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Some types of evolutionary change seem to occur repeatedly

antisymmetry

conventional evolution

symmetrical [28 (35) cases] directional
ancestor asymmetry



Phylogenetic patterns

Are genes leaders or followers
Conversion of mechanisms

Heteranthera
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Regulatory mechanism with switches seem to evolve
easily, at least the response to the cue provoking switching

Selection experiments on life history traits and morphology
usually produce a response

Are there examples wit little or no evolutionary change over long periods?



Evolutionary Constraints

Design
Chance?




Genetic Variation and Short-Term Evolution
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No response In the short term

The breeders equation for selection response R = Gf

Two possibilities:

Some variation cannot be produced
(genetic variance - covariance G iIs degenerate)

(Stabilizing) selection prevents change
(selection gradient = 0)

(consensus paper Maynard Smith et al. 1985)



Evolutionary Constraints

No evolutionary response in the short/long term — why?
Mechanisms causing constraints

Trade-offs — Coupling



What are causes of constraints in the more long term?



Mechanical/Physical constraints

produce allometric patterns

Meganeura moryi

Gigantic proto-Odonata

because of

different composition

atmosphere during Carboniferous
(Dudley 1998)

Any organism has to obey the laws of physics
and chemistry

 Gravity pulls everything down

 E.g. limits on body size in organisms that
have access to oxygen through trachea



Ecological Constraints B(E)

Daphnia pulex

Available options depend on the
environment

High (Unavoidable?) Cost of
Reproduction when

1) Carrying eggs
2) Predators are present
3) Visibility is high

The cost is constrained
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Historical or Phylogenetic Constraints

Some traits evolved already in the past and not recently
Organisms resemble their ancestors

Species are not independent samples

Problem of generalization: contingency on actual species
traits



Primates cannot occupy all herbivore niches

D.W.H Miiller et al. | Comparatiw Biochemistry and Physiology, Part A 160 (2011) 207-220 215
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Waved albatross
Phoebastria irrorata

All Procellariiformes lay a single egg per clutch



Other categories

Physiological constraints :
The properties of physiologies are not allowing to perform certain
tasks or produce some phenotypes

Genetic constraints :
genotypic variation cannot produce some phenotypes



Classifications of Constraints: What a Mess

Physical Constraints

Genetic Constraints

Phylogenetic

Physiological
onstraints

Ecological

Constraints (Roff 1992) > Trade- Offs (Roff 2002)



No response — the short term perspective does not always
relate easily to these categories of constraints

Albatross Absent Foraging
efficiency
Daphnia Absent (Cost) Reproduction
Dragonfly Aquatic larva Performance
known from

Permian and ...



Nel et al. / Journal of Iberian Geologv 34 (1) 2008: 115-122

Fig. 9.- Largest Meganeuridae from Lodéve, specimen Ld LAP 497, wing fragment, arculus region, estimate wing length
210-230 mm (scale bar represents 10 mm).

Large Meganeuridae exist from the Permian with lower oxygen
There are other large insects still present (stick insects)

Maybe they were just selected for large size




No response — the short term perspective does not always
relate easily to the categories of constraints

Albatross Absent Foraging mode
Daphnia Absent Reproduction
Dragonfly Aquatic larva Performance
known from
Permian

-> Estimate both variation and selection on larger
timescales



Phylogenetic patterns

One often models evolution along a tree assuming
responses R = Gf
Species traits will change or not, but also the genetic variance-covariance G

Change in eigenvectors — :-' . F

Change in eigenvalues —— ><

TRENDS in Ecology & Evolufion

Steppan et al. 2002



Phylogenetic patterns

One often models evolution along a tree assuming R = G
Species traits will change or not, but also the genetic variance-covariance G

We are aware that phylogenetic patterns are there,
and need models of how they appeared!

— Try to reconstruct the emergence of the constraint
— Try to reconstruct the patterns of selection

http://cran.r-project.org/web/views/Phylogenetics.html



What is the phenotype exactly which is constrained?

Switches

Morphologies - size

When multiple traits are considered,

beta and G can be non-zero and non-degenerate

Does the exact nature and determination/development of the trait matter
for the detection of patterns of natural selection and constraint?



Internal selection: interactions between

developmental modules constrain
evolution

[0 Normal vertebral pattern
30 B Cervical rib

o Rud. 1strib

Tk Absent or rud. 12th rib
X 4 Lumbar rib

N % .

