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Nobelova cena 2002 za fyziologii a lékarstvi

za objevy genetické regulace
orgdnového vyvoje

a programované bunécné smrti

. na modelu Caenorhabditis elegans

Cell ineage (1090 cells)

Sydney Brenner
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’ N John Sulston
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Programrned cell death (131 cells)

@ *death genes* @
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livimg cell dead cell

Robert Horvitz
(1947, USA)
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Anatomie
C. elegans

sperm

spicules
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(one-armed) vas deferens

g —gonada

h — hypodermis
| — stfevo

m — svaly

nc — nervova trubice




Osm dobrych duvodu, pro¢ studovat
C. elegans — model mozaikového vyvoje

mala, snadno se kultivuje (zivi se E. coli)

jednoducheé telo: 959 telnich bunek g1031 u O/
dobre diferencované tkane vCetné nervové soustavy
pruhledné télo po cely zivotni cyklus

kratka generacni doba: 3,5 dne pfi 20°C

iInvariantni vyvoj a anatomie

samooplozeni (a CasteCné kfrizitelna)

© N o a bk~ W D F

maly, jiz sekvencovany genom
(~108 bp =100 Mb =0,1 pg)
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Zakladni geneticka characteristika
C. elegans

zakladni zivotni cyklus je diploidni

6 vazebnych skupin, odpovida to 6 chromosomuim

v haploidni sadé: 5 autosomu a 1 pohlavni chromosom X
hermafrodit ma dva chromosomy X v diploidni bunce
hermafrodit tvori ~ 300 spermii, pak tvori oocyty

meiosa u hermafrodita vytvari gamety s jednou sadou
autosomu a jednim X

samooplozeni obvykle dava vznik embryu 2 X : 2 A =

hermafroditu



Caenorhabditis elegans : vznik a dédicnost pohlavi

XX |
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Pro genetiku jsou potrebni samecci

> Prilezitostna ztrata chromosomu X v prubéhu meiosy u hermafrodita
dava gamety bez X. Frekvence asi 1 na 500 meios. Kdyz je gameta
oplozena, vysledkem je diploidni zivo€ich pouze s 1 X.

» Jedinec €erva pouze s jednim chromosomem X v diploidni bunce se vyviji
jako samecek.

» Zadny chromosom Y u C. elegans neni, sameéka znaéime XO.

» V meiose u samecka segreguje jediny chromosom X a tvori se dva druhy
spermii: s jednim chromosomem X resp. zadnym:

spermie samecka

1A 1X, 1A

oocyty 1X, 1A | XO, AA XX, AA

hermafrodita ¢ g

> Krizeni samefka s hermafroditem dava v potomstvu
stejné pocty sameckul a hermafroditt.




Mutageneza C. elegans

F)o +/+ mutagen: chemicky, pf. EMS
fyzikalni, pr. y - zareni
aplikace na P, kdyz zarode¢na linie ma
/ mnoho mitotickych bunék:
+
Fy / J m \ larva ve stadiu L4
F +/+ +/m M/ M  samooplozeni dava vznik

1/4 homozygotum v F,



Jaké typy mutantu muzeme mit ?

morfologické pr. Dumpy (Dpy) — kratke, tlusteé télo
Long (Lon) — delsi nez WT

chovani (pohyb) pr. Uncoordinated (Unc)
Roller (Rol)

heterochronni pfr. Cell Lineage Abnormal (Lin)
letalni pr. Lethal (Let)

sexualni transformace pr. Masculinizing (Tra)
Feminizing (Fem)



bunka uréend .
k zaniku

Ucinek genu ridicich

programovanou “_MILDH
ced-4

bunéénou smrt indukce
u hlistice : apoptoz

<3

geny cell death ced-3 a ced-4
(produkujici cytotoxiny)
jsou rizeny (inhibovany) pohleeni fagocytézou,
genem ce d-9 degradace bunky 1 jadra
- jestlize je tento gen aktivni,

bunka se nepodrobi apoptoze
bunka




Bunécny osud hlistice podél antero-posteriorni osy je urcovan
jedinym (kolinearnim) shlukem HoX geniti

- s homologiemi ke ¢tyrem homeotickym gentim z komplexu
Antennapedia mouchy
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Casovani vyvojovych procesdu,
zapindni a vypinani genu v zdvislosti
na koncentraci a ¢ase, prahové hodnoty

