Jak se déla evoluce?

Od Darwina, pres Moderni, az k Extendované Syntéze:

embrya, evo-devo, genové regulacni sité a makroevoluce
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1859: Darwinismus

evoluce jako ,common descent with modification”
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1930-1940: Moderni Syntéza (MS)

evoluce jako statisticka populaéni dynamika
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(a) Directional selection

y N ‘ .
/ ' '

(b) Stabilizing selection

VIV

(c) Disruptive selection

MS & nec-Darwinismu = Darwinismus + (Mendelova) genetika
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1953: ,molekularni obrat®: evoluce jako zména v DNA,

gen jako zprostredkovatel dédiénosti

scovered the secret of lite

MS &l neo-Darwinismus!
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1982: Evo-Devo - evoluce jako ,evolving

systems of development”

Evolutnd-vivojova biologie zkoumd y vataht mezi procesy iIndividuiiniho vyvoie
organism{ a zménou fenctypu v pribidhu avoiuce;
MS; survival of the itesT, ve. Evo-Devo: urival of the fieel

Baoc 1| Questions at the Intecface betwesn wvelution and developesent
Evo-devo questiont

* How did development originate !

* How Ad the develogmental tepertore evobw T

Ureironesent

* How are developmentat procesues maditied P
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Devo-evo questions

* o does develipmert flaree phenotyie
variatical
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* HMow does devedopment contribue 3 phenctypic novey !
* How does devel altect the stion of phenceysent

Eco-evo-devo questions
« How dows the

2 Intmract Wi sl processer?
* How Goes ervironmental change infloance phenonypic evolution?

* How does devel avolution sffect m?
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1859 — Darwinismus:

evoluce jako ,,common descent with modifications*

Darwinismus

Jedinci v ramci stejného druhu jsou odlisni
Vétsina z nich se nedozije reprodukce
Preziti neni ndhodné, prezivaji ti s
nejvyhodnéjsimi variacemi (= prirodni
vybér)

Prezivsi maji vlastnosti svych uspésnych
rodic

Po geografické separaci mlize dojit k
odliseni populaci, které tak ndhodné ziskaly
odlisné vlastnosti. Smér evolucnich zmén je

tedy ndahodny diky tlaku prirodniho vybéru.



1859: DUkazy evoluce? Embryologie!

"Embryology is to me by far the strongest single class of facts in favor of change of

forms.” * “Community of embryonic structure reveals community of descent” e

Darwinova inspirace - Martin Barry 1837 - 1st. embryological tree!

“...in all classes of animals, from Infusoria to Man, germs at their origin are essentially the same in

character, and that they have in common a homogenous or general structure. ” (1837)

Rekapitulace je uz pre-evolucni koncept

srovnavaci embryologie jakozto “pattern of unification” Biogeneticky zdakon, von Baer (18438):
generalizace embryonalnich vyvojovych fad
organického svéta (1821 Meckel; 1828 von Baer)

* Obecné znaky se v priibéhu ontogenese objevuji dfive nez ty
odvozené

R
.

sy smaip vy s

Odvozené znaky se vyvijeji ze znak( obecnych a znaky

* Embrya odliSnych druhd se postupné odlisuji jedno po
druhém

* Embrya vyssich organism prochazeji stadii, kdy jsou

podobnd embryim, ne v3ak adultlim nizsich organismd.

Johann Friedrich Meckel Karl von Baer

(1781-1833) (1792-1876)



1859: Darwinismus

evoluce jako ,,common descent with modification

"Embryology is to me by far the strongest single class of facts in favor of change of forms.”

“Community of embryonic structure reveals community of descent”

teprve s nastupem Darwinismu:
Rekapitulace jako evoluc¢ni koncept
(ontogenese rekapituluje fylogenesi a pod)

(1866 Ernst Haeckel)

- 2 principialni mechanismy evolucnich zmén:
heterochronie & heterotopie

- the role of development in evolution !!!




1859: Darwinismus

evoluce jako ,,common descent with modification
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patfi mezi strunatce! . :
Alexander Kovalevsky

(1840-1901)

Fig. 5. Ingression of the vegetal plate to form mesoderm (lustrared v a Jerter senf by
A O. Koedlovsky 10 ) 1. Meatchriko! (from Tauber and Chermyak, 19G1)
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evoluce jako ,,common descent with modification

Wilhelm Roux
(1850-1924)
“Entwicklungsmechaniker”

1859: Darwinismus

Klasicka (deskriptivni) embryologie:
A poskytovéni diikazd evoluce (Darwindv “common descent ")

W objevovani ¢i testovani embryonalnich mechanismd, které evoluci postupné vytvareji

Wilhelm Roux:

Darwinovska evoluce (struggle for existence) na bunéc¢né trovni
Der Kampf der Teile im Organismus (1881)

Entwicklungsmechanik (vyvojové mechanika/mechanismy vyvoje),

zakladatel experimentalni embryologie, zaved| mj. tkanové kultury; ARCHIV
N
=>,,from seashore and forest to laboratory*; ENTWICKLUNGSMECHANIK

DER ORGANISMEN.
,»,from evolution to physiology*,

HERAUSGEREREN

. . « -
embryological ,,turning inward wiuseL sous

B e e




1859: Darwinismus

evoluce jako ,,common descent with modification

Klasicka (deskriptivni) embryologie:
A poskytovéni diikazd evoluce (Darwindv “common descent ")

W objevovani ¢i testovani embryonalnich mechanismd, které evoluci postupné vytvareji

Wilhelm Roux:

Darwinovska evoluce (struggle for existence) na bunéc¢né trovni

Der Kampf der Teile im Organismus (1881)

Entwicklungsmechanik (vyvojové mechanika/mechanismy vyvo _
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Wilhelm Roux ' o -
(1850-1924) embryological ,,turning inward“ 7 .

