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Vyvoj (individualni vyvin, ontogeneze, development) je geneticky programovany a cyklicky.

Evoluce (historicky vyvoj, fylogeneze) neni programovana, nybrz nahodila.



a 1 b
Depth Mixed diet of
seeds and insects
Upper
D beak
Sharp-beaked finch
Low CaM: Low BMP4:
Short beak  low beak depth/width
C
" Width
Y
Probing cactus flowers/fruit Crushing seeds Crushing hard/large seeds
? 1 1
Low BMP4: Low—moderate BMP4: Moderate BMP4: Early/high BMP4:
low beak depth/width moderate beak depth/width moderate beak depth/width  high beak depth/width
High CaM: High CaM: Low CaM: Low CaM:
elongated beak elongated beak Short beak Short beak
Cactus finch Large cactus finch Medium ground finch Large ground finch

Evo-Devo se zabyva dynamikou vyvojovych procesu ve vztahu k evoluci (na drovni
fenotypoveé variability)

Wagner et al., Nature Reviews Genetics, 2007



Homologie — spolecny geneticky a vyvojovy puvod
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Human Opossum Sauropod Echidna Dove



Homologie — spolecny geneticky a vyvojovy puvod

Arabidopsis Pitcher Plant Venus' Flytrap Poinsettia Cactus

“common® leaf |Eaves modified leaves modified bright red leaves  leaves have
function | into pitchers to into jaws to catch  resemble flower become spines
unction 1S catch insects insects petals

photosynthesis

Homologni struktury, odvozené od spolecné ancestralni formy - list
Duplikace gent
Mutace regulacnich/strukturnich oblasti gend
Majorgeny/Minorgeny

Epigenetické zmeny



Duplikace genu - Fates of duplicated genes
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Moore and Purugganan, Current Opinion in Plant Biology, 2005



Heterotopni evoluce
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zmeny pozice (topologie), ve které jsou znaky
exprimovany v prubéhu vyvoje

heterotopie muze vytvaret nové morfologie
odliSné od drah, které vyvareji formy predku

heterotopie je zvyraznéna prostorem, nikoli
casem
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increased pressure
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Homeotické geny davaji vznik sériové homolognim strukturam

Anterior Posterior
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HOMEOBOXOVE GENY

jeden z klica specifikace a diferenciace

ha lbere -"'l

Antennapedia Bithorax komplex
komplex (anterior) (posterior)

moucha - B — mTHrEm
b BB BN EEE

BITHORAX specifikuje treti
¢lanek hrudi a zadecek:
ztrata funkce — misto

kyvadélek se tvofri druhy . HOx-1 —
par kridel (vice anteriorni mys HX3——— - — .
fenotyp) — it

Edward Lewis (1963) : pravidlo
spacio-temporalni kolinearity



ANTENNAPEDIA specifikuje mesothorax:

jeho ektopicka ,,dominantni” exprese vyvolava tvorbu nohou na hlaveé (vice posteriorni fenotyp)

zadecek IIhrud’ ” hlava

Bithorax

Antennapedia

mutant



Homeotické geny ridi
anteriorne -
posteriorni
specifikaci téela

mutace :
ztrata funkce genu C,
yvice anteriorni” fenotyp

mutace :
ektopicka exprese genu B, ,vice
posteriorni” fenotyp




Polarizacni oblast pupene specifikuje
koncetinu podél antero-posteriorni osy
exprese genu Sonic hedgehog na posteriornim konci

pupene poskytuje pozicni signal podél A-P osy

Anterior

Posterior &

pupen kureci koncetiny polydaktylie u clovéka

an




Arm Leg

normal
limbs

truncated
limbs

Mouse embryos with promoter/enhancer of Sonic hedgehog from cobra or python
inserted into the genome replacing the normal gene regulator


https://www.eurekalert.org/multimedia/pub/124766.php

Exprese homeotickych gent
v pupenu kridla kurete

Hox-a geny jsou exprimovany
podél proximo-distalni osy :
Hox-a 13 je nejdistalnéjsi

Hox-d geny jsou exprimovany
podél antero-posteriorni osy :
Hox-d 13 je nezadnéjsi

Anterior

Hoxa9

Proximal
]

Distal

Hoxa9—-11
Posterior

Anterior
]

