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A homoldg gének valtozo paradigmaja

Old view of gene evolution

Species 1 Species 2

Gene valtoznak.

duplications
Genes recent

- az 1960-as évektdl aztan fokozatosan kiderult,
hogy ez nem igy van, szamos gén koz0s
egeszen tavoli fajok kozt is (Hemoglobin, Cyt c).

- nyolcvanas-kilencvenes években arra is fény
derult, hogy a legkulonb6z6bb allatok homolog
szerveinek fejlédéséért is homolog gének
felelnek! (eya, Hox, tinman/nkx2.5)

Species 3 - a Modern Szintézis klasszikus nézete szerint a
gének a fajok adaptiv jellegei, amelyek gyorsan

"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". — Ernst Mayr

New view of gene evolution

Species 1 Species 2 Species 3

Q4 Most genes originate
* by duplication

( Rose and Oakley (2007) Biol Direct)



Table 1. Differences in amino acid sequences of human and chimpanzee polypeptides. Lyso-
zyme, carbonic anhydrase, albumin, and transferrin have been compared immunologically by
the microcomplement fixation technique, Amino acid sequences have been determined for the
other proteins. Numbers in parentheses indicate references for each protein,

Protein Amino acid differences Amino acid sites
Fibrinopeptides A and B (3) 0 10
Cytochrome ¢ (4) 0 104
Lysozyme (13) ~0 130
Hemoglobin « (4) 0 141
Hemoglobin g (4) 0 146
Hemoglobin 4+ (5, 6) 0 146
Hemoglobin %y (5, 6) 0 146
Hemoglobin 5 (5, 8) 1 146
Myoglobin (7) 1 153
Carbonic anhydrase (4, 12) ~3 264
Serum albumin (70) ~6 580
Transferrin (17) ~8 647

Total ~19 2633

“A relatively small number of genetic changes in systems
controlling the expression of genes may account for the major
organismal differences between humans and chimpanzees.”

(King and Wilson (1975) Science)



- hat par kromoszéman 97 Mb, 20,100 prediktalt fehérje-
kodold gén (plusz kb 16,000 RNS-kddold gén, de ezekre
csak az utdbbi években derult fény)
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( The C. elegans Sequencing Consortium (1998) Science)
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-~180Mb, kb. 13,600 (fehérje kodold) gén

- a rovidebb C. elegans genom tobb gént tartalmaz => szervezeti
komplexitas és génszam kozt nincs kdzvetlen 6sszefluggés

(Drosophila esetében nagyon sok alternativ transzkriptum |étezik)

(Adams et al. (2000) Science)



Table 12 Number and nature of interspersed repeats in eukaryotic genomes

Human Fly Worm Mustard weed
Percentage Aoproximate Percentage Approximate Percentage Apoproximate Percentage Approximate
of bases numoer of of bases number of of bases number of of bases number of
families families families families
LINE/SINE 33.40% 6 0.70% 20 0.40% 10 0.50% 10
LTR 8.10% 100 1.50% 50 0.00% 4 4.80% 70
DNA 2.80% 60 0.70% 20 5.30% 80 5.10% 80
Total 44.40% 170 3.10% 90 6.50% 20 10.50% 160

The complete genomes of fly, worm, and chromosomes 2 and 4 of mustard weed (as deposited at ncbi.nim.nih.gov/genbank/genomes) were screened against the repeats in RepBase Update 5.02
(September 2000) with RepeatMasker at sensitive settings.
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(Lander et al. (2001) Nature)



-az egér genom kb 2.5 GB (vagyis 14%-al kisebb a human genomnal) -
a kulonbség az egér magasabb delécios ratajanak koszonhetd

- mind a human, mind az egér genom kb azonos mennyiségi gent
tartalmaz (kb. 20,000 fehérjét/peptidet kddold gen), és ezek 80%-a
megfeleltethetdé egymasnak

- a genomok kozel 90%-a szintenikus blokkokba allithato!

Step 1 Step 2

Mouse

.
Chromosome A Chromosome A Syntenic
Block 1

Syntenic

Human Anchors

Syntenic
Block

Human
Chromosome C

Mouse Human Sidia  ‘Sinis (Chlnwa"a et al. (2002) Nature)

Genome Genome Genome Genome
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(Chinwalla et al. (2002) Nature)

- Minden egyes csik egy >300 kb nagysagu szintenikus blokknak felel

meg



- a 393.3 Mb hosszu genom kb 19,000 gént kodol

- utébbi elég jol megegyezik az emberi genomban
feltételezett gének szamaval, de azok majdnem 9x
nagyobb helyen helyezkednek el, 2.9 GB-on

- az egyes fehérje csaladok is kb. azonos
nagysaguak, kivétel a kalium-csatorna
alegységek és a Zn-finger tipusu
transzkripcids faktorok képeznek.
El6bbiek a Fugu genomban vannak
tobben, utébbiak pedig az emberiben.

