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The paradigm of homologous genes

Old view of gene evolution

Species 1 Species 2

Gene traits of species.

duplications

Genes recent

- after the 1960s it became obvious, that Mayr
was wrong and even distantly related species
share common genes (hemoglobin, cyt c).

- in the 1980s and 1990s it became also obvious
that homologous genes can regulate the
development of homologous organs in
invertebrates and vertebrates! (eya, Hox,
tinman/nkx2.5)

Species 3 - according to the classic view of the Modern
Synthesis, genes are fast changing adaptive

"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 cach protein,

Protein Amino acid differences Amino acid sites
Fibrinopeptides A and B (3) 0 30
Cytochrome ¢ (4) 0 104
Lysozyme (13) ~0 130
Hemoglobin o (4) 0 141
Hemoglobin g (4) 0 146
Hemoglobin 4+ (3, 6) 0 146
Hemoglobin %y (5, 6) 0 146
Hemoglobin § (5, 8) 1 146
Myoglobin (7) 1 153
Carbonic anhydrase (4, 12) ~3 264
Serum albumin (70) ~6 580
Transferrin (11) ~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)



- Six chromosome pairs, 97 Mb DNA, 20,100 predicted
protein coding genes (plus ~16,000 ncRNAs, but we found
out only lately about these — their role is still being

established/debated)
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( The C. elegans Sequencing Consortium (1998) Science)
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- ~180Mb genome size, ~13,600 (protein coding) genes
- thus the shorter C. elegans genome has more genes! => no direct

relation between organismal complexity and the number of genes

However: in Drosophila there are numerous alternative transcripts!!

(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)



- the 2.5 Gb mouse genome is 14% smaller than the human genome,
thanks to the higher deletion rate found in mice

- thez encode about the same number of genes (~20,000 protein

coding), and 80% of these are homologous

-90% of the two genomes is synthenic

Mouse
Chromosome A

Syntenic
Block 1

Human

Human
Chromosome C

Mouse Human Mouse ~ Human
Genome  Genome Genome Genome

i

Syntenic
Anchors

3

Syntenic
Block

(Chinwalla et al. (2002) Nature)



(Chinwalla et al. (2002) Nature)

1T O 1 I ><
LI >
1 S U 2

OIRIEE RO [ =
LI 1k

=i [
TN —
N
M (| =
/I £
) N 1 I =
B I (R e
5 I -

| NIMTISL NN S |~
NN N N e
O T || [ BR MM 0

N |
AN

IS~

0 A1 o -

- Every band corresponds to a >300 kb synthenic block



- a 393.3 Mb genome encodes ~19,000 genes

- this is pretty much the same we can find in the human
genome, however that is almost 9 times larger (2.9 Gb)

- most of the protein families are the same
size, except some K+-channel
components and Zn-finger TFs (the former
are more abundant in the Fugu genome,
whereas the latter in humans).

(Aparicio et al. (2002) Science)



- Only 2.7% of the genome is repetitive, which is significantly shorter than in
mammals (35-45%)
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(Aparicio et al. (2002) Science)



Tunicates (Ciona intestinalis)

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

- very comapct: ~115 Mb, ~17 000 genes
-60% of the genes have Protostome homologues, 20% however

are unique (most likely reflecting the unique life history)

-Ciona genes have in average 6.8 exons (vs. 5 in Drosophila and
8.8 in humans) => intron poor genome
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(Roy and Gilbert (2006) Nat Rev Gen)

- Based on the first complete genome sequences it seems logical
that Eumetazoan and Urbilaterian ancestors had only few introns

and these became abundant only later in Deuterostomes

(especially in mammals)
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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)



The sea anemone (Nematostella vectensis)

- 450Mb genome, with 18 000 protein coding genes (!!)
- a quarter of the genome is repetitive

- twice as many genes are common between a human
and a sea anemone that flies/worms and humans!!!
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- Despite a ~700 Mya split, we can still find
synthenics blocks between the human sna
Nematostella genomes
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(Putnam et al (2007) Science)



Cnidarians
Anenome

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

Deuterostomes

——  Sea squirt 114,182
(Ci)