Hoxd9

Hoxd9-13

Proximal Distal

Hoxd3-11

Posterior
I




Thoracic
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Hox gene expression in the evolution of shakes — a dramatic modification of the
vertebrate body axis. a | The skeleton of a python embryo stained with Alcian blue (cartilage) and
Alizarin red (bone). b | Schematic diagram comparing domains of Hox gene expression in chick and
snake embryos: HoxB5, green; HoxC8, blue; HoxC6, red. Hox genes are involved in the
regionalization of the lateral plate mesoderm into forelimb, flank and hindlimb, to specify limb position.
The expansion of HoxC8 and HoxC6 domains in python correlates with the expansion of thoracic

identity and can account for the absence of forelimbs



Evoluce homeotickych (selektorovych) gent

vysoky stupen podobnosti mezi geny skupin
Antennapedia a Bithorax,

vSechny obsahuji homeobox, 180 bp

kéduji 60-amino-kyselinovou homeodoménu,
ktera se vaze k DNA

pfibuzné geny nalezeny i u vSech jinych
zivocichu, ¢lovéka i rostlin

Box 1 | Evelution of the Hox cluster during metazoan evolution

During evolution, large
MACRO EVOLUTIONARY EVENTS
markedly altered the
metazoan body plan and
gave rise to the
morphological diversity and
complexity of current
phyla™. The cladogram
shows the main metazoan
groups and the associated
body-plan transitions
(indicated by red circles).
The closest unicellular
relatives of metazoans were
the choanoflagellates™; the
question marks indicate
uncertainty about the Hox
gene complement in these
evolutionary positions. The
first body-plan transition in
metazoans was the origin of
radial symmetry, which gave
rise, in the first instance, to
cnidarians. The origin of
bilaterality involved the
generation of two body axes
{(anteroposterior and
dorsoventral), the
endomesoderm, and a
nervous system that was

D
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Meural crest, vertebrag

concentrated at the anterior (but see REE 79 for alternative views on the origin of the nervous system). Acoelomorphs
(acoel tlatworms) are the simplest bilateral representatives'®. Higher bilaterians (Eubilateria) are protostomes
(arthropods, nematodes, annelids, molluscs and platyhelminthes, among other phyla) and deuterostomes
{(hemichordates, echinoderms and chordates).



Homeoboxové genové shluky u metazoi

jsou staré asi 1 miliardu let, prostorova/Casova kolinearita
castecne zachovana, poprve se vyskytuji na evolucnim
prechodu Cnidaria/Bilateralia, souvislost se vznikem tfi
zarodecnych listu

MEGACLUSTER (ancestralni ProtoHox)

se postupné amplifikoval a divergoval ve tfi skupiny genu

(a) Hox-shluk: Lewis 1978; 5+3 geny u drosofily, 39 genu
ve 4 shlucich u savcu), pusobi predevsim v ektodermu
(b) ParaHox-shluk: Brooke, Garcia, Holland 1998; je pouze u
obratlovcu, blizky Hox-shluku, fidi vyvin endodermu
(c) NK-shluk: Kim-Niremberg 1989; 4 geny u drosofily, téz
u obratlovcu, fidi hlavné vyvin mesodermu



Rostliny maji homeotické geny dvojiho typu

- MADS-boxové ... fidi identitu kvétnich kruhti
- homeoboxové ... uréuji architekturu vegetativnich casti

slozeny list slozeny list vyssiho radu transgenni rajce
wild-typu u transgenniho rajcete bushy
rajCete s chimérickym genem knotted1

fenotyp ( Petroselinum )



Evoluce a vyvoj listu

Primarni organ fotosyntézy

KNOX geny (TF) udrzuji neukonceny rist meristému |

Arabidopsis thaliana Solanum lycopersicum

duplication
at base of

KNOX KNOX
overexpression overexpression

Hay and Tsiantis, Development, 2010

= Acetabularia

. Seed plant
Seed plants class 1

KMOX genes
le.g. KNT, STM)