(Aparicio et al. (2002) Science)



- a genom mindossze 2.7%-a repetitiv szekvenica, ami lényegesen
alacsonyabb az eml6soknél talalt: 35 - 45%-nal
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Intron size (bp)

78 576 1075 1574 2072 2571 3069 3568 4067 4565 5064 5562 6061 6560 7058 7557 8055 8554 9053 9551

(Aparicio et al. (2002) Science)



A zsakallat (Ciona intestinalis)

Protostomes Deuterostomes
Chordates
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bilaterian ancestor (Dehal et al. (2002) Science)

- igen kompakt: ~115 Mb, kb. 17,000 gén
- a gének kb 60%-nak létezik Protostom homoldgja, 20%-nak
azonban semelyik mas nagyobb csoportban nincs megfeleldje

- a Ciona gének atlagosan 6.8 exonbdl allnak (vs. 5 a Drosophila-
ban és 8.8 emberekben) => intronszegény
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L. major
G. lamblia :
T. vaginalis
P aurelia -=
S. pombe =2
P falciparum ==
0. sativa |

A, thaliana

< . -~
P yoelii 2
N. crassa —
A, nidulans 2
A. gambiae T

C. merolae |
E. cuniculi
G. theta NM
S. cerevisiae
C. albicans
C. briggsae |
C. elegans |
F. chrysosporium
T rubripes
M. musculus
H. sapiens

C. parvum
D. discoideum ==

T. psuedonana 2220
B. natans NM
C. reinhardtii |

C. intestinalis |

D. melanogaster
C. neoformans

_ Copyright © 2006 Nature Publishing Group
(Roy and Gilbert (2006) Nat Rev Gen) Nature Reviews | Genetics

- az els6 genomszekvenicak alapjan, az tinne logikusnak, hogy az
Eumetazoa ill. Urbilateria 6sOk viszonylag kevés intronnal
rendelkeztek, és ezek késébb az Ujszajuak (Deuterostomia)
vonalan terjedtek el igazan, féleg az eml6sokben
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total loss: 0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

% ancestral introns lost within the protostome lineage

(Raible et al. (2005) Science)



A tengeri rozsa (Nematostella vectensis)

-a 450Mb nagysagu genom kb 18,000 fehérje
kodolo gént tartalmaz

-a genom negyede repetitiv szekvencia

-2x annyi koz0s gén van egy tengeri rézsa €s egy
ember kozt, mint muslincak/férgek és ember kozt

Chr. 17
Chr. 12

26
v

61
7 77— HOXC

HOXB -

53

Chr. 10

' \ - a 700 millic éves szétvalas ellenére meg

o2 >3- ma is fellelhetok szinténikus blokkok az

' emberi és a Nematostella genom kozott
Chr. 7

HOXD- -

3
5 e B HOXA

(Putnam et al (2007) Science)



Cnidarians

Anenome 18,000
(Nv)
Human 20,745
o (Hs)

Deuterostomes

—  Sea squirt 114,182
(Ci)

e Fly | 14,618
(Dm)

Protostomes

Nematode | 18,152
— (Ce)

TRENDS in Genetics

- fels6 oszlop: gének szama, pirossal jelolve, hogy hany szarmazik a k6zos 6stdl
- narancs oszlop: Uj intronok aranya az 6sszes intronokhoz képest
- lila oszlop: az 8si intronok milyen mennyisége veszett el

(Miller and Ball (2007) TiG)
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(Roy and Gilbert (2006) Nat Rev Gen)



—h

Nucleosome
coverage
N
N
(00]

|E intron ends

Nucleosome Density of 5’
centres

M. pusilla HEMET1 gene

IE introns (37%)
i . liL..
|

M. pusilla

T | |

Other introns (63%)

sutnae

T T T —

(WN@ sexul))
uonejAyie I\

1 kb

Alignment to M. pusilla gene starts

—_—

Number

| IE introns (11%)
L

A. anophagefferens

Other introns (89%)

(WNQ 48xul))
uonelAyis |

Distance (kb)

|
0.25 0.5 0.75

T . T
100 200 300 400
Length (bp)

- az introner elem (IE) nevi transzpozonok helyzete alapjan valdszin(, hogy az aktiv
transzpozon a nukleoszémak kozé ugrik be (ebben a fajban a nukleoszémak kozti régiot
metilacio jeloli)

(Huff et al. 2016 Nature)



a A. anophagefferens example IEs

TGACGATG CAGAGCCTGTGCCGAAACCAAATCTT /155bp/ CCCAAACCAGTGGTTGGTTTCGGCACA CAGAGCA

CGACGAGCmCCCGTGCQAGGGCAGGACAAGGGTGAT /144bp/ GGGAATTTCGCACTCTTGTCCTGCCCA@CCGTGCG

TTCGTGCTQ;TCTTCTGQAGGGCAGCAAAAGGGTGCG /144bp/ GACGTTQAATCACCCTTGTGCCGCCCA@TCTTCTGC

Target site Terminal Terminal Target site
duplication (8 bp) inverted repeat inverted repeat duplication (8 bp)

M. pusilla example IEs

CTGCTTCAGCCGCGTTCTATACACTGGTCCCCATACG /128bp/ ACGTTCGCTTGTATGGAACGACCCTCAGRTGATGTCT

CGGTA’!GAQC_;TGCGTTCTATACACTGQTCCCCATACG /128bp/ ACTTTQGCTTGTATGGAACGGCQQTGA@AAAACGGC

GGCAAMA@CGCGTTCTGGTTACACTGQTTCQCATA /142bp/ TCGQTTTGAATGATGGAACGACQMAGEACGGACTC

Target site Terminal Terminal Target site
duplication (3 bp) inverted repeat inverted repeat  duplication (3 bp)