' 4 60 _
\ v n= 48 n= 64

Single Minor Moultiple Minor Single Major Multiple Major

' Abnormalities
Galis et al. 2006 normalities

No Anomalies




Phylotypic stage

Gene-expression divergence Relative age of
between species expressed genes

. Modern
High X

Ancient

Modern

Developmental hourglass Prud’homme and Gompel 2010
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Fig. 1. Extended (a) and segmented (b) germband
stages in Drosophila.
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Are phenotypes constrained because they are robust,
perturbations are dampened?

LA LR L

Not in this case.
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Null (wg—/-), reduced [Df(2)DE] and partial (NE2) function mutations of the wg
gene lead to abnormalities in the larval ectoderm. Expression of wg in the
ectoderm (A-D), and cuticular pattern in the ventral (E—H) and dorsal (I-L)

larval epidermis (W.T. denotes wild type). In Df(2)DE mutants, wg expression

is reduced, and in NE2 mutants, wg transport is hampered (reproduced, with
permission, from Ref. [27]).

Galis et al. 2002
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Are phenotypes constrained because they are robust?

Not in this case.

Hypomorphic Wg-1 mutant
showing a failure in the
development of antennae, wings,
halteres and thorax

Galis et al. 2002



Germbandm
Aminoser

Head region minus
gnathal segments

Fig. 1. Extended (a) and segmented (b)
germband stages in Drosophila.

The germband (blue) refers to the part of the
embryo that will give rise to the metameric
regions: gnathal segments of the head region
(Md, mandible; Mx, maxilla; Lb, labium),
thoracic segments (T1-3) and abdominal
segments (A1-8). The amnioserosa (red) is an
extra-embryonic membrane. The extended
germband stage starts ~.6.5 h after fertilization
and the segmented germband stage ends at
~10.5 h after fertilization.

Internal selection due to
interactions causing
effects on many
phenotypes
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Robustness and evolution
M-A Felix and A Wagner

d Robust b Non-robust c Robust
against internal noise against internal noise against genetic variations
and environmental variation and environmental variation

'ne-utr’il" space

Genotype / / / . / / ‘ /

environment 1

environment 2
(developmental

d::d /.;3/ e \/
o T ST T

Internal selection is selection due to shapes of
multivariate genotype-phenotype maps with interactions
between traits

Phenotype

| will show
the genotype phenotype map is both

» A component of variation
« A component of the selection gradient



Assume smooth genotype-phenotype maps

Apparent phenotype Y - Underlying trait X

Barbara Stadler has worked out the ingredients to do this analysis
for discrete genotype spaces



Apparent phenotype Y - Underlying trait X

Phenotypic trait vector ¥
underlying traits X of a haplotype

Ydepends on X Y(X)




Apparent phenotype Y - Underlying trait X

Phenotypic trait vector ¥
underlying traits X

Y A

/é 5/




Apparent phenotype Y - Underlying trait X

allelic traits — organismal traits — fitness

devo eco

evo




The map Y(X) is locally approximately linear

Phenotypic trait vector ¥
underlying traits X of a haplotype

Y A

S




Invasion fitness

fitness of the phenotype of a mutant ¥in a population with
phenotype Z of the resident allele (genotype)

fitness of a mutant X'in a population of alleles with trait X

p(X' X)=r(Y(X')Y(X))




Invasion fitness gradient

V' p(X)=VY (X)V'r(Y (X))

devo eco

fitness gradient =
phenotypic effects of allele x ecological effects of phenotype



Evolutionary Dynamics

Gradual directional evolution by new mutations occurring

D)) =16, VY (XO)V'r(Y (X (1)

dt 2

scaling for devo eco
available variation

" 0= VY XO) VY KOV Tl (X O)

d
a\( (t) = %GY V'Y (X(1)))




Evolutionary Dynamics

9 = %GX oVY (XO)V'r(Y (X (1))

dt

selection

9y =%VY(X(t))TGX(t)VY(X(t))V'V(Y(X(t)))

dt

variation



Evolutionary Dynamics

\

d 1
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selection

d 1

YO =2 VY (XO) Gy VY (XAO)V'T(Y (X))
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Evolutionarily Stable Configuration

- evolves in the same way in any environment, independent
of ecology

- evolution driven by internal coherence and system
performance

+ performance is for a proper function (raison d'étre)

Example: iguanians use their tongue as a prehensile organ

(Wagner and Schwenk 2000)

One type of internal selection




Evolutionarily Stable Configuration

VY(X') = 0 for all loci involved

performance is for a proper function (raison d'étre)
— Yis one-dimensional = e.g. capture rate

performance y Vir(y) >0
A

> X <€—— tongue traits




Can this framework describe and model internal selection
due to interactions between developing traits

and early selection on some of them
combined with selection later during life on others?



