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Major Evolutionary Transitions
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Major Evolutionary Transitions & “codes of life”

TABLE 1 The major transitions®

Replicating molecules to populations of molecules in compartments
Unlinked replicators to chromosomes

RNA as gene and enzyme to DNA and protein (genetic code)
Prokaryotes to eukaryotes

Asexual clones to sexual populations

Protists to animals, plants and fungi (cell differentiation)

Solitary individuals to colonies (non-reproductive castes)

Primate societies to human societies (language)

...the emergence of novel inheritance systems, involving new modes of
storing, transmitting, and processing information — new “codes of life”

Szathmary E., Maynard Smith J. The major evolutionary transitions, Nature, 374, 227-232, 1995.
Kun A. The major evolutionary transitions and codes of life, BioSystems, 210, 104548, 2021.
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Major Evolutionary Transitions & “codes of life”

Table 1
Identified major evolutionary transitions.
Major transition Type of Change in information How
transition usage/storage/ many
transmission times?
Genetic information Informational genetic inheritance 1
Membranes Informational structural inheritance 1
Metabolism Informational metabolic feedback loops 1
Informational - Egalitarian or information is used to 1
metabolic filial produce ribozymes
infrabiological
system
Origin of the cell Egalitarian ~
Chromosome Egalitarian genes linked into a few

molecules: the first and
second error thresholds are

solved
Genetic code and Informational genetic code, protein 1
translation enzymes

Kun A. The major evolutionary transitions and codes of life, BioSystems, 210, 104548, 2021.
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Major Evolutionary Transitions & “codes of life”

Major transition Type of Change in information How
transition usage/storage/ many
transmission times?
Mitochondrion as a Egalitarian genetic information in the 1
cell organelle cell nucleus and in the
mitochondrion
Obligate sexual Fraternal genetic information is many
populations stored in the population times
Plastid as cell Egalitarian genetic information alsoin  8-10
organelle the plastid
Multicellularity Fraternal epigenetics 20-22
Neural replicator Filial information transmission 1
via electric sign
Adaptive immune Filial specialized cells can havea 1
system different genome
Eusociality Fraternal 17-18
Animal culture Filial or behavioural inheritance -
Informational
Human language Filial symbolic inheritance 1

Kun A. The major evolutionary transitions and codes of life, BioSystems, 210, 104548, 2021.
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Thermodynamic arrow of time
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https://medium.com/starts-with-a-bang/did-the-universe-have-zero-entropy-when-it-first-began-2fe43224de46

Thermodynamic arrow of time is defined by the second law of
thermodynamics, which states that entropy in a closed system always
increases over time, leading to the irreversibility of natural processes
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2 Cosmological arrow of time

Cosmological arrow of time

The universe began in a very hot, smooth, low-entropy state
and has been expanding and becoming more complex ever since.

TIME

S .

BIG BANG EARLY UNIVERSE GALAXIES FORM STARS, PLANETS, PRESENT FAR FUTURE
13.8 bilon 380,000 years 1 LIFE

380,000 ye 1 bilon years 12.8 billios >10"-10" years
years ago after the Big Bang after the Big Bang g billlon year: years after after the Big Bang
E the Big Bang

ENTROPY INCREASES

The large-scale direction of time et by the erse from an initial low-entropy state
to a future of greater disorder

Image generated with Microsoft Copilot (Al-generated image), 23 July 2026
Cosmological arrow of time refers to the direction of time in which the

Universe is expanding, and is based on the observation that the
Universe is growing larger over time, as opposed to contracting
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Is there a biological arrow of time?

Cosmological arrow of time

low entropy high entropy
low disorder high disorder ENTROPY BOREASES

https://medium.com/starts-with-a-bang/did-the-universe-have-zero-entropy-when-
it-first-began-2fe43224de46 Image generated with Microsoft Copilot (Al-generated image), 23 July 2026
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Open ended evolution

“These rules themselves need to evolve, but how? We
need an additional set of rules describing the evolution
of the original rules.

But this upper level of rules itself needs to evolve.

Thus, we end up with an infinite hierarchy, an inevitable
reflection of the fact that the dynamic we are seeking is
inherently self-referential.”