“Entwicklungsmechaniker”



1930-1940: Moderni Syntéza (MS)

evoluce jako statisticka populacni dynamika

. Simpson  S. Wright
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MS ¢i neo-Darwinismu = Darwinismus + (Mendelova) genetika

- popula¢ni dynamika, matematicky pristup (statistické korelace), mikroevoluce, speciace, geneticky drift, molekuldrni tah




1930-1940: Moderni Syntéza (MS)

evoluce jako statisticka populacni dynamika

A A A

(a) Directional selection

(b) Stabilizing selection

PO v pesrraronry Y (c) Disruptive selection

MS ¢i neo-Darwinismu = Darwinismus + (Mendelova) genetika

- popula¢ni dynamika, matematicky pristup (statistické korelace), mikroevoluce, speciace, geneticky drift, molekuldrni tah



+ 1953: ,,molekularni obrat‘: evoluce jako zména v DNA,

gen jako zprostfedkovatel dédicnosti

"We have discovered the secret of life”

o N, Vot 131, g T, AN S 190

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS
A Structere for Deonpritose Nucleie Acd

W &= o e fre che falt

.....

MS (ili tzv. neo-Darwinismus miizZe byt povaZovana za jednu z nejlspésnéjsich
vysvétlovacich teorii védy M

evoluce v ramci druhu mize byt modelovana matematicky; Darwinovska selekce opravdu méni
frekvence alel v populaci; geny predstavuji materialni bazi Darwinovskych dédi¢nych znak; sekvenace

DNA potvrdila matematicko-populacné-genetické predikce MS atd atp!



Od Darwina k Moderni Syntéze:
evoluce jako statisticka populacni dynamika

MS: vychodiska (a meze :-)
* genetické mutace primarni, ndhodné a konstantné vznikajici
* populace evolvuji diky zménam v genové frekvenci pfinasené prirodnim
vybérem, molekularnim driftem i genovym tokem
» genetické varianty maji jen drobny efekt na vysledny fenotyp: gradualismus

» prirodni vybér "nahodné" udava smér evoluce

W laer

: kiD=
"the problem of the emergence of evolutionary W WK
novelties consists in having to explain how a | -

sufficient number of small gene mutations can be e’ : “-_‘(-(,_,{rf‘-f"-
accumulated until the new structure becomes e e S 0 e
sufficiently large to have selective value"  mayr 1960 sendy




Kritika MS:
neni ani ,,moderni*, ani ,,syntéza“ ©

some key tenets of the Modern Synthesis MS- neni nic nez-

* soubor teorii, jak dospélci kompetu;ji

- populations contain genetic variation that arises v s
o reproduk¢ni Uspéch;

randomly and at constant rates e u L . .
* evolucejejisté vice, nez zména
- populations evolve by changes in gene frequenc .
b e e frekvence alel v populaci druhu;
brought about by natural selection, drift, and gene flow oo s o
* selekce muze ,,pracovat®jensjiz
- genetic variants have slight phenotypic effects and . s s ST
4 grEphenclyp existuijici variabilitou a o tomto

all resulting phenotypic change is gradual L, . " . o
,povstavani variant" MS nic nerika;

-all i t ive, n | 2o . .
all phenotypic characters are adaptive, and natura o MS také témer neoperuje s vznikem

selection is the only "directional” factor oo, o
vyssSich taxonu; atd, atp...
Thanks to Gerd Mdller




Od Darwina k Moderni Syntéze:
evoluce jako statisticka populacni dynamika??

Formani deficit ve strukture teorii MS:

* mezi urovni genotypu a fenotypu je obrovsky
prostor, kde probiha evoluce nepostizitelna
pristupy MS

* development (ontogeneze) je povazovan za

slozity a irelevantni: BLACK BOX

Jedinci se vSak skladaji z bunék a tkani, ne DNA!

Kazda droven ma své specifické vlastnosti

“I Think You Should Be More

Explicit Here In Stop Two."

Analyza black-boxu ukazuje, ze tyto maji
inherentni vlastnosti, které se ZASADNE podileji
na vzniku variability ¢i na smérovani evoluce !!!



Od Darwina k Moderni Syntéze:
evoluce jako statisticka populacni dynamika??

Formani deficit ve strukture teorii MS:

* mezi drovni genotypu a fenotypu je obrovsky
prostor, kde probiha evoluce nepostizitelna
pristupy MS

* development (ontogeneze) je povazovan za
slozity a irelevantni: BLACK BOX

Jedinci se vsak skladaji z bunék a tkani, ne DNA! .
Richard Dawkins: ,,details of developmental

processes ... dare irrelevant for [any]

Kazda droven ma své specifické vlastnosti evolutionary consideration® (1976)

Analyza black-boxu ukazuje, ze tyto maji
inherentni vlastnosti, které se ZASADNE podileji
na vzniku variability ¢i na smérovani evoluce !!!



Molekularni genetika viak vyjevila The molecular biology underlying developmental

i . evolution
regulace na mnoha urovnich!
Claudio R. Alonso
"We have discovered the secret of life”
4
FUNCTION

protein sorting

protein modifications
miRNA regulation
RNA stability
poly-adenyilation
alternative splicing

transcription initiation

chromatin conformation

> , nuclear dynamics
3

GENETIC INFORMATION




Od Darwina k Moderni Syntéze:
evoluce jako statisticka populacni dynamika

MS: odliSné organismy konstruovany dle odliSnych principl a odliSnymi geny,

evoluce se déje duplikacemi a naslednymi pozvolnymi, kumulativnimi

zménami na urovni protein(.

,,Much that has been learned
about gene physiology makes it
evident that the search for
homologous genes is quite futile
except in very close relatives®.

E. Mayr

"...details of developmental
processes ... are irrelevant for
evolutionary consideration®.

R. Dawkins




Od Darwina k Moderni Syntéze:
evoluce jako statisticka populacni dynamika

Dnes jiz preci vime, Ze... :-)
...distantni organismy sdileji identické vyvojové komponenty, liSi se vsak v tom, jak
je pouzivaji a kombinuji. Evoluce neni 0 zaméndach v proteinech, ale prevazné (?) o
regulacnich zménach, které zapinaji/vypinaji vyvojové moduly.

