Comparative genomics:

What animal genomes can tell us about their past (and future?)
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Personal motivation:
“evolution/implications of “complexity

- Around 2008: Early animal genomic sequencing
accomplishments

*ancestral complexity” - much cool
MSc project: hydra and sponge genomes

“The dynamic genome of Hydra”

Back then: no bioinfo courses! Pascal, Delphi
(I do write manuals! molbiosoft.de), then perl



PhD:

Evo-devo from a gquantitative genomics perspective
Attempt to overlay genome
(micro/macro-)evolutionary trends onto cell type
evolution. Platynereis foregut as a model system.

/

- too “difficult”

#
g

- Back to genomics
The three spiralian genomes paper



Postdocs:
Early branching animal genome architecture:
From micro- to macro-synteny (and function)

Changes in genome architecture as measured by
synteny

sl The system at
Sl ]//| O'ST that

| 1] almost burned

down!

Press: “omg, aliens”



Tenure-track at U Vienna:

Genome architecture (synteny), its evolutionary
properties (also repetitive element forces) and
Impact of its change onto gene regulation

o - Welcome to the Imperial

o SCHONGRUNN 200

) Tickets & Info: www.imperial-austria.at



l. (Somewhat) early animal genomics and initial insights
Il. Current approaches and bottlenecks (from
chromosomes to 3D structure?)
Ill. Future theoretical genomics, predictions and applications



|. (Somewhat) early animal genomics and initial insights



‘Recent’ appearance of animal multicellularity

Humans

Land plants

Diversification

of animals Origin of

Earth

Multicellular
eukaryotes

Single-celled /

eukaryotes

Oxygen-generating
photosynthesis
Copyright € Pearsen Education, Inc., publishing as Benjamin Cummings.



The cradle of animal life: Ediacaran/Vendian

650-540 million years ago
No predation
Mostly sessile

Sponge/cnidarian grade organization
Image: Ryan Somma

Map: https://ucmp.berkeley.edu/vendian/vendianloc.htn



The ‘explosion’: Cambrian

540-520 million years ago
True bilateral symmetry

High predation _ Image: John Sibbick
Origin of the major animal phyla



Burgess shale




Wonderful life? (how often?)

WONDERFUL LIFE

'T'!Ff;'u-f.. and th=Naodure of H

- Large colonial organisms with
coordinated growth in oxygenated
environments 2.1 Gyr ago

Abderrazak El Albani m, Stefan Bengtson, Donald E. Canfield, Andrey Bekker, Roberto Macchiarell
: - . Arnaud Mazurier, Emma U. Hammarlund, Philippe Boulvais, Jean-Jacques Dupuy, Claude Fontain
STEPHEN JAY COULD = : _ o _
Franz T. Fursich, Frangois Gauthier-Lafaye, Philippe Janvier, Emmanuelle Javaux, Frantz Ossa Oss
Anne-Catherine Pierson-Wickmann, Armelle Riboulleau, Paul Sardini, Daniel Vachard, Martin

Whitehouse & Alain Meunier



Enter “"genome era’

Working draft of human genome




Human Genome Project
1990 1991 1992 1993 1994 1995 1996

nare
genet Ics

Ropiddofa relese
guidelines established
by N ond DO

Sanger Centre founded U.5S. Equal Employment S J ®L
(later renamed Wellcome Opportunity Commission QY .
Trust Sanger Instifute) issues policy

TR on genefic discrimination
) The Wellcome Trust W et

HGP's mouse genetic

First gene for

breas cancer
(BRCAT) mapped | ‘

Bermuda principles for
rapid and open data release established

https://www.mun.ca/biology/scarr/Human_Genome_Project_timeline.html



Human Genome Project

1998 1999 2000 2001 2002 2003
Finished
| I version of

human
genome
sequence
completed

'Sc ignc_é
’g Nature

 ©

10,000 fllength
human cDNAs sequenced
namre

Arabidopsis
thaliana

Draft version of rice genome
sequence completed and published to be

confinued..