A. anophagefferens 200-bp IEs

.. CAOOAAAMGAGARG /22222 GAQ@TIGAAT R A S

5’ splice site co- opted from gene sequence ’ splice site carried in trans oson

M. pusilla 184-bp |Es

-@1 TCATMACTOTAOAT 7= . s TTATGMNCL

splice site camed in transposon 3’ splice site co-opted from gene sequence

- az eqgyik splice-hely ezekben az esetekben az |IE terminalis régioibdl alakul ki, a masik pedig
a target hely duplikaciéja nyoman

(Huff et al. 2016 Nature)



Amoeboid form

Pseudopod

Trailing
ﬁl DO ium

Contractile vacuole

vacuole

Flagellum
cross section

Cross section

(Fritz-Laylin et al. (2010) Cell)



- a Naegleria képes aerob és anaerob metabolizmusra is
- ostoros és amoboid formaja kozt mindossze masfél 6ra alatt képes valtani

Species Genome Size No. %GC Protein- % % Genes w/ Introns per Median Intron
(Mbp) Chromosomes Coding Loci Coding Introns Gene Length (bp)

Naeglena 41 >= 12 33 15,727 57.8 36 0.7 80

Human 2851 23 41 23,328 12 83 7.8 20, 383
Neurospora 40 7 54 10,107 36.4 80 1.7 72
Dictyostelium 34 6 22 13,574 62.2 68 1.3 236
Arabidopsis ~ 140.1 5 36 26,541 237 80 44 55
Chlamydomonas121 17 64 14, 516 16.3 91 7.4 174

T brucei 26.1 >100 46 9152 52.6 ~0 (1 total) ND ND

Giardia 1.7 5 49 6480 714 ~0 (4 total) ND ND

- a Naegleria intronok kozul szamos ortolog pozicioban van mas eukariotak
intronjaival!!
- a genom mindossze 5.1%-a repetitiv szekvencia

(Fritz-Laylin et al. (2010) Cell)



¥

Derse—==e
J

e———

nrve—

/ okonts 5.1
—

_Apicomplexa 4.2

3 ,Opisth

- a vonalak vastagsaga aranyos az intronok mennyiségevel

(Rogozin et al. (2012) Biol Direct)



Schizosaccharomyces 70 total 428 total

pombe 24 shared 1 shared

Sa (1944 H L4 7

i e | oo - “8si paralégok” — olyan
(haztartasi) gének, amelyek

e 1214 total , minden eukariotaban

915 haree “Raard megduplazdodva talalhatdk

Drosophila e,

melanogaster Cop e - ezek az eukariétak
kialakulasanak hajnalan

ek jelentek meg, és mivel koztuk
az intronok nem konzervaltak,

Arabidopeis arrol tanuskodnak, hogy

fake ebben az idében alakulnak ki
az intronok

Arabidopsis I
versus H. sapiens

All |

|| 126 shared

2282 shared |
4000 2000 0 2000 4000 6000 8000
Recent Ancient

mhEnDs naeneics (Sverlov et al. (2007) TiG)




gene transfer
1o the host

water @ oxygen o8
methane. @ organics oA
acetate 3§ hydrogen
carbon dioxide o

(Martin et al. (2015) Phil Trans Roy Soc B)
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- az un Asgard archeaknak mar szofisztikalt citoszkeletonja volt (aktin és
tubulin, valamint az ARP komplex tagjai is jelen vannak)

- bonyolult membran-dinamika jellemezhette 6ket (ESCRT komplex)
(Zaremba-Niedzwiedzka et al. (2017) Nature



“Here we report the decade-long
isolation of a Lokiarchaeota-related
Asgard archaeon from deep marine
sediment. The archaeon,
“Candidatus Prometheoarchaeum
syntrophicum strain MK-D17, is an
anaerobic, extremely slow-growing,
small cocci (~650 nm), that degrades
amino acids through syntrophy.
Although eukaryote-like intracellular
complexities have been proposed for
Asgard archaea, the isolate has no
visible organella-like structure.”

(Imachi et al. (2019) bioRxiv)



O Asgard archaeon

@ Methanogen
Sullate-reducing
bacteria
Pre-mitochondrial
alphaproteobactena (PA)

% metabolite exchange

2 Loki (syntrophy/
Pre-G.0.E. (2.7 Ga~) - - - - 4 ol acetogenesis)
ox. of §* to SO, Thor (acetogenesis)

Heimdall-Eukarya
ancestor

Heimdall
ancestor

b Pre-LECA O

Qdin (fermentation?)
Hel (alkane metabolism)

+# Heim (O, respiration)

High organics & SO,*
availability at sediment
surface, but aero-
tolerance necessary

Parallel interaction
with SRB and
pre-mitochondrial
alphaproteobacterium
(PA)

Transition towards a
more aerobic lifestyle
requires heavier
interaction with PA

Protrusion-vesicle
fusion to increase
intimacy

PAPLA = PA-containing pre-LECA archaeon

d AAs ¥

Y
Ac, 2-oxoacid _Prop)  preejkaryotic
7 /But archaeon engulfs PA &
H, forms nuclear
@ membrane

4:.«?/ 7o

2 H’o
Maturation of PAPLA-PA
A(\s symbiosis (HGT & gene
loss) leads to
“consolidation” of
metabolism (e.g., switch
to bacterial lipids)

Emergenoe of PAPLA

PA parasitizes
host-PAPLA through
uptake of ATP from host
cytosol

Fixation of mitochondria
endosymbiosis (2.1 Ga-)

PAPLA enslaves PA
by losing catabolism
and reversing

AAC activity

2.