Evoluce jako zména ,,nadratovani‘ stejnych komponent.
b2

(Clovék: vSech cca 20-25 tis. proteind je kédovdano v 1,5% DNA, ale 3% jsou regulacni elementy,
urcujici kdy, kde a jak budou bilkoviny vyrobeny);

molecular parsimony; small and universal toolkit

srv. dnesni znalosti o
poctech genu:

hadatko: 19 700

muska: 13 300 :

zebrdfish: 27 900 |

pes: 19 300 e S
Clovék: 20500 e

¢lovék & Simpanz =99% genu !!!




Evoluéné-vyvojova biologie:

evoluce jako ,,evolving systems of development*

* Evolucné-vyvojovd biologie (evo-devo) zkoumda mechanismy vztah
mezi procesy individudlniho vyvoje organism(i (ontogenese) a zménou
fenotypu v prdbéhu evoluce (fylogenese)

Box 1| Questions at the interface between evolution and development

Evo-devo questions [ S

* How did development originate? Environment =

* How did the developmental repertoire evolve? / /—E——\

* How are developmental processes modified " —
in evolution? -

Devo-evo questions 7.

* How does development influence phenotypic Eco-evo-devo o
variation? i

* How does development contribute to phenotypic novelty?

* How does development affect the organization of phenotypes?

Eco-evo-devo questions

* How does the environment interact with developmental processes?

* How does environmental change influence phenotypic evolution?

* How does developmental evolution affect the environment? ., nature.com/reviews/genetics



Evolu¢né-vyvojova biologie:

evoluce jako ,,evolving systems of development*

MS:

,,survival of the fittest*
VS.
Evo-Devo:
,,arrival of the fittest*

* Evolu¢né-vyvojova biologie (evo-devo) zkoumda mechanismy vztaht
mezi procesy individudlniho vyvoje organism(i (ontogenese) a zménou
fenotypu v pribéhu evoluce (fylogenese)

* Jak zmény v pribéhu ontogenetického vyvoje modifikuji existujici
fenotypické znaky a jak prispivaji k vytvareni znakd novych?
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Od Moderni k Extendované Syntéze:

The Extended Synthesis

evo-devo

plasticity & .
gene mutation accommodation

MASSIMO PIGLIUCCH ~Mendelian niche construction
inheritance variation éolgetats
population inheritance inheritance

venetics
& natural

selection replicator theory

contingency LG

— ~ evolvability

_ speciation & trends )
~ ~" multilevel selection

genomic evolution

major differences

Modern Extended
Synthesis Synthesis
emphasis statistical mechanistic
variation genetic ggggtr:(étﬁ:
rate constant punctuated
- . natural multilevel sel.
direction selection & constraint
causality external eﬁ?é?:;'&




Od Moderni k Extendované Syntéze:

The Extended Synthesis

Postmod lution? *
ostimodern evoiution: Svacda
This summer a group of high-profile researchers met in § DTS
Altenberg, Austria, totry and plot the future course of tati pla:zg:)tr}!llliodation
evolutionary theory. John Whitfield was there. BERG AIMUON
Mendelian . niche construction
inheritance yariati ) . .
ariation epigenetic
population | inheritance | | inheritance
genetics | 1 /| S
namsrcalcction / ) replicator theory
\ \_ contingency ™ >
\ oSS </ 2 /
\L \ ———/ evolvability /
\. . speciation & trends = 3 i A
\ N " multilevel selection _~
—
<
N . . .
B genomic evolution
M- /

= o

\ P

NEWS FEATURE
major differences
Modern Extended
Synthesis Synthesis
emphasis statistical mechanistic
variation enetic genetic &
g epigenetic
rate constant punctuated
natural multilevel sel.
Spation selection & constraint
’ external &
causality external internal
The Altenberg Sixteen at the Konrad Lerenz Institute for Evelation and Cognition Research.
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Prinasi véda evo-devoticka

4 V4

néco zasadné odlisného?!?!

Nové teoretické koncepty?
Nové vysvétlovaci kapacity?

Nové mechanismy?

a challenge to the standard theory ?

CHAPTER Contemporary Debates in Philosophy of Biology

ELEVEN

Evolutionary Developmental

Biology Offers a Significant

Conceptual Challenge to the
Neo-Darwinian Paradigm

Manfred D. Laubichler

y Debates in Phil

CHAPTER| o O f Rl

TWELVE

Evolutionary Developmental
Biology Does Not Offer a
Significant Challenge to the
Neo-Darwinian Paradigm

Alessandro Minelli

Thanks to Gerd Miiller
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Does evolutionary
theory need a rethink?

Rescarchers are divided over what processes should be considered fundamental.
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Prinasi véda evo-devoticka
néco zasadné odlisného?!?!

Nové teoretické koncepty?

— >

Nové vysvétlovaci kapacity?

Nové mechanismy?

—
é
—

9
—

ICONCEPTS ISELECTED KEY REFERENCES
JORIGIN OF DEVELOPMENTAL SYSTEMS
Life cycle evolution ner 1974
Cell lineage competition 1987
Generic forms n 1992, 1994
OLUTION OF DEVELOPMENTAL
OIRE
Gene duplication cGinnis and Krumilauf 1992; Holland 1999
Evolving regulatory networks on et al. 35; Caroll 00; Wray&Lowe 00
Dissoclation, Recruitment, Co-option @h 1998; Keys, 1999; True & Carroll 02
Modularity ' er 1996; Raff 1986
MODIFICATION OF
AL PROCESSES
Heterochrony 1866; de Baer 1930; McKinney 1991
Morphoregulation delman 1986, 1988
Ontogenetic repatteming E;::m Roth 1989
Dissociability am 1933; Raff 1996
RONMENT-DEVELOPMENT
NTERACTION
Reaction norms 09; Schlichting & Pigliucci 88
Enduring modifications llos 1839
Polyphenism fest-Eborhard 2003
Phenotypic plasticity ison 94; Baldwin 02; West-Eberhard 2003
Life history theory s 1992
Baldwin effect dwin 1896
[PHENOTYPIC VARIATION
Ontogenetic buffers Katz 1881
Developmental constraints berch 1982; Maynard Smith et al. 1985
Developmental drive ur 2001
Evolvability er & Altenberg 1996
Facilitated variation rschner & Gerhart 1098
JPHENOTYPIC INNOVATION
Caenogenesis Haeckei 1866
Developmental side effects Qlier 1980
Neophenogenesis ohnston and Gottlieb 1980; Gottlieb 1892
Epigenetic innovation and Miiller 2000
Developmental exaptation ipman, 2001

|GENETIC AND EPIGENETIC FIXATION
Internal selection

Canalization

Burden

Generative Entrenchment
Assimilation
Hierarchization

Whyte 1965
ington 42; Wagner et al. 97; Wilkins 03

edi 78; Buss 87; Salazar-Cludad et al. 01
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Prinasi véda evo-devoticka
néco zasadné odlisného?!?!