HETEROCHRONNI GENY

(




HETEROCHRONNI MUTACE

model Fizeni ¢asového vyvoje larvy C-elegans

specificka stadia larvalniho vyvoje jsou
urcovana hladinou proteinu lin-14

lin-14 mutace, ,,ztrata* funkce

Vysok;;_} £
&
koncentrace

lin-14 == >stiednic=> [12]
N nizks >

lin-14

2] (L8] i

|éas0vy 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

represe lin-4
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Bunécna genealogie u WT a heterochronnich

mutanttd C-elegans

standardni typ »predcasny* mutant »O0poZdény* mutant
lin-14 (If) In-14 (gf )
larvalni mutace ,,ztrata funkce* mutace ,,ziskani‘ funkce

stadia (1-4)
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retardace vyvoje linii,
opakovani vyvojovych typt




Centralni dogma molekularni biologie
( Francis Crick )

transkripce translace
DNA ==) RNA =) proteiny
(skladovani (pfenased (vykonna
informace) informace) masinerie bunky)

Tento model ma pfinejmensim dva nedostatky

- nebere v uvahu mnoho faktoru, které modifikuji
genovou aktivitu v prubéhu transkripce a translace

- DNA a RNA nejsou jedinymi skladniky a prenaseci
iInformace



jadro

obraceneé
) I:Irepatlce aberantni nebo nadmeérna (1)

l transkripce genu
B2 |
dsRNA bl

2006: NOBELOVA CENA
ZA FYSIOLOGII A LEKARSTVI _
SELEKTIVNi UMLCOVANI GENU """\
PROSTREDNICTVIM (3) 9 \}, e
RNA INTERFERENCE RO - dsRNA

aberantni RNA

cytoplasma
malé RMNA Yt I]
sekvencné-specificka
nukleaza cilova
mRMNA

:

posttranskripcni
umlcowvani gend

Craig M_e”O’ '_A‘”O_'re"" Fire (i) RNA-dependentni RNA polymeraza
(Carnegie Institution 1998) ss RNA —p ds RNA
(if) Dicer : ribonukleaza
ds RNA —>» malé ds RNA (~22nt)
(iii) Argonaut (RISC) - proteiny ribonukleazového
komplexu : stépeni (endogenni homologni) mRNA



Historie objevu

RNA - Interference
L iR | '-'{'i'Q}.t ’

PhD studentka v laboratori Kena Kemphuese,
Cornell University



Klonovani genu embryonalni polarity: par-1

- Mapovani par-1 do malé oblasti genetické mapy

Problém: nemoznost ziskani vétSich DNA klonu zahrnuijicich
kandidatni gen

Reseni: pripravit antisense RNA z kandidatniho genu
a pozorovat, zda muze navodit fenokopii Par-1 fenotypu



“Antisense” experiment Sue Guo

Antisense RNA par-1

l
Q&&M
XSS

Josegose]



Sue Guo ,antisense” experiment

Cell 81:1, 1995

Injikovana molekula % embryonalni |etalita
ZC22 (par-1) ,antisense” 52
ZC22 (par-1) ,sense” 54
H,0 0

... K nasemu prekvapeni, injekce ,,sense“ ZC22 RNA
take indukovala par-1 mutantni fenotyp. Neni jasne,
co je pricinou tohoto jevu ...

... Podstata fenoménu je ve stadiu zkoumani a nebude
zde dale diskutovana ...
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Fire, Carnegie Institution of Washington



Analyza Andyho Firea

Nature 391: 806, 1998
... Dva rysy RNA interference je obtizné vysveétilit.

(1) Kazdy preparat sense ci antisense RNA je
dostatecny k navozeni interference.

(i) Interferencni efekty mohou pretrvavat do
dalsi generace, i kdyz vetsina endogennich RNA
transkriptu je rychle degradovana jiz v casném
embryu.

Tyto vysledky naznacuji vyznamny rozdil v chovani nativnich
RNA (pf. mMRNA) a molekul odpovédnych za interferenci.



Analyza Andyho Firea

... Populace molekul RNA pouzivane k mikroinjekci

se obvykle pripravuji s pomoci bakteriofagové RNA
polymerazy.

... 1yto polymerazy, i kdyz jsou vysoce specificke,
tvori nékteré nahodné ci ektopicke transkripty.

