~(m~ ... m~) appearing in the rate parameters A; are 
constant and as such do not have to be specified explicitly. We 
shall refer to this constraint, in which, via flux control, both the 
non-organized, as well as the total organized material is regulated 
to a constant level, as 'constant  overall organization'.  It is usually 
maintained in evolution experiments, e.g., in a flow reactor [9], 
o r - o n  average ~-in a serial transfer experiment [7]. An alternative 
straightforward constraint would be that of 'constant  fluxes'. In 
this case, the concentration levels are variable, adjusting to the 
turnover at given in- and outfluxes. Both constraints will cause 
the system to approach a steady state with sharp selection behavior. 
The quantitative results may show differences fbr both constraints, 
but the qualitative behavior turns out to be very simitar [4]. It 
is, therefore, sufficient to consider here just one of  both limiting 
cases. The constraints to be met in nature may vary with time 
and, hence, will usually not correspond to either of the simple 
extremes - j u s t  as little as weather conditions usually resemble sim- 
ple thermodynamic constraints (e.g., constant pressure, tempera- 
ture, etc.). However, the essential principles of natural selection 
can only be studied trader controlled and reproducible experimental 
conditions. 
For  the constraint of constant overall organization the rate equa- 
tions (1) in combination with the auxiliary conditions (2) to (5) 
reduce to: 

5q = ( Wi, --  F~(t)) x i + ~ WikXk (6) 
ke~i 

where 

Wii = A i  Qi -- Oi (7)  

may be called the (intrinsic) selective value and 

k k 

the average excess productivity, which is a function of  time. Only 
when the population variables xk(t) become stationary, will E(O 
reach a constant steady-state value which is metastable since it 
depends on the population of  the spectrum of mutants. For  con- 
stant (i.e., time-invariant) values of  Wu and w~k the non-linear 
system of  differential equations (6) can be solved in a closed form. 
Approximate solutions of  the selection problem have been reported 
in earlier papers. In recent years, an exact solution has been worked 
out by C.J. Thompson and J.L. McBride [20] and  independently 

by B.L. Jones, R.H. Enns, and S.S_ Rangnekar [21, 22]. The explicit 
expressions obtained from the exact solutions by second-order per- 
turbation theory are in agreement with the formerly [4] reported 
approximations*. The following discussion is based on the exact 
solutions given by B.L. Jones et al. [21] which offers an elegant 
quantitative representation of the selection problem. 

IlL 4. The Concept "Quasi-Species" 

The single species is not an independent entity because 
of the presence of couplings. Conservation of the total 
population number forces all species into mutual 
competition, while mutations still allow for some co- 
operation, especially among closely related species 
(i.e., species i and k with non-vanishing Wlk and Wki 
terms). 
Let us, therefore, reorganize our system in the follow- 
ing way. Instead of subdividing the total population 
into N species we define a new set of N quasi-species, 
for which the population variables yi are linear combi- 
nations of the original population variables x~, 
whereby, of course, the total sums are conserved: 

N N 

Z yk (9) 
k ~ l  k = l  

How to carry out this new subdivision is suggested 
by the structure of the differential equations (6). It 
corresponds actually to an affine transformation of 
the coordinate system, well known from the theory 
of linear differential equations. One obtains a new 
set of equations for the transformed population vari- 
ables Yi which reads: 

y~ = ( 4 , -  s y~ (lo) 

An application of this procedure to the non-linear 
equations (6) is possible because the term causing 
the non-linearity, E(/) according to Eq. (8), remains 

* Jones et al. [21] pointed out that a neglection of  the backflow 
term ~ Wlkx k in [4] is not valid for the approach to the steady 

k*i 
state because the term Wm,,- /7(t)becomes very small. They re- 
ferred to Eq, II-49 in [4], where any error rate was deliberately 
neglected (i.e. Q = 1) for the purpose of demonstrating the nature 
of solutions typical for selection. They overlooked, however, our 
explicit statement (p. 482 in [4]) that such an assumption may 
apply approximately only to a dominant species with a well estab- 
lished selective advantage, while cell mutants owe their existence 
soldy to the presence of  the w~ terms. The approximations ob- 
tained previously (Eq. II-33a; II-43; I[-59; II-69; II-72 in [4]; cf. 
also [22]) indeed agree quantitatively with those following from 
the exact solution by application of perturbation theory (Eq. (21) 
and (22) in [21] and Eq. (13), (18) and (19) in this paper). 
On the other hand, we should like to state that we appreciate 
very much the availability of  the exact solutions, as obtained by 
Thompson and McBride [20] as well as by Jones et al. [21] which 
aid tremendously the presentation of a consistent picture of the 
quasi-species. 
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invariant in the transformation and can be expressed 
now as the average of the 2~'s. 

E( O = Y/~y~/Y~y~ (21) 
k k 

The 2~'s are the eigen-values of the linear dynamic 
system. They-as  well as the eigen-vectors which 
correlate the x[s whith the y i ' s - c a n  be obtained 
from the matrix, consisting of the coefficients Wu 
and w~k. 
The solutions of the system (10) are physically ob- 
vious. Any quasi-species (characterized by an eigen- 
value 21 and a population variable Y0, whose 21-value 
is below the threshold represented by the average, 
/~(t), will die out. 0ts rate is negative!)Correspond- 
ingly, each quasi-species with a 2~ above the threshold 
will grow. The threshold E(t), then, is a function of 
time, a n d - d u e  to equation ( l l ) -wi l l  increase, the 
more the system favours quasi-species associated with 
large eigen-values. This will continue until a steady 
state is reached: 

E(t) "*'~max (12) 

i.e., the mean productivity will increase until it equals 
the maximum eigen-value. By then all quasi-species 
but one, namely the one associated with the maximum 
eigen-value-will have died out. Their population 
variables have become zero. 

Darwinian selection and evolution can, thus, be charac- 
terized by an extremum principle. It defines a category 
of behavior of self-replieative entities under stated selec- 
tion constraints. 

Such a process, for instance, can be seen in analogy 
to equilibration, which represents a fundamental type 
of behavior of systems of matter under the constraint 
of isolation and which is characterized by a general 
extremum principle. The extremum principle (12) is 
related to the stability criteria of I. Prigogine and 
P. Glansdorff  [23]. As an optimization principle it 
holds also for certain classes of non-linear dynamical 
systems [21]. Furthermore, the validity of the solu- 
tions of the quasi-linear system (10) is not restricted 
to the neighborhood of the steady state. 

What is the physical meaning of a quasi-species ? 

In biology, a species is a class of individuals character- 
ized by a certain phenotypic behavior. On the genoty- 
pic level, the individuals of a given species may differ 
somewhat, but, nevertheless, all species are rep- 
resented by DNA-chains of a very uniform structure. 
What distinguishes them individually is the very se- 
quence of their nucleotides. In dealing now with such 

molecules, being the replicative units, we just use these 
differences of their sequences in order to define the 
(molecular) species. The differences are, of course, 
expressed also by different phenotypic properties, 
such as replication rates, life times, error rate, etc. 

The single (molecular) species, however, is not the 
true target of  selection. Eq. (10) tells us that it is 
rather the quasi-species, i.e., an organized combination 
of  species with a defined probability distribution which 
emerges via selection. As such it is selected against 
all other distributions. Under selection strains the popu- 
lations numbers of all but one quasi-species really will 
disappear. The quasi-species is closely correlated to 
what is called the "wild-type "' of  a population. 

The wild-type is often assumed to be the standard- 
genotype representing the optimally adapted pheno- 
type within the mutant distribution. The fact that 
it is possible to determine a unique sequence for the 
genome of a phage supports this view of a dominant 
representation of the standard copy. Closer inspection 
of the wild-type distribution of phage Q~ (in the labo- 
ratory of Ch. Weissmann) [24], however, clearly de- 
monstrated that only a small fraction of the sequences 
actually is exactly identical with that assigned to the 
wild-type, while the majority represents a distribution 
of single and multiple error copies whose average 
only resembles the wild-type sequence. In other 
words, the standard copies might be present to an 
extent of (sometimes much) less than a few percent 
of the total population. However, although the pre- 
dominant part of the population consists of non-stan- 
dard types, each individual mutant in this distribution 
is present to a very small extent (as compared with 
the standard copy). The total distribution, within the 
limits of detection, then exhibits an average sequence, 
which is exactly identical with the standard and, 
hence, defines the wild-type. The quasi-species, in- 
troduced above in precise terms, represents such an 
organized distribution, characterized by one (or more) 
average sequences. Typical examples of distributions 
(related to the RNA-phage Q~) are given in Table 2. 
One unique (average) sequence is present only if the 
copy which exactly resembles the standard is clearly 
the dominant one, i.e., if it has the highest selective 
value within the distribution. Mutants, whose Wu are 
very close to the maximum values, will on average 
be present in correspondingly high abundance (cf. 
Table 2). They will cause the wild-type sequence to 
be somewhat blurred at certain positions. If two 
closely related mutants actually have (almost) identi- 
cal selective values, they may both appear in the 
quasi-species with (almost) equal statistical weights. 
How closely the Wu-values have to resemble each 
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Table 2. 
The abundance of the standard sequence in the wild-type distribution is determined by its quality function Q,, and its superiority 0,". 
At given number of nucleotides v,, the quality function can be calculated from the average digit quality ~,, of the nucleotides referring to 
a particular enzymic read-off mechanism. Both qm and ~,, also determine the maximum number of nucleotides Vmax, which a standard 
sequence must never exceed, otherwise the quasi-species distribution becomes unstable. The data refer to RNA sequences consisting of 
4500 nucleotides (phage Q/~). 