Evoluce evolucnich novinek!

Modern Synthesis:

"the problem of the emergence of evolutionary
novelties consists in having to explain how a
sufficient number of small gene mutations can be
accumulated until the new structure becomes
sufficiently large to have selective value" mayr, 1960

Modern Synthesis:

gradual genetic variation is responsible for
gradual phenotypic variation

EvoDevo:

includes developmental modes for discontinuous
and emergent forms of phenotypic change




Epigeneticka teorie vzniku novinek/inovaci!

skeletal elements resulting from proportion change

l‘H

)

R ey
_\\\\\\\\\\K\\‘ﬁ\‘\\\\m

cartlage matrix
production

(type |l collagen,
aggrecan, etc.)

cell number

Mechanismy vzniku evolucnich novinek

(phenotypic novelty):
klasicky viz. bodova mutace, kumulativni mutace,

geneticky rearrangement, apod.

=>Selekce na proporce téla i velikost skeletdlnich
elementl=>» reakcni biomechanickd potence skeletdlnich
elementld dokaZe automaticky vygenerovat elementy
nové! =» 2adna mutace, novy gen, selekce na,,gen
pro“=>» Cisté vedlejsi produkt selekéniho rezimu i
nastaveni ontogeneze, zména rlstu tkané za

zménénych podminek prahovéni (treshold).
srv. facilitated variation;
developmental modularity;

cellular self-organization...



Epigeneticka teorie vzniku novinek/inovaci!

epigenetic innovation theory

MdBer 1990; Mufler & Wagner 159%;
Newman & Miker 2000; Milfler & Newman 2003, 2005

- because developmental systems
are highly dynamic and integrated,
including feedback regulation between
different levels of organization, they react in
non-linear fashions to evolutionary modification

- innovations arise from threshold responses of
developmental processes

=»Gradudlni [genetické?] variace mohou byt
transformovany do ne-gradudlnich fenotyp diky ne-

linedrnim vlastnostem vyvojovych systémua =

Fenotypické inovace mohou vznikat Cisté jako vedlejsi
produkt prahové odpovédi systému = prirodni selekce
tak mlze slouZit ,,jenom* jako uvolriovac vnitfni
vyvojové plasticity a k prozkoumani vnitfni plasticity

sytému =>evoluce genetickych regulacnich systéma pak

muZe pouze zachytdvat a rutinizovat morfogenetické
templaty a maze tedy mit roli spiSe konsolidacni nez-li

inovacni.



Epigeneticka teorie vzniku novinek/inovaci!

Fig. 4. Cartilaginous sesamoid in a tendon anlage of a chick embryo.

DIFFERENTIATING MATURE
CHONDROCYTES CHONDROCYTES

sox9{} ——» . Type Il collagen
A recanf

IL-18 ‘, T‘ GAGs f
mmPs JI

Fig. 4. Molecular mechanisms involved in compression-
regulated chondrogenesis. IL: interleukin; GAG: glycosami-
noglycan; MMP: matrix metalloproteases. From Miiller
(2003), after Takahashi et al. (1998).

COMPRESSION

vznik znaku [fenotypu diky
plUsobeni mechanické
komprese, i diky pohyblm ve
vajicku!

140
120 4
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40

motility / 5 min

.20 —V—r————b/—mr—rr——-rT—r—r—r

days of development

Fig. 1. Frequencies of embryonic movements in the chick (Wu et
al. 2001).




Od Darwina k Moderni Syntéze:
evoluce jako statisticka populacni dynamika

Dnes jiz preci vime, Ze... :-)
...distantni organismy sdileji identické vyvojové komponenty, liSi se vsak v tom, jak
je pouzivaji a kombinuji. Evoluce neni 0 zaméndach v proteinech, ale prevazné (?) o
regulacnich zménach, které zapinaji/vypinaji vyvojové moduly.

Evoluce jako zména ,,nadratovani‘ stejnych komponent.
b2

(Clovék: vSech cca 20-25 tis. proteind je kédovdano v 1,5% DNA, ale 3% jsou regulacni elementy,
urcujici kdy, kde a jak budou bilkoviny vyrobeny);

- molecular parsimony; small and universal toolkit

srv. dnesni znalosti o
poctech genu:

hadatko: 19 700

muska: 13 300 :

zebrdfish: 27 900 |

pes: 19 300 S
¢lovék: 20500 e e — R —

¢lovék & Simpanz =99% genu !!!
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Figure 2. The Modular Architecture of the cis-Regulatory
Regions of Pleiotropic Genes Enables the Independent Evolution
of Gene Expression in Different Body Parts

(A) Expression of the yellow pigmentation gene of Drosophila
is controlled by several different cis-requlatory elements (red
circles). Differences in the activity of selected elements (wing
and wing spot) underlie differences in pigment patterns
between species (Figure based on [35].)

(B) Similarly, the expression of the PitxT gene of vertebrates
is inferred to be controlled by muitiple elements (red circles).
In pelvic-reduced stickleback fish, Pitx7 expression is absent
from the pelvic region.This is proposed to occur through of a
selective loss of activity of the hindlimb regulatory element
(cross through the red circle) (Figure based on [33].)