RTP transport from
PA to host cytosol

(Imachi et al. (2019) bioRxiv)



Clonal multicellularity

. Aggregative multicellularity

O Only some species multicellular

@ Embryogenic multicellularity
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Multicellular green
I Origin of life (3,900 Mya) I [ Multicellular red algae (1,200 Mya) ] algae (750 Mya)

4,600 Mya 3,900 Mya

2,100 Mya

| Origin of the Earth (4,600 Mya) |

Nature Reviews | Genetics

[ Heterotrophic eukaryotes (800 Mya) I

Eukaryotic cell
(2,100 Mya)

LFirst evidence of Metazoa (635 Mya) ]

[ Multicellular fungi (300 Mya) |

Present

Multicellular brown
algae (130 Mya)

Embryophyta (450 Mya)

I Ediacaran fauna

(575 Mya) |

(Sebé-Pedros et al.
2017 Nat Rev Gen)



10 um

200 pm

Species Genome Number of % G Protein- % % of Introns Median
size chromosomes and coding coding genes per intron
(Mbp) G loci with gene length

introns (bp)

V. carteri 138 14* 56 14,520 18.0 92 7.05 358

A 118 17 64 14,516 16.3 91 7.4 174

reinhardtii

- a 17%-0s genom novekedés nagy része a repetitiv szekvenciak felszaporodasanak
koszonhet6

(Prochnik et al. (2010) Science)



- fehérje csaladok

Chlamydomonas Volvox
1,835 35
487 4911 547

b

other species

=> Az igazan fontos
valtozasok feltehetbleg itt is a

szabalyozo6 szekvenciakban
kovetkeztek be!
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(Prochnik et al. (2010) Science)



- egyes choanoflagellatak esetében bizonyos esetekben az utédsejtek nem
tavolodnak el hanem rozettakat hoznak Iétre.

Algoriphagus &
G

RIF-1 - a rozettak kialakulasaban nagyon
IOR-1  RIF-2 LPE(s) fontosak a kornyezetben jelen levd
|. e i : bakteriumok bioaktiv lipideket termelnek,
. : amelyek indukaljak ezt a pszeudo-
: \l/ sokseijtli allapot létrejottét.
\A 4

initiation > stabilization >
i & maturation

\wf/ PR W

?/} = %@

<

(Woznik et al. (2016) PNAS)



A Monosiga brevicolis galléros ostroros és a szivacs

choanocytak kdzt homoldgia fedezhet6 fel.

Monosiga

(King et al. 2008 Nature, Brunet and King 2017 Dev Cell)

Table 1| M. brevicollis genome properties in a phylogenetic context

Urchoanozoan
Obligate multicellularit
Urmetazoan

Urbilaterian

Nephridiagg

evolutionary
innovations

X loss of the collar

"

Bikonta
Amoebozo.‘“
Apusozoa
Fungi
Ichthyosporea
Filasterea
Craspedida
Acanthoecidae
Stephanoecidae
Porifera
Ctenophora
Placozoa
Cnidaria
Xenacoelomorpha
Chordata
Echinodermata
Hemichordata
Arthropoda
Tardigrada 7
Onychophora
Nematomorpha
Nematoda

Priapulida
Kinorhyncha
Nemertea
Annelida ,
Mollusca
Ectoprocta
Entoprocta
Phoronida
Brachiopoda
Platyhelminthy
Gastrotricha
Gnathostomulida
Rotifera

Chaetognatty

N

o

*‘ Deuterostomia

Obligate
multicellularity,

sperm, eggs, Collar
epithelia cells
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O @]
O O
O @]
() O
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@
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@
® ®
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® ®
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@ ® o
° o ~12
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Metazoa

Hsap Cint Dmel Nvec Mbre Ccin Naa Ddis Atha
Genome size (Mb) 2,900 160 180 357 42 38 39 34 125
Total number of genes 23224 14182 14,601 18,000 9,156 13544 9,826 13,607 27,273
Mean gene size (bp) 27,000 4,585 5,247 6,264 3004 1,679 1,528 1,756 2,287
Mean intron density (introns per gene) 1.7 6.8 4.9 58 6.6 44 18 1.9 44
Mean intron length (bp) 3,365 477 1,192 903 174 75 136 146 164
Gene density (kb per gene) 1279 119 13.2 19.8 45 2.7 4.0 25 45

Species names follow the four-letter convention from Fig 1.
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SIS o ’ Cell adhesion
Transcription factor families ECM domains ' .
receptor domains