Goldenfeld N., Woese C. Life is physics: evolution as a collective phenomenon far from equilibrium, Annual
Review of Condensed Matter Physics, 2, 375-399, 2011.
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“..the overwhelming amount of novelty needed to bring

modern cells into existence ...is the central and most

challenging question...”

“Somewhere along the line there had to have occurred a saltation that we could call
the “coding threshold,” where the capacity to represent nucleic acid sequence
symbolically in terms of a (colinear) amino acid sequence developed, a development

that would generate a truly enormous new, totally unique evolutionary phase space.”

Woese, C.R., A new biology for a new century, Microbiology and Molecular Biology Reviews, 68(2):173-186, 2004.
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Novelty generation and “coding thresholds”

“...Darwinian threshold or Darwinian transition, for it would
be only after such a saltation had occurred that we could
meaningfully speak of species and of lineages as we know

them.”

“...It was one such transition that took the cell out of its initial primitive state in which
HGT dominated the evolutionary dynamic (and evolving cells had no stable
genealogical records and evolution was communal) to a more advanced (modern)
form (where vertical inheritance came to dominate and stable organismal lineages

could exist)...

Woese, C.R., A new biology for a new century, Microbiology and Molecular Biology Reviews, 68(2):173-186, 2004.
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Novelty generation and “coding thresholds”

“... Another good critical-point candidate is the advent of

(eucaryotic) multicellularity. Here too the saltation is

accompanied by a qualitatively new world of possibilities.”

Woese, C.R., A new biology for a new century, Microbiology and Molecular Biology Reviews, 68(2):173-186, 2004.
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Novelty generation and “coding thresholds”

“... Another good critical-point candidate is the advent of
(eucaryotic) multicellularity. Here too the saltation is

accompanied by a qualitatively new world of possibilities.”

“...It is immediately apparent that one of them is the development of language(s).
Human language is a development that has set Homo sapiens worlds apart from its
otherwise very close primate relatives, adding new dimensions to the phase space

within which human evolution occurs.”

Woese, C.R., A new biology for a new century, Microbiology and Molecular Biology Reviews, 68(2):173-186, 2004.
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Novelty generation and “coding thresholds”

“... Another good critical-point candidate is the advent of
(eucaryotic) multicellularity. Here too the saltation is

accompanied by a qualitatively new world of possibilities.”

“...It is immediately apparent that one of them is the development of language(s).
Human language is a development that has set Homo sapiens worlds apart from its
otherwise very close primate relatives, adding new dimensions to the phase space

within which human evolution occurs.”

“A common thread that links language and multicellularity is communication
(interaction at a distance). In each case a complex, sophisticated network of
interactions forms the medium within which the new level of organization (entities)

comes into existence.”

Woese, C.R., A new biology for a new century, Microbiology and Molecular Biology Reviews, 68(2):173-186, 2004.
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Evolutionary transitions (Watson & Szathmary)

Challenges in Current Evolutionary Theory — Caused When the Products
of Evolution Modify the Mechanisms of Evolution

/
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Watson R. A., Szathmary E. How can evolution learn? Trends in Ecology and Evolution, 31, 147 - 157, 2016.
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Evolutionary transitions (Watson et al.)
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Watson R. A. et al. Evolutionary connectionism: algorithmic principles underlying the evolution of biological
organisation in evo-devo, evo-eco and evolutionary transitions, Evolutionary Biology, 43, 553 - 581, 2016.
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Evolutionary connectionism (Watson et al.)
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no interactions shallow interactions deep interactions
independent interdependent new level of
individuals individuals individuality

Watson R. A., Levin M., Buckley C. L. Design for an individual: connectionist approaches to the evolutionary
transitions in individuality, Frontiers in Ecology and Evolution, 10, 823588, 2022.