The values in the dark fields (a) show the relative abundance of 
the standard sequence within the wild-type distribution (in per- 
cent) according to Eq. (18) and (25). Negative values mean that the 
distribution is unstable. The light fields show the threshold numbers 
Vma x for given 0,, and or," values. The data clearly demonstrate 
the sensitivity of Vma x towards the parameter q,,. For a well-adapted 
species, 1 - 0 , ,  should be slightly larger than l/v,, (e.g., = 1 -g / , ,=  
0.0005 for v,,=4500 nucleotides requiring 0," values > 10). 

0 

m 

m 

e 
Q .  
3 
{/1 

20 

200 

In part b a more realistic example of a quasi-species distribution 
comprising 1.109 individuals is presented. A sequence of 4500 
nucleotides would have 13500 one-error mutants, supposed that 
for each correct nucleotide (A, U, G, or C) there are three incorrect 
alternatives. Experiments with RNA-replicases, however, show that 
purine --+ purine and pyrimidine ~ pyrimidine substitutions are 
by far more frequent than any cross-type substitutions: purine 

pyrimidine. H e n c e - i n  order to be more rea l is t ic-we have 
assumed only one incorrect alternative for any position. Accord- 

ingly the multiplicity of any k-error copy is just (~). The total 

of  4500 different one-error mutants have been subdivided with 
respect to their degenerate (average) selective values into five 
classes. There is one mutant in class Mla which resembles the 
standard quite closely. Its selective value (W~k) differs by only 

assumed relative population number 
degeneracy selective value of individual mutant  

mutant  class of class Wkk/Wmr n ( x degeneracy) 

e r r o r - f r e e  ~ 1 8.9 x 10 v ( x l )  

on e - error 

Mlb 

Mtc 

Mid 

Mle 
T.M 1 

mul t ip le -  error 

M2 
T.Mk>~ 

1 

4 

495 

2000 

2000 

4500 

~ 10 v 

_ 2450o 

0.99 4 x 106 

0.9 5 x 10 s 

0.3 6.3 x 10 ~ 

0.1 4.9 x 104 

- 0  /,.3 x 104 

2.2 x 108 

-0 <30 

~ 0 6.88 x 10 a 

(xl) 
(x4) 
(x 495) 
(x 2000) 
(x 2000) 
(xl) 

(x I0 7 ) 

(xl) 

one percent. Class Mlb contains four degenerate mutants possess- 
ing selective values within 10% of that of the standard while 495 
mutants of class Mlc show Wkk values 30% of Win,". A bulk of  
2000 mutants is by one order of magnitude lower in their Wkk 
values and an equal amount of mutants is not viable at all, i.e., 
they do not reproduce with any speed comparable to that of  the 
standard. Furthermore all the copies with more than two errors 
have been assigned Wkk values < W,",~. Although this may not be 
an realistic assumption, it is of  no serious consequence with respect 
to the population numbers of  individual sequences which are extre- 
mely small because of the large multiplicity of different error copies. 
Despite this fact, the sum of all multiple error copies represents 
the largest group in this example, followed by the total of  one-error 
copies. On the other hand, the standard is by far the most abundant 
individual in the quasi-species distribution. 
An alternative calculation has been made in which the relative 
selective value of  the one-error mutant 1 a has been raised from 
0.99 to 0.9995. While the gros of the distribution changes only 
slightly, the population number of  the particular mutant 1 a rises 
to the value found for the standard type (i.e., both result to 
8.4 x 107). This example shows the limitation of the approximations 
behind Eqs. (18) and (19) requiring wk,,< Wkk--W,,~,. A more rig- 
orous numerical evaluation yields a population number of mutant 
1 a amounting to only about 60% of  that of  the standard. Even 
for small differences of  selective values the standard clearly remains 
the dominant species. Only if a one-error mutant resembles the 
standard within limits of  W,,,"-Wkk < 1/Nit may be considered 
to be a degenerate and hence undistinguishable individual. 

other for both mutants to become selectively indis- 
tinguishable, depends on their 'degree of affinity.' 
For  distant relatives, the correspondence has to be 
much more precise than for one-error copies. A spe- 
cial class of 'reversible neutral '  mutants, hence, can 
be quantitatively defined. There is, of  course, a second 
wider class of neutral mutants which belong to differ- 

ent quasi-species being degenerate in their eigen- 
values 21. Most of these neutral mutants die out after 
appearance but a minor part may spread through 
the population and coexist with, or displace, the for- 
merly established quasi-species. This diffusional 
spread of neutral mutants can be understood only 
on the basis of stochastic theory (cf. below). 
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IIL 5. Realistic Approximations 

An explicit representation of  the eigen-value of  the selected quasi- 
species can be obtained with the help of  perturbation theory. The 
result of  second-order perturbation theory resembles the previously 
reported expression for Wma x ([4], Eq. II-33a): 

W"kWk'~ (13) 2~.~ w~+~,..Z w ~ -  w~ 

Here the index m refers to that (molecular) species which is dis- 
tinguished by the largest selective value. The approximation holds 
only if no other Wkk approaches this value too closely and the 
dominant  copy m can be considered as representative of  the wild- 
type. Table 2 shows, how effective the approximation indeed is 
for any system of  realistic importance. The larger the information 
content the smaller the individual w-values. The approximation 
thereby reveals a very important fact; selection (under strain) is 
extremely sharp with respect to distant relatives (the smaller the 
w,~k- and wk,~-values the closer may Wkk resemble W,,,, without 
being of any restriction to m). However, selection is smooth with 
respect to very close relatives. These are always present in the 
distribution if their selective value Wkk is much smaller than W,,,, 
(or even zero). If the sum term in Eq. (13) can be numerically 
neglected (cf. values in Table 2), the extremum principle (Eq. (12)) 
can be expressed as: 

W,,~ > / ~ . , ,  (14) 

o r  

Q,,, > ~2, 1 (15) 

of  the distribution. This provides a great adaptive and evohttive flexi- 
bility of  the quasi-species and enables it to react quickly to environ- 
mental changes. 

The approximations break down only in the case of  the presence 
of two or more dominant species (cf. Table 2) which are (almost 
exactly) neutral mutants. However, those reversible neutral mutants 
can be combined to a selectively indistinguishable subclass of 
species and as such will determine the dynamic behavior like a 
single dominant species, according to the relations given above. 
It is interesting to note the fact that within the quasi-species there 
is no selection against reversible neutral mutants (' reversible' being 
defined as sufficiently large wik and wk~ to guarantee a reproducible 
representation). These reversible neutral mutants being part of  the 
quasi-species have to be distinguished from unrelated neutral mu- 
tants, (w~k and Wk~ tOO small to provide a reproducible representa- 
tion according to Eq. (18)). Those unrelated neutral mutants can 
still coexist, to a minor extent, as a consequence of  random fluctua- 
tions [25]. The stochastic treatment shows that competition among 
those neutral species is a random drift phenomenon leading to 
extinction with an indeterminate 'survival of the survivor' as well 
as to a certain upgrowth and spread of  new mutants, a phenomenon 
to which geneticists [26] refer as non-Darwinian behavior (i.e., 
survival without selective advantage). It should be realized that 
this stochastic behavior of unrelated neutral mutants, although 
it was not anticipated by Darwin and his followers, is not in 
contradiction with those properties which lead to the deterministic 
Darwinian behavior. The selection of  reversible neutral mutants 
is even in accordance with the Darwinian principle, if this is inter- 
preted in the correct way as a derivable physical principle, where 
it then applies to the concept of  quasi-species. 

where 

Ek*m = Z E~Xk/Z Xk (16) 
k ~ m  kd-m 

represents the average productivity of all competitors of the selected 
wild-type m and 

A,. 
(7 m - -  Dm + ~k4_m (17) 

is a superiority parameter of the dominant  species. 
With the same approximation the relative stationary population 
numbers can be calculated, yielding for the dominant copy 

N Wmm--Ek*., Q m -  a,~ x (18) 
xJk=Z~ xk = E, .  - E~ . , .  - 1 - a 2  ~ 

and for the one-error copy 

yqk/2,, Wkm (19) 
w.m-w~k 

which is valid, as long as Wkm ~ Wmm- Wkk (cf. Table 2). 
Higher approximations could be obtained using 2ma x in which-ever 
form it is expressed. Eqs. (16)-(18) would change accordingly. 

On the basis of  these approximations we can quantitatively character- 
ize Darwinian behavior of  maeromolecular systems. Eq. (13) shows 
to which extent the dynamics of  selection is determined by the individ- 
ual properties of  the dominant (standard) species (m), while 
Eqs. (18) and (19) indicate the relative weights of  representation 
of the standard species and its mutants (el  also Table 2). It is 
surprising how small a fraction of  the standard species is actually 
present within the wild-type distribution, despite the fact that its 
physical parameters almost entirely determine the dynamic behavior 

IlL 6. Generalizations 

In the quantitative representation of  Darwinian system by Eqs. 
(2) and (6) we have made a number of special assumptions in 
connection with the structural prerequisites and external con- 
straints. In this section we want to find out how far we can general- 
ize those assumptions without losing the characteristic features 
of  Darwinian behavior. 