N

- igaz, az egyes sejtadhéziés és ECM domének sajatos elrendezddésben
jelennek meg a Monosiga genomban, igazi ortoldgokat csak ritkan talalni

(King et al. (2008) Nature)



A Choanoflagellate: no division of labor B Cnidarian-bilaterian ancestor: division of labor
Constitutively expressed cellular modules

Flagellar module
FoxJ1 Rfx
i \? ciliomotor
microvilli *? V contractile sensorimotor oltter:

Cell type-specific modules

= e ift88 neuron
polariz heavy chain8 ift172
secretion dync2li1 FOXJ1, Rfx
intermediate chain |
apparatus tetex] (dynein light “nrraniageiiar
PR wwnspon Ciliomotor
Flagellar motility cells
Filopodia/microvilli
module SRF
S:RF Interstitial
nucleolus: :? filopodiated
ribosome biogenesis / Y cells
actin
2 contractile ENA/VASP
N _~—Stress fibres tropomyosin
\\\\\1_,{/ filamin

fascin
villin

(Brunet and King 2017 Dev Cell)



Whole genome

I Sponge-specific
B Metazoan
W Pre-metazoan

0.8

0.4

0

-04

Enrichment (log odds)

-0.8

Choanocyte Archaeocyte Pinacocyte

*
* A
*
*
o
*

>

Under—re;resented Over-represented

Creolimax Capsaspora Salpingoeca

NS NS NS  Sessile
NS  Swimming

NS  Clonal colony

NS NS NS  Amoeba
NS NS NS  Aggregate colony
NS NS NS Cyst

NS NS NS  Amoeboid
2 NS Multinucleate

Qdds ratio
[
1 14

Pont a choanocytak transzkriptomaja a legkevésbé pre-metazoa jelleg.

Choanocyte

|

\ f
o
a8
|

Archaeocyte s\ Pinacocyte

: o. / '\i"’I‘('"’
i 10h
X \ Other cell types

Az archeocytak képesek mas
sejtekké atalakulni -> az 6si
egysejtd allatok is ilyen pluipotens
sejtek lehettek és késdbb tobb
ilyen sejt megtanult egyuttélni
kulonféle allapotban. (Azaz nem
egyszerl munkamegosztas
tortent).

(Sogabe et al. 2019 Nature)



Metazoa

Choanoflagellata

‘4

Filasterea (Capsaspora owczarzaki)
Ichthyosporea Holozoa
Fungi

Nucleariidae
Fonticula alba Holomycota

Apusozoa

Amoebozoa (Dictyostelids)

Archaeplastida

Stramenopiles (Sorodiplophrys)

Alveolata (Sorogena)

Rhizaria (Guttulinopsis vulgaris)

!

Excavata (Acrasid amoebas)

rviuoyoyisido

eoydiowry

a Capsaspora egy transzkripciés faktorokban kulondsen gazdag amoeboid egyseijti

a fillopodialis vandorlé forma gyakran direkt novekvé cisztakka alakul, de nem ritkan egy
jellegzetes, extracellularis matrix altal 6sszetartott aggregatum-fazison keresztil torténik

ez.

(Sebé-Pedros et al. (2013) eLife)



GO:0005925 focal
eommzm matrix (C)

GO:0017164 caleium lon-dependent exceytosss (B)
GO0004713 protein tyrosing kinase actity (M)

GO0040010 positve regulaton of growih rate (8)
GO:0006270 DNA replication nitiaticn (B)
GO0042575 DNA polymerase compiax (C)
GO0U30055 col-substrate junction (G}

Cystic vs Aggregative(1620/1466),

GO:0005840 ribosome (C)
(GO.0016573 histone acatylation (8)
GO:0016458 myosin complex (C)
GO.0015391 ATP hydrolysis coupled proton transport (8)
BO:DD05484 SNAP receptor sctivity (M)

complex (C)

GO:0016236 macroautophagy
g_o:omzm SNARE complex g

factor activity (M)
fatty acid matabalic p ®)

el Shak armh ®

GO:0015629 actin cytoskaleton (C)

GO:0034061 DNA polymerase actiity (M)
GO:0000084 S phase of mitotic call cycte (B)

N & e /—N
mmumm?ﬂ l X J °® Cystic vs all (1142/782/232)
Aggreqative vs all 233/166/0) e ® °
%o, e
’ Cystic vs Filopodial (1711/1516)
Aggregative vs Filopodial (879/670) ATP upled proton transport (8
GO:0005925 focal adheson (C) GO:0031201 SNARE complex (C)
GOD043235 complex (C} GO:0005085 ucleotide exchange factor activity (M)
GO:0007160 oall-matrix adhesion (8) GO:0008219 cell desth (B)
i binding (M) GO:0005484 SNAP recaptor activity (M)
g =graling N\ f GO:0003700 DNA binding transcription factor sctivity (M)
GO:0007166 cell surtace raceptor linked signal iransduction (B) o N = GO:0006888 ER 1o Golgi vesicle-mediated transport (B)
GO:0007267 cell-ceil (8) GO:0048193 Golgi vesicle transport (8)
G0:0031012 extraceliular matrx (C) GO:0016236 macroautophagy (B}
(GO:0005178 Integrin binding (M) GO:0017457 regulation of exacylosis (8)
GO;0004430 G-protein coupled receptor activity (M) 5 GO:0005840 ribosome (C)
S9quarca-spaci ] iption factor activity GO:0006414 translational elongation
GO:0004713 prosein tyrosine kinase activity (M) ilopodial vs all (396/166/141) GO:0015629 actin cytoskeleton (C) B
GO:0007186 Grprotein coupled receptor protein signaling pathwary (B) G0:0046034 ATP metabalc process (B) ac y-CoA
G0:0038023 signaling receptor activily GO:0016459 ryosin
wmammwmmw GO:0003774 mator activity (M)
GO:0006852 acid biogynihelic process (B) G (C)
560 oot ONA acavity (M) G :gm a )%“3
GO:0006267 probein plex {C) GO:0006270 DNA repication iniliation (8)
anumn%mmsp GO:0006323 DNA packaging {8)

