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UPTO NOW

Classical Population Dynamic replicator models

+

Space or vesicles

( emergent or predefines mesoscale pattern)

+

invasion OR ongoing PHENOTYPIC Mutations

(parameters of the model)

Who persists/invades; outcompete/outevolve;

multilevel evolution: replicators and “above”

Evolution of complexity as conflict resolution



HOWEVER.......

what whe did “wrong” so far

“Defining property of biotic systems”:

Very high dimensional genotype space

complex genotype - phenotype mapping

Therefore use of phenotypic mutations in few dimensions
not appropriate

no RNA in RNA world

RNA-like Replicators dimensionless points
without pysical/chemical properties



Constructive Darwinian Evolution

Darwinian evolution as efficient design (optimzation) tool

Genetic Algorithms (Holland), evolutionary computation

• population of (coded) structures/solutions/’cases’
• mutational operators
• fitness criterion
• reproduce/decay according to fitness

e.g.

computer network design/ job scheduling
robotic control / body design

protein design

in vitro evolution Ribozymes (RNA world)



in vitro RNA evolution - ligase
search space ca 4120 - pop size 1010

WHY do we find it??

All positions essential!



Landscape important in hill climbing

(and evolution of finite population(?))

smooth - no epistasis rugged epistasis

Coding structure!



RNA secondary structure as paradigm for ’natural’

coding structure

genotype-phenotype (GP) map

• computable ’natural’ genotype-phenotype map

• RNA world

• in vitro evolution efficient

assume fitness depends on distance to

predefined target secondary structure

Early: Fontana, Schuster, Hoffacke,r Ancel, Flamm etc. (Vienna)
Huynen, van Nimwegen, Takeuchi, Hogeweg (Utrecht)
later/now: many others, e.g. Manrubia, Louis,....



RNA Structure (tRNA-phe yeast)



Computation of RNA genotype-phenotype mapping



RNA secondary structure as paradigm for genotype-phenotype
mapping

computable??

16SRNA 23S RNA

Min. Energy folding vs Conserved folding

A. globiformis, Anabaena sp., A. tumefaciens, B. japonicum, E. coli B. subtilis, T.

thermoph, Pir. marina, Rb. sphaero

Hofacker et al 2002 Secondary Structure Prediction for Aligned RNA Sequences



RNA-landscape:

multi-one genotype-phenotype mapping

Almost all sequences fold in ’typical shape’

but

Only small fraction of shapes is typical
Example: GC strings length 30:
1.07 ∗ 109 sequences
218830 shapes
22718 ”typical”
93.4% seqs in typical shape

Grüner, W. and Giegerich, R. and Strothmann, D. and Reidys, C. and Weber, J. and

Hofacker, I.L. and Stadler, P.F. and Schuster, P. 1996

Nevertheless...

GCAU seqs. length 70: 999919 different srructures in 1 million

seqs



RNA Landscape: average phenotypic change by mutations



(local) RNA Landscape

relation distance in genotype and distance in

phenotype

• single mutation: often NO change

ca 30% for length 70; saturates at 20% for longer seq.

• single mutation: sometimes NO similarity (max. distance)

• distance distribution of phenotypes independent of geno-

type distance for moderate to large genotype distances

(small correlation length)

RUGGED

True for different measures of phenotypic distance

Hamming distance on string representation

# bond changes



Folding of Eukaryotic mRNA:

major change by point mutation (5’ vs 3’ end)

5 3



2 different functional ribozymes

1 point mutation NO similarity in secondary structure

EA Schultes, DP Bartel - Science

found by ”evolutionary” search



RNA landscape: evolutionary consequences

shape of landscape important because of finite (localised) populaiton

- Rugged - small correlation length

- identical structures overrepresented ’closeby’

- single mutation can lead to complete change of structure

− > Stuck at local optima?...NO.....



Evolutionary dynamics of random RNA to prespecified

target secondary structure



Rugged fitness landscape

Evolution “stuck on local optima??”