Genoscope (French
Nafional Genome

Sequencing Center) founded SNP initiative begins
: GTlCT
GTECT
(Chinese National Human Genome Centers Execulive order bans genefic
d (in Beijing and Shanghai) established discrimination in U.S. federal workplace

https://www.mun.ca/biology/scarr/Human_Genome_Project_timeline.html



Pre-genomic era: Phylogeny of the classical model systems in
developmental biology

Ecdysozoans

Lophotrochozoans

Vertebrates

Invertebrate
Deuterostomes

Protostomes Deuterostomes

Bilateria Michael Schubert



Previous notion — basal animals are 'simple’

134 JAMES W. VALENTINE ET AL.
250
Hominidae‘
200}
Aves o
5]
-Q . .
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% Actinopterygii *
S
}...
T 1001
o
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+ Echinodermata, Annelida
+ Haemocoelic Bilaterian
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FIGURE 1. Estimated cell-type numbers of primitive members of selected metazoan taxa, inferred from counts of
cells in living individuals, plotted against the estimated time of origin of the body plan of each taxon. Only taxa
that are believed to have been rather near the upper bound of cell-type numbers when originating are included.
For sources on which cell-type number estimates are based, and sources for ages, see Appendix.



Reconstructing the common ancestor
of Cnidaria and Bilateria

Bilateria Cnidaria

Deuterostomia Protostomia Anthozoa Scyphozoa Cubozoa Hydrozoa

Ur-Bilateria

Acropora Nematostella  Aurelia Carybdea Hydra

Trichoplax
_ Ctenophores

Sponges
Choanoflagellates

Ur-Eumetazoa

Ur-Metazoa




Cnidarians are simple (?)
2 cell layers, one apparent body axis, 20 (?) cell types

ECTODERM
ENDODERM ——
Pars st U, vy
VTR iy

iija \ - ey vy e "fﬁ; u s ,'
"f'" - i BASALDISC T GASTRIC COLUMN .
L TR DIGESTIVE CAVITY

ECTODERM

MESOGLEA
—

ENDODERM

Gierer et al ,1974



Pre-genomic era predictions

~  <20000 genes

s
LN
.

5

Ecdysozoans Lophotrochozoans

Vertebrates

Invertebrate
Deuterostomes

Protostomes Deuterostomes

Cnidaria <<20000 genes?” Bilateria Michael Schubert



Transcriptome-screen in Anthozoa:
Cnidaria have a complex transcriptome and
share many genes only with chordates

10-
g @ Nematostella
W Acropora
;sz: animals! . 0 67
Ead (I:omple; Ig;fnomes /0
B n
2,
. 0-
Technau et al., TiG, 2005 Nur Nur
Chordata Ecdysozoa

Genes shared with anthozoans

- Significant gene loss in some Ecdysozoa



The canonical Wnt signaling pathway:
One pathway, many different ligands

a [-catenin

Cell differentiation



Nematostella has 12 out of 13 Wnt-Sub-families

Evidence for significant loss of Wnt-genes
In Insects and nematodes

Wnt7 Wnt8 Wnt9 Wntl6

Ecdysozoa

Fly X X — X X == X

Nematode X X X X X X L

Beetle X X . | 77 X L
Lophotrochozoa

Polychaete — — 2

Mollusc 1 —
Deuterostomia

Amphioxus e X i s f -

Human /) X I N ) [

Kusserow et al., Nature, 2005




Nematostella has 12 out of 13 Wnt-Sub-families

Evidence for significant loss of Wnt-genes
In Insects and nematodes

Wntl | Wnt2 | Wnt3 | Wntd | Wnt5S | Wnt6 | Wnt7 | WntA | Wnt8 Wnt9 Wntl0 | Wntll | Wntl6
Ecdysozoa
Fly /| X X — [ [ - X X E= X X X
Nematode X X — — X X X X X X X L
Beetle — X X X [ | [ | 7 X | — [
Lophotrochozoa
Polychaete — | /3 — — 2
Mollusc — | 4 —
Deuterostomia
Amphioxus — | 3 — ] mm Do X B poow| _—
Human [ ]I I ] I [ ] [ | I | —| "¢ [ o I i I e | |
Chnidaria [ I L I ' ' L I [ | N ] [ | I ] | == == I ||
Ur-Eumetazoa | 1 | 1 == — [ — — — [ | — [

Kusserow et al., Nature, 2005




From mid 2000’s:
Genomes of “Phylogenetically informative species”

Bilateria Cnidaria

Scyphozoa Cubozoa Hydrozoa

Deuterostomia Protostomia Anthozoa
ST Y S TBATE

Ur-Bilateria

Acropora Nematostella  Aurelia Carybdea Hydra

Trichoplax
. Ctenophores

Sponges

Ur-Eumetazoa Choanoflagellates

Ur-Metazoa

Sequencing: Sanger ~million $ per project
(JGI, JCVI, Broad etc.)