— Fly | 14,618
(Dm)

Protostomes

| Nematode | 18,152
(Ce)

TRENDS in Genetics

- Upper bar: no. of genes, the red portion is from the common ancestor
bar: the proportion of new introns vs. the total number of introns
- Purple bar: what proportion of ancestral introns were lost

(Miller and Ball (2007) TiG)
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- The location of introner elements (IE) suggests that a transposon jumped into the linker
region between nucleosomes (linker regions are methylated in this species)

(Huff et al. 2016 Nature)



a A. anophagefferens example IEs

TGACGATG CAGAGCCTGTGCCGAAACCAAATCTT /155bp/ CCCAAACCAGTGGTTGGTTTCGGCACA CAGAGCA

CGACGAGC@;CCCGTGCQAGGGCAGGACAAGGGTGAT /144bp/ GGGAATTTCGCACTCTTGTCCTGCCCA@CCG!GCG

TTCGTGCT@;TCTTCTGQAGGGCAGCAAAAGGGTGCG /144bp/ GACGTTQAATCACCCTTGTGCCGCCCA@TCMCTGC

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

M. pusilla example IEs

CTGCTTCAGCCGCGTTCTATACACTGGTCCCCATACG /128bp/ ACGTTCGCTTGTATGGAACGACCCTCAGRTGATGTCT

CGGTA’IGA@TGCGTTCTATACACTGQTCCCCATACG /128bp/ ACTTTQGCTTGTATGGAACGGCQQTGA@AAAACGGC

GGCAAAAAGQGCGCGTTCTGGTTACACTGGTTCCCATA /142bp/ TCGCTTTGAATGATGGAACGACCCAAAGACGGACTC
Target site Terminal Terminal Target site
duplication (3 bp) inverted repeat inverted repeat  duplication (3 bp)

A. anophagefferens 200-bp IEs

. CADEMGAMGAGA0G /1550 GAc@TIGAAT R A S

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

M. pusilla 184-bp |Es

2 1] TCATMACTOTAOAT 7= . s TTATGMNCL

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

- Splice sites can evolve from the terminal region of the IE, or from target-site duplications

(Huff et al. 2016 Nature)



Last
eukaryotic
common
ancestor

Ciliates

Amoeboid form

Nucleus
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Trailing
filopodium

Contractile vacuole

vacuole

[ Flagellum
L cross section
Basal body
cross section

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



- Naegleria is capable of both aerobic and anaerobic metabolism
- can switch between flagellar and amoeboid forms as well

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 60

Human 2851 23 41 23,328 1.2 83 7.8 20, 383
Neurospora 40 7 54 10, 107 364 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 4.4 55
Chlamydomonas121 17 64 14, 5186 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

- many of the Naegleria introns are in orthologous position, compared to other
eukaryotic introns!!
- Only 5.1% of the genome is repetitive sequence

(Fritz-Laylin et al. (2010) Cell)
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- the width of the lines is proportional to the amount of introns

(Rogozin et al. (2012) Biol Direct)



Schizosaccharomyces
oo Ml oo
- “ancient paralogs” — mostly
Saccharomyces 17 total | 14 total . .
cerevisiae 15 shared | 0 shared housekeeping genes, present in
Homo 1214 total ' duplicates in all eukaryotes
Sapen 915 shared 29 shared
Drosophila .
melanogaster A5l b - these appeared in the common
ancestor, and as introns are not
Caenorhabditis It
s 329 shared| | 9 shared homogous in the paralogs, they must
Asixdopisi have appeared about the same time
aliana -
d] 23 shared
Arabidopsis [ 2730 total

versus H. sapiens

| 2081 shared |

81 shared
All | 3631 total
2282 shared || 126 shared
4000 2000 0 2000 4000 6000 8000
Recent Ancient

mhenDs inceneics - (Sverlov et al. (2007) TiG)




gene transfer
1o the host

(Martin et al. (2015) Phil Trans Roy Soc B)



a-proteobacterial
endosymbiont

Massive
invasion of
Group I

introns into host
genome

Group Il introns/ Emergmg
retroelements — proto- Splicing
restricted spread eukar @

cell i

. Group |
a-proteobacterial introns/
ancestor of retroelement

mitochondria

(Novikova and Belfort (2017) TiG)
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- in the Asgard archeal clade a sophisticated cytoskeleton is present
(actin and tubulin, with members of the ARP complex)