@ PLoS Biology | www.plosbiology.org

articles

Genetic and developmental basis
of evolutionary pelvic reduction
in threespine stickiebacks

Michael D. Shapiro'*, Melissa E. Marks '+, Catherine L. Peichel*, Benjamin K. Blackman', Kirsten S. Nereng', Bjarni Jénsson’,
Dolph Schiuter' & David M. Kingsiey'

Directional asymmetry

Hindlimb reduction

Stickleback

l
Freshwater




Regulatory evolution and experimental Evo-Devo.

Mouse forelimb

Bat forelimb

j,i(“ ==l High level digit :
/%‘{“‘ — enhancer
|

y 1

Wild type mouse Prx1BatE/BatEmoyge

Jiménez-Delgado S et al. Briefings in Functional Genomics and Proteomics

2009;8:266-275
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Progressive Loss of Function
in a Limb Enhancer during Snake Evolution

Evgeny Z. Kvon,' Olga K. Karmneva,” Uirk S. Melo,' ros Barazzi,' Marco Osterwalder,' Brandon J. Mannion,’

Virginie Tissiéres, * Catherine S. Pickle,” Ingrid Plajzer-Frick,’ Elizabeth A. Lee," Momoe Kato,” Tyler H. Garvin,'
Jennifor AL Akiyama,' Veena Atzal,” Javier Lopez-Rios,’ Edward M. Rubin,' * Diane E. Dickel,' Lon A. Pennacchio,’ "
and Axel Vised' ‘5"
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LET'TER

Genome-scale functional characterization of
Drosophila developmental enhancers in vivo

Evgeny Z, Kvon't, Tomas Kazmar', Gerald Stampfel'®, J. Omar Yafez-Cuna'®, Michacla Pagiani', Katharina Schernhuber’,

$ek:10.1038/nature 13395

Barry ). Dickson't & Alexander Stark'
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GRN, gene regulatory networks & evoluce jako
prepinani v ramci (pomeérné konzervativnich) GRN

Divisinn of Biology
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A New Way to Replace Ad H‘M ol

Damaged or Missing Cells

Genomic
Regulatory Systems

ERIC H. DAVIDSON
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GRN, gene regulatory networks & evoluce jako
prepinani v ramci (pomerné konzervativnich) GRN
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GRN a koopce:

vznik bunék neuralni listy u obratlovcu
(tyto buniky zasadné prebudovavaji cely embryonalni vyvoj, typicka je mj. obrovska
role induk&nich procesu, epigenetickych interakci, nedeterminovanost vyvoje)




neuralni lista a causa zarodecnych vrstev

Diblastika - ektoderm + entoderm = prim. zdrodecné vrstvy;
stdle spiSe epitelidlni usporadani/organizace tél

Triblastika - mesoderm = 3. zar. vrstva; vypli mezi EKT-ENT;
vyrazné vice objemova/ solidni/ 3D organizace tél

Tetrablastika - neurdlini liSta a jeji derivaty jako 4. zar. vrstva (nds) obratlovcd;

nadstavba diky vysoce migratorni populaci pluripotentnich bunék, metainterakce

—_—




Neurdlni lista a plakody jsou obratlovci bunécné populace zasadniho vyznamu

- charakteristika obratlovc

- vznik indukci béhem neurulace
- mechanismus EMT

- rozsahlé migrace

- obrovské spektrum derivatu

Otc
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““GRN” - oblast vzniku neurdlni liSty obratlovci

~BMP (high)

Dix

Gammill & Bronner-Fraser: Nature Reviews 2003
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Putative Vertebrate Neural Plate Border Gene Network




Analogicka “GRN” u kopinatce — spravné geny jsou pritomny, nejsou vsak
spravné zapojeny;
makroevoluce tohoto typu tedy spiSe zalezi na spravhém/evolu¢nim nadratovani
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Evoluce jako prepinani v ramci
(pomeérné konzervativnich) siti — staré uzly - kernely

Gene Regulatory Networks
and the Evolution of Animal
Body Plans

Eric H. Davidson** and Douglas H. Erwin® YR

Rrva - LA e
Development of the animal body plan is controlled by large gene regulatory networks (GRNs), and
hence evolution of body plans must depend upon change in the architecture of developmental
GRNs. However, these networks are composed of diverse components that evolve at different rates
and in different ways. Because of the hierarchical organization of developmental GRNs, some kinds
of change affect terminal properties of the body plan such as occur in speciation, whereas others
affect major aspects of body plan morphology. A notable feature of the paleontological record
of animal evolution is the establishment by the Early Cambrian of virtually all phylum-level body
plans. We identify a class of GRN component, the “kernels” of the network, which, because of
their developmental role and their particular internal structure, are most impervious to change.
Conservation of phyletic body plans may have been due to the retention since pre-Cambrian
time of GRN kernels, which underlie development of major body parts.
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Edacaran Cambrian

Anomalocaris) and chordates
(Paa), a group that now
Includes vertebrates.



Evoluce télniho planu
aneb jak se déla (makro-)evoluce:

kopinatec jako archetyp obratlovce

A
Urechordates Cephaiochordates

Yertebrates

E. Heckel: Generelle Morphologie der Organismen, 1866



Télni plan kopinatce jako archety pra-obratlovce?

Tunicates and not cephalochordates are the closest
living relatives of vertebrates

Frédéric Delsuc't, Henner Brinkmann’, Daniel Chourrout” & Hervé Philippe’
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Tunicates and not cephalochordates are the closest

living relatives of vertebrates

£

Feédére Delauc ', Honter Benkimaen . Daniel Choutrowt™ & Mervd Philope

Predek vSech deuterostomat byl zfejmé mobilni a
pomérné komplexni zivocich

Béhem evoluce mlZe dochazet ke ztraté
“odvozenych”=nakd namisto jejich postupného a
“progresivniho” =ziskavan

Pro generace zoologt byl kopinatec prototypem
predka obratlovce, dnes se posunul na jesté
vyznacnéjsi misto predka vSech druhoustych

Nase soucasné znalosti o ontogenezi a evolucni
modulaci Bauplant ndm umoznuji mnohem lepsi
vhled do (makro)evoluce organismi nez kdykoliv
predtim!