The eumetazoan ancestor contained at least 7k gene families

(orthologs are present in modern day species)
Descendants of the ancestral eumetazoan gene set account for
at least 50-65% of all genes in a given 8en0f)ne

Dr lla/

Sop
Nematostella Vertebrates
(Total: 18,000) (Total: 22,000) %o?a'fﬂi’;’ﬁom
12,319 13,830 7,300
(68%)
6918 5659
B 7766

* 7766

Ancestral Eumetazoan gene set _
Putnam et al. Science 2007



Nematostella and humans have preserved

80% of the ancestral introns*
Significant intron losses in model ecdysozoans

Cnidarians

Anenome 18,000 - Ancestral Introns
(Nv)
a - Intron gain
Human 20,745
n (Hs) - Intron loss
Deuterostomes
——  Sea squirt | 14,182
(Ci)

— Fly | 14,618
(Dm)

Protostomes

Nematode | 18,152
= (Ce)

TRENDS in Genefica

* Of 5175 introns in highly conserved protein sequence positions
Miller and Ball, TiG, 2008

Putnam et al., Science, 2007




Intron conservation

Sea Anemone Genome Reveals
Ancestral Eumetazoan Gene
Repertoire and Genomic Organization

Nicholas H. Putnam," Mansi Srivastava,? Uffe Hellsten,* Bill Dirks,? Jarrod Chapman,*
Asaf Salamov,* Astrid Terry,* Harris Shapiro,* Erika Lindquist,* Vladimir V. Kapitonov,?
Jerzy Jurka,? Grigory Genikhovich,® gor V. Grigoriev,® Susan M. Lucas,* Robert E. Steele,”
John R. Finnerty,® Ulrich Technau,* Mark Q. Martindale,” Daniel S. Rokhsar®2*

Sea anemones are seemingly primitive animals that, along with corals, jellyfish, and hydras,
constitute the oldest eumetazoan phylum, the Cnidaria. Here, we report a comparative analysis of
the draft genome of an emerging cnidarian model, the starlet sea anemone Nematostella
vectensis. The sea anemone genome is complex, with a gene repertoire, exon-intron structure, and
large-scale gene linkage more similar to vertebrates than to flies or nematodes, implying that the
genome of the eumetazoan ancestor was similarly complex. Nearly one-fifth of the inferred genes
of the ancestor are eumetazoan novelties, which are enriched for animal functions like cell
signaling, adhesion, and synaptic transmission. Analysis of diverse pathways suggests that these
gene “inventions” along the lineage leading to animals were likely already well integrated with
preexisting eukaryotic genes in the eumetazoan progenitor.

A Rab 1 GLT28D1 SRP 54 SAP 155

Nematostella vectensis _\/_ _\/ _\/ _\/—
0 1 2 2

Homo sapiens —\/— _\/ _\/ _\/_
0 1 2 2

Ciona intestinalis —\/— _\/
0 1

Drosophila melanogaster _\/_ [
0

Caenorhabditis elegans _\/— L
0

Cryptococcus neoformans _\/_ _\/
0 1

Arabidopsis thaliana —\/— -/ —\/
0 1 2

Ancient intron conserved in all Ancient intron lost in flies and Ancient intron lost in fungus, flies, Animal intron lost in flies,
species nematodes nematodes and sea squirts nematodes and sea squirts



Gene order/colocalization:
Synteny conservation between chromosomes

Chromosome VIl Chromosome XVI

Positions of
homologous genes

=] ]
v w

Figure 18.15 Genomes 3 (© Garland Science 2007)



“Bags of genes”. Syntenic signal
(gene colocalization in the same ‘territories’,
chromosomes?)

Human Chromosome Segments




— Large gene family complement
- Complex gene structure
— Preservation of synteny

What about unicellular to metazoan transition?



Our closest unicellular relatives

Nicole King

Uniconta: Monosiga sp.