- complex membrane dynamics (ESCRT complex)
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(Zaremba-Niedzwiedzka et al. (2017) Nature



a @
Y @ 2 Archaeplastida Clonal multicellularity
SO __£@
@ £ O ¢ 3 F
3 g O 2 o 0 Aggregative multicellularity
@ 3 9 :>::79¢
..6‘ '% 2 9 Tg:. < g £ gs, 2PELo e O @ O Only some species multicellular
% 5 223888888 fe
% 3 s ¥ . ! i
o’{\i?‘a %3 ?é— 222E2 8 S ;5 s8N 7] @ Embryogenic multicellularity
o % 533 ESRN0TSESST o
ol %, % 5 SEr s,
. = o‘)o/@‘_ ® & § b°Q 6‘& 4@‘.
%, )
A, 0440/' % o E S
7, R s O A&
Y, Yy, ‘4 % O & &
%, % o ¢ O {‘g
Cop, e 24, ,7‘.7%%0- f \OQ\\ 02
Uocy,,, Fosp, P W @
Yot e s
@- " WP a2
Fi, 0. (&) e
Ch Wter, oo
anof, €a Co \exa
O ge”"fea N comp.
Metaz” (‘,hroﬂ‘e"da
Apusozoa Perkinsidae
Breviatea Oxyrrhis spp.
Malawimonas spp- Syndiniales
Ancv'°‘“°"adida l? ""oflagellara
- yon hyto
Co\\odlc‘y\obo e2 Vany, Myxea
.\'\e‘°'° oot Cropy, " ®llicy
wd® v Ae, ,QSpp
X g T e
¥ & Koy, ey
& 5 2%, .
e & o0, gy
Fooa
Q&S p QY Py %
N & Fy Q% . %,
& LS Lo 2 %.%. % % %
P CB 0. Q0. % 9% %
N\ o8 Qe @ bl S %, <
@ SO FISE 9395324 % %
S o532 %
SEETEE2E8 %%
) = 3
TOS 83222 0%9% %
T s éu £ g 2 2 Q ey @ o
@ @8558 08 ® @
R
Sd @
5
b I Cambrian explosion (542 Mya) [

l Origin of life (3,900 Mya) I

4,600 Mya 3,900 Mya

Muilticellular green
| Multicellular red algae (1,200 Mya) | | algae (750 Mya)

| Multicellular fungi (300 Mya) |

2,100 Mya

[ Origin of the Earth (4,600 Mya) l

Nature Reviews | Genetics

Eukaryotic cell
(2,100 Mya)

l Heterotrophic eukaryotes (800 Mya) ]

LFirst evidence of Metazoa (635 Mya) ]

Present

Multicellular brown
algae (130 Mya)

Embryophyta (450 Mya)

[ Ediacaran fauna (575 Mya) ]
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without stalk)

7

:“,slngle
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‘. © (o
serfal ol serial .
cel cell l cell serial "
division Y division division karyocynesis
N

i\ ¢
yxg ia (Amoet Ch flagell Fungi Physarum
Ichthyospore (Holozoa) Volvocales Plantae {Amoebozoa)
Actii Rhodophycaea and other Myxogastria
(Heterokonta) Chrysophycaea
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(Sebé-Pedros et al. 2017 Nat Rev
Gen, Brunet and King 2017 Dev Cell )




Collar cells

Monosiga Portion of the body wall of asponge

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

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

Metazoa

Urmetazoan

Urbilaterian

Nephridiay

evolutionary
innovations

X loss of the collar
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Amoebozoa‘
Apusozoa

Fungi
Ichthyosporea
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Chordata
Echinodermata
Hemichordata
Arthropoda
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Onychophora
Nematomorpha
Nematoda
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Kinorhyncha
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Annelida
Mollusca
Ectoprocta
Entoprocta
Phoronida
Brachiopoda
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5247
4.9
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2,500
23,224
27,000