Crondstos

8
Cepralocrordates
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Tunicates and not cephalochordates are the closest
living relatives of vertebrates

Feédére Delauc 't Honter Banhmasn . Daniel Choutrout™ & Mervd Philppe

Predek vSech deuterostomat byl zfejmé mobilni a
pomérné komplexni zivocich

Béhem evoluce mlZe dochazet ke ztraté
“odvozenych”=nakd namisto jejich postupného a
“progresivniho” =ziskavan

Pro generace zoologt byl kopinatec prototypem
predka obratlovce, dnes se posunul na jesté
vyznacnéjsi misto predka vSech druhoustych

Nase soucasné znalosti o ontogenezi a evolucni

modulaci Bauplani nam umoznuji mnohem lepsi  Richard Dawkins: ,,details of developmental
vhled do (makro)evoluce organismi nez kdykoliv processes ... are irrelevant for [any]
predtim! evolutionary consideration (1976)
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Remodeling klastri Hox-gen( plasténcu
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Figure 1| Genome contraction and moarphology. Stem wrochordates adopted a determinative moce of Gevelopment,
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and lodt the need 10 e fetingic a0l {RA] for anteraposterion sl patierning ssscd loted with the reanganization of
rheir NS, Laevaceans lack the clasiic genetic machinery 1o synthesize, degrade and detec RA, and they also lack »
cofpleto genatic system for DNA metiylation [carried out by DNA methyizranslerases {Domis), but nevertheless hulld
8 compdete chordate body plan that & retained throwghout ife, Mouse Image courtesy of Getry images




Rekapitulace & systematika: plasténci (1871) a kopinatci (1867) jsou strunatci;

Evo-devo a mechanismy [makro]evoluce nas obratlovci
a nasich télnich pland
(Hox geny, GRN, koopce genu)

Looroute coxckre 1. YIIL




Hox geny a telni plany
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* Homeobox = sekvence 183 nukleotidi kodujici homeodoménu = doména 61
aminokyselin, kterd zodpovida za napojeni na DNA.

* Hox geny koduji Hox proteiny = zakladni transkripéni faktory Metazoa, zakladni slozka
aparatu vyvojové regulace: jsou zdrojem bunécné pozicni identity a predozadni osy
individua
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drovni...?

Hox geny a modulace

télnich pland

VSechny Hox geny vznikly duplikaci a diversifikaci pivodniho jednodussiho Hox setu od
spolecného predka

Hox geny funguiji stejné u velice rozdilnych Zivocicht — zéklad Evo-Devo

Hox proteiny jsou odpovédné za morfologickou diversitu na organismalni i evolucni



Hox geny kontroluji pozicni identitu v
ramci téla, ne konkrétni struktury!

genital
thorax segments abdomen

* V genech neni zapsan vysledny fenotyp per se, nybrz "pouze'" navod na vystavbu
tél; a tento se vyviji a evolvuje;

* Ten navod je modularni a obsahuje v sobé predeslé navody které rozviji a které uz
byly modularni a které si nesou vlastni nastaveni a omezeni...



a b Adult D. melonogaster leg
w— 00 n-exd

Figure 3 | The evolution of beetle horns by co-option of a limb-outgrowth
program. a, [llustration from Darwin's The Descent of Man showing the
male (top) and female (bottom) forms of the Atlas beetle, Chalcosoma
atlas. Note the large horns extending from the head. b, Similarities in the
expression of limb proximodistal axis-patterning gene expression in the
adult leg of Drosophila nelanogaster (top) and the developing horns of
Onthophagus dung beetles (bottom). Coloured regions denote segments
of the leg and regions of the developing horn. Black bars denote gene-
expression patterns, indicating the relationship between the expression
domains of individual genes in the developing outgrowths. The white bar
shows where the listed proteins are co-expressed at only low levels. The
expression of outgrowth-promoting genes in beetle horns indicates that
these structures evolved by the co-option of an ancient outgrowth program
and itadeployment at novel anatomical sites. (Panel a reproduced from
ref. 32; panel b modified, with permission, from ref. 35.)

- Deep Homology

- Cooption of preexisting
systems for a new function

srv. modularity!
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Developmental Biology
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Evolution of Developmental Control Mechanisms

Co-option of an anteroposterior head axis patterning system for proximodistal
patterning of appendages in early bilaterian evolution

Derek Lemons *, Jens H. Fritzenwanker °, John Gerhart ¢, Christopher J. Lowe ®, William McGinnis **

mdwmmmtmqmmmmqmmm 3500 Goémax Drive, Lo jolla Cotornio SO0S5 O0M9, USA
* Dep t of Orge | Bclagy end Anatarny, Urrversily of Chiesga, 1007 8 S0k Sireer, (hicgpo, (nody S0677, LSA
© Depormmens af Motecalsr ond Cell Ricdogy. edvenity of Colformia. Beririey. Colfernia S4720- 2000, USA

ABSTRACT

The enormous diversity of extant animal forms & 2 testament to the power of evolution, amd much of this
diversity has been xhieved throggh the emergence of novel morphological traits. The orcigin of novel
morphoiogical trams is an extremely important tssue in blology, and 2 frequent source of this novelty s co-

option of pre-exasting penetx systems for new puzposes [Carroll o1 3, 2008 ), Appendages, such as limbs, fins
and antennae, are sStructures Common 10 many Jnkmai body plans which mest have arsen at least once, and
probably muitiple times, in lineages which Lcked appendiges. We provide evidence that sppendage
proximodistal pacterning penes are expressed in stimelar registers in the anterior embryonic neurecrodenm of
Urosophila melonogaster and Saccogiossus kowalewsikll (3 hemichordate). These resuits, in concert with
exasting expression data from & vanety of other animuls suggest that & pre-existing genetic system for
anteroposterior head patterning was co-opted for patterning of the proximodistal aos of ppendages of
bilaterian animals.