-> cell adhesion evolution
-> cell signaling

DSCC



Unicont position on the phylogenetic tree

0.1 changes per site

Srivastava et al, 2010



Nature of novel genes in metazoan evolution

A
15% , 2%
“ 3%
80%

Type | (completely novel)

Type Il (novel domain)

Type Il (novel pairing)

Ancient

Type | Novelty: SMAD Family Proteins

— MH1 5; C MH2 e

Type Il Novelty: Notch Proteins

HEI—ELEIEE-EHEEHEIE oo D—(aw)-

Type Ill Novelty: Lim Homeodomain Proteins




Integration of novel proteins into existing protein networks

| k
H 5 * e
L‘%
0 Type | (completely novel)
0 Type Il {(novel domain)
[0 Type Il (novel pairing)
I Ancient

MAPK Recent Origin



Gene novelties and evolutionary transitions

a Cell cycle

b Growth signalling
/g 2
55

e
Extrinsic pathway
.ili ] Ancient eukaryotic

[] Opisthokont origin
[ Holozoan origin

[ Animal origin

rinsic pathway _}_:Q
e [] Eumetazoan origin
- /‘ [[] Bilaterian/vertebrate origin

Srivastava,et al, Nature 2010



Cell signaling

a Epithelial % Apical b Neuronal
surface \ -
g Pre-synapse
Apical
‘ region
Zonula
“"’dh’ﬂmm adherens
AJ cadhmhmd_ 3-Catenin Actin region
ceen i) microfilaments
: o-Catenin
i Basolateral
Lethal giant
larvae
5 Basal
. surface Post-synapse

[] Ancient eukaryotic  [] Opisthokont origin  [ll] Holozoan origin  [[1] Animal origin  [_] Eumetazoan origin  [] Bilaterian/vertebrate origin

-> gene novelties contributed significantly to early metazoan evolution



Quick recap:

The metazoan ancestor had a fairly complex gene repertoire and
genomic organisation - “ancestral complexity”

This complexity is observed at ALL scales of genomic
organization: gene structure (introns), gene presence, gene
synteny

Gene loss and genome compaction dominated in some model
species

No single species represents the ancestral state — species
sampling and comparison are important!

Origin of multicellularity can be linked to several key innovations
(and gene novelties) in cell-cell interactions (signaling, adhesion etc)



Beyond “woa, things were really complex back then”
Predictions?

- Conserved gene families and especially transcription
factors must have function (- evo-devo)

- Synteny preservation beyond the observed contigs or
scaffolds

- Unclear what the actual ‘innovation’ driver is in the
genome? Gene novelty, duplication, loss, non-coding
element evolution etc?



The value of the “second” genome?

The dynamic genome? How dynamic can genomes be??
Do repeats break ancient “architecture™?

a H, wirtdrssima (380 Mb)
H. ofigactiz (1,450 Mb)
H. vulgaris (1,300 Mb)
H. magnipapillata (1,300 Mb)
Inferred “bursts’ of TE activity

n
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Il. Current approaches and bottlenecks (from chromosomes to
3D structure?)



Genome scaffolding with HIC (chromosomal
conformational capture derivative)

Methods:

Proximity Ligation Approaches CRS

! ' Chicago™ libraries start from purified
HMW DNA that is reconstituted into
chromatin.
—
1 2
"'V ‘-vv =tk ‘O—i I —
M ——

FixC™ libraries start with

l

——

FFPE tissue with fixed
endogenous chromatin a
/ HiRise™ Scaffolding
Pipeline
Dovetail™ Hi-C libraries start from tissue

or cell-culture and endogenous
chromatin is extracted after fixation.




The (recent) avalanche of chromosome-scale genome depositions

NCBI
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What was a genome in 2010’s?

Gene annotation Regulatory regions

Enhancer and promoter evolution in twenty mammals
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What is a genome in 2020's? —

Gene annotation Regulatory regions

Enh and pr ter evolution in twenty mammals
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* Which of the pre-chromosomal assembly age hypotheses
can be verified now?



Macro-syntenic patterns in metazoan genomes

Time

>

Genome 1

Genome 2




Most (invertebrate) animal chromosomes are
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With homologies ranging up to their unicellular relatives
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Schultz et al, Nature 2023



13 4 5 1619 15 7T 1817 14
scallop

(PYE) Wl

amphioxus e 1>

(BFL)

sponge
(EMU)

jellyfish
(RES)

hydra
(HVU)

Chromosomes (almost) never break, but they do “add up”
What are the evolutionarily independent chromosomal elements?