GO P O-linked )
GO:0004672 protein kinase activity (M)

TyrK
signalling

b
G-protein
signalling

CSK

TyrK
signalling

- a kulonb6z6 életfazisok eltérd transzkriptdmaban is megnyilvanulnak

(Sebé-Pedros et al. (2013) eLife
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. T . Regulatory site size (bp)
- a transzkriptoma-bdévulés egy jellegzetes

modja Capsaspora esetében az alternativ- B | »;Zin
splicing (intron-retencid) | @ P o5 1 Egégsg

7 Distal
25% , 15% ; ;
589 intergenic

229 30 d 149 1st_intron
Intron_non1st

» Proximal

4% intergenic
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(Sebé-Pedros et al. (2016) Cell

- Metazoakkal 6sszevetve jol lathatd, hogy a szabalyozoé helyek kicsik (kevesebb TF tud bele
kotédni), illetve mind proximalisak (a disztalis, nagyobb komplexitast biztosité enhancerek csak
késdbb jelentek meg az evolucio soran).



A Distal Enhancer Proximal Promoter Distal Enhancer Proximal Promoter

[Gene B]

-

[Gene A] [Gene A] [Gene B]

1 | T

Silenced Gene A Gene B
Chromatin
B Regulatory Features

o —ar— 35 ||| H H HH
() A | foree
= D= (e HHEHEBE

— \-/;O y— Choanoflagellate . .
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(Hinman and Cary 2017 eLife)



= Type | (completely novel)
W Type Il (novel domain)

= Type Il (novel pairing)

1 Ancient

Type | Novelty: SMAD Family Proteins
—{( MH1 ) ( MH2 S

Type Il Novelty: Notch Proteins

HEII—ELSIEIEHEHECELE oD (A )~

Type lll Novelty: Lim Homeodomain Proteins

- az 6si Eumetazoa génkészlet kb
80%-a rendelkezik egyértelm
rokonokkal az allatokon kivdul

- a maradék 20% Eumetazoa
“felfedezés”:
- 15% teljesen uj (nem lelhetb
fel szekvencia hasonlésag nem
allat csoportokkal (Type I)

- 2% olyan gének, amelyek
egyes domenjei mar léeteznek
mas csoportokban is, masok
azonban ujak (Type Il)

- 3% olyan gének, amelyek
minden doménje létezett
korabban, de nem ebben a
kombinacioban (Type lII)

(Putnam et al. (2007) Science)



Ankyrin repeats

®

™

Mbre

Signal EGF repeats

@®

Nvec Notch

Hsap Notch

Metazoa

250 amino acids

N-hh VWA EC
Hel—

@

Mbre

&

Nvec Hh
Hsap Hh

Nvec Hedgling

Metazoa

500 amino acids

- a WNT, TGFB, JAK/STAT utvonalaknak ugyanakkor gyakorlatilag nincs nyoma

(King et al. (2008) Nature)



0.1 changes per site

- kb. 30,000 fehérje kodold génje van, amelyek 63%-anak létezik mas allatban
megfelelbje

- a valoszinUsitett 6si metazoa intronok 84%-a megtalalhaté
(Srivastava et al. (2010) Nature)




a Cell cycle &
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€ Apoptosis Extrinsic pathway
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Ancient eukaryotic B Holozoan origin [[] Eumetazoan origin
[:] Opisthokont origin [ Animal origin Bilaterian/vertebrate origin

- mig a sejtciklus gének tobbsége Osi eukariotaktdl szarmaztathato, a
programozott sejthaldl allati “talalmany”

(Srivastava et al. (2010) Nature)



- az idegrendszer differenciacidjart felelés Notch-Delta jelatviteli utvonal elemei a
szivacsokban jelennek meg és egy larvalis sejttipusban fejez6dnek ki

Ii}-jﬂ
£3
ga
*3
AmgNotch

competition-
one cell wins \e/ é

codl ™
specialization
& o) .
each cell tends to coll with active Delta specializes
inhibit its neighbor and inhibits its neighbor from (&3
doing likewise s

o

oo

AmgbHLH1

(Richards et al. (2008) Curr Bio)



£ Ancient eukaryotic
Opisthokont origin
B Holozoan origin
B Animal origin
Eumetazoan origin