© 2010 Blsevier Inc. All rights reserved,
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Fig. 2. Expreswcea of core sppeadage palteefeag genes in Sectogionies cmsbeyod DUl e poeserand 25 safptal opical sections oF i sifut with anterios 10 the upper ngse of cach puae!
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Neeral ripes in the trusk ectaderms with beeh Soral and ventral midlines sad cllned bund free of expressioa, [ ) Dach is sxpretsed 41 high devels in et actodermal strge joat
astesior 10 the colur. ASditionul hw level ccvodenmul expression (8 detectad throaghout moch of the cobryn (£ F) Mab s expeessad stroogly in e trunk ectodierm exciuding the
cilisted band and a2 the bune of the prodancis &t ourly developmental stape, wiich then subnoqoerntly refort 10 4 wromg dorssd domam, (G N AL post gastruls stage A28 b
expressed throughout the proboscs ecioderm By oo il $32 5tage capresson becomes resticred mainly 10 3 ST00R Sirpe at the tase of the proboscis. (1) A schematic combining
Reie Sl Wik peevicushy pollahed eapeession dara {Lowe ot al, 2003 ) for Dx and Brfi! Indcating e relstive levels and arzeroposterion extests of neursctademal expeessiion of
e appendoge paterning penes, Dashad lnes indicate expoesson (n 3 subses of cells 500 the INGCAond J2TC00p0IIenior Joman.




Fig. 3. A schemuatic diagrsm compusing caprention of coce appondage patteming geney
in limids 4nd artenor regrectodenm. (A) Busmated snoestral expeesson patterns in

embryonic ameror scurectoderm [Mased on conserved domains of expeession) IS

diaplayed on 4 generalined Sugram of achardate bigm, | 8] Exprewion of proximedival
Jppendage pattésning poaes & dbplayed on 32 dugram of as aduk Drasophis ey
(adapeed froes (Kopma, 20041 ).

- Deep Homology

- Cooption of preexisting
system for a new function

srv. modularity!
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Modularita, hlubinna homologie, koopce, vyuzivani stejnych nastroju

Evoluce pracuje jako dratenik (tinkering -
Jacobs ‘77!), s tim, co md zrovna po ruce, t;j.
vyuziva stejnych nastrojl, paklize to jen
trochu jde.

Protoze uz v minulosti se organismy setkaly
s obménami dnesnich selekcnich tlakd,
dokazi na né reagovat ,,predpripravenymi
cestami (srv. pre-adaptace).
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Loss and recovery of wings
in stick insects
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Re-evoluce komplexnich
znaku skrz
,yontogenetickou
pameét* ?

Phasmatodea:

ztrata, pak opakovany, nékolikanasobny
vznik komplexnich kfidel !!!

Srv. Dollovo pravidlo (1883) o nemoZnosti re-evoluce
komplexniho morfotypu po jeho evolu¢ni ztraté ...
(vysvétlujici mechanismus MS: mutace a nasledné
znefunkcnéni genu)

alt. spici morfogeneticky program 2!?

=> into the black-box!
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Spectacular morphological novelty in a miniature

cyprinid fish, Danionella dracula n. sp.
Ralf Britz"'*, Kevin W. Conway2 and Lukas Riiber'
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Danionella dracula is a new species of sexually di
cyprinid fish, Compared with its close rel

miniature and highly developmentally truncated
afish Danto rerio, it lacks 44 bones or parts thereof
nentally truncated vertebrates. Absen
n via terminal & ons. In contrast 1o thess
yperossifications. Uniquely, among carp-like
have a series of long, pointed odontoid processes on the jaws greatly resembling the jaw dentition of teleosts
with true teeth, The anterior-most process in each jaw is extended as 2 canine-like f: ing through
the epithelium. True jaw reeth are absent from all 3700 species of s and were lost at least in the
Upper Eocene. It remains 1o be investigated, however, wi conserved pathways to regulate woth
development in cypriniforms have been wsed in 1. dracula to form and pattern the odontoid processes
“This new species represents a remarkable example linking progenetic paedomoarphosis via heterochronic
change in developmental timing to the evolution of morphological novelties.

e of the majority of bones
al-like
hes, male D, dracula

and represents one of the most develop
appears to be due to developmental

features, D. dracuia also shows seve

ng proje

Keywords: D, llz; Cypriniformes; jaw teeth; ministurization; developmental truncation;
evolutionary r
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Modularita, ,,ontogeneticka pamét* a hlubinnd homologie

Evoluéni novinky

Jak pracuje evoluce

Tradi¢né to byly — a vétdinou stéle jsou —
hlavné bodové mutace. Zdména nukleotidu
v sekvenci genu vede ¢asto k ziméné amino-
kyseliny v proteinu. Tak se méni tfeba bar-
va povrchu téla. U dvou nepfibuznych dru-
hi ptaki s polymorfismem ve zbarveni (husy
snéZni a chaluhy pfiZivné) jsou za jednotlivé
barevné morfy odpovédné jednoduché zamé-
ny nukleotidd v sekvenci genu Mclr, ktery
kéduje receptor pro hormon stimulujici mela-
nocyty. Mutace ve stejném genu odpovida-
ji zméndm v barvé srsti nékolika savcti, pefi
dalSich ptaki i mife melanismu u nékterych
plazi. Proé¢ ale za zménu zbarveni ¢asto miize
zména jediného konkrétniho genu, kdyZ se na
zbarveni obratlovcii podili nejméné sto genti?
Nevime. Pravdépodobnym vysvétlenim miize
byt, Ze zména v tomto genu neni prili§ pleio-
tropni, to znamend, ze ncovliviiuje nijak
zdsadné jiné funkce organismu.

A pro¢ bychom neméli o¢ekdavat piedpfipravené cesty
evoluce????

Evoluce je sled ontogenezi = jedinec se sklada z
interagujicich prvk, které uz jako semi-nezavislé moduly
maji za sebou ohromné dlouhou evoluci od vzniku zZivota az
po soucasnost =
sled jednotlivych ontogenezi pak sumarné vytvari fylogenezi
Zivota a tato prosla zkuSenost je zapsana ve formé
prednastavenych interakgi.