Onto the boundary of a feasibility set

LH Trait two Fitness often increases
In this direction:
The more of survival
and reproduction, the
better, the idea of a
/ feasibility set is an
extra assumption that

can help to generate
predictions

LH Trait one
Rueffler et al. 2004



Options - Fithess contours

(a) (b) (c)

Low fitness Medium fitness

/ / }gh fitness

Present growth

Present growth
Present growth

Present reproduction Present reproduction Present reproduction
(d)

Present growth
Present growth

*
1 *
Present repreduction Present reproduction

Figure 4.24 (a, b) Options sets — the combinations available to an organism of, in this case, present reproduction and present growth,
As explained in the text, the outer boundary of the options set is a trade-off curve: (a) is convex-outwards, (b) concave-outwards.

(¢) Fitness contours linking combinations of present reproduction and present growth that have equal fimess in a given habitat.

Hence, contours further from the origin have greater fitness. (d) The point in an options set with the greatest fitness is the one that
reaches the highest fitness contour. This point, and the (optimal) value for present reproduction giving rise to it, are marked with an
asterisk. (After Sibly & Calow, 1983.)

Begon et al. 2005



Classification of Environments

Sensitive to growth

InSensitive to growth
(a) (b) (c)

C Offspring size-sensitive
A High CR
B LowCR D Offspring size-insensilive A 8
£ ®
(=]
= \ 2 c (i) (ii)
2 5
& 5
\ o | iy [ @
Present reproduction Oftspring number

Figure 4.25 A demographic classification of habitats. (a) Habitats of established individuals can be either: (A) relatively high CR (fitness
contours indicate that residual reproductive value rises sharply with increased growth resulting from decreased present reproduction) or
(B) relatively low CR (fitness contours largely reflect the level of present reproduction). (b) Habitats of recently produced offspring can be
either: (C) relatively offspring size-sensitive or (D) relatively offspring size-insensitive. Larger offspring size is assumed to imply a smaller
number of them (for a given reproductive allocation). Hence, for example, in (D), fitness largely reflects the number of offspring — not

their individual size. (c) By combining these two contrasting pairs, the habitat of one organism over its whole lite, compared with another
organism, can be of four basic types, arbitrarily referred to as (i)—(iv} in the figure.

Begon et al. 2005



(b)

Distribution of
biotypes in 3
populations

Site:
Disturbance:
(c)
Flower-heads per
plant (i.e RA)
in standard
conditions

Site of origin:
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Figure 4.26 (a) Options sets and fitness
contours (see Figure 4.25) suggest that
relatively high CR habitats should favor
relatively small reproductive allocations,
(b) The distribution of four biotypes
(A-D) of the dandelion Taraxacum officinale,
amongst three populations subject to low,
medium and high levels of disturbance (i.e.
habitats ranging from relatively high CR
to relatively low CR). (c) The reproductive
allocations (RAs) of the difterent biotypes
from the different sites of origin, showing
that biotype A, which predominates in the
relatively low CR habitat, has a relatively
large RA, and so on. ((b, ¢) after Solbrig &
Simpson, 1974.)

Begon et al. 2005



Some antidote against all this smoothness

Genotype network spaces



The viewpoint of the underlying level is essential to
understand constraints

“All complex macroscopic traits comprise microscopic, submicroscopic
and molecular traits, down to the level of DNA.

Likewise, DNA change can percolate all the way up to macroscopic
traits. Although an understanding of the full complexity of this
hierarchical organization is beyond current means, important systems
can be studied that are necessary to form complex traits and changes
therein.”

Wagner 2011



The viewpoint of the underlying level is essential to
understand constraints

Gene regulation X X
networks
Metabolic X X
networks
Macromolecules X X

These models provide simple genotype-phenotype maps and ecologies
used to investigate constraints

Wagner 2011



(a)

NO response -

TRENDS in Ecology & Evolution

Genotype networks
Each colour is a
phenotype

Lines represent
possible mutational
changes

To study effects of: (b)