Simakov et al, 2022
Data from:

Wang et al, 2017

Li et al, 2020
Kenny et al, 2020
Simakov et al, 2020



L&

Chromosomal

elements

representation of
modern day genomes

Dan Rokhsar

bilaterian cnidarian no. of
ancestor ancestor shared
ALG |amphioxus | scallop (24) sponge (21) jellyfish hydra orthologs
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01 BFLAL PYE12 01 EMUO3 01 RES20 HVUG 54




Fundamental processes in chromosomal evolution
and their macrosyntenic
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Algebra
representation of
BFL1=%" 42 ® % A1

BFL2="%2C1\ %072
BFL3="8C2 @ 8Q
BFL4=""] @ >°01

BFL5="02F
BFL6="'"2D
BFL7="4F
BFL8="9% )1
BFL9="""K
BFL10=""B1
BFL11="3%¢
BFL12="0"N
BFL13="H
BFL14="8p
BFL15="%L
BFL16=2°B2
BFLI7="4J1
BFL18=*°B3
BFL19=%02

bilaterian cnidarian
ancestor ancestor
ALG || amphioxus] scallop (24) sponge (21) jellyfish hydra
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Modification of the ancestral(-ish) karyotype

Amphioxus ' SN

Lamprey
Elephant shark

Spotted gar

Frog
Several rounds of whole geno

duplications Chicken

Human




Ancestral linkage groups were largely retained (and
multiplied) in vertebrates, however...

Spotted gar
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... many underwent fusions (with and without mixing).

o 1 ol Barhadil £ 5L LTI A1 10 N
2 Y IR el 1 N
> IINE LTI 12
+ R A 13 Il
5 11T 14 N

Unfused chromosomes: mostly micro-chromosomes

Chicken-specific fusions (sharp syntenic boundaries)
and old vertebrate fusions (mixed) — mostly on macro-chromosomes §




FWM events specific for the second round of vertebrate
whole genome duplications

CLGE

CLGO

(CLG = Chordate ancestral linkage group
for more details, see Simakov et al, NEE 2020, also
Sacerdot et al. Genome Bioloav 2018)



Worst parenting...

Jan 1% 2020



Irreversible algebraic processes in animal chromosome evolution

d) . =5

Fusion with mixing

Uand V are
ancestral
linkage groups

Fusion-with-mixing



Fusion-with-mixing (FWM) — a synapomorphic character in animal
chromosomal evolution
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Article

Ancient gene linkages support ctenophores
as sister to other animals

https://doi.org/10.1038/s41586-023-05936-6  Darrin T. Schultz***, Steven H. D. Haddock®™*, Jessen V. Bredeson®, Richard E. Green®,
Oleg Simakov'™ & Daniel S. Rokhsar®®"=

Received: 30 April 2022
Accepted: 9 March 2023

A central questionin evolutionary biology is whether sponges or ctenophores (comb

Published online: 17 May 2023 o i . . i
jellies) are the sister group to all other animals. These alternative phylogenetic

Open access hypotheses imply different scenarios for the evolution of complex neural systems Darrl n SCh u Itz
% Checkforupdates and other animal-specific traits' *. Conventional phylogenetic approaches based on
morphological characters and increasingly extensive gene sequence collections have
notbeenable to definitively answer this question” . Here we develop chromosome-
scale gene linkage, also known as synteny, as a phylogenetic character for resolving
this question. We report new chromosome-scale genomes for a ctenophore and two

Ctenophore-sister No evidence supporting the
sponge-sister hypothesis

Outgroup X Outgroup &'

Ctenophores . Sponcat

Sponges §&f - - Ctenophores
Synapomorphic ) ) Synapomorphic ==
Fusion- Cnidaria & Fusi | Cnidaria &
£ren- Bilateria 4 ® s Bilateria

mixing mixing

Schultz et al, Nature 2023



Several fusion and fusion-with-mixing characters support
“ctenophore sister”

Capsaspora outgroup, Ctenophora sister i Salpingoeca outgroup, Ctenophora sister
* q ' Sl 12 10_3 4 185 1 8 %‘ . Ol
Capsaspora il \ Salpingoeca
Ctenophora , | Ctenophora

/’ ‘ Hormiphora _,/’ ‘

Hormiphora
‘ . Porifera
Ephydatia

Porifi
®e .-

Chnidaria Cnidaria
* . Rhopilema Fu;:m * . Rhopilema

with S with '
o . Bilateria mixing Bilateria
Pecten . . Pecten

Schultz et al, Nature 2023



But also important to take into account convergent FWM events

Transition rates:

0- 1 (observing two chromosomes fused by chance)

1 -0 highly unlikely

Constrained Unconstrained
B. floridae (BFL) b B. fioridae (BFL}
1 BILATERLA 0.9997 BILATERIA
P. maximus (PMA) P, rasimus (PMA)
0. 8841 0.9445
NVE NVE
1 CNIDARIA .- 1 CMIDARIA
2-state L R. esculentum (RES) 7310 L R, esculentum [RES)
o
Matrix encoding Cladorhizid sponge (CLA) E. muaiar [EMU)
PORIFERA ORIFERA
e 0, 9465
0=4bor ® E. muslleri (EMU) Cladorhizid sponge (CLA)
1= @ 0.9285
TEI HORA rE“N ~TENOPHORA BIN
t "
HCA I— HCA
5. rosetia (SRO) S. rosetta (SA0)
C. owczarzaki (COW) C. owczarzaki (COW) T
0.3 b3
B. floridae (BFL) d B. floridae (BFL)
1 BILATERLA 1 BILATERIA
P. maximus (PMA) P masdmus (PMA)
05817 06145
NVE MNVE
3-state i CNIDARIA 1 CNIDARIA
L A. esculentum (RES) i L. R. ssculentum (RES)
Matrix encoding @
0= {) Cladorhizid sponge ({CLA) E. muelleri (EMU)
PORIFERA PORIFERA
- 0.0970 y slas
1=@ " E. musllari (EMU) L Cladorhizid sponge (CLA)
2 i . 0.0353
TENOPHORS [ BIN . . =BIN
[1 CTENOPHORA r—,
HCA L hca
. rosetta (SAO)
5. rosatta (SRO)
C. owczarzakl (COW) C. owczarzaki (COW) 0.5
a.5

Schultz et al, Nature 2023



Surprise



Exercise! What clade (bonus for species guess)

does each dotplot correspond

to?
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Are the chromosomal “units” the same in all animals?



Loss of the ancestral chromosomal building scheme and
the emergence of novel chromosomal elements
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Why are chromosomes preserved?
Why do they break?
Is there any impact?



Maothar — carrier of a

balanced translocation Mormal fathes
] famelas thal eould Be farmed Passbila Aanmeles that eould be e
1n:|m.1 carmer af a balanced franslocation fom a normal parent during meiasis
[Wiote diagram only shows CNI'WEWE‘S 21 and 14) [Modg diagram ondy show chrmcme:s 21 and 14)

WODW®

Unaffectad chid Moncaamic embrys Phanatypically normal Drawn syredrame

chic that carres a Seidman et al, 2016
(b)

Pan-chromosomal regulatory constraints

A. Local interactions B. Local and distal interactions C. Pan-chromosomal interactions

Enhancer Promoter and gene

ey A
— 1Mb — 1Mb
ATAC-seq, multiomics HiC, Omni-C, Micro-C 3D modelling of high quality 3C data

Rogers et al 2023



Scientists conclude Octopus DNA is out

o of thig world
Scientists declare that -

octopuses are hasically aliens

BY MEREDITH PLACKO 08.14.2015 :: 5:01PM EDT ¥MPLACKO

f ¥ in P <& 646 SHARES

Octopuses ‘are aliens’, scientists
decide after DNA study

a Rob Waugh Wednesday 12 Aug 2015 2:02 pm

Shocking Claim: Scientists Think Octopuses Might Be Aliens After
Studying Their DNA

According to a group of scientists, the lovable octopus, nature's aquatic contortionists, might actually
be aliens not of this world. Researchers who mapped out the genetic code of the octopus found it to
be so strange that it could actually be an extraterrestrial.

It's the first genome sequencing ever conducted on a cephalopod and it showed remarkable
complexity with some 33,000 protein-coding genes identified - more than is found in a human.

» > o) 105/233

Octopus genetic code is so strange it could be an ALIEN, according to scientists

24,217 views i@ 13 L L3 A SHARE =



Unique mode of cephalopod genome evolution

“Vertebrates without WGD”

Convergent expansion of C2H2/PCDH? Yes
Extensive RNAediting? Yes

Whole genome duplication? No

Whole genome rearrangements? Yes

Albertin et al, Nature 2015

Belcaid et al, PNAS 2019

Albertin et al, Nat Comm 2022

Schmidbaur et al, Nat Comm 2022

Albertin and Simakov, Ann Rev Anim Bio 2020
Ritschard et al, Bioessays 2019



Fusion-with-mixing after duplication or large-scale
rearrangements
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What is going on after such fusions?