KNOX gene |

land plants

pplAKN2
Mosgses
DKM
Seed plant
Seed plants class S
KNOX genes
(e.g. KNAT3-5)
Mosses

pplKNT,3

Cronk, Nature Reviews Genetics, 2001



Evoluce a vyvoj listu

Dominant
Angiosperms generation
2n
300, Gymnosperms
Tissue maturation B TKNOX C ¥ KNOX @*éz oey
: —_— 400, o
Cell differentiation m Monilophytes
=1\"} 450
Cell division GA , 12007
KNOX PM
CK
' Bryophytes
| | | %
Charophytes
Chlorophytes

initiation (I, green)
primary morphogenesis (PM, blue)
secondary morphogenesis (SM, red)

Cronk, Nature Reviews Genetics, 2001



A. caerulea

P. sativum

Evoluce a vyvoj listu

A AcPDS ACNAM AcCUC3
y s

PsPDS
PsNAM
\ PsCUC3

PsPDS
PsNAM
PsCUC3

NAM — No Apical Meristem
CUC — Cup Shaped Cotyledon
PDS — Phytoene Desaturase (marker gene)

S. lycopersicum

C. hirsuta

2x358S:

o MIR164b

ChCUC3
RNAi

ChCUC3
(R Ai

Blein, Science, 2008



Evoluce a vyvoj listu

B
=
l.Cell . e NAM
proliferation “.‘ cUC
O‘ r
Leaflet “ A;
formation g
s
S
KNOXI 5
LFY-like -
Leaf Margin

NAM — No Apical Meristem
CUC — Cup Shaped Cotyledon
PDS — Phytoene Desaturase (marker gene) Blein, Science, 2008



Evoluce a vyvoj listu

F

A Intercalary leaflet

Primary leaflet
<

S. habrochaites

Wild type BOP RNAi

S. chopers:cum
S. pennellii Shoot apex

Leaf complexity

S. pennellii S. lycopersicum S. habrochaites

Decreased

Leaf complexity: Number of leaflets on main leaf axis BOP expression

Morphogenetic
competence window Wild type BOP RNAI

P7 leaf primordium

S. pennellii BOP RNAi S. hat_)rocha/tes BOP OX

S. lycopersicum
Wild type Wild type Wild type Wild type

S. lycopersicum

BOP RNAI BOP OX

BOP (BLADE ON PETIOLE) expression determines leaf complexity in closely related tomato species.
Ichihachi, PNAS, 2014



Evoluce a vyvoj listu




Evoluce a vyvoj listu

random developmental (epi)genetic changes (in leaf architecture) can be fixed in population by
selection or drift



_C Manihot esculenta*
Ricinus communis*
_E Linum usitatissimum*
Populus trichocarpa*
— Medicago truncatula*®
_C Phaseolus vulgaris
Glycine max*
Cucumis sativus*
_{: Prunus persica*
Malus domestica™
—— Fragaria vesca
_E Arabidopsis thaliana*
Arabidopsis lyrata*

—— Capsella rubella
Brassica rapa
Thellungiella halophila

Carica papaya*™
[: Gossypium raimondii
Theobroma cacao
— Citrus sinensis*™
- — Citrus clementina
Eucalyptus grandis
- Vitis vinifera™
_C Solanum tuberosum*
Solanum lycopersicum™
—— Mimulus guttatus
Aquilegia coerulea

—{ Sorghum bicolor*
Zea mays™

. . . | _r L Setaria italica*
The Evo-Devo of Flowering Diversity: e
— Brachypodiqm diftachyon* o
Where have all the flowers come from? Selaginalla mosfiendorti+ S4B
= Physcomitrella patens™
— Chlamydomonas reinhardltii

=3

L— Volvox carteri o',




The evolution of flowering

Amborella trichopoda - the most basal lineage
in the clade of angiosperms (flowering plants)
Primitive traits: missing vessel elements,
flowers close to gymnosperms.