Duplication of fgfr1 Permits Fgf
Signaling to Serve as a Target =
for Selection during Domestication

B fgfria ; c fgfr1b
11
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Ztrata Supin u kaprovitych ryb = duplikace fgfr1 =
subfunkcionalizace lokusu fgfr1a1 byla opakované
vyuzita pfi ztraté Supin (2x u kapra + zfish; u
kaprovitych nezavisla ztrata Supin min. 13x v 6
Celedich!



Modularita, ,,ontogeneticka pamét* a hlubinnd homologie

Evoluéni novinky

Jak pracuje evoluce

Tradi¢né to byly - a vétdinou stdle jsou —
hlavné bodové mutace. Zidména nukleotidu
v sekvenci genu vede ¢asto k zdméné amino-
kyseliny v proteinu. Tak se méni tfeba bar-
va povrchu téla. U dvou nepfibuznych dru-
hi ptaki s polymorfismem ve zbarveni (husy
snéZni a chaluhy pfiZivné) jsou za jednotlivé
barevné morfy odpovédné jednoduché zadmé-
ny nukleotidl v sekvenci genu Mclr, ktery
kéduje receptor pro hormon stimulujici mela-
nocyty. Mutace ve stejném genu odpovida-
ji zménam v barvé srsti nékolika savct, pefi
dalSich ptaki i mife melanismu u nékterych
plazii. Pro¢ ale za zménu zbarveni ¢asto miize
zména jediného konkrétniho genu, kdyZ se na
zbarveni obratlovcii podili nejméné sto genti?
Nevime. Pravdépodobnym vysvétlenim miize
byt, Ze zména v tomto genu neni piili§ pleio-
tropni, to znamend, ze necovliviiuje nijak
zdsadné jiné funkce organismu.

A pro¢ bychom neméli o¢ekdavat piedpfipravené cesty
evoluce????

Evoluce je sled ontogenezi = jedinec se sklada z
interagujicich prvk, které uz jako semi-nezavislé moduly
maji za sebou ohromné dlouhou evoluci od vzniku zivota az
po soucasnost =>»
sled jednotlivych ontogenezi pak sumarné vytvari fylogenezi
Zivota a tato prosla zkuSenost je zapsana ve formé
prednastavenych interakgi.

Tedy JAK pracuje evoluce???

- viz od nahodnych bodovych mutaci,
pres poznani jejich nenahodnosti, az k
prednastavenym interakcim a
predpfipravenym cestam evoluce!

©

srv. dale homeotické transformace a nadéjna
monstra,
¢i pfepinani v ramci jiz existujicich
Genet. Reg. Siti (GRN)



Hox geny a modulace
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"Hox proteiny jsou odpovédné za morfologickou
diversitu na organismalnii evolucni drovni'...

... Dtukaz?
Homeotické transformace!



Homeotické

: - transformace
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homeotickd transformace (homeoze):

upominka na praci Williama Batesona (1894),
ktery popisoval prirozené se vyskytujici varianty
jak u obratlovcd tak u hmyzu, kdy jeden segment
byl morfologicky transformovan v jiny.
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Homeotické transformace aneb
nadéjnd monstra (opét) na scéné!

Homeotk transfogmsason of haheres W wmgi in Drosoptali melanogasics
caused by metations in the srabibhores geae. EB, Lewlks

Normal fruit fty
BN

Fruit fly with metation
In the antennapedia gene

of antennas




Homeotické transformace aneb nadéjna monstra na scéné!

Hox genes determine the form, number, and evolution of repeating parts, such as the number and type of vertebrae in animals with backbones. In the developing
chick (left), the Hoxc-6 gene controls the pattern of the seven thoracic vertebrae (highlighted in purple), all of which develop ribs. In the garter snake (right), the
region controlled by the Hoxc-6 gene (purple) is expanded dramatically forward to the head and rearward to the cloaca.




Homeotické transformace
&
evolu¢ni novinky (sic!)

srv. “ndhodnost” mutaci vs. “prednastavenost”
podobné homeotické transformace !
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Homeotické transformace celisti obratlovcu

DIx geny:

homeoticka
transformace svrchni
Celisti do podoby celisti
spodni po inaktivaci
genu DIx5 + 6

Dixs™=.DIxe'




Jsou geny nasledovniky zmény fenotypu? - ,,Baldwinayv efekt”:

neodarwinisticky pohled: genetické mutace jsou primarni, trefuji se do
prostfedi

VS.
geny jako nasledovnici zmény fenotypu - ,Baldwiniv efekt” (,organic

selection”):

8) interakce s prostfedim vyusti ve zménu organismu (fenotypova
plasticita), nékteré z téchto zmén jsou adaptivni

2) objevi se geneticka mutace vedouci ke stejné adaptivni zméné
fenotypu

3) pfirodni vybér upfednostiuje novy fenotyp, mutace se $ifi v populaci,
puvodné prostfedim indukovany fenotyp je nyni kontrolovan geneticky

~ Plasticka
™ Baldwin

1 Uloha fenotypové plasticity v makroevoluci
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Adaptive evolution without natural selection
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A mechanism of evolution that ensures adaptive changes without the obligatory role of natural selection is
described. According to this mechanism, the first event is a plastic adaptive change {(change of phenotype), followed
by stochastic genetic change which makes the transformation irreversible. This mechanism is similar to the organic
selection mechanism as proposed by Baldwin, Lloyd Morgan and Osborn in the 1890s and later developed by
Waddington, but considerably updated nccording to contemporary knowledge to demonsteate its independence from
natural selection. Conversely, in the neo-Darwinian mechanism, the first event is random genetic change, followed
by & new phenotype and natural selection or differential reproduction of genotypes. Due to the role of semiosis in
the decisive first step of the mechanism described here (the ontogenic adaptation, or rearrangement of gene
expression patterns and profile), it could be called a semiotic mechanism of evolution. © 2013 The Linnean Society
of London, Biolagical Journal of the Linnean Society, 2013, oo, so.0e_