Evolutionary connectionism (Watson et al.)
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Watson R. A. et al. Evolutionary connectionism: algorithmic principles underlying the evolution of biological
organisation in evo-devo, evo-eco and evolutionary transitions, Evolutionary Biology, 43, 553 - 581, 2016.
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Tangled hierarchies and strange loops

Oscar Reutersvard (1937) /
Lionel Penrose & Roger Penrose (1958)

Drawing Hands: "an interaction between levels in which the top
the product, the hands, are level reaches back down towards the bottom
undertaking the operation — level and influences it, while at the same time
the drawing of the hands being itself determined by the bottom level”

Maurits Cornelis Escher (1948) — Hofstadter (1989)
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Self and a functional description of “self”

Drawing Hands: DNA: genetic instructions (sequence) used in
the product, the hands, are development and functioning of a living
undertaking the operation — organism (function and structure) —

the drawing of the hands needed to construct other components of

cells, and copy itself

M. C. Escher, Drawing Hands, Wikipedia Wikipedia



Tangled hierarchy

Top level: emergent macro-scale regularity

FAN

downward causation

External observer
(environment)

bottom-up emergence :
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Bottom level: micro-scale interactions




@ TIHE UNIVERSITY OF

SYDNEY Tangled hierarchy: type |

Top level: emergent shortest path

A
s . O — "
i Pheromone field & stigmergy | (\
e e - T e e e e T e s —' ®
L pheromone gradient

%

Bottom level: ant foraging




% TIE UNIVERSITY OF
SYDNEY Tangled hierarchy with self-modelling: type |l

Top level: phenotype (decoded information)
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Bottom level: genotype (encoded information)
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Self-reference and the Liar paradox

https://shirt.woot.com/offers/liars-paradox
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The Liar paradox and Godel sentence

https://shirt.woot.com/offers/liars-paradox
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Godel: incompleteness theorems

First Incompleteness Theorem: "Any consistent formal
system F within which a certain amount of elementary
arithmetic can be carried out is incomplete; i.e., there are
statements of the language of F which can neither be proved

nor disproved in F.* (1931)

Second Incompleteness Theorem: "For any consistent system F within which a certain
amount of elementary arithmetic can be carried out, the consistency of F cannot be

proved in F itself." (1931)

Wikipedia
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Incomputability and diagonalisation arguments
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Incomputability and diagonalisation arguments

referents
'Eg' “Ept Ey’ "E, T
EO POO PO] P02 POk
El P10 Pll P12 Plk
E2 PZO P21 P22 sz

expressions




Incomputability and diagonalisation arguments

referents
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Turing machines

alphabets: input X and tape I Ta pe

tape strings in £*

admissible syntax, given I', e.g.,

blank symbol {3 Read/write head
recognizable tape pattern in X*, .

- = 3
atven Program
infinite tape T A A

S 2\ ) |

= ‘J.u

This "universal computing machine" would be capable of performing any conceivable
mathematical computation if it were representable as an algorithm. BUT: It is not
possible to decide algorithmically whether a Turing machine will ever halt (1937).

This paper has been called "easily the most influential math paper in history”

— Avi Wigderson (2019)

Ludger Humbert / TEXample / CC BY 2.5; http://www.texample.net/tikz/examples/turing-machine/



RS Universal Turing Machine:
can simulate any other machine

machine
M

Input

I
O
I

M’s machine
oololl description
? (rules)

universal |
Turing

Input machine U |7 Output

Glenn D. Blank et al., 2003 http://www.cse.lehigh.edu/~glennb/um/1intro.pdf



Universal Turing Machine:

can simulate any other machine

Program M 1/P.R

Input/

start

program as data l

| A
’encodingofTuringMachineM\ ! encoding of input/ |
e e [0O[1[1]0|X|0O[0O]1]|= -
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Qll e

Universal Turing Machine
(UTM)
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Universal Decider Turing Machine:

does not exist!

P(M,w]) =

Universal Decider

V(IM]) =

The Liar

V(IV]D =

Self-referential
Liar

accept
reject

reject
accept

reject
accept

if M accepts w
if M does not accept w

if M accepts [M]
if M does not accept [M ]

it V accepts [V ]
if V does not accept [V']
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Self-reference and diagonalisation

Table 5

- inverter of universal decider

The cell (k, j) is the outcome of running V = M}, (the inverter
of P)on [My[M;]]. A contradiction occurs at cell (k, k).