7.7

3,365

127.9

160
14,182
4,585
6.8
477
119

Genome size (Mb)

Total number of genes

Mean gene size (bp)

Mean intron density (introns per gene)
Mean intron length (bp)

Gene density (kb per gene)

357
18,000
6,264

5.8

903

19.8

42
9,196
3,004

6.6

174

4.5

38
13,544
1,679
4.4
75
27

39
9,826
1,528

18

136

4.0

125
27,273
2,287
44
164

34
13,607
1,756
1.9
146
25

Species names follow the four-letter convention from Fig 1.



H. sapiens

D. melanogaster

N. vectensis

O M. brevicollis

P. chrysosporium

C. neoformans

C. reinhardtii

A. thaliana

© T. thermophila

- the diameter of the circles is proportional with the number of introns

- blue denotes lineages with overall intron-gain, red those with overall
intron-loss

(King et al. (2008) Nature)
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- Some of the cell adhesion and ECM domains are present in unique
combinations in the Monosiga genome.

(King et al. (2008) Nature)



Ankyrin repeats
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- WNT, TGFp, JAK/STAT pathways have no trace in Monosiga

(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
2 \? ciliomotor 8
1} \ 1% i uter
microvilli v v contractile sensorimotor cell

Cell type-specific modules

ift88 neuron

polarized heavyd;alna
ift172
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rermediate chain |
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S:RF Interstitial
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(Brunet and King 2017 Dev Cell)



Volvox Chlamydomonas
10 um
200 pm
Species Genome Number of % G Protein- % % of Introns Median
size chromosomes and coding coding genes per intron
(Mbp) C loci with gene length
introns (bp)
V. carteri 138 14* 56 14,520 18.0 92 7.05 358
C 118 17 64 14,516 16.3 91 7.4 174
reinhardtii

- the 17% increase in genome-size is due to the increase in the numbers of TE

(Prochnik et al. (2010) Science)



- Protein families

Chlamydomonas Volvox
1,835 35
487 4911 547

b

other species

=> The most important
changes are most likely in the
regulatory regions!
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(Prochnik et al. (2010) Science)
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The origins of multicellularity — a role for the :
microbiome? I

- In some Choanoflagellates the daughter cells stay together and form reosettes

Algoriphagus &
N

RIF-1 - To form rosettes it is necessary to have
IOR-1  RIF-2 LPE(s) in the environment bacteria that secrete
bioactive lipids.

initiation > stabilization >
i & maturation

\wf/ PR W

?/} = %@

<

(Woznik et al. (2016) PNAS)



4 Metazoa
ﬂChoanoﬂagellata »-co
=
(72
Filasterea (Capsaspora owczarzaki) 5’-
o |»
Ichthyosporea Holozoa |Z" |3
2[5
Fungi o =
o
Nucleariidae &
Fonticula alba Holomycota
Apusozoa
Amoebozoa (Dictyostelids)
H Archaeplastida
o
— —<Stramenopiles (Sorodiplophrys) g‘
=
< Alveolata (Sorogena) 74
—<Rhizaria (Gurtulinopsis vulgaris)
—<Excavam (Acrasid amoebas)

Capsaspora is a unicellular amoeboid species rich in TFs

The filopodial wandering form sometimes develop directly into growing cysts, but under
certain conditions this transition happens through an aggregate that is bound together by

an ECM
(Sebé-Pedros et al. (2013) eLife)



ion-dependent exceytosis.
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- Different phases of the life-cycle show characteristic transcriptomic signatures

(Sebé-Pedros et al. (2013) eLife
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(Sebé-Pedros et al. (2016) Cell

- Compared with Metazoan species, it is evident that regulatory sequences are small (only few
TFs can bind), and are mostly proximal (distal enhancers, necessary for greater transcriptional
complexity apparently arose later in development)
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(Hinman and Cary 2017 eLife)