1) Rate Terms. The linear rate terms for both autocatalytic forma- 
tion and first-order decomposition may be substituted by more 
general expressions. Most common for enzymic mechanisms is 
the Michaelis-Menten form: 

X i X i  
r a t e ~ - -  or 

1 +a~x~ 1 +~,a~xk 
k 

which replaces the simple xcdependence. It has been shown [4] 
that for autocatalytic mechanisms of  this kind, selection remains 
effective for low population numbers and, hence, in the range 
which is critical for selection. Saturation will not prevent the up- 
growth of  advantageous mutants, but may allow for some coexis- 
tence due to a change from exponential to linear growth in the 
unconstrained mechanism. 
In general, if the reaction order is defined by a term x), Darwinian 
behavior may be found for exponents: 

0<k<__l 

For  k - 0  coexistence would result in a growth-limited system. 
Under  the constraint of  constant fluxes, such a situation may occur 
for self-reproductive species if their formation rate is linrited by 
the constant rate of  supply of energy-rich building material. Species 
which feed on different (mutually independen0 sources will not 
compete with each other. The independent sources then provide 
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'n iches '  for coexistence. The multiple varieties of  different species 
often owe their existence to such or similar devices, the consequence 
of  which is in complete accord with the scope of  Darwin's theory. 
The behavior for exponents k>  1 is analyzed in more detail in 
part  B of  this paper. It leads to extremely sharp selection with 
some consequences which were not compatible with Darwin's view, 
especially regarding descendence. 

2) Autocatalysis. According to our discussion in section II, straight- 
forward self-reproduction is only the simplest example among a 
whole class of  linear autocatalytic mechanisms. Self-reproduction 
may generally be effeeted via a cyclic catalytic process. SingJe- 
stranded RNA-phages, for instance, reproduce via mutual instruc- 
tion through the two complementary strands. The rate equations 
for such a two-membered catalytic cycle [4] yield two eigen-values 
for the dominant  species: 

2 1 2 -  D++D_•188 2 (20) 
' 2 

These expressions are based on similar approximations as Eq. (13) 
neglecting the mutation terms. One of  these eigen-values, if it is 
positive (i.e., A + A_ Q+ Q_ > D+ D_), replaces the W,,m referring 
to the se/f-replicative unit. Here, the kinetic parameters of  both 
strands contribute with equal weight (geometric mean) to the selec- 
tive value. They both have to be optimized in order to yield optimal 
performance. Wherever phenotypic properties of  the RNA strands 
are of importance, equivalence can be most suitably reached by 
structural symmetry (cf. t-RNA, midi-variant of  Q/~-RNA [27]). 
The second always negative eigen-value refers to an "equilibration' 
between plus- and minus-strands, the concentrations of  which then 
assume a fixed ratio. Whenever this equilibration is reached, plus- 
and minus-strand will act like one replicative ann competitive 
unit. 
The general treatment of catalytic cycles has been shown [4, 20-22], 
to resemble the results for simple self-instructive systems. A n -  
membered cycle again is characterized by one positive eigen-value 
which corresponds to the selective value of the single self-reproduc- 
tive unit. The catalytic properties of all members contribute to 
this eigen-value, in the simplest case, in the form of the geometric 
mean of their AQ-values, hence, requiring finite AQ-values for 
all members of the cycle. Furthermore, a n-membered cycle is 
characterized by (n - 1) negative eigen-values, which are representa- 
tive of the internal equilibration of the concentration ratios of 
all members of the cycle. 

3) Mutations. The main source of  mutations, especially in the early 
stages of evolution, is mis-copying, i.e., the inclusion of a nucleotide 
with a non-complementary base during the process of replication. 
The experiments with Q/~-phage show that error rates for replacing 
a given purine or  pyrimidine by its homologue differ considerably 
from those for exchanging a purine by one of the pyrimidines 
or vice versa [24]. In the formal treatment, using the parameters 
Q and w, no distinction has to be made regarding the kind of 
mutation, such as point mutation or frame shifts resulting from 
deletion or insertion. Those distinctions, of course, are important 
if the functional properties of  the mutants are to be studied. T h e  
formal representation is also invariant to the causes of  mutation, 
such as misreading in replication, chemically induced changes, or 
radiation damage. It may be necessary to correlate some of  the 
mutations more closely with the decomposition term (cf. below) 
which, however, has no influence on the formal structure of the 
equations. 

4) Decomposition. Mutations as a consequence of  external in- 
fluences (e.g. radiation) should be attributed to the decomposition 
term. In general, decomposition of the individual i may lead to 

species k belonging to a different class comprising only fragments 
of  i. Again, those processes do not change the formal structure 
of  the differential equations, if the corresponding conservation 
relations are appropriately taken into account. 

5) External Constraints. The explicit form of  the solutions of  the 
selection equations depends on the constraints to be imposed. We 
have discussed in detail the case of  constant overall organization. 
Similar, though quantitatively different, results are obtained for 
the constraint of constant fluxes [4, 28, 29]. The externally regulated 
parameters may, of course, involve temporal (e.g., any type of 
periodical) variations. This may lead to mechanistic advantages, 
but does not  alter the essential prerequisites and consequences 
of Darwinian behavior. The extremum principle (12) then assumes 
the general form: 

lim 1_ ~E(t) d t=2 , ,  (21) 

A further generalization of the extremum principle has been 
achieved by Jones et al. [21]. 
Selection of a quasi-species relative to its competitors may also 
be considered in a growing system. It will be shown that a simple 
normalization procedure is applicable, which allows a generalized 
treatment of  non-steady-state systems. 

6) Stochastic Treatment. A final generalization is of a more princi- 
pal nature. Deterministic rate equations describe generally the aver- 
age behavior of  ensembles consisting of a large number of  individ- 
uals. The elementary processes, however, can be represented only 
by reaction probabilities. Game models which have been developed 
together with R. Winkler-Oswatitsch [18] demonstrate clearly three 
basic types of  behavior which can be treated by stochastic theory: 
a) Internal self-control of  fluctuations as found around stable 
steady states and, in particular, at thermodynamic equilibrium, - 
b) self-amplification of fluctuations characterizing an instability, 
and 
c) indifference towards fluctuations yielding random drift behav- 
ior. 
In the first case, fluctuations are of importance only for small 
population numbers and simply mean an uncertainty of  any mo- 
mentary microstate. For  the macrostates, which are accessible to 
experimental tests, they yield expectation values within specifiable 
average fluctuation Iimits. 
In the second case deterministic behavior is restricted to the re- 
sponse to a given fluctuation. In other words, this ' i f - then '  determi- 
nacy will predict what happens if a certain fluctuation occurs and 
the accuracy of the prediction will increase with the extent of  
the fluctuation. The occurrence of  the fluctuation itself, however, 
is uncertain and this microscopic uncertainty is mapped macroscop- 
ically via the finally deterministic amplification process. This case 
is of  particular relevance for Darwinian systems. Most  mutations 
represent fluctuations of the first type, i.e., they are not of any 
selective advantage and do not  endanger the stability of the wild- 
type. After occurrence, they cease deterministically as in the case 
of equilibrium. However, there are also mutations which bring 
along a selective advantage; and they have the tendency to amplify 
themselves, hence, causing an instability. Whether or not  they are 
successful in reaching dominance depends on the magnitude of 
their selective advantage and the extent of  the fluctuation. A singie 
copy still has a fairly high chance of  dying out before it is re- 
produced, especially if its W-value is only slightly larger than E(t). 
The stochastic theory shows that for small advantages, i.e. (IV,, + 1 - 
W,,)~ W,,, the fluctuation has to reach a certain extent, i.e., a 
number of  copies which corresponds to the magnitude of  W,,/ 
(W,,+ 1 - W~,), before the probability of  growing up becomes larger 
than 1 - e  1. This is equivalent to saying that only mutants 
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identified by distinct advantages will deterministically influence the 
evolutionary behavior. Nearly neutral mutants behave stochasti- 
cally almost like truly neutral mutants, and, hence, refer to the 
third category of games which resembles random drift behavior. 
Neutral mutants of high frequency, of course, are part of a given 
quasi-species and as such are somewhat stabilized due to a finite 
mutation rate. They thereby utilize a fluctuation response which 
was characteristic of the first category. Since such a coupling is 
rather weak, there may be quite large fluctuations in the relative 
representation of neutral relatives. Unrelated (i.e., very rare) neu- 
tral mutants, on the other hand, may be considered as different 
quasi-species whose eigen-values have the same magnitude as that 
of the wild-type. Most of those neutral quasi-species will have 
to die out, but if they happen to grow up they may become persis- 
tent and even replace the former wild-type (~ survival of the survi- 
vor'). This kind of behavior can be deduced only from stochastic 
theory. Corresponding calculations have been carried out for the 
spread of genes in Mendelian populations, especially by M. Kimura 
[25] and his school. 