Bilaterian/
\vertebrate origin

b Neuronal

Pre-synapse

(Sakarya et al., (2007) PLoS One; Srivastava et al. (2010) Nature)



Az Amphioxus genom és a gerinces genom I
eredete B
- a kozos 65 550 millio éve &t

-~520 Mb, 19 kromoszéman (de csak 17 fizikai
scaffold 0sszeszerelése sikerult)

- durvan 20,000 fehérje koédolo I0kusz

- a genom 30%-a transzpozon eredeti

- az intronok 85%-a homolég human intronokkal
Sea anemone

Fruitfly

Acorn worm

Sea urchin

Amphioxus

Sea squirt
- Larvacean

Lamprey
Human
Chicken
— Stickleback

Pufferfish 0.05
(Nicholas et al. (2008) Nature)
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- a nagyfoku szinténia lehet6vé teszi,
hogy jol szemléltethessiuk a
gerincesek evoluciojanak kezdeteén
tortént genomi duplikaciokat: a legtobb
Amphioxus genomi régionak négy
gerinces megfeleldje van

(Nicholas et al. (2008) Nature)



Subphylum Cephalochordates Urochordates Vertebrates

Ascidians Larvaceans

12345678B910NR2BX 1 24 0 65 1B 499011213 GO OO— 00— A

o A 00 - <000 —0 &
oo G HCHEH 00 0 R0 S
v 0— ~—0 009091

Loss of classic RA-machinery
Loss of Dnmtl and Drnnt3

CNS reorganzation [absence of medbrain)
Axial patterning becomes independent of RA
Hox-cluster rupture and loss of temporal collinearity

Genome diminution
Determinative development, rapid embryogenesss and life cycle

Nature Reviews | Genetics

- a korai genom duplikaciok egyik legjobb péeldaja a Hox-klaszter esete
- az Amphioxus genomban egyetlen, de teljes klaszter van jelen
- az elégerinchurosok esetében a specializalt életmod a klaszter

fragmentaciojaval jart
(Canestro et al. (2007) Nat Rev Gen; Holland et al. (2008) Genome Res))



Innate immunity Adaptive immunity
For structures shared by classes of For structural detail of microbial
SPRCHICRY | obos (molocuter patieme’ moriewnes (antigens);
recognize non-microbial
Dmm {
oasunct g g g E ?
Receptors
recepto Nformyl = pannose Scavenger
| methio™ recepior  receptor
Distribution Non-clonal: identical receptors on Clonal: clones ocytes
of receptors all cells of the same lineage :Ithdlsﬂnct . express
Discrimination | Yes; host cells are not recognized or they Yae;basedonsdecﬂonagahst
of self and may express molecules that prevent innate %may
non-self immune reactions be impertect




- két-haromszor annyi Toll-receptor gén, mint gerincesekben

- apoptdzisban részt vevo fehérje-csaladok hasonlé szintl expanzidja is
valdszinlleg az immunitassal fugg ossze.
(Holland et al. (2008) Genome Res))



TLR NLR SRCR PGRP  GNBP

=—<}

-
oo P
R N

Hs. 10(+1y) 0 20  81(16) 6 0
Ci. 3 0 0 22(8) 6 0
Sp. 214 3 203 1095(218) 5 3
Dm. 1 8 0 14.(7) 15 4
Ce. O 1 0 3(1) 0 0

- a tengeri sUunok genomjaban lev6 gének 4-5%-a az immunitasban jatszik
szerepet

(Rast et al. (2006) Science))



Nutritive
Lactation

vIT1

Inactivation based &
W viT2 4 opossum 000 .-°o°
vIT3 &
A0 \"b
Primates
Viviparity .'. VIT2 (Human)
Placentation - - Z + chorioallantoic
Euthenian Ancestor . placenta
Carnivores
— (Dog)

Mammalian Ancestor

ﬁ Wallabys ¥ +++ yoRCeR
Metatherian Ancestor Opossum pacent

Monotremes
X2 Prototheria 1- s (Platypus) ++ D%
VIT2-VIT3] e
enclosed
Birds eggs
T Reptiles/Birds (Chicken)
VITanc ViTt,:2:3
polyploid. +H++ -
. vigB1-vtgB2
1. LK x2 X/ [ X laevis i
e VoS VIGAT-VIGA2 b X tropicalis eggs
vigAl, A2, B

(Brawand et al. (2008) PLoS Biol))



A Daphnia genom, mint az adaptiv genom iskolapéldaja

d
sexuW @

sexual egg

S =T-) o

hatching
after
diapause

parthenogenetic

cycle
parthenogenetic
daughter

- a Daphnia életciklusa soran, el6szor egy gyors szaporodast lehetdve tevo
parthenogenetikus szakasz figyelhetdé meg, majd ezt koveti egy rovidebb
szexualis, amikor a kitartoképletkent mikodo sporakat helyezik el