... Populace interferencnich RNA mohou zahrnovat
nekteré molekuly s dvojvlaknovym charakterem.



Experiment Andyho Firea

Nature 391: 806, 1998

Injikovana molekula % ,Skubajich se” ervu
unc-22 ,Cisté antisense” 0

unc-22 ,Cisté sense” 0

unc-22 ,sense + antisense” 100

Smes ,sense plus antisense” byla o dva rady ,interferencne”
ucinnejsi nez kterakoli ze samotnych jednoviaknovych molekul.



RNAI by ingesting dsRNA!

Timmons and Fire - Nature 295: 854, 1998
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PostTranskripCni genové umlcovani
a RNA interference - spojitost ?

David Marjori
Baulcombe Matzke
(Norwich) (Vienna)

,PostTranskripCni genoveé umiCovani se vyskytuje u
rostlin a hub transformovanych cizi nebo
endogenni DNA a ma nasledek v redukovaneé
akumulaci RNA molekul se sekvencni podobnosti k
introdukované molekule nukleové kyseliny.”

Hamilton and Baulcombe, Science 286: 952, 1999



CORRESPONDENCE

©2006 Nature Publishing Group

RNAiNobel ignores vital
groundwork on plants

SIR — The Nobel prize, by recognizing

the individuals behind breakthroughs,
inspires all scientists to do great science.

The discovery of RNA interference (RINAI)
changed the face of gene regulation, a feat
deservedly recognized with this year’s Nobel
Prize in Physiology or Medicine',

As undergraduates, we witnessed with
great excitement the discovery of gene
silencing. At that time, almostall research
in that area was being conducted by plant
scientists, and as young plant biologists we
were lucky to have front-row seats to this
molecular drama.

Like all great advances, RNAi is turning out
to be important in ways that could not have
been guessed atevena decade ago. Therefore
we were not surprised to discover that the
topic was selected for this year's honour —
but we were shocked that the plant scientists
who were so crucial in discovering and
communicating the underlying mechanism
of RNAi were not awarded a share.

RNA silencing in petunia.
The petunia plant was transformed with
an additional copy of a gene (chalcone
synthase) required for pigment
production. The transgene activated
RNA silencing so that expression of
both the transgene and the endogenous
gene was suppressed. The flowers
would normally have been purple.




www.phas.org/cgi/doi/10.1073/pnas.24 1276898 PNAS | MNowvember 6, 2001 | wvol. 98 | no.23 | 13437-13442

RNAi-mediated oncogene silencing confers re5|stance
to crown gall tumorigenesis

Matthew A. Escobar®*, Edwin L. Civerolot, Kristin R. Summerfelt*, and Abha

*Department of Pomology, tDepartment of Plant Pathology, and *Center for Engineering Plants f S

University of California, Davis, CA 95616 h ran | ce T_DNA
Edited by Christopher R. Somerville, Carnegie Institution of Washin

Crown gall disease, caused by the soil bacterium A
tumefaciens, results in significant economic lo in perennial
crops worldwide. A. tumefaciens is one of thed&w organisms with whereas wild-
a well characterized horizontal gene transf€r system, possessing a larly, several trans
suite of oncogenes that, when integgafed into the plant genome, stem inoculationwith t
orchestrate de novo auxin and ¢ inin biosynthesis to generate one biovar lll strain of A. tu
tumors. Specifically, the ia and ipt oncogenes, which show 24.29% tumorigenesis, whereas trols averaged 100% tumori-
=90% DNA sequence jg€ntity across studied A. tumefaciens genesis. This mechanism of resistanceywhich is based on mRNA
strains, are requiredsfor tumor formation. By expressing two sequence homology rather than the highlysecific receptor-ligand
self-complemen RNA constructions designed to initiate RNA binding interactions characteristic of traditio lant resistance
Ai) of iaaM and ipt, we generated transgenic genes, should be highly durable. If successful an rable under
Arabido thaliana and Lycopersicon esculentum plants that are field conditions, RNAi-mediated oncogene silencing

et mend b rpmansen sl i aen Alra s b mmd Len fom ritem wmmd s me] asmmlic ol ilidar e #lan s s mms s msnd mf Fomn o sl e ———

ctro s averaged 97.5% tumorigenesis. Simi-
ed tomato lines that were challenged by
biovar | strains, one biovar Il strain, and
ciens displayed between 0.0% and