In conclusion, evolution is a deterministic process with 
respect to its progressive character. There will always 
be favorable competition o f  the wild-type with less ad- 
vantageous mutants, coexistence o f  neutral or nearly 
neutral, closely related mutants, and upgrowth o f  new 
clearly advantageous quasi-species. However, evolution 
is indeterminate with respect to the temporal sequence 
o f  the appearance o f  mutants, as well as with respect 
to genetic drift caused by unrelated neutral mutants. 
Only a small fraction o f  these neutral quasi-species 
actually can grow up. Evolution via rare neutral muta- 
tions may, therefore, be more important in the later 
than in the earlier stages o f  evolution, where many 
advantageous alterations are still possible and, hence, 
occur with relatively high frequency. 

III. 7. Information Content o f  the Quasi-species 

I n  o u r  a p p r o a c h  to  m o l e c u l a r  e v o l u t i o n  we h a v e  n o t  

ye t  d e a l t  exp l i c i t l y  w i t h  t h e  c o n c e p t  o f  g e n e t i c  i n f o r -  

m a t i o n .  W e  h a v e  d e f i n e d  t h e  ( m o l e c u l a r )  spec ies  as  

t he  r e p l i c a t i v e  u n i t  w i t h  a d i s t i n c t  i n f o r m a t i o n  c o n -  

t en t ,  r e p r e s e n t e d  b y  a p a r t i c u l a r  a r r a n g e m e n t  o f  m o -  

l e c u l a r  s y m b o l s .  W e  h a v e  a l so  t a k e n  i n t o  a c c o u n t  

t he  s i m i l a r i t y  r e l a t i o n s  a m o n g  d i f f e r e n t  s u c h  s y m b o l  

a r r a n g e m e n t s ,  w h i c h  led to  t he  c o n c e p t  o f  t he  q u a s i -  

spec ies .  I n  d e r i v i n g  t he  c r i t e r i a  o f  s e l e c t i o n  a n d  e v o l u -  

t i on ,  i t  p r o v e d  su f f i c i en t ,  j u s t  as  in  p o p u l a t i o n  gen-  

et ics ,  to  n o t i c e  t h e  i n d i v i d u a l  d i f f e r e n c e s  in  g e n o t y p i c  

i n f o r m a t i o n  a n d  c o r r e l a t e  t h e m  w i t h  t h e i r  c h a r a c t e r i s -  
t ic  d y n a m i c  p r o p e r t i e s  as  e x p r e s s e d  b y  t he  se lec t ive  

v a l u e  Wii. 
O n  t h e  o t h e r  h a n d ,  q u e s t i o n s  s u c h  as,  " H o w  m u c h  

i n f o r m a t i o n  c a n  be  a c c u m u l a t e d  in  a g i v e n  q u a s i -  

s p e c i e s ? "  or ,  " W h e r e  is t h e  l i m i t  o f  r e p r o d u c i b i l i t y  

a n d ,  h e n c e ,  o f  t he  e v o l u t i o n a r y  p o w e r  o f  a q u a s i -  

s p e c i e s ? "  w o u l d  r e m a i n  u n a n s w e r e d  in  s u c h  a t r e a t -  

m e n t .  We ,  t h e r e f o r e ,  n o w  i n t r o d u c e  m o r e  spec i f i ca l ly  

t he  c o n c e p t  o f  i n f o r m a t i o n .  

In the theory of communication, the information content of a 
message consisting of Vk symbols can be expressed as 

I k = v k i (22) 

where i is the average information content of a single symbol. 
According to Shannon i can be correlated with the probability 
distribution of the symbols [30, 31]: 

i = - K ~ pj In pj (23) 
J 

with 

0 < p j < l  and ~ p j = l  (24) 
J 

The constant K usually is taken to be 1/ln2 in order to yield 
the unit 'bits/symbol'. The alphabet generally includes classes of 
symbols (e.g., 2 = 4  for nucleic acids). The practical use of Eq. (23) 
is limited to those cases where the a-priori probabilities of all 
symbols are known and where the number of symbols in the mes- 
sage is large enough that the averages apply. In order to account 
for all cooperative effects or redundancies influencing the probabil- 
ity distribution, it might be necessary to know the probabilities 
of all 2 v possible alternatives of symbol combinations. 
In our case we are actually not so much interested in any statistical 
a-priori probability of a symbol, but rather in the probability that 
a given symbol is correctly reproduced by the genetic mechanism 
however sophisticated the machinery may be at the various levels 
of organization. This probability refers to the dynamical process 
of information transfer and, therefore, must be determined experi- 
mentally from kinetic data (wherever it is possible; cf. below). 
Let us call these probabilities for correct symbol reproduction 
qj. A message consisting of v~ (molecular) symbols then will be 
reproduced correctly with the probability or quality factor: 

vl 

Qi = I~ qij==-?l~ ' (25) 
j=l 

Even if the symbols consist of only 2 classes, the quality factor 
for each symbol of the message might be dependent on its particular 
environment so that the determination of the geometric mean g/i 
may require the consideration of various cooperative effects, specif- 
ically associated with the message ' i ' .  Nevertheless, this average 
qi for any given message i can be determined and it turns out 
that for a particular enzymic reproduction machinery those aver- 
ages apply quite universally, whenever the message is sufficiently 
long. Moreover, the individual q-values in general are so close 
to one that the geometric mean can be replaced by the arithmetic 
mean, i.e., 

i 

vi 1/vi j~=l qlj 
(Hqql ~ "= if (1-qij)~l. (26) 
\ j = l  / Vi 

Eq. (25) then comprises the information-theoretical aspect of repro- 
duction where g/, however, refers to a dynamic rather than to 
a static probability. The numerical values of g/ may take into ac- 
count all mechanistic features of symbol reproduction including 
any static redundancy which reduce the error rate of the copying 
process. Nature actually has invented ingenious copying devices 
ranging from complementary base recognition to sophisticated en- 
zymic checking- and proof-reading mechanisms. 

G e n e t i c  r e p r o d u c t i o n  is a c o n t i n u o u s l y  s e l f - r e p e a t i n g  

p r o c e s s ,  a n d  as  s u c h  d i f f e r s  f r o m  a s i m p l e  t r a n s f e r  
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of  a message through a noisy channel. For  each single 
transfer it requires more than just recovery of the 
meaning of the message, which, given some redun- 
dancy, would always allow a fraction of the symbols 
to be reproduced incorrectly. It is also necessary to 
prevent any further accumulation of mistakes in suc- 
cessive reproduction rounds. In other words, a frac- 
tion of precisely correct wild-type copies must be able 
to compete favorably with the total of their error 
copies. Only in this way can the wild-type be main- 
tained in a stable distribution. Otherwise the informa- 
tion (now in a semantic sense, i.e., the copy with 
optimum W~i-value ) would slowly seep away until 
it finally is entirely lost. 
The condition which guarantees the stable conserva- 
tion of information is the selection criterion Eq. (14) 
or Eq. (15). This criterion can be expressed in a gen- 
eral form as: 

Qm > Qmin = 0"17, 1 (27) 

and as such applies to any reproduction mechanism, 
even if a,, cannot be expressed in as simple a form 
as valid for the linear mechanism (cf. Eq. (17)). If 
we combine the selection criterion, as derived from 
dynamics theory, with the information aspect, as 
expressed by Eq. (25), we obtain the important thresh- 
old relationship for the maximum information con- 
tent of a quasi-species: 

of 99%) is just sufficient to collect and maintain re- 
producibly an information content not larger than 
a few hundred symbols (depending on the value of 
In am) or that the maintainance of the information 
content of the genome as large as that of E. coli 
requires an error rate not exceeding one in 106 to 
10 7 nucleotides. It is a reIation which lends itself to 
experimental testing, and we shall report correspond- 
ing measurements below. Eq. (28) also gives quantita- 
tive account of what has been called in population 
genetics the 'genetic load,' the importance of which 
has been stressed long ago. 