[M] [M3>] [M3] [M]
M, accept reject accept accept
M» accept accept accept e reject
M3 reject accept reject reject
My, reject reject accept @

this

F I y < —Provabler(" y )

Sentence

v (PR
°

S a (g et



Expression — referent discrepancy

referents

I'EOW I-El-l I-Ezﬂ I-Ekj

Lk, N

R §

there are always more expressions (objects)
than referents (encodings)

expressions
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Evolutionary connectionism (Watson & Szathmary)

Auuyulaivun envirgnment B communi ty environment C  higher-leve envirgoment
individual

O O o \O)
o) O. RO
O @) > o8N atil o
@) Q O‘_U_;Q y—F(mla‘T?:"'axn)
o o b "
C O o o
O O O
O o} OS5 = E fl(mz)
O O 2O
)

no interactions shallow interactions deep interactions

independent interdependent new level of

individuals individuals individuality

= evolution is formally equivalent to unsupervised deep learning

= when evolved functions are non-linearly separable, the hierarchical structures constitute new individuals

= higher-level individuals enable information integration and collective actions

= when evolved interaction structures between units compute a non-linearly separable function, this makes
collective fitness, and hence reproduction, non-decomposable in a formal sense

= not all collective interests are reducible to a (sum of) individual preferences

= evolutionary tension between individual and group interests is an “inconsistency”, directly related to the
expression-referent discrepancy

Watson R. A., Levin M., Buckley C. L. Design for an individual: connectionist approaches to the evolutionary
transitions in individuality, Frontiers in Ecology and Evolution, 10, 823588, 2022.
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“Jumping out of the system...” (Hofstadter: JOOTSing)

“... we must ask if there exists a larger meta-system, encompassing the
computational undecidability, which may play the role of universal decider and
inverter... Importantly, an undecidable problem is framed within a given formal
system, and once the system is appropriately extended, the problem in point
becomes decidable — at the cost of generating other undecidable problems that

inevitably arise in the extended system.” [3]

[1] Hofstadter, D. R. Gédel, Escher, Bach: An eternal golden braid, 1980.

[2] Soare, R. I, Turing oracle machines, online computing, and three displacements in computability theory,
Annals of Pure and Applied Logic, 160: 368-399, 2009.

[3] Svahn, A. J., Prokopenko, M., An ansatz for computational undecidability in RNA automata, Artificial Life,
29(2): 261-288, 2023.
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Oracle machine (Turing)
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a —order Oracle machines and meta-simulation
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a —order Oracle machines and Turing jumps

Level

OI
OII

OIII

Can solve

Ordinary computable problems
Halting problem for ordinary machines
Halting problem for machines using 0’

Halting problem for machines using 0"
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a —order Oracle machines and Turing jumps

Level

OI
OII

OIII

Can solve

Ordinary computable problems

Halting problem for ordinary machines 0" E(l) dr R
Halting problem for machines using 0’ 0" < %) dzVyR

Halting problem for machines using 0"

0™ ¢« 30

= Quantifier alternation measures how many layers of dependence are present in
an arithmetic definition

= The Turing jump creates the additional computational power needed to decide
statements with one more layer of alternation
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Turing jumps and non-decomposable fithess

A non-interacting collection of agents may only realise simple, nearly
decomposable predicates:

F(xlv- . wxn) = Zfl(xl)

When interaction structures evolve, the collective can represent nested
dependencies, for example:

3 configuration of some parts such that
V perturbations of others
3 compensatory response

= Quantifier alternation measures how many layers of dependence are present in
an arithmetic definition (an aggregate organism)

= The Turing jump (transition in individuality) creates the additional computational
power needed to decide statements with one more layer of alternation



SYDNEY Conclusion: biological arrow of time as

open-ended meta-simulation

» Emergence of tangled hierarchy without self-modelling (TH type I), with
distributed coordination and imprecise replication

»  Encapsulation of compressed functional self-description, via encoding
(compression) of macro-level information patterns

» Formation of tangled hierarchy with self-modelling (TH type Il), with
encoding and decoding of compressed patterns

3 Self-reference: expressions becoming referents and vice versa

3 Undecidability, due to the expression-referent discrepancy: there are
always more expressions (objects) than referents (encodings)

»  Extension of the problem-space (JOOTSing), accessing “extended
patterns of information” and higher computational power

» lrreversible transitions because reversals would reduce evolutionary
advantage / computational power attained by the aggregates
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