RB | Ubi3-uidA-nos3' | Ocs3'-iaaM-Maai-CaMV35S | Ocs3'-tpi----ipt-CaMV35S || mas3’-nptlF-mas5' | LB

— G — — I—
> -+ - -+
reportérovy gen auxinovy onkogen cytokininovy onkogen selektovatelny gen
(glukuronidaza) : (rezistence ke Km)

The Agrobacterium binary vector pDE00.0201 for the expression of self-complementary iaal and ipt oncogenes. This vector contains an nptll-selectable
marker gene driven by the mannopine synthase 2' promoter (mas5’), a uidA scorable marker gene driven by the ubi3 promoter (ubi3), and self-complementary
iaaM and ipt genes driven by 355 cauliflower mosaic virus promoters. Arrows indicate the direction of transcription. LB and RE indicate the left and right T-DNA
border sequences.
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C-elegans



XX hermaphrodite

C. elegans XX and XO Anatomy

C. elegans naturally exists as two sexes, XX hermaphrodites and XO males. Hermaphrodites and males display several sex-
specific anatomical features, most notably a male tail designed for mating, and a vulva on the ventral surface of hermaph-
rodites for reception of male sperm and for egg-laying. Their germ-line programs also differ. The two-armed gonad in
hermaphrodites produces sperm initially and then oocytes throughout adulthood. The one-armed gonad in males pro-

duces sperm continuously.



X0 O xx Q"

IO 5 .’D'-'Z‘O(T_I;
: Do @

o oo P08 ) embryo L e®® ,ceqc. e

(=) O‘f;":) ®le

soma : dosage compensation OFF Isoma . dosage compensation ON I

germ line : X silenced germ line : both Xs silenced

| Somatic nuclei in XO: B Germiine nuclei: @ PFrimordial gem cell
no down-regulation of global silencing of
the single X chromosome X chromosomes

il Somatic nuclei in XX: Partial reactivation of @ Early embryos
50% down-regulation X chromosomes
of both X chromosomes in oogenesis

Overview of X-Chromosome Regulation

Dosage compensation occurs in somatic tissues uniquely in XX hermaphrodites. Silencing of the Xs in the germ line occurs
in both XO males and XX hermaphrodites. Hermaphrodites display late and partial activation of X-linked genes during late
pachytene of oogenesis. The arrows point out the single primordial germ cell in the embryo that generates the germ line
in the adult gonad.



J" (x0) J" (xx)

X/autosome ratio = 0.5 : X/autosome ratio = 1

1 x XSE 2 x ASE 2 x XSE 2 x ASE
\’ / \ / XSE (X-signal
— elements) a
e @ Low (XOL-1 ASE (autosomal
il -sighal elements)
1 5 reguluji hladinu

XOL-1, ktera

ow @202 . e
7 — \ fidi kaskadu k
2 faktoru SDC2.
NO tow Qi 1\‘ DOSAGE
DOSAGE COMPENSATION .
' COMPENSATION - nizka hladina
- vysoka hladina HER-1 umoznuje
HER-1 vede k O sexua stexuu tvorbu obou poh-
Samél’ DIFFERENTIATION DIFFERENTIATION IavnI'Ch Orgénl‘j
pohlavni draze aktivace kondenzinovych komplext snizujicich
(potlaéeni samicéi dréhy) expresi obou X (DC-complex)

Vyvojové drahy vedouci k determinaci pohlavi
a X - davkové kompenzaci u C-elegans



Dosage Compensation Complex zprostredkovava down-regulaci obou chromozomu X
a autosomalniho lokusu HER-1 lokusu v somatickych tkanich hermafrodita

X CHROMOSOME HER-1 LOCUS
|
DCC pccH

DCC komplex se vytvari v XX-Cervech, vaze se a Sifi po X-chromozomech, redukuje
expresi X-genu ~ 2krat, po vazbé na autosomalni HER-1 redukce 20nasobna.