The results of  this section can be summarized as fol- 
lows: Any mechanism of selective accumulation of in- 
formation involves an upper limit for the amount of 
digits to be assembled in a particular order. I f  this 
limit is surpassed, the order, i.e., the equivalent of  infor- 
mation, will fade away during successive reproductions. 
Stability of  information is equivalent to internal stabil- 
ity of  the quasi-species. It is as much based on competi- 
tion as is selection of the quasi-species. However, two 
quasi-species can be brought to coexistence, while viola- 
tion of the threshold relation will result in a total loss 
of genetic information. Hence internal stability of  the 
quasi-species distribution, more than its 'struggle for 
existence' is the characteristic attribute of  Darwinian 
behavior. 

i n  o- m 
Vm"x = 1 - ~/m (28) 

The number of molecular symbols of  a self-reproducible 
unit is restricted, the limit being inversely proportional 
to the average error rate per symbol: 1-gt,, 

There is another way of formulating this important 
relationship. The expectation value of an error in 
a sequence of Vm symbols; em= v,,(1 --0,,) must always 
remain below a sharply defined threshold: 

e ~m < ,:r,,, (29) 

otherwise, the information accumulated in the evolu- 
tionary process is  lost due to an error catastrophe. 
Table 2 contains examples which demonstrate the rel- 
evance of Eq. (28). The threshold is not sensitively 
dependent on the magnitude of  the superiority func- 
tion, but o-,, must be larger than one, i.e. In am > 0, 
in order to guarantee finite values for Vma x. In practice 
(cf. below), in o5, is usually between one and ten. Rela- 
tion (28) allows a quantitative estimate of the evolu- 
tionary potential, which any particular reproduction 
mechanisms can provide. It states, for instance, that 
an error rate of 1% (or a symbol-copying accuracy 

IV. Error Threshold and Evolution 

IV. 1. Computer Test of  the Error Catastrophe 

The physical content of the threshold relation (Eq. 28) 
may be exemplified with a little computer  game (cf. 
Table 3). The goal is to create a meaningful message 
from a more or less random sequence of letters. For  
this purpose the computer is initially given a set of 
N random sequences and programmed: 
a) to remove each sequence from its memory after 
a defined (average) lifetime, 
b) to reproduce each sequence which is present in 
the storage with a characteristic rate, and 
c) to introduce random errors in the reproduced 
copies, again with a chosen average rate of substitu- 
tions per symbol. 
The average rates for a) and b) are matched in such 
a way that a steady representation of  N copies of 
sentences is maintained in the store, each sentence 
having a finite lifetime. Hence any information gained 
during the game can be preserved only via faithful 
reproduction of the sequences present. The gain of 
information, on the other hand, must result from 
a selective evaluation of the various mutant sequences 
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Table 3. Self-correction of  sentences is the result of  the evolution 
game, exemplified in this table. 
The target sentence reads: 

T A K E  A D V A N T A G E  OF MISTAKE 

It has been chosen because it provides 'selectively advantageous '  
information with respect to the mechanism of evolution. Its special 
form permits a cyclic closure, whenever functional  links among  
the single words are introduced (as will be done in part  B). 
Using a code, in which each letter (and word spacing) is represented 
by a quintet  of  binary symbols, the information content  amounts  
to vm=125bi ts ,  allowing for about  4x1037 alternatives. This 
number  excludes appearance of  information by mere chance. The 
sequences of  letters shown in this tables for given generations 
have been sampled as being representative for the total populat ion 
of  sequences in the computer  store. 

INITIAL SEQUENCE: BAK GEVLNT GUPIF LESTKKM 

DIGIT QUALITY 9m: o,995 

SELECTIVE ADVANTAGE PER BIT: 10 

1, GENERATION: 

5, GENERATION: 

10, GENERATION: 

16, GENERATION: 

(GOAL REACHED) 

RAK GEVNNT GUPQF KESTKKM 

NAK AEZ,NS GEPOF MESTMKU 

VAKF ADV!NT.GE OF MISD!KE 

TAKE ADVANTAGE OF MISTAKE 

The first example demonstra tes  that  evolution is very efficient 
near the critical value 1 - g / ~  l/v,,, which with v,~= 125 amounts  
to 0,~=0.992. Starting with a r andom sequence of  letters the target 
sentence is usually reached within 20(_+6) generations for any 
value of  ~ between 0.995 and 0.990. This efficiency near  the thresh- 
old is even more evident if we compare the evolutionary progress 
at a given generation for various values of  g/~: 

INITIAL SEQUENCE: BAK GEVLNT GUPIF LESTKKM 

SELECTIVE ADVANTAGE PER BIT : iO 

Im 

O, 999 

O, 995 

O, 990 

O, 985 

BEST SEQUENCE AFTER 11 GENERATIONS 

LAKD AEV,NTAGU AF KISTQKM 

TAKE ADV!NT GE OF MISTAKE 

TAKEBADVENTAGE OF MISXAKE 

VATA ADBKMDI DHOD ?CSYBKE 

NUMBER OF 
MISTAKES 

9 

2 

3 

18 

Analogous  behavior is found for the disintegration of information 
for vm > Vma x. At  an  error rate (1 --g/m) = 1.5%, a selective advantage 
per bit of  2.5 corresponds to a ~rm value of about  5. Under  these 

conditions the information is not  stable any more. For  small selec- 
tive values (as in this example), however, disintegration (or accumu- 
lation) of  information is a comparatively slow process. 

INITIAL SENTENCE: TAKE ADVANTAGE OF MISTAKE 

DIGIT QUALITY ~rn : 0.985 

SELECTIVE ADVANTAGE PER BIT: 2,5 

NUMBER OF BEST SENTENCE NUMBER OF 

GENERATION MISTAKES 

1 TAKE ADVANTAGE OF MISTAKE o 

5 TAKF DVALTAGE OF MISTAKE 3 

lo TALF ADVALTACE OF MISTAKI 5 

2o DAKE ADUAVEAGE OF MJUTAKE 6 

4o TAKE ADVONTQCU OF MFST!ME 7 

71 TAKEB ?VALTAGI LV MIST!KE 8 

71 GENERATION FOR _ ~rn = o,97 

?AMEBADTIMOACFHQEBA!STBMF 18 

Compar ison of the last two rows (referring to generation 71) shows 
that  disintegration is much  faster at an error rate of  3% (g/,.= 
0.97). 
For  the other example (selective advantage per bit = 10) the thresh- 
old is no t  yet passed at ~, ,=0.985; so that  information is stable, 
as seen below, where the process starts with the correct sentence. 

INITIAL SENTENCE: TAKE ADVANTAGE OF MISTAKE 

DIGIT QUALITY _ qm" o,985 

SELECTIVE ADVANTAGE PER BIT: 10 

71 GENERATION 

OUTPRINT OF 8 REPRESENTATIVE SENTENCES 

NUMBER OF 

MISTAKES 

TAKE ADVANTAGE OF MISTAKE 

TAKE ADVANTAGIPOF MISTAKE 

TAKE ADVANTAGE OF MISTAKE 

TBKE !DVANTAGE OF MISTAKE 

SAKE ADVANTAGE OF MGSTAME 

TAOE ADVANVAGE OF MISTAKE 

TAKE ADVAVTAGE OF MISTAKE 

TAKE .DVANTAGE OF MISTAKE 
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according to their meaning, or better, according to 
their more or less close relationship to any meaning. 
This evaluation is to be effected by intrinsic meaning- 
dependent properties of the sequences, which in- 
fluence their rates of reproduction and (or) removal 
as expressed by the selective value. 
In natural selection, the target of evolution is always 
the genotype which represents the phenotype with 
the optimum selective value. Evaluation then is 
effected via the phenotypic, i.e., physical and chemical 
properties of the particular individual which deter- 
mine the reproduction rate and quality, as welt as 
the lifetime of the genotype in relation to the average 
of its competitors present in the population. Likewise, 
in our psychic memory we can associate with any 
sequence of letters a reproductive value which is re- 
lated to its meaning. In our game we could, thus, 
evaluate any sequence of letters according to its rela- 
tion to meaning, using our imagination. The com- 
puter, of  course, can achieve such a goal only via 
a particular program, in which the evolving sentences 
are compared with one or several possible target sen- 
tences. 
Let us then assume, that each sequence is reproduced 
with a rate which depends on the number of symbols 
that coincide in their position with those of  a (mean- 
ingful) target sentence. Using binary coding we may 
define, that with each bit closer to the target, we 
enhance the reproduction rate by a certain factor; 
with each bit more distant we slow it down corre- 
spondingly. 
The information about possible target sentences 
which thereby has to be Supplied to the computer 
in advance, however, is not used for any other pur- 
pose than to provide the computer with a value 
scheme. The evaluation procedure could easily be 
made more sophisticated, i.e., more closely resem- 
bling our mental evaluation of 'meaning, '  up to a 
level that the particular target finally reached is not 
at all predetermined. However, these mechanistic de- 
tails of simulation are not of  so much importance 
for exemplifying the physical meaning of the thresh- 
old relation, after we can well define the intrinsic 
evaluation procedure of molecular evolution (an 
example is provided by a game model demonstrating 
the evolution of t -RNA molecules [18]). The results 
of the computer experiment, according to Table 3, 
can be summarized as follows: 
At high symbol-reproduction quality, e.g., for a sen- 
tence of 100 bits with average error rates per symbol 

1 --qm < 10-  2 

the evolutionary progress is very slow, even if large 
o-m-values, i.e., large selective advantages are involved. 
Maximum progress is achieved if we choose average 

error rates (1--0m) which are of the same order of 
magnitude as 1/Vm (e.g., for 100 bits: 0~0.99).  
For  sufficiently large O-m-values (>  3) the target sen- 
tence is then obtained within a number of generations 
which corresponds to the order of  magnitude of  the 
evolutionary distance between the target and the ini- 
tial (more or less random) sequence (e.g., 100 gener- 
ations). However, as soon as the threshold for 1--0m 
= ln~m/Vm is surpassed, no more information can be 
gained, regardless of how large a selective advantage 
per bit is chosen. If one starts out with a nearly 
correct sentence, the information disintegrates to a 
random mixture of  letters, rather than to evolve to 
an error-free copy. The threshold is very sharp but 
the rate of  disintegration varies near the threshold. 
There is only a weak dependence of the threshold 
value on the magnitude of o-m, unless this parameter 
gets very close to unity. The superiority ~m is calcu- 
lated from the relative selective advantages, and, 
hence, some knowledge about  the error distribution 
(relative to the respective optimal copy) is required. 
This distribution of course depends on the magnitudes 
of the selective advantages. The computer experiment 
closely resembles the expected error distribution, 
which near the critical value 1-g/m ~ 1/Vm (with in ~m 
~1)  yields an almost equal representation of the 
optimum copy, all one-error copies (relative to opti- 
mum), and the sum of all multiple-error copies (in 
which distribution the two-error copies again are 
dominantly represented, with strongly decreasing ten- 
dency for copies with more errors). For  smaller selec- 
tive advantages (e.g., Win,,-- Wkk < 3) this representa- 
tion shifts in favor of the error copies and in disfavor 
of the (relative) optimum, which for In o-m= 1 is al- 
ready present with less than 10% of  the total. 