- az allat genomja “6koreszponsziv”, azaz olyan adaptaciokat tartalmaz,
amelyek lehetdveé teszik a gyors adaptaciot a kilonboz6 kornyezeti
valtozasokhoz

haploid

€gg
formation




>

Number of genes

30,000+ C I] Nematostella vectensis

[ Homo sapiens

% Danio rerio
’ Drosophila DaphniaUrchin ~ Homo

20,000 4

i: Caenorhabditis elegans

E Daphnia pulex

10,0004

e Apis mellifera

s [7iDOlIUM castaneum

Aedes aegypli

Tribolium Gallus = Anopheles gambiae
Pediculus Xenopus = )
l Drosophila melanogaster
em—— e
l—i'h—‘ 1000 Drosophila pseudoobscura
[ Lineage specific ©) ®OH ® ® ® ®4H @
[ Homologs e-3 Vertebrate specific ¢m

[ Homologs e-10 [l Deuterostome specific
[ Patchy orthologs [ Insect specific
M Bilaterian core B Pancrustacean specific

- a Daphnia genom 200 Mb-on 31,000 fehérjét kddol (szemben az ember ~19,000
fehérjéjével 3,000 Mb-on)

- a kompaktsagot kevesebb transzpozon és rovidebb intronok réven érte el

- a genom nagyon-nagy része vonal-specifikus gén, ami feltehetbleg az allat
életmaodjaval van 6sszefliggésben (ezek tobbsége nem uj gén, hanem mar meglevé
géncsaladok kibévulésével jon Iétre, pl. opszinok vagy hemoglobin)

(Colbourne et al. (2011) Sciencel))



(2,264 bp) (1,195 bp) (1,979 bp) (3,359 bp) (2,840 bp) (1,258 bp)
Hb1 , Hb2 . Hb Hb7 Hb8
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Hb9 Hb10 Hb11

20Kb

- |6 példa az adaptivitasra az oxigén-hianyra adott valasz: oxigén-szegény
kdrnyezetben az allat “bepirosodik”

- ez az extra hemoglobin-szintézisnek kdszonhetd, ami egy génduplikaciokkal
|étrejott hemoglobin-klaszter bekapcsolasaval fugg 6ssze: ebben tobb hypoxia-
valasz elem van (fuggdleges vonalak)

(Colbourne et al. (2011) Science))



Apis mellifera

Allelic composition csa o
of csd + csdB
On l i Off
\/
No dosage ?
compensation

o

- a haploid/hemizigéta allatok himek lesznek, a diploidok néstények

- a kiralyné és a dolgozok genotipusa azonban azonos, az egyetlen kulonbség
koztlk a korai taplalékukban rejlik: a méhpempdvel (royal jelly) taplalt
ndstenyekbdl kiralynd lesz

- hogyan alakulhat ki azonos genotipusbdl ennyire eltéré fenotipus?
(Weinstock et al. (2006) Naturel))



Total Methylated in Queens Methylated in Workers Methylated in Both Castes
G 10,030,209 69,064 68.222 54,312
CHG 8673113 14 130 0
CHH 4507261 561 EX L (1]

The theesholds used for methylation calls are detalled in the Methylation Assessment section,
‘Nearly al of the 3,019 CHH that were inferred to be methylated in worker brains on the basis of Solexa reads were found to be not methylated by an additional

sequencing of selected amplicons using the 454 technology.
doic10.1371/journal pbio, 10005061001

A  Effect of Dnmt3 RNAi on larval development

90

80 - Workers
70 -
60 -
50 -
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30 -
20 -

10 238 73

%

Queen-likes

Workers

74

0
Control

(Kucharski et al. (2008) Science; Lyko et al. (2010) PLoS Biol))
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expresszio szabalyozasra (bar a gén feladata
jelenleg még nem tisztazott): a hosszu izoforma kb
azonos aranyban expresszalt, de a rovid izoforma
jelentésen nagyobb expressziot mutat a
kiralyn6kben.

(Lyko et al. (2010) PLoS Biol))



A csillosok kiilonleges sejtmagijai I |

Oxytrichia trifallax

10um

Paramecium tetraurelia

Tetrahymena thermophila

Starvation

Differentiating
new MAC

grading——
G ol MA?Jg G

Non-reproductive

sexual cycle

(Bracht et al. (2013) Cell))



e Micronuclear genome (Germline)

MDSS IESs
34 lli‘
excision and 5 g DE Ck
elimination A Unscrambling
|
Macronucleus DNA l j e
amplification
~1900x wn2333, ABCDE T Telomers capping
...... > aesssssss———
''''' — = Alternative fragmentation
-~ =
nanochromosome 1 nanochromosome
2aand 2b

Macronuclear genome (Soma)

- @ makronuklearis genomot 16 000 intronmentes minikromoszdéma alkotja

(Swart et al. (2013) PLoS Biol))



MIC

Which sequences (Germline)

do you have?

DNA
eI|m|nat|on

Sexual
Reproductlon

| don’t have
these sequences.
Remove them!

What else are
similar to these?
Remove them also!

~~  Small RNA from Eliminated Sequence
s~ Small RNA from non-Eliminated Sequence
MN. Eliminated DNA

A model for MAC DNA elimination in Tetrahymena.
(Noto and Mochizuki 2018 Curr Bio)
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(Bracht et al. (2013) Cell))
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Oxytrichia esetében tobb ezer Tc1/mariner transzpozon jatszik szerepet
Paramecium esetében egy domesztikalt PiggyBac transzpozon az editalas iranyitoja

(Bracht et al. (2013) Cell))