Fusion-with-mixing —
a single tectonic event with long-lasting consequences

Chromosome 1 Chromosome 2

] BN Pre-fusion ancestor
TN Ancestor stem

Il BN =B
AR RE'EN'E'R Full mixing achieved

Co-regulated region, under
functional/selective constrain



Hundreds of novel gene neighborhoods (micro-syntenies)
In the coleoid ancestor

a M icrosynten)é I b Molluscan Coleoid

I ancestor ancestor
wa mww A “ , K T M ¢
2 - icrosynteny
. _|__l:!:l_.

MOLLUSCA

1

-

e é LOPHOTROCHOZOA
‘E_ } F Microsynteny
— T Cumalative
Symiliny
gain or loss

Albertin and Simakov, Ann Rev 2020
Belcaid et al, PNAS 2019
Schmidbaur et al, Nat Comm 2022
Robert et al, BMC Genomics 2022

A Local interactions B. Local and distal interactions C. Pan-chromosomal interactions RObert et al’ BIOInformatICS 2022
Zimmermann et al, NEE 2019
Enhancer Promoter and gene
— 1Mb i 1Mb
ATAC-seq, multiomics HiC, Omni-C, Micro-C

3D modelling of high quality 3C data

- Rogers et al, 2023




Microsyntenies Associated with Cephalopod Innovations
(MACIs) form separate topological units

‘(/m‘\ Scallop chromsome 10 Scallop chromsome 15
U Lo oppa0saome 8 1015 202530 e

Euprym crvomosomalscafod 02 - @ ATAC-peaks in introns

YO J== Wsum 1.004
180 Mbp [ sum
. Distal Intergenic
nnnnnnnnn
Heo
B rion
W vomoier 0 75
o
o
o
P c
@
o
¢ &
o 0.504
Hi-C
N bin-size 40000
L 4 > 4 Sluster
S 0.25
Ny IG cluster
uuuuuuuuu
uuuuuu

.00
cephalopod- metazoan non-syntenic
specific

‘ ATAC-seq
[ | earl){ stage
rep.

RNA-seq
bl early stage

- novel microsyntenic regions show different _

. . . Schmidbaur et al, Nat Comm 2022
co-expression and topological properties Rouressol et al. iScience 2023
- putative enhancers in intronic regions Rogers et al, in preparation

Thea Rogers



Impact of topology in changing genomes

Genome expansion,
TADs expand

.
"‘
*

Genome expansion, TADs
split into multiple TADs

Enhancer Promoter and gene

v

v

Genome contraction,
TADs shrink

.
-
L

Genome contraction,
TADs merge

Rogers et al, in press

Squid genomes are on average 2x larger

Y N than the octopus genomes
Thea Rogers




Test for evolutionarily conserved pan-chromosomal interactions

@ HI-C bin size
reconstruction process ¢

IntSph’

G = Genomic feature

projection of orthologous regions

chromosome model
with mapped genomic features

Clarence et al, iScience 2023



Rhopilema esculentum ®&&
Hydra vulgaris 9&
Brachiostoma floridae /

Drosophila melanogaster

Caenocrhabaditis elegans BN
Achatina fulica &

Anadara broughtonii ¢

Pecten maximus ¢

B)
H. vulgaris R. esculentum A. fulica P. maximus C. elegans D. melanogaster
chr scaffold 1 chr scaffold 1 chr scaffold 1 chrscaffold 1 chr scaffold 1 chr scaffold 1

chr scaffold 2 chr scaffold 2 chr scaffold 2

chr scaffold 3 chr scaffold 3 chr scaffold 3 chr scaffold 3

chr scaffold 4 chr scaffold 4

40kb 150kb

40kb 150kb 40kb 150kb



Synteny beyond local gene clusters?