IV. 2. Experimental Studies with RNA-Phages 

As trivial as this game may a p p e a r - a f t e r  one has 
rationalized its resu l t s -as  relevant has it turned out 
in nature in determining the information gained at 
the various levels of precellular and cellular self-or- 
ganization. An experiment resembling almost exactly 
the above game has been carried out with phage Q~ 
by Ch. Weissmann and his coworkers [32, 33]. 
An error copy of  the phage genome has been 
produced by site-directed mutagenesis. The procedure 
consists of  in vitro synthesis of the minus strand of 
the phage RNA containing at the position 39 from 
the 5'-end the mutagenic base analog N4-hydroxy 
CMP, instead of the original nucleotide UMP. Using 
this strand as template with the polymerizing enzyme 
Q~-replicase, an infectious plus strand could be ob- 
tained in which at position 40 from the 3'-end this 
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position corresponds to position 39 from the Y-end 
in the minus strand and is located in an extra-cistronic 
r e g i o n - a n  A-residue is substituted by G. E. coli 
spheroplasts then were infected with this mutant  plus- 
strand yielding complete mutant p h a g e  particles, 
which could be recovered from single plaques. Serial 
transfer experiments in vivo (infection of E. coli with 
complete phage particles) as well as in vitro (rate 
studies with isolated RNA strands using Q/rreplicase) 
allowed f o r . a  determination of  reproduction rate 
parameters for both the wild-type and the mutant-40 
including their distributions of  satellites. Combined 
fingerprint and sequence analysis, applied to succes- 
sive generations, indicated changes in the mutant pu- 
pulation due to the formation of revertants. Studies 
with different initial distributions of  wild-type and 
mutant revealed the fact that natural selection in- 
volves the competition between one dominant individ- 
ual and a distribution of  mutants. The quantitative 
evaluation shows that the value depends on the partic- 
ular selective advantage as well as on distribution 
parameters of the mutant  population. The wild-type 
as compared with the particular mutant  shows a selec- 
tive advantage 

Wwild_type- Wmutant ~ 2 to 4 

while the rate of substitution was estimated to be 

1 - q ~ 3  x 104. 

The q-value is based on the rate of revertant forma- 
tion and hence applies to the particular (complemen- 
tary) substitutions 

G ~ A or C ---, U, respectively. 

According to Eq. (20) the quality factors of  both the 
plus and the minus strand contribute equivalently to 
the fidelity of reproduction. G ---,A and C ~ U substi- 
tutions are, therefore, equivalent. They may not differ 
too mucfi from A ~ G and U ---, C replacements, the 
main cruise being the similarity of  wobbling for G U  
and UG interactions. 
Since the replicating enzyme requires the template 
to unfold in order to bind to the active site, the q- 
values should not further depend on the secondary 
or tertiary structure of  the template region. In vitro 
studies with a midi-variant of  QB-RNA [27] yield 
rates for C ~ U  substitutions which are consistent 
with the values reported above. Purine ~ pyrimidine 
and pyrimidine--, purine substitutions seem to occur 
much less frequently and, hence, do not contribute 
materially to the magnitude of 0. 
A determination of a,~ is more difficult, since it de- 
pends on the magnitude of Ek+ m. First of all, i t  is 
noteworthy that modification of an extracistronic re- 

gion -- which does not influence any protein encoded 
by the phage R N A - h a s  such a considerable effect 
upon the replication rate. S. Spiegelmann was the 
first in stressing the importance of phenotypic prop- 
erties of the phage RNA molecule with respect to 
the mechanism of replication and selection. The o'm 
value reported above refers to a particular mutant 
and its satellites. Other mutants might influence the 
tertiary structure of Q~-RNA in a different way and, 
hence, exhibit different replication rates. Moreover, 
mutations in intracistronic regions may be lethal and, 
therefore do not contribute to Ek+m at all. If we 
consider the measured value as being representative 
for the larger part of  mutations we obtain for the 
maximum information content, then, a value only 
slightly larger than the actual size of the Q~ genome, 
which comprises about 4500 nucleotides. One might 
be somewhat suspicious with such a close agreement 
and we have mentioned our reservations. However, 
they refer mainly to the value of a,, which enters 
only as a logarithmic tenn. Larger a,, value would 
still yield acceptable limits for Vma x. Thus the value 
obtained may finally be not too far beyond reality. 
There is another set of experiments, carried out by 
Ch. Weissmann and his coworkers [24], which indi- 
cates the presence of  a relatively small fraction of 
standard phage in the wild-type distribution. These 
data suggest that a2, 1 ~ Q~ and that the actual number 
of nucleotides is indeed very close to the threshold 
value Vma x (cf. Eq. 18). 
The midi-variant, used in the evolution experiments 
of G. Mills and S. Spiegelmann et al. [27] consists of 
only 218 nucleotides and, hence, is not as well adapted 
to environmental changes as QB-RNA. It is, of  course, 
optimally adapted to the special environment of  the 
's tandard reaction mixture,' used in the test-tube ex- 
periments (which does not require the RNA particles 
to be infectious). However, its response to changes 
in the environment, e.g., to the addition of the replica- 
tion inhibitor ethidium bromide, is fairly slow. The 
mutant obtained after twenty transfers, each allowing 
for a hundredthousand-fold amplification differs in 
only three positions from the wild-type of  the midi- 
variant and shows a relative small selective advantage 
in the new environment. The reason for the slow 
response is that 218 nucleotides with an average single 
digit quality of 0.9995 yield Q values close to one 
and lead to wild-type sequences, that are very faith- 
fully replicated, carrying along only a small fraction 
(~< 10%) of mutants in their error distribution. 
The remarkable result of these studies in the light 
of theory is not the fact that the threshold relation 
as an inequality is fulfilled. Since its derivation is 
based on quite general logical inferences, any major 
disagreement would have indicated serious mis- 
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conceptions in our understanding of Darwinian sys- 
tems. There is not the slightest reason for any such 
discrepancy, since we know quite well the molecular 
mechanism of self-replication in such a ' lucid' system 
as phage Q~. The truly surprising result is that the 
actual value of v not only remains below the threshold 
vmax, but, in fact, resembles it so closely. The number 
of nucleotides could easily have been restricted by 
factors other than symbol quality c~, thereby yielding 
v values far below the threshold allowing for a repro- 
ducible accumulation of information. 

Even more important is to realize that in nature no 
(single-stranded) RNA phage exists which comprises 
more than about 10000 nucleotides in its genome. This 
suggests that the enzymic mechanism of RNA replica- 
tion, especially with respect to the discrimination of  
the bases A and G or U and C has reached its optimum 
and could not be improved further. It is not possible 
for any single-stranded RNA to maintain reproducibly 
more information than is equivalent to the order of  
magnitude of  1000 to 10000 nucleotides (the precise 
number depending on the value of  crm). 

Hence, we are forced to conclude that these RNA 
phages during their evolution, indeed, tried to accumu- 
late as much information as was possible, utilizing also 
large extracistronic, but phenotypically active regions 
in their genome. This fact does not exclude that under 
other (e.g., artificial) conditions much smaller RNA 
molecules, such as the mentioned mid#variant, could 
win the competition, or that under different natural 
circumstances also much smaller viable phages exist. 

5'  

3 :% 

| 
5' 

J 

5' 

Fig. 11. The replication cycle encountered in RNA phages leads 
to single-stranded units of  RNA with highly specific secondary 
and tertiary structures utilized as phenotypic targets [11, 34]. The 
formation of  complete or partial duplices between plus and minus 
strands (the so-called Hofschneider or Franklin pairs, resp.) is 
prevented by an immediate internal folding of the newly synthesized 
strand. Using a midi-variant of  the phage Q/~, S. Spiegelmann 
and coworkers [35] were able to demonstrate the existence of  inhib- 
itory effects due to duplex formation. Single-strand replication 
is based on an efficient interaction of  the replicase with both the 
plus and the minus strand, requiring a certain symmetry in those 
regions of the tertiary structure which are phenotypically impor- 
tant. 

Larger molecules could exist, of course, according 
to chemical criteria, but they would be of no evolu- 
tionary value. Moreover, the requirements for selec- 
tive conservation of information must be fulfilled by 
both the plus and the minus strand, as prescribed 
by Eq. (20), although only one of the strands needs 
to carry the genetic information to be translated by 
the host mechanism. These conclusions apply only 
to RNA molecules which in their replication phase 
act as single-stranded templates and for which the 
mechanism depicted in Figure 11 has been proposed 
[111. 