Genotype space
structure

G-P mapping

Selection on#obustness

TRENDS in Ecology & Evolution

Wagner 2011



Genotype Networks Novelties

Connected genotype spaces with different accessible phenotypes
promote novelties, EVOLUTIONARY
Below are three opposites to that: DO NS
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Figure 5. Connected genotype networks fadilitete accessibility of many phenotypes. [al The figure schematically represents a set of genotypes [grey circles) in & genotype
space [rectangle) that share the same phenoty pe and form a genotype network; neighboring genotypes are connected by grey lines. Colored circles indicate genotypes that
gre adjecent to the genotype network, and that heve different phenotypes (eech color stands for a different phenotype). The figure illustretes that many different novel
phenoty pes can be eccessed from & connected genotype network that spreads far through genotype space. Panels (b} through [d) show three counterfectual scenanos for
genctype space orgenizetion, scenarios not typically found in systemns studied thus far. [b) Most genotypes with the same phenotype are not connected. (el The genotype
network does not spread far through genotype space butis highly locelized to & small region. [dl Meighborhoods of different genotypes are not diverse, but they contain the
same novel phenotypes (blue circles). Mote that genotype speces have many dimensions with counterintuitive geometric proparties, which a two-dimensional schematic
can onlv reoresent crudelv.



Genotype networks Plasticity

Simplified
plasticity:
Alternative
phenotype

If present,

can mutate in

a new constitutive
phenotype

Espinosa-Soto et al. (2011)
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(a) Populations find a novel genotype
network faster when plasticity is allowed.
The symbol t. .. refers to the number of
generations that a population of circuits
needs to discover a specific genotype
network when we allow plasticity. The
symbol t. ..o refers to the same number,
but for populations without plasticity.

(b) Plasticity slows the accumulation of
individuals in the new genotype network.
The symbol t; 55 5 Stands for the number
of generations that a population in which
we allow plasticity needs to have at least
25 percent of its circuits in the new
genotype network (after its discovery by a
single individual); t, 55 conto COrresponds to
the same number but without plastic
phenotypes.



Release from constraints

Exploration of genotype network spaces by selection and drift
Plasticity and a new environment revealing cryptic variation

Evolutionary novelty facilitated by plasticity
Plasticity prevents accumulation on a single phenotype



Life history trade-offs and constraints
more demographic than developmental

MECHANISMS s "Detailed knowledge of the genetic,
OF LIFE developmental, and physiological
HLSFORY raies mechanisms that affect life history
E,X,Q,LUTION s traits is of major importance for
understanding, from first principles,
how life history traits are expressed,
why they vary, and how they evolve."

But some relatively old ideas are still strong....



L ove for Meccano?

MECHANISMS e
OF LIFE
HISTORY *
EVOLUTION

EDITED BY

Stearns chapter:
"The glass is at least half empty”

"For them life history theory provided a
general motivational structure"




Many open questions: constraints
can arise from specialization?

SPECIALIZATION AND HOST SWITCHING IN APHIDS 691
Feriphylius Cingra Thecolvis Fermphigus Nearcfaphis Hyolooterus Myzus
testudinacea psevdolsugae offinus betae bagkery orun ceras

fundatrix

o B 0D

wingless summer female

om0

Heteroecious aphids (Moran 1988)



Within-Species Variance
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New approaches:

Design a genetic — regulatory mechanism
Synthetic biology

Give it the properties that allow theory

to be tested / falsified

Use theoretical concepts to structure expectations and
predictions

Experimental evolution

Examples: Sander Tans lab Amsterdam — “Optimality in

evolution: new insights from synthetic biology”

http://tansgroup.amolf.nl/publications.html
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Evolution of an altered regulatory response. (a) Schemaltic diagram of a synthetically engineered bacteral model system for regulatory evolution [53].
Mediated by the lac repressor, isopropyl-beta-o-1-thiogalactopyranoside (IPTG) acts as a cue that triggers the expression of a set of genes, which in
turn controls growth. (b) Inversion of gene axpression. Two environments are defined: Whon the cua is present (ON), expression of the genes strongly
reduces the growth rata, resulting in selection for decreased expression (right gray arow downward). When the cus is absent (OFF), expression
strongly increases growth, resulting in selection for increased exprassion (left gray arrow upward), Green denotes the wild type, red the optimum
regulatory phanotypas, and the other colors indicate altermnative phenotypes (see also panal (c)). (c) Effect of axpression level on growth rate. Whaen
alternating between cue ON and cue OFF, the wild type lac repressor funclion {green) is maladapted in both environments, thus posing an evolutionary
challenge with conflicting objectives, Diagonals indicale average growth rate in an ON-OFF variable environment, measured belore evolutionary
exporiments. Dots indicate different possible regulatory variants of the lac repressor (see (b)). Black curved lines indicate fitness tradeoffs for
incroasing or decroasing axprossion, while keaping the regulatory responsa fixed. A non-responsive low-axprassion vanant (light blua) is better
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