B)

—

p-value 0.007139144 F

100 § —_— -p-vall.:eo.16273'|4
) o) ‘ )
..E._ 80 0.0005 ?E 2 5e-0
£ E
60 0.0000 ~
.__E_. 2 2 0e+00
= -00005 ¥
B * g9
g —0.0010 2 -5e-04
5o 8 8
- -0.0015 R
wv
a ° e | I T T
0 20 40 60 80 100 0 20 40 60 80 100/
Distance ratio (mn/Mb) / Distance ratio (mn/Mb)
Enrichment of long-range interaction distance ratio among Clarence et al, 2023

orthologous genes

Preferential localization of micro-syntenic clusters?

Conserved, metazoan synteny SCh mld baur et al y 2022

[l Cephalopod-specific synteny



Bottleneck: HIC at single cell resolution

Smart-seq2
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0.5% m— 2%

Tan lab at Stanford:
https://3dgeno.me/publications



Recap: Current status and challenges

- Chromosomal-scale genomes and extensive species
sampling is almost a horm

- Big challenge to identify regulatory sequences and EP
Interactions, test using knock-out etc

- Evidence for the role of topology at local (sub-
chromosomal) scales

- “It’s complicated” at the whole chromosome scale



What will genome be like in 2030’s/aka next year? s"iﬁrfa"

g udt-

Enh and pr ter evolution in twenty mammals
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Villar et al, Cell 2015; Villota-Salazar et al, 2016; http://advancedtranscription16.blogspot.co.at/p/overview.html



lll. Future theoretical genomics, predictions, and applications



“Evolutionary topology of genomes, form and function”

We can reconstruct the ... but how do clade-specific (i.e.
genomes of the first macro-) evolutionary “trajectories”
animals contribute to evolutionary
novelty?
S.Ohno Evolution
by Gene
Duplication

Over 600 million years ago



Fusion-with-mixing —
a single tectonic event with long-lasting consequences

Chromosome 1 Chromosome 2

_ _ Iu!
|
_ g™

first 95 percentile v
1246 cycles
(0.89% of £50)

[5F
aad
) B0 :IJDIO S 1300
inversion cycle

AR RE'EN'E'R Full mixing achieved

Co-regulated region, under
functional/selective constrain

Arno BluemeDarrin Sch



Time to explore half of all possible neighborhoods (Tso) —
macro-evolutionary time-scale

Chromosome 1 Chromosome
(«D)
=
c B B BB
=
g Te << T50
©C | I EEEENEEE
(7))
"E number of unique interactions after n inversion
(¢D) -
= :
(¢D) 5w
o NIEEETEEE
c fw
©
= /
G
&) ;i —
m i 'm':r:!rsinn cycle -:‘

50% of all possible combinations explored Arno BluemeDarrin Sch



Tso fOor an “average” chromosome

Octopus vulgaris*
2.5 mya 29

135

34 mva Octopus sinensis™

73 Octopodidae

Octopus bimaculoides*

Amphioctopus fangsiao*

Argonauta argo a

Argonautidae

— breaks occur at highly insulated regions (TAD boundaries) >y %
- many neighborhoods still to be explored after 600 million years! W
‘1\\\ | \ !

Dalila Destant

.
- -




Hypothesis: (singular) ancient genomic
events* continue to shape clade-
specific evolution

* Irreversible



Light Organ (LO)

VENTRAL

 DORSAL
"ha ook \
R

* ) Light from moon or stars

‘ Other organisms 3&:’ Bobtail squid

:

Light from light organ
minimises shadow &
obscures sihouette

Clear shadow &
sihouette

http://manabu-biology.com

McFall-Ngai, 2014

Bvucus Jcinia [ RFP-LABELED v

Apical epithelial surface
Symbiosis — light production (not nutritionally obligate, but key
ecologically)



Origin of novel organ (LO) in bobtail squids

Heteroteuthis dis
Heteroteuthis ha
Heteroteuthis dag
@ [ridioteuthis sp.
@ Stoloteuthis sp.
®

Sanchez, et al, 2021

Rossia sp.

Sepiadarium kochii (Jap
Sepiadarium kochii (Tai
Sepiadarium austrinum
Sepioloidea lineolata
Sepiadariidae sp.

Time-scale ~several 100 my
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Novel neighborhoods associated with LO development
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Continuous emergence of new Iinteractions
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Continuous emergence of new Iinteractions
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Beyond chromosomal “algebra”. combine different level of
orthologies and capture their evolutionary interaction properties
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Generalization of FWM

Chromosomes Gene regulation Protein “domains”

(?. :: ' ‘.
“New” chromosome - “New” domain
“New” linkage (micro