IV. 3. DNA-Replication 

With double-stranded molecules, especially with 
DNA, we encounter a quite different situation. They 
generally reduplicate in the form of double-stranded 
units, i.e., they may be considered to be truly self- 
reproductive, at least in a phenomenological sense 
(even if the instruction conveyed is based again on 
the complementarity of the nucleotides). 
Let us briefly summarize what is known [10] about 
reproduction of such double-stranded DNA mole- 
cules (cf. Fig. 12): 
a) Repiication is a semi-conservative process. Each 
of the two strands of the DNA duplex is copied during 
the reproduction phase, leading to two (essentially 
identical) duplices, each of which contains one paren- 
tal strand. 
b) Replication starts at a defined growing point and 
may proceed in both directions of the strand. The 
unwinding of the double strand is aided by so-called 
unwinding proteins, some of which have been isolated 
and identified. They enhance the rate of unwinding 
as much as thousand-fold, yielding a relatively fast 
movement of the replication fork. At the same time 
it is necessary to relieve the torque caused by the 
unwinding in some part of the molecule. It is 
suggested, that a chain break and repair mechanism, 
effected by endonucleases and ligases, may permit 
intermediate rotation of chain sections around a phos- 
phodiester bond. 
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Fig. 12. The semi-conservative replication of double-stranded DNA 
is a highly sophisticated process including many steps of reaction 
and control of which the most important ones are indicated here 
[10]. Both daughter strands are polymerized in the 5' ~ 3' direction. 
The unwinding of the parental double helix is effected concomi- 
tantly by an unwinding protein (U). The synthesis of new fragments 
is initiated by RNA primers formed with the help of an enzymic 
system (I) and later hydrolyzed away presumably by the nuclease 
function of polymerase-I (P0- Chain elongation up to fragments 
with 1000 to 2000 nucleotides is believed to be effected mainly 
by the polymerase-III complex (Pro). Those nascent so-called Oka- 
zaki fragments have to be linked together by a ligase (L). Mispaired 
nucleotides at the 3'-end of the fragments (and only those) are 
excised by the 3' --+ 5'-exonuclease function, most likely of the poly- 
merase-I complex (Pl), whose activity is predominantly associated 
with gap filling and repair. Other features, such as repair by 5" -~ 3'- 
exonuclease action, through which whole fragments of DNA can 
be removed, are not included in this scheme since they may not 
be as important for the synthesis of new strands. 

c) Replication of  both strands proceeds by inclusion 
of nucleotide residues in the 5'-3' direction. The 
DNA-polymerases  can include the monomers  only 
in this unique vectorial way, which canno t  take place 
concomitantly at both strands. Electron microscopy 
with a resolution of  about  100 A has revealed the 
existence of single-stranded regions at only one side 
of  the growing fork, suggesting that the other strand 
is completed only after a larger stretch, sufficient for 
a 5'-3' progression, has been created. 
d) Replication occurs in short, discontinuous pulses. 
In prokaryotes,  the fragments produced in a single 
pulse are about  1000 to 2000 nucleotides long. They 
are initiated by the format ion of  primers, for which 
very short segments of  R N A  serve. The fragments 
of  copied D N A  occurring along both strands behind 
the replication fork are later sealed together by li- 
gases. 

e) The various functions required in D N A  replication 
have been identified by isolation of  the particular 
enzymes and by demonstrat ion of their activity. In 
particular, several polymerase complexes (I, I I  and 
III)  have been characterized, which comprise poly- 
merizing as well as several chain-decomposing func- 
tions. Of  special interest here is the 3' ~ 5' exonuclease 
activity of  polymerase I. It  allows for a preferential 
excision of  a non-base-paired nucleotide at the 3'- 
terminus of the growing chain. Since chain growth 
occurs only in the 5'--. 3' direction this exonuclease 
function allows for  a proofreading of the newly syn- 
thetized chain fragments. Its optimal activity is about  
2% of  that of  polymerizing functions. The 3 ' - - ,5 '  
exonuclease is to be distinguished f rom a 5 ' ~ 3 '  exo- 
nuclease, which also is part  of  the DNA-polymerase  
I complex and probably involved in excision repair. 
It  acts only at the Y-terminus and cleaves the di-ester 
bond at a base-paired region, possibly up to 10 re- 
sidues apart  f rom the Y-end. It, hence, can remove 
oligonucleotides, while the proofreading 3 ' ~  5' en- 
zyme only removes single non-base-paired nucleotides 
at the end of the growing chain. 

We may conclude now an important  difference be- 
tween R N A  and D N A  replication, which is expressed 
in the average symbol quality factors for both mecha- 
nisms. In R N A  replication the accuracy of  informa- 
tion transfer has to be established in the continuous 
polymerization. However  the RNA-replicase solves 
the problem, it achieves apparently a limiting value 
of c? between 0.9990 and 0.9999. Approximately the 
same fidelity should be reached by any continuous 
DNA-polymeriz ing mechanism. 

Mutant  bacteriophage DNA-polymerases  devoid of  
Y ~  5'-exonuclease activity have been tested in vitro 
and shown to incorporate errors with the relatively 
high frequency of  about  one for every thousand nu- 
cleotides. Similar results have been reported for 
purified avian myoblastosis  virus DNA-polymerase.  
However, also lower error rates have been found. 
For  instance, studies with small eukaryotic DNA-  
polymerases, lacking proofreading exonuclease activ- 
ity, yielded values one order of  magnitude lower than 
in the cases mentioned above (i.e., one for every five- 
to tenthousand nucleotides) [36-39]. 

The observed D N A  fragment  of  1000 to 2000 nucleo- 
tides, appearing during D N A  polymerization (in pro- 
karyotic cells) may also directly refer to the limited 
fidelity of  the polymerase function. Apparently,  the 
polymerase cannot  easily extend a mispaired terminus 
generated by itself ([10], p. 88), although this has been 
observed in the absence of exonucleases. On the other 
hand, 3'-5'-exonuclease if present will recognize the 
mismatch and excise the wrong nucleotide. There is 
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no reason to assume that the optimal resolving power 
at this step is much different from that in polymeriza- 
tion. Hence, proofreading may reduce the error rate 
(optimally) by another three orders of magnitude. 

Correction of errors, on the other hand, cannot be 
postponed to any later stage, i.e., after both chains 
have been completed. Although repair systems using 
5' --, 3'-nuclease activities do exist, they cannot deter- 
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Fig. 13. Genetic recombination allows for  error detection in completed double strands of DNA.  This model was originally proposed to 
explain the mechanism of  crossing over. It can be applied to error correction as well. The symbol �9 designates a genetically correct, 

the symbol o an erroneous nucleotide. Accordingly ~ always resembles the correct complementary, ~ the mismatched (non-complementary) 

and ~ the complementary, but erroneous nucleotide pair, regardless of which of the four nucleotides is involved. Assume that strand 

nicking is triggered by a mismatched pair (stage II). Then 3'~5'-exonuclease action will correct the error: ~ -~ ~ in 50% of the cases 

(stage III), while in the other 50% the wrong nucleotide will complement itself: ~ --*~. The incorrect (though complementary) pair, 

however, is not fixed as in a simple repair mechanism. Recombination with the correct copy (stage VI, VII) will restore the original 
situation (stage I and VIII) in which only one of four homologous positions is occupied by an incorrect nucleotide. Hence iteration 
of the procedure can lead to a steady reduction, rather than to a 50%-irreversible fixation of errors. This scheme points out that 
crossing over is associated with error checking in completed strands. The scheme (copied from [45]) can be understood on the basis of 
known functions of DNA-polymerase, which does not exclude the existence of other hypothetical and, even more efficient mechanisms. 
A complete understanding of the fidelity problem, which has to include a consideration of vegetative multiplication processes, requires 
a more detailed knowledge of  the mechanism than is available hitherto 
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mine which of the two strands contains the mis- 
matched member of the incorrect pair (cf. [36]). More 
detailed mechanisms of kinetic proofreading have 
been proposed [40] and experimentally tested [41, 42] 
(for a review cf. [43]), 
We may therefore conclude: The optimum average 
symbol quality for DNA replication reaches values 
of  0.999999 or somewhat higher, thus allowing for 
an accumulation of  information of  up to an equiva- 
lent of  one to ten million nucleotides (depending on 
the magnitude of am). It is gratifying to notice that 
this number coincides with known sizes of genomes 
in prokaryotic cells (e.g.E.  coli: 4 x 106 base pairs). 
Again there is no need at all for any individual to 
reach this' limit. Other restrictions, such as packing 
requirements in the case of  DNA phages, etc., may 
limit the actual size of a genome. As for RNA phages, 
any intermediate size below the threshold may, thus, 
be observed. 

There is an upper limit for the genetic information 
content o f  a prokaryotic cell. Just as any extension 
beyond the single-strand information capacity of  104 
nucleotides requires a new mechanism involving double- 
stranded templates and proofreading enzymes, the new 
limit o f  about 107 nucleotides set by the prokaryotic 
DNA-reproduction mechanism could not have been ex- 
ceeded until another mechanism for further reduction 
of  errors was available. Such a mechanism, namely 
genetic recombination was invented by nature at the 
prokaryotic level However, it took about two to three 
billion (10 9) years before it reached perfection in order 
to give rise to another extension o f  the genetic informa- 
tion content of  single individuals. 