ProC mame radi (Cervy)

PLOSTENKY



Plosténci (Platyhelminthes), plosténky (Turbellaria)

- prvni triblasticti, bilaterdlné soumérni (plandrni,
obvykle trikladisti¢ ti sladkovodni) ZivoCichové s
diferencovanymi organy (tj. mezi nezmarem a hlistici)

- model regeneracni morfalaxe (tj. asexudlni reprodukce)

- model studia kmenovych bunék (neoblastt)

- nemaji zdrodecnou drdhu, ale funkéni gen Vasa

- hermafroditismus a $tépeni, resp. sexudlni a asexudlni
(chromosomalné-podminéné) klony



Regenerace hlavy u plosténky Dugesia dorotocephala

extraceluldrni epitel
matrix — bufiky mezenchymu
e odvozené z neoblastl

neoblasty



Thomas Hunt Morgan (1866-1945) received the Nobel Prize in

Medicine or Physiology in 1933 for his discoveries concerning the role
chromosomes play in heredity.

At the beginning of his career, however, Morgan spent considerable time
and effort on the study of embryogenesis and regeneration, and
published several important articles and books on these subjects. Of
_ relevance to us is his 1901 book appropriately entitled "Regeneration”.
The work and ideas presented in this book remain relevant to the
modern study of regeneration, and many of the incisive questions
postulated in this work remain unanswered to this day.

However, Morgan eventually abandoned the study of regeneration since,
in his own words, he felt that "we will never understand the phenomena
of development and regeneration” (Berril, N. J. "The pleasure and
practice of biology" Carn. J. Zoo/ 61: 947-951, 1983).
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Figure 2 | The planarian's regenerative and remodealling abilities. The drawings illustrate
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The planarian has a great capacity for regeneration. Even a tiny fragment
cut from any part of the body can regenerate an entire individual
planarian with the same antero-posterior and dorso-ventral body
patterning within one week.
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DEVELOPMENTAL DYNAMICS 226:326-333, 2003

ARTICLE

Allometric Scaling and Proportion Regulation in the
Freshwater Planarian Schmidiea mediterranea

Néstor J. Oviedo,* Phillip A. Newmark,” and Alejandro Sanchez Alvarado™

The regulation of scale and proportioninliving erganisms is an intriguing and enduring problem of biology. Begulatory
mechanisms for controlling body size and proportion are clearly illustrated by the regeneration of missing body parts
after amputation, in which the newly regenerated tissues ultimately attain a size that is anatomically congruent with
the size of the rest of the organism. Understanding the molecular processes underpinning scaling would have deep
consequences for our comprehension of tissue regeneration, developmental ontogeny, growth, and evolution.
Although many theones have been put forward to explain this process, it is interesting that no satisfactory
mechanistic explanation is currently available to explain scalar relationships. We chose to investigate the freshwater
planarian, a commonly used model system for the study of metazoan regeneration, to delineate a strategy for the
molecular dissection of scale and proportion mechanisms in metazoans. Here, we report on the cloning and discrete
expression pattemn of a novel planarian gene, which shares homology with the DEG/ENaC super-family of sodium
channels. We have named H.112.3c cintillo (*head ribbon” in Spanish) and present a strategy for using the expression
of this gene to monitor scale and proportion regulation during regeneration, growth and degrowth in the freshwater
planarian Schmidtea mediterranea. Developmental Dynamics 226:326-333, 2003. = 2003 Wiley-Liss, Inc.



Regulace proporci téla podle dostupné potravy - ALLOMETRIE

hladovéni (,,degrowth®)

krmeni (,,growth®)
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Transplantace druh¢ hlavy vede k potlaceni regenerace amputovane
prvni hlavy (cf. nezmar) — tvorba hlavového inhibitoru ?

Amputation




Transplantace druh¢ hlavy do oblasti posterior (za hltanem) vede
ke tvorb¢ paru novych hltanii v misté spojeni (1loha morfogennich gradient(i?)

T supernurnerary
pharynxes




Detekce replikace DNA
s pomoci digesce BrdU

d¢€li se pouze neoblasty

A) Phagocata sp.
B) Girardia dorotocephala
C) Schmidtea meditorranea




Akumulace noveé se replikujicich (dé€licich) bunék — neoblastii v oblastech
regeneraéni blastémy 3 dny po amputaci anterioru ¢i posterioru plosténky
( znaCeni a detekce BrdU )

anteriorni blastéma posteriorni blastéma 100 um




Plosténka Schmidtea mediterranea

pohlavni kmen

nepohlavni kmen (aberace)



l !hole - mount in situ hybridizace

s cDNA sondami




Ingesce bakteridlné exprimované dvouvlidknové RNA
inhibuje genovou expresi u plostének