0.1 changes per site

- ~30 000 protein coding genes, 63% have orthologs in other animals

- 84% of the ancient Metazoan introns are present

(Srivastava et al. (2010) Nature)



a Cell cycle (' ? @ € Apoptosis Extrinsic pathway

Intrinsic

Ancient eukaryotic B Holozoan origin [[] Eumetazoan origin

Opisthokont origin [ Animal origin Bilaterian/vertebrate origin

- While most cell cycle genes are derived from the ancient Eukaryotic gene-set,
programmed ell death is an animal invention

(Srivastava et al. (2010) Nature)



- Components of the Notch-Delta signaling pathway, involved in nervous system
development are present in sponges and are expressed in larval cell types

(" cel 2 (" cal
specialization ‘specialization

Notch
i ¥ t Deita active inactive
Delta Notch Notch Notch
—
= competition-
'\@/ é one cell wins
cell

i‘}f"
=y
AmgNotch

i

0

cell

s lpoclollnﬂon) & speclalization

-
s
each cell tends to oell with active Delta specializes
inhibit its neighbor and inhibits its neighbor from o
(A) doing likewise s

%

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)



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

= Type Il (novel pairing)

1 Ancient

Type | Novelty: SMAD Family Proteins

"

MH1 ) { MH2 D —

Type Il Novelty: Notch Proteins

ClelHHIHELL oD )—{(An)-

Type lll Novelty: Lim Homeodomain Proteins

- 80% of the ancestral Eumetazoan
gene set has homologs in non-
animal species

- the remailing 20% is Eumetazoan
“invention”:
- 15% is completely novel, no
sequence homology with other

groups (Type )

- 2% genes, which have some
domains that already exist in
other groups, but other domains
are novel (Type II)

- 3% genes with domains that
exist in other groups, but not in
this particular combination

(Type llI)
(Putnam et al. (2007) Science)



A placozoan (Trichoplax) genome U ﬂ

Crystal cell

Gland cell —_ ‘:

/ ‘ g (SMith et al., (2014)
(Srivastava et al. (2008) Nature) vec- N Curr Bio)



Trichoplax Nematostella Drosophila C. elegans H. sapiens
Trichoplax 11511 5798 4319 3692 5500
Nematostella 27273 6144 4537 6977
Drosophila 14039 4523 5757
C. elegans 20074 4814
H. sapiens 22842

There are 1,127 trichoplax genes with MBH to a human genes but neither to a fly nor a worm gene. On the
other hand, trichoplax has 417 genes with a MBH to either fly or worm, but not human.

Trichoplax

scaffold 2, segment 2

Homo
ch 9, segment 4

87% of the 11 511 geneshave
homologs in other animals

In syntenic regions, 82% of human
introns have a Trichoplax counterpart

Large-scale synteny (higher than
from flies and worms)

(Srivastava et al. (2008) Nature)



a Wnt signalling

Extracellular Intracellular

Wnt -——)[_F]z Gskd
I Gxir)
Osh>

¢ Neural processes

Pre-synaptic cell

Vesicular amine

Vesicle
transporter

DBH-like monooxygenase

[§-Cat-P———>» Degradation

Tcf
B-Cat Gene regulation

Post-synaptic cell

Inward-rectifier
K channel

Voltage-gated K,
Na, Ca channel

Glutamate R

b TGF-§ signalling

Extracellular Intracellular
TGF-f———>| TypellR co-Smad
R-Smad-P—\—> Gene regulation
Chordin A Typ
Noggin R-S
DAN family —
d Cell adhesion
Extracellular Intracellular
(-Integrin
Collagen
Laminin Paxillin .
Fibronectin Talin .lﬂb —» MAPK signalling
Fibrin |—>» Vinculin
Etastin «-Cat
Nidogen p-Cat
Vitronectin

Immunogiobulin

“Transmembrane proteins important in nerve conduction (multiple candidate ionotropic
glutamate receptors) and in neurotransmitter release and uptake (for example, sodium
neurotransmitter symporter) are encoded by the genome.”