Cucumis (cucumber & melons)
Medicago and Gycine (soybean)
Malus (apple)

Populus (poplar) rosids
Gossypium (cotton)

Citrus (orange, lemon, grapefruit)
Arabidopsis

Vitis (grape) .
Ribes (currant, gooseberry) Saxifragales eudi
Antirrhinum (snapdragon) E_‘
Solanaceae (tomato, potato, others) gsterids
Asteraceae (lettuce, sunflower)

Vaccinium (blueberry) J
Mesembryanthemum (ice plant)

C 0 hyllal
Beta (beet) arypphylliales
Eschscholzia (California poppy) Ranunculales

cots

Persea (avocado) -
Liriodendron (yellow poplar),.nagnc,"ids

Saruma

Poaceae (wheat, maize, rice, other?)‘

Musa (banana

Asparagus, Ycha. Allium (onion) monpeats
Acorus (sweet flag) J
lllicium (star anise)

Nuphar (water lily)

Amborella

Cryptomeria (Japanese cedar)
Welwitschia

Gnetum

Ephedra (Mormon tea)
Pinus, Picea

Ginkgo

Cycas

Zamia

gymnosperms

Albert et al., BMC Plant Biology, 2005



LEAFY

Snapdragon Arabidopsis Petunia

LEAFY — transcription factor,
specifies floral meristem identity

and controls expression of
MADS-box genes.

Loss of function mutants flowers
ater with flowers generally
acking petals and stamens, and
argely consist of leaf-, sepal-,
and carpel-like organs.

TRENDS in Plant Science

Moyroud et al., Trends in Plant Science, 2010



LEAFY — Gain of function studies

35S::LEAFY (right)—short day Aspen (Populus tremula) 35S::LEAFY

LEAFY is sufficient to determine floral fate
in diverse plant species

355::LEAFY (|eft) - |Ong day Weigel and Nilssen, Nature, 1995



LEAFY

Cutgroups
Flowering plants
Cycads

Ginkgo

\ Conifiors g"
2
N\ Nt
‘ : : LA d \ Ephedra ’
LEAFY smgle copy LEAFY —double copy
in angiosperms In gymnosperms \ wowischa b B
&
= Licago tat appears 0 e \\
PRFLL — Pinus radiata FLORICAULA/LEAFY-like, T S i forialo cormin pins N\

highly expressed in male cones

, , Angiosperms lost NEEDLY (female) copy
NEEDLY- highly expressed in female cones Frohlich, Nature Reviews Genetics, 2003



Mostly Male theory

LEAFY paralog was lost in
angiosperms around the same
time as flower fossils become
abundant, suggesting that this
event might have led to floral
evolution.

Loss of one of the LEAFY paralog
led to flowers that were more
male, with the ovules being
expressed ectopically.

These ovules initially performed
the function of  attracting
pollinators, but sometime later,
may have been integrated into the
core flower.
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Figure 3 | llustration of the evolutionary stages of the Mostly Male theory. a | The ancestral plant
has helically aranged microsporophylls {leaf homologues that bear pollen sacs) {left) with separate female
cupules {nght). b | Ectopic cupules form on some microsporophylls. ¢ | The microsporangia have been lost
from microsporophylis that bear ectopic cupules (now called ovules). These ectopic ovules are borne in
regular positions, and are mostly enclosed in the leaf homologue on which they form, which is becoming
the carpel. Pollen germinates on the leaf homologue and grows to the ovule. This structure might be
called a flower, although it is simpler than any flower now known. Modified with permission from REFE 8

T ———
g I i

Gene activity Active genes mostly Equal contribution Active genes mostly
derived from d'; from dand @; derived fromg;
few @ genes active bath sets of genes. active few d'genes. active
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structure on dreproductive unit on o reproductive uni

Frohlich, Nature Reviews Genetics, 2003



Two copies of LEAFY gene in maize

Wt zfl1:zfl2

Bomblies, Development , 2003



MADS-box genes Evo-Devo

gynostemium

stamen

Cc

Zygomorphy
Supression of
adaxial stamens
Labellum
Resupination

Inferior

ovary

Loss of resupination
Loss of labellum

\

Loss of adaxial Epidendroideae (A1)

stamens al, a2

Orchidoideae (A1)

Cypripedioideace (al, a2)

Stamen

loss (al, a2 .
L) Vanilloideae (al)
Stamen loss (A1)

Apostasia (al, a2)

Neuwiedia (al, a2)

Stamen loss AT-A3 Pauridia (al-a3)

Hypoxis (A1-A3, al -ﬂfw

D Inner
Outer  lateral § .ponum
tepals  tepals

pe— Clade |
PeMADS2-like

Clade 2
OMADS3-like

p— Cladc 3
PeMADS3-like

— lade 4
PeMADS4-like

Theissen and Saedler, Nature, 2001

J

\

Mondragon-Palomino, Frontiers in Plant Science , 2013



Polinator driven developmental changes in Orchids

OPEN a ACCESS Freely available online @PLOS | GENETICS

The Genetic Basis of Pollinator Adaptation in a Sexually
Deceptive Orchid
Shuqging Xu'2"%, Philipp M. Schliiter'*, Ueli Grossniklaus?, Florian P. Schiest!’