Escherichia coli

umeéla potrava

+ jatra, agaroza a barveni potravy E. coli  hltan

ds RNA

- mikroinjekce ds RNA ¢1 prosté krmeni ds RNA produkujicimi bakteriemi
vede (stejn¢€ jako u Caenorhabditis elegans) k inhibici pfislusnych genti

- inhibice persistuje po regeneraci, coZ umoznuje analyzu fenotypu

- metoda transgenoze dosud nebyla u ploStének zvladnuta, ds RNA je tedy hlavnim
nastrojem identifikace funkce genu



RNA -interference

o jadro
" obracené I C‘-E/Egﬁﬂs
repetice metyEa = —
':}—f_ TGS i i PTGS L IR )
N = N— krmeni
... dsRNA transgen . .o .
mikroinjekce BMAI

iburl-x:;cgiﬁz\l.a (i) RNA-dependentni RNA polymeraza
o ss RNA — ds RNA

(ii) Dicer: ribonukleaza ds RNA — malé RNAi
cytoplasma

)

Sl (il1) Argonaut: proteiny
r— " ribonukleazového komplexu

posttranskripEni Stépeni mRNA
umlCovani gend



Vyuziti RNA interference k 1dentifikaci genu
vyzadovanych k regenera¢nim procesim

ztrata
schopnosti

. . , regenerace
introdukce specifické J

ds RNA

dvojity
anterior

dvojity
posterior
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The planarian nervous and visual systems. (a) The planarian central
nervous system is composed of a brain in the head region and a pair of
ventral nerve cords. The figure shows a ventral view of whole-mount
in situ hybridization with the DjPC2 probe (b) The structure of the

planarian visual system. Visual axons form the optic chiasma. This
figure is a dorsal view of a whole-mount staining using an anti-visual-

cell monoclonal antibody






Plosténky v ucebné psychologie :
habituace a instrumentalni kondiciovani

Nazorny experiment z Oklahomské univerzity



Flongated

With a puff of air, it will contract.

After a few puffs, it should stop contracting. It is now
_ habituated.




HANDOUT 1: A SAMPLE DATA

SHEET
Marme: Experiment: Habituation, Instrumental, Other
Date: Time: Subject# _
Mumber of trials: ISIITI: oubject
Sizeﬂ:m_
Stimulus intensity._ stimulus duration:
Other:
TRIAL/FESPOMSE TRIAL/FESPOMSE TRIAL/FESPOMNSE
21 4
1 22 42
2 23 43
3 24 44
4 28 45
a 28 48
5 27 47
7 20 45
&) 25 45
5 30 a0
10 a1 a7

a4 aZ

—
—



Regenerace vizudlniho systému ploSténky po amputaci hlavy (den 0): pigmentove
bunky (*), fotoreceptorové buiky (>), spojovaci neuron (]), ...

day 0 day 1 day 2 day 3

Whole-mount imunobarveni protilatkou viici arrestinu



Target
Quadrant

Start area

N
O
gl

CD-PC sportovni bazen pro hrave plosténky



cil

- start
smer
svétla|

normalni jedinci bezhlavi jedinci

Modelovani trajektorii negativni fototaxe plosténky



day 1 day 2 day 3

Trajektorie

pohybu plostének
po odstranéni

(den 0) a regeneraci
hlavy

sveétlo




Pijavenky

(Bdelloidea), kmen Virnici (Rotatoria)

asexualni cervi

(,LEVOLUCNI SKANDAL*, Maynard Smith)




Bdelloid rotifers virnici




mikroskopiCti mnohobunécni zivoCichove,
cervi (100um az 1mm)

velmi pocCetni v mokrych stanovistich
anhydrobiéza: klidové stadium a sireni

schopné fixovat fragmenty DNA
(horizontalni genovy prenos)

obligatni partenogeneze (samecci nejsou)
asi 450 morphologicky rozliSitelnych druhu

radiorezistence (vysoka ucinnost reparaci)



Virnici neznaji genetickou rekombinaci, presto se podrobuiji
speciaci diky odlisné selekci a geograficke izolaci.

Dnes existuje asi 400 druhu starych pres 40 milionu let.

UrcCitou genetickou variabilitu zajistuji krome prirozené
mutageneze i restrukturalizace genomu v prubéhu anhydrobiozy
(vCetné fixace cizi DNA).
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