The process of  genetic recombination utilized by all 
eukaryotic cells requires two alleles to be identified 
at their homologous positions. Since the error rate 
for the enzymic DNA reproduction is below 10-6 
per nucleotide, uncorrected mistakes are very rare 
and cannot be present in more than one of the four 
equivalent sites of  the two alleles. Hence, there is 
a further opportunity to identify and correct those 
errors in the recombinants, even if they occur in for- 
merly completed duplices. A possible scheme is 
depicted in Figure 13. However, the mechanism of  
recombination is neither yet known in sufficient de- 
tail, nor  is it clear how many steps finally are responsi- 
ble for the further reduction of the error rate. The 
fact is that such a reduction has been achieved, as 
is revealed by an analysis of evolutionary trees, and 
that it is an important  prerequisite for the expansion 
of  genetic information capacity up to the level of 
m a n .  

IV. 4. The First Replicative Units 

For a discussion of  the origin of biological informa- 
tion we have to start at the other end of the evolution- 
ary scale and analyze those mechanisms which led 
to the first reproducible genetic structures. The physi- 
cal properties inherent to the nucleotides effect a dis- 
crimination of complementary from non-complemen- 
tary nucleotides with a quality factor 0 not exceeding 
a value of 0.90 to 0.99. The more detailed analysis 
based on rate and equilibrium studies of cooperative 
interactions among oligonucleotides has been 
presented elsewhere [4, 44]. In order to achieve a 
discrimination between complementary and non-com- 
plementary base pairs according to the known differ- 
ences in free energies, the abundant presence of cata- 
lytically active, but otherwise uncommitted proteins 
as environmental factors might have helped. How- 
ever, uncommitted protein precursors in some cases 
will favor the complementary, in other cases the non- 
complementary, interaction. Any preference of one 
over the other can only be limited to the difference 
of  free energies of the various kinds of pair interac- 
tion. Any specific enhancement of  the complementary 
pair interaction would require a convergent evolution 
of those particular enzymes which favor this kind 
of interaction. In order to achieve this goal they must 
themselves become part of the self-reproducing sys- 
tem which in turn requires the evolution of a transla- 
tion mechanism. 
The first self-reproductive nucleic acid structures with 
stable information con ten t -g iven  optimal ~ values 
of 0.90 to 0 .99 -were  t-RNA-like molecules. For  any 
reproducible translation system, however, an infor- 
mation content larger by at least one order of magni- 
tude would be required. As we know from the analysis 
of  RNA-phage replication, such a requirement can 
be matched only by optimally adapted replicases, 
which could not have evolved without a perfect trans- 
lation mechanism. The phages, we encounter today, 
are late products of evolution whose existence is based 
on the availability of  such a mechanism, without 
which nature could not afford to accumulate as much 
information in one single nucleic acid molecule. 
Hence, there was a barrier for molecular evolution 
of nucleic acids at the level of t-RNA-like structures 
similar to those barriers we find at later stages of 
evolution, requiring some new kind of  mechanism 
for enlarging the information capacity. 

The t-RNA's or their precursors, then, seem to be the 
'oldest' replicative units which started to accumulate 
information and were selected as a quasi-species, i.e., 
as variants of  the same basic structure. 
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The first requirement was stability towards hydro- 
lysis. It has been shown by a game model, similar 
to the one described in IV. 1., that the presently known 
secondary (and tertiary) structure of t-RNA (cf. 
Figs. 14a and b) is a direct evolutionary consequence 
of this requirement. The symmetry of this structure, 
furthermore, reflects the optimization of its replicative 
mechanism which, according to Eq. (20), supposes 
equivalent behavior of the plus and the minus strand 
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Fig. 14. Symmetry of functional RNA molecules, as exemplified 
with t-RNAP he, aids single-strand replication by specifically 
adapted enzymes. The plus and minus strands of the symmetrical 
structure are distinguished by common phenotypic features. Al- 
though t-RNA's in present organisms are genotypically encoded, 
their symmetry might still reflect the ancestrial mechanism of 
single-stranded RNA reproduction, for which plus and minus 
strand are equally important. The symmetry is most obvious in 
the secondary structure (a), but shows up accordingly also in the 
tertiary structure (b) (reproduced from [46]) 
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Fig. 15. 'Flower" model of Spiegelmann's midi-variant of Qfl-RNA 
(plus strand). Symmetry requirements are less important where 
the information is mapped in genotypes which are reproduced 
via standardized polymerization mechanisms. The midi-variant of 
phage Qfl is selected solely for its phenotypic information, in that 
it exhibits an optimal target structure for recognition by the enzyme 
Qfl-replicase. This property must be inherited by both the plus 
and the minus strand. The symmetry of the structure becomes 
most obvious in the 'flower' model, although this arrangement 
probably does not represent the natural structure of the active 
molecule. According to the mechanistic conditions of single-strand 
replication shown in Figure 11, a model admitting immediate chain 
folding during synthesis [27] should be advantageous 

in order to yield optimal performance. This symmetry 
can also be found at the level of RNA phages, espe- 
cially for variants which are selected for being pheno- 
typically most efficient with respect to in vitro replica- 
tion, but otherwise not carrying genetic information 
(Fig. 15). 

IV. 5. The Need for Hypercycles 

It is the object of this paper to show, first that the 
breakthrough in molecular evolution must have been 
brought about by an integration of several self-repro- 
ducing units to a cooperative system and, second that 
a mechanism capable of such an integration can be 
provided only by the class of hypercycles. This conclu- 
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sion again can be drawn from logical inferences, based 
on the following arguments: 
The information content of the first reproductive Digit 
units was limited to Vma x ~< 100 nucleotides. Several error 
of those units representing similar functions but dif- rate 
ferent specificities were required to build up a transla- 1-0m 
tion system. Such a system might have emerged from 
one quasi-species, but the equivalent partners had 5•176 
to evolve simultaneously. This is neither possible by 
linking them up into a larger self-reproductive unit 

5x10  4 
(because of the error threshold), nor could it result 
from compartmentation, because of  the strong com- 
petition among the equivalent self-reproductive units 1 • 10 -~ 
within the compartment.  Such a process rather re- 
quires functional linkages among all self-reproductive 
units, to be distinguished by the following qualities: 
a) The linkage must still permit competition of  each 1 • 10 9 

self-reproductive unit with its error copies, otherwise 
these units cannot  maintain their information. 
b) The linkage must 'switch off '  competition among 
those self-reproductive units which should be inte- 
grated to a new functional system and allow for their 
cooperation. 
c) The integrated functional system then must be able 
to compete favorably with any other less efficient 
system or unit. 
These three requirements can be fulfilled only by a 

c y c l i c  linkage among self-reproductive units or, in 
other words, the functional linkage among autono- 
mous self-reproductive units itself has to be of a self- 
enhancing cyclic nature, otherwise their total informa- 
tion content cannot  be maintained reproducibly. Hy- 
percyclic organization, thus, appears to be a necessary 
prerequisite for the nucleation of integrated self-re- 
productive systems of  larger information content, as 
were required for the origin of  translation. This state- 
ment is the conclusion of what is to be shown in 3. 
the subsequent parts by a more detailed analysis of 4. 
linked systems. 5. 

6. 

I f  we are asked, "What is particular to hypercycles ?", 
our answer is, "'They are the analogue of  Darwinian 
systems at the next higher level of  organization." Dar- 
winian behavior was recognized to be the basis of  gener- 
ation of information. Its prerequisite is integration of  
self-reproductive symbols into self-reproductive units 
which are able to stabilize themselves against the accu- 
mulation of  errors. The same requirement holds for 
the integration of  self-reproductive and selectively sta- 
ble units into the next higher form of organization, 
in order to yield again selectively stable behavior. Only 
the cyclic l inkage-as an equivalent of  autocatalytic 
reinforcement at this level (cf  II.) - i s  able to achieve 
this goal 

Table 4. The essential stages of  information storage in Darwinian 
systems 

Super- Maximum Molecular mechanism 
iority digit and example in biology 

content 
O" m F m a  x 

2 14 enzyme-free RNA 
20 60 replication a 

200 106 t -RNA precursor, v=80 

2 1386 single-stranded RNA replica- 
20 5991 tion via specific replicases 

200 10597 phage Q3' v~4500 

2 0.7 x 106 DNA replication via poly- 
20 3.0 x 106 merases including proofread- 

200 5.3 x 106 ing by exonuclease 
E. coli, v = 4  x l0 p 

2 0.7 • 109 DNA replication and recombi- 
20 3.0 • 109 nation in eukaryotic cells 

200 5.3 • 109 vertebrates (man), v=3  • 109 

" Uncatalyzed replication of  RNA never has been observed to 
any satisfactory extent; however, catalysis at surfaces or via not 
specifically adapted proteinoids (as proposed by S.W. Fox) may 
involve error rates corresponding to the values quoted. 

The results of section IV are summed up in Table 4, 
showing the essential stages of information storage 
in Darwinian systems, which could be facilitated by 
various storage mechanisms of  reproduction. 
This table will be useful for a discussion of a model 
of  continuous evolution from single molecules to inte- 
grated cellular systems, as presented in part C. 
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