1 Institute of Systematic Botany and Zirich-Basel Plant Science Center, University of Zirich, Ziirich, Switzerland, 2Institute of Integrative Biology and Zurich-Basel Plant
Science Center, ETH Zirich, Zirich, Switzerland, 3 Institute of Plant Biology and Zirich-Basel Plant Science Center, University of Zirich, Zurich, Switzedand

Gymnadenia conopsea, A B
with long spur fitting
long-tongued pollinators = O. exaltata S = 0. Sp heg Odes+7-alkenes
o O. exaltata* % & 12-alkenes o O. sphegodes
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Gymnadenia odoratissima o
with short spur fitting o . o
Sharktongued pokitoss Approach Contact Approach Contact
Colletes Andrena

Schiestl and Schluter, Annual Reviews Entomology, 2009 Xu et al., PLOS Genetics, 2012



Casovani vyvojovych procesq,
zapindni a vypindni genu v zavislosti
na koncentraci a case, prahové hodnoty

HETEROCHRONNI GENY




HETEROCHRONNI MUTACE

model Fizeni casového vyvoje larvy hlistice C-elegans

specificka stadia larvalniho vyvoje jsou
urcovana hladinou proteinu lin-14

lin-14 mutace, ,ztrata” funkce

vasoké P>

koncentrace . ,
lin-14 == >stfedni=> [IZ]]
S nizks =>

lin-14

Iéasov{/ gradient lin-14 je vysledkem trans-
krip¢ni represe lin-14 proteinem lin-4,
zacinajici pri casném vyvoji larvy

lin-14 mutace, ,ziskani” funkce,
nebo ,ztrata” lin-4 funkce

standardni typ
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Heterochonie

Evolucni zmény v rychlosti nebo Casovani vyvojovych udalosti davaji vznik novym

adultnim fenotypim
Odlisné rychlosti rlstu riznych ¢asti téla béhem vyvoje organismu jsou podstatou

allometrickych vztahu
Heterochonie tvofi zjevnou asociaci mezi ontogenezou a fylogenezou



Heterochronicka evoluce

Pedomorfie: je zpusobena redukci rychlosti vyvoje
znaku, coz vede k juvenilnim charakteristikam
adultniho potomstva jedince (vyvin
nastava Casné = progeneze, nebo relativni
redukce rychlosti nastupu jednoho znaku relativhe
K jinému = neotenie)

Peramorfie: je zpusobena zvysenim rychlosti
vyvoje znaku vedouciho ke zvyraznenému znaku
adultniho potomstva (prodlouzeni
rustové faze = hypermorfoza)




Heterochronni evoluce

Pedomorfie: neotenie u axolotla
(Ambystoma mexicanum), kde juvenilni zabra
Jjsou zachovany az do dospelosti

Peramorfie: vzrust velikosti parozi
irskeho losa (Megaloceros giganteus)




f"*
y

Polymorphism in the development of horns in the male dung beetle, Onthophagus taurus.
a | Small horns, produced by males below threshold size. b | Fully developed horns in a male over threshold size.



PROGERIE (progeneze)
predcasné starnuti u cloveka

Obvykle single-genové mutace jsou odpovedné
za senescentni fenotypy, které imituji normativni starnuti

- impakt na urcity (jediny) organ ¢i tkan (unimodalini
progeroidni syndromy), pf. Alzheimer

- impakt na mnohé organy a tkané (segmentacni
progeroidni syndromy), pf. Hutchinson-Gilford, Werner
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Alzheimer's
Disease Defined

Causes and Risk
Factors
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Diagnosis

Treatments and
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Asked Questions

MedlinePlus for
More Inform ation
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version

Dr. Alois Alzheimer
(1864-1915, Mnichov)

® Main Menu | o Site Index
Alzheimer's Disease
Alzheimer's Disease Defined

Dementia is a brain disorder that seriously affects a
person's ability to carry out daily activities. Alzheimer's
disease is the most common form of dementia among
older people. It involves the parts of the brain that control
thought, memory, and language. Every day scientists
learn more, but right now the causes of Alzheimer's
disease are still unknown, and there is no cure.

a Areas of the Brain Affected by Alzheimer's
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HGPS

Hutchinson-Gilforduv progeria-syndrom
je onemocnéni déti zpusobené mutaci

proteinu vyznamneho pro architekturu jadra: aberantni morfologie.