(Srivastava et al. (2008) Nature)



pre- and postsynapses; Neurexin and Neuroligin
neuropeptide signalling via GPCR

metabotropic glutamate and GABA receptors

chemosensory core
ionotropic glutamate receptor

[ gain of gene/cellular module
B cell type emergence

(Achim and Arendt (2014) Curr Op Gen&Dev)

(a) (b) chemosensory

module
chemosensory
module

vesicle —
release
site «
pre-
T 3 synaptic postsynaptic
A e D \): = vesicles density
B e
sensory- )  int
neurosecretory cell ' FAAeyon
P

Current Opinion in Genetics & Development




The ctenophoran genome

Capsaspora owczarzaki
Monosiga brevicolis

—

Mnemiopsis leidyi

Amphimedon queenslandica

Trichoplax adhaerens

Hydra magnipapillata
Nematostella vectensis

Schistosoma mansoni
Helobdella robusta

O = 100 bootstrap
support

fenorhabditis elegans

Pristionchus pacificus
Ixodes scapularis
Daphnia pulex
Drosophila melanogaster
Ciona intestinalis
Strongylocentrotus purpuratus

Bilateria

0.07

Branchiostoma floridae

Lottia gigantea

Capitella telata

Danio rerio

Xenopus tropicalis
Gallus gallus
Homo sapiens

(Moroz at al. (2014) Nature)



The ctenophoran genome
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(Marlow and Arendt (2014) Curr Bio) (Moroz et al. (2014) Nature)



[ gain of gene/cellular module
B cell type emergence

A x4
\ 35
A S a
' I
Protostomia o}

striated muscle cells
troponin

smooth muscle
cells

Ca2+ regulated myosin heavy chain kinase

‘slow’ and ‘fast’ myosin heavy chain variants
acto-myosin contractile filaments

Current Opinion in Genetics & Development

(Achim and Arendt (2014) Curr Op Gen&Dev)

The proteins that form muscle
fibers are present in
Ctenophores, their
transcriptional regulation is
different to that observed in
Bilateria

Skeletal muscle might have
evolved independently 2-3 times
during evolution!

BMPs/dpp

(Ryan et al. (2013) Science)




The Amphioxus genome and the origin of the i |
vertebrate genome HUNTHE
- the common ancestor live 550 Mya

- genome size is ~520 Mb, on 19 chromosomes
(17 scaffolds)

- ~20 000 proein coding loci

- 30% of the genome is derived from TEs

-85% of the introns has a human counterpart
Sea anemone

Fruitfly

Acorn worm

Sea urchin

Amphioxus

Sea squirt
Bzt Larvacean

Lamprey
100 Human
Chicken
— Stickleback

Pufferfish 0.05
(Nicholas et al. (2008) Nature)
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- the large scale synteny makes it
possible to show the genome
duplications during early vertebrate
evolution: most Amphioxus genomic
regions have 4 vertebrate counterparts

(Nicholas et al. (2008) Nature)



Subphylum Cephalochordates Urochordates Vertebrates

Ascidians Larvaceans

) ) 12345678910N013
123456789100N12BM 1 24 10 65 nB 4 99101213 SO0 —000—0 A

e B HGCHEH 00 060000 2500
v Vv v ? o0 2

Loss of classic RA-machinery |
Loss of Dnmtl and Drvnt3

CNS reorganszation {absence of madbrain)
Axial patterning becomes ixdependent of RA
Hox-cluster rupture and loss of temporal collineanty

Genome diminution
Determinative devedopment, rapid embryogeness and life cycle

Nature Reviews | Genetics

- one of the best examples for early genome duplications is the Hox-cluster
- in the Amphioxus genome a single, complete cluster is present

- in Urochordates the specialized life history caused the fragmentation of

the cluster
(Canestro et al. (2007) Nat Rev Gen; Holland et al. (2008) Genome Res))



Innate immunity

Adaptive immunity

Specificity For structures shared by classes of For structural detail of microbial
microbes (“molecular patterns") molecules (antigens);
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- 2-3x as many Toll-receptor genes than in vertebrates

- expansion of the apoptotoc genes (also probably related to innate
immunity)
(Holland et al. (2008) Genome Res))



TLR NLR SRCR PGRP  GNBP

=75

-8
20
OO Wn oo o-%m

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

- 4-5% of all genes in the sea urchin genome are involved in innate
immunity

(Rast et al. (2006) Science))
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- Half of the CNEs found in Amniotes, and 35% of those in placental
mammalas are organized in 204 large clusters

- These surround approx. 240, slowly evolving, essential develeopmental

genes => the fine-tuning of pleiotropic genes is an important avenue for
evolutionary change.

