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Thanks for organizing this 

meeting and inviting me!



The eukaryotic cell is very 

complex—too complex!



Merezhkovsky: symbiogenesis

• Two roots for the 

phylogenetic tree 

(1910)!!!!



Units of evolution

Some hereditary traits affect 

survival and/or fertility

1. multiplication

2. heredity

3. variability



The law of higgledy-piggledy

• Intuitive 

statistical 

mechanics of 

populations: 

Boltzmann



Mathematics

Ihave deeply regretted that I did not proceed 

far enough at least to understand something 

of the great leading principles of 

mathematics, for men thus endowed seem to 

have an extra sense. C. Darwin

An ounce of algebra is worth a ton of verbal 

argument.  J.B.S. Haldane
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Basic growth types and selection 

consequences

• dx/dt = k xp SURVIVAL OF

• p = 0 linear    everybody

• 0 < p <1 parabolic  everybody with    

some selectivity

• p = 1 exponential  fittest

• p > 1 hyperbolic  common 



Brian Arthur

• The parts of the economy that are resource-

based (agriculture, bulk-goods production, 

mining) are still for the most part subject to 

diminishing returns.

• The parts of the economy that are 

knowledge-based, on the other hand, are 

largely subject to increasing returns.



Multiple equilibria: 

distasteful?

• Some economists found the existence of more than one 

solution to the same problem distasteful—unscientific. 

"Multiple equilibria," wrote Josef Schumpeter in 1954, 

"are not necessarily useless, but from the standpoint of any 

exact science the existence of a uniquely determined 

equilibrium is, of course, of the utmost importance, even if 

proof has to be purchased at the price of very restrictive 

assumptions; without any possibility of proving the 

existence of uniquely determined equilibria—or at all 

events, of a small number of possible equilibria—at 

however high a level of abstraction, a field of phenomena 

is really a chaos that is not under analytical control."



And what this can lead to...



The major transitions (1995)

*
*
*

*

* These transitions are regarded to be ‘difficult’



The new account

Coming soon in PNAS...



Recurrent themes in transitions

• Independently reproducing units come 

together and form higher-level units

• Division of labour/combination of function

• Origin of novel inheritance systems 

Increase in complexity

• Contingent irreversibility

• Central control



Egalitarian and fraternal major 

transitions (Queller, 1997)



Von Kiedrowski’s replicator



The importance of dynamics

• Evolution, from the origin of life to the 

origin of language, is as much about 

dynamics as about structures

• Structures result from dynamics and in turn 

dynamics is affected by the structures thus 

emerged



The error threshold



A crucial insight: Eigen’s paradox 

(1971)

• Early replication must have been error-
prone

• Error threshold sets the limit of maximal 
genome size to <100 nucleotides

• Not enough for several genes

• Unlinked genes will compete

• Genome collapses

• Resolution???



Molecular hypercycle (Eigen, 

1971)

autocatalysis

heterocatalytic 

aid



Parasites in the hypercycle (JMS)

parasite

short circuit



Where there are hereditary 

replicators, there is the potential 

for cheaters

• Evolution had to solve this problem at 

several levels

• What can you achieve by a „poor man´s 

form” of compartmentation?



A ‘metabolic’ system on the 

surface (2000)



A cellular automaton simulation

• Reaction: template 

replication

• Diffusion (Toffoli-

Margolus algorithm)

• Metabolic 

neighbourhood 

respected

Metabolic Replication

Grey sites: neighbourhood

Black: empty site

X: potential mothers



Nature 420, 360-363 (2002).

Replicase 

RNA
Other RNA



Evolving population

• Molecules interact with their neighbours

• Have limited diffusion on the surface

Error rate Replicase 

activity



‘Stationary’ population

parasites

efficient 

replicases



The stochastic corrector model 

for compartmentation

Szathmáry, E. & 

Demeter L. (1987) 

Group selection of early 

replicators and the 

origin of life. J. theor 

Biol. 128, 463-486.

Grey, D., Hutson, V. & 

Szathmáry, E. (1995) A 

re-examination of the 

stochastic corrector 

model. Proc. R. Soc. 

Lond. B 262, 29-35.
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Division of labour

• Is advantageous, if the 

“extent of the market” is 

sufficiently large

• If it holds that a “jack-of-

all-trades” is a master of 

none

• Not always guaranteed 

(hermaphroditism)

• Morphs differ 

epigenetically



A modern overview of the 

fraternal transitions



Three phases of a major 

transition (Bourke, 2011)

Major transition

examples

Social group 

formation

Social group 

maintenance

Social group 

transformation

Eukaryote origins Origin of the 

eukaryotic cell

Control of 

organellar 

reproduction

Gene transfer from 

organelle to 

nucleus

Clonal organisms 

to sexual unicells

Origin of zygotes Control of meiotic 

drive

Obligate sexual 

reproduction

Unicells to 

multicellular 

organisms

Origin of 

multicellularity

Control of selfish

cell lineages

Early-diverging 

germline

• These can easily span half many millions of

years!





New types of transition

• Limited transitions are cases in which the 

formation and the maintenance of the units 

did not lead to vast adaptive radiations as 

seen in phylogeny.

• Recursive transitions: when analogous 

transition happpen from the product of the 

previous such transition

• Filial transitions: Origin and evolution of 

new Darwinian systems within the hierarchy



Repaeted and 

recursive 

origins of 

plastids



Recursive (fraternal) multicellularity
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Groups 

of cells



Groups of multicellular 

organisms



Two-species groups



When the Darwinian dynamic 

reinvented itself

More like 

articfial selection!





Three timescales

• They cannot be well separated

• Language propagates itself as well as other information

• Language change is fast by itself



Two remarkable adaptations

• Human language faculty

• Human cooperation

• On of them would be enough for about 5 

million years...

• Language rests on trust and shared interest

• Cooperation needs shared norms and 

punishment



The confrontational scavenging 

scenario



Neural information: the big 

omission
• Neither in Maynard Smith and Szathmáry’s analysis nor in 

our own was much attention given to the nervous system. 

• This is strange, because if the hallmark of a transition is a 

change in the way information is stored, transmitted and 

processed, then the emergence of the nervous system, a 

system that transmits a new type of information (neural 

information), should surely be seen as one of the most 

important transitions in evolution. 

• Since the nervous system is a key distinguishing feature of 

metazoans, failing to recognize its evolution as a major 

transition is even more surprising.

Jablonka and Lamb, 2006



Recuerdos de mi vida (Cajal, 1917, 

pp. 345–350)
“At that time, the generally accepted idea that the 

differences between the brain of [non-human] 
mammals (cat, dog, monkey, etc.) and that of 
man are only quantitative, seemed to me unlikely 
and even a little offensive to human dignity. . . 

[animals do not have] articulate language, the 
capability of abstraction, the ability to create 
concepts, and, finally, the art of inventing 
ingenious instruments. . . 

[These] seem to indicate (even admitting 
fundamental structural correspondences with the 
animals) the existence of original resources, of 
something qualitatively new which justifies the 
psychological nobility of Homo sapiens?. . . ’’.
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Treasure life on Earth!!!!
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Thanks for your attention

John Maynard Smith 

(1920-2004)