NO......



DETOURS!



Percolation of sequence space by neutral networks

(Schuster)



Neutral Paths (Schuster and Fontana, 1994)

typical shapes percolate through shape space



RNA landscape, neutral paths, information threshold

Error/ Information threshold (as defined):

Q > σ−1

L < ln(σ)/(1− q)

−− > L <= 0 if mutant has same fitness (phenotype)

== Genotypic information threshold

cf Phenotypic information threshold

L < ln(σ)/((1− q)(1− λ)

Takeuchi and H. 2005



Above the (genotypic) information threshold (?)

(Adaptive vs) Neutral Evolution (neutral drift)

(cf Kimura, theory of neutral molecular evolution)

In FLAT landscape: Diffusion through genotype space (Kimura):

D = 5ApL/(3 + 4pN)

A replication rate, p mutation rate, L length, N pop. size

On neutral network D
′
= λD



evolution over neutral network is diffusion-like process

measured diffusion in RNA landscape (in target structure)



Higgs and Derrida: for finite populations

“speciation” in flat landscape



“punctuated evolution” (“epochal evolution”)



Punctuated evolutionary dynamics

(vs “new synthesis” vs Gould)

• external environmantel change???

• “waiting for unlikely mutation”

stuck on local optimum

• ecological quillibrium

stable spatial patterns

• phenotypic punctuated equillibria

stasis while on neutral path



Evolutionary dynamics: population structure



Population Structure: landscape sampling



Novelty ”seen” along the neutral path (Huynen 1998)

Innovations’ Shadow of similar structures
along neutral paths

Zuckerhandl ”Neutral + adaptationist evolution reconciled”

(Kimura memorial lecture)



RNA Genotype - Phenotype mapping Ideal for

evolution

(Schuster and Fontana, 1994)



Shape of RNA fitness landscape

percolating and intertwining Neutral Networks:

NOT NOT



closer look....
complete neutral network from AUACGAAACGUA (1094

genotypes)
+ connections of 2 novel phenotypes to the network

note clustering of grey neutral network and of portals to red and blue

Non-Poissonian Bursts in the Arrival of Phenotypic Variation Can Strongly Affect the

Dynamics of Adaptation Nora Martin . Art louis 2024



”arrival” of novel phenotypes non random distrubuted”

(measured under strong slection for grey phenotype



Also for longer sequences (L=30)

under weak selection, bursts increase chance of invasion of
novel phenotypes



MOREOVER: phenotype − > function mapping

Alternative ligases (Ekland et al 1995)

’tyranny’ of small motifs... or complex structures?



’drift’ on neutral network not ’neutral’:
(1) Longterm RNA evolution: fitness of mutants

Evolutionary target of 2 hairpin loops, of maximum length
(fitness = (L1 x L2). Huynen & Hogeweg 1993)



(2) Evolution towards high lambda



redundant genotype-phenotype mapping: choice of

coding

• Evolution towards ’flatter parts’

== Mutational robustnes

== high connectivity of neutral network

== MAX EIGENVECTOR OF CONNECTION MATRIX

== D= Max eigen value

(van Nimwegen 2000)

compare blind ant (moves with prob. rel neutral NB)

−− > same freq in each node)

myopic ant (moves with fixed probability)

−− > D = d̂+ V ar(d)/d̂



Evolution towards mutational robustness
== largest eigenvalue of connection matrix

van Nimwegen et al PNAS 1999

walk along neutral path not neutral



walk along neutral path not neutral.....

how neutral is neutral

.



walk along neutral path not neutral.....

how neutral is neutral

neutral if above the informatioon threshold!



example of intra-molecular evolved landscape

negative epistasis

Hsp90,582-590 Effect on growth-rate of single point muta-

tions from wild-type and from 7 (almost) neutral mutations

A systematic survey of an intragenic epistatic landscape Claudia Bank et al MBE 2014