(Mikkelsen et al. (2007) Naturel))
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(Brawand et al. (2008) PLoS Biol))



Adaptive genomes - the Daphnia genome

d
sexuW @

sexual egg

S =T-) o

hatching
after
diapause

parthenogenetic

cycle
parthenogenetic
daughter
7Sy Q

oy

parthenogenetic
son d

haploid

€gg
formation

- long parthenogenetic and short sexual cycles mix during the Daphnia life

- this is an excellent example of an “ecoresponsive genome”, suitable for
quick adaptations to the changing environment



Number of genes

10,0004

S0:000 C [ Nematostella vectensis
[ Homo sapiens
20,0004 Danio rerio
[ Caenorhabditis elegans

E Daphnia pulex

e Apis mellifera

— TribOliUM castaneum

0J .

Drosophila DaphniaUrchin ~ Homo = Aedes aegypti

Tribolium Gallus = Anopheles gambiae

Pediculus Xenopus )

® I Drosophila melanogaster
1000 Drosophila pseudoobscura

[ Lineage specific ® @H ® @ & oH @
3 Homologs e-3 Vertebrate specific - -

[ Homologs e-10 B Deuterostome specific
[ Patchy orthologs [ Insect specific
M Bilateriancore [ Pancrustacean specific

- the Daphnia genome is 200 Mb, but encodes 31 000 proteins (humans: ~20 000
protein encoding genes on 3,000 Mb)

- less TEs and shorter introns make the genome compact

- many genes are lineage-specific and are linked to the life-style of the animal
(these are not complete novelties, just expansion of already existing gene families)

(Colbourne et al. (2011) Sciencel))
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- the lack of oxygen results in the animals turning red
- this is due to the excess hemoglobin synthesis: dupliacted copies of the

hemoglobin gene are organized in a cluster that is regulated by hypoxia-
elements

(Colbourne et al. (2011) Science))



Apis mellifera

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

o

- haploids and hemizygotes develop into males, diploids are females

- the genome of the queen and workers are identicalm the only difference is in
their food: females fed with royal jelly develop into queens

- how can the same genome encode for so different phenotypes?

(Weinstock et al. (2006) Naturel))



Total Methylated in Queens Methylated in Workers Methylated in Both Castes
<G 10,030,209 69.064 63222 54312
CHG 8673113 4 130 0
CHH A5,072611 561 3019* 0

The theesholds used for methylation calls are detalled in the Methylation Assessment section,

‘Nearly a¥t 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 1echnology.

doi10,1371/journal phio. 10005061001
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A  Effect of Dnmt3 RNAi on larval development
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(Kucharski et al. (2008) Science; Lyko et al. (2010) PLoS Biol))
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- GB18602 — an example for methylation-based
gene expression regulation: the long isoform is
present in both queens and workeers, but the short
one only in queens

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



The weird genome of the ciliates | | il -

Starvation

Oxytrichia trifallax

10um

Differentiating
new MAC

Non-reproductive
sexual cycle

Paramecium tetraurelia

Tetrahymena thermophila

(Bracht et al. (2013) Cell))



e Micronuclear genome (Germline)
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Macronuclear genome (Soma)

- the macronuclear (MAC) genome is formed of 16 000 intron-less
minichromosomes, with high ploidity (1900n)

(Swart et al. (2013) PLoS Biol))
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- IES sequences originate from transposons

(Bracht et al. (2013) Cell))




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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In Oxytrichia several thousand Tc1/mariner transposons are present
In Paramecium a domesticated PiggyBac transposon regulates editing

(Bracht et al. (2013) Cell))