Filamenty u periferie jadra odpovidaji za udrzovani struktury a stability jadra,

ochrana pred mechanickym stresem. Lamina téz udrzuji genomové domény,
regulacni funkce v expresi.



Spontanni bodova mutace
v kodonu 608 genu kodu-
jiciho protein lamin A
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lamina function

= Nuclear morphological abnormalities
= Disorganization of heterochromatin

» Defective repair of DNA damage and
increased genomic instability

The Molecular Basis of Nuclear Defects in HGPS



Figure 1. Photographs of a Female Patient with the Werner Syndrome, the Prototypic Segmental Progeroid Syndrome

The patient had multiple cardinal signs of the classical form of the disease, including bilateral cataracts, characteristic dermatological pathol-
ogy, short stature, premature graying and thinning of scalp hair, and parental consanguinity (she was the product of a second cousin marriage).
She also had type 2 diabetes mellitus, hypogonadism (with menopause at age 35 years), osteoporosis, flat feet, and a characteristic high-
pitched, squeaky voice. Cytogenetic studies revealed minor mosaicisms for autosomal translocations, deletions, and aneuploidy involving
the X chromosome, initially raising the question of a mosaic Turner syndrome (Jaramillo et al., 1985), but consistent with the more general
cytogenetic instability and cell selection reported in such patients (Salk et al., 1981a, 1981b). The patient died at the age of 61 of unreported
causes. The International Registry of Werner Syndrome (http://Awww.pathology.washington.edu/research/werner/registry/frame2.html) deter-
mined that this patient was homozygous for a previously described large genomic deletion involving exons 19-23 of the WRN gene. (A) Age
~13 (growth had ceased at age 12); (B) Age 21; (C) Age 56. Photographs are courtesy of the patient's spouse, with informed consent of
the patient.



Werneruv syndrom — autosomalni recesivni choroba, ztrata
funkce DNA helikazy, onset v dospélém véku.

Helikaza hraje ulohu v DNA replikaci a rekombinaci, replikacni
vidlicka.
Pacienti trpi defektni replikaci DNA, problémy s reparaci,

restrukturalizace chromatinu.

Senescence — permanentni zastava bunécného déleni,
dysfunkce telomer.

Kuriozni antagonismus mezi starnutim a rakovinou:
bunécna senescence — zastava déleni — je obrannym mechanismem
k u€¢innému zastaveni proliferace nadorovych buneék.



Helikaza je dulezitym Cinitelem branicim starnuti bunék:
mutace DNA helikazy (wrn-1) zpusobuje pfed€asnou smrt
hlistice Caenorhabditis elegans
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Survival curves of wild type
and wrn-1,mir-124 double mutant
animals grown at 25°C.

The aging marker lipofuscin is increased in mutant C. elegans strains.



Helikazy jsou schopny rozpletat dvousroubovici DNA (RNA)
a zpristupnit tak jednotliva vlakna dalsim enzymum (replikace,
transkripce). Inhibice RNA helikazy (HEL-1) naopak

prodluzuje zivot.

Lifespan

Inhibition of RNA helicases

The inhibition of RMNA helicases leads to a longer lifespan in the roundworm Caenorhabditis elegans



The Epigenetic effect

Stable Epigenetic Effects Impact Adaptation in Allopolyploid
Orchids (Dactylorhiza: Orchidaceae)

Ovidiu Paun,*"? Richard M. Bateman,®> Michael F. Fay,' Mikael Hedrén,* Laure Civeyrel,®
and Mark W. Chase' 300km

Genetic distance: A and C closely related
Paun et al., Molecular Biology and Evolution, 2010 Epigenetic distance: A and B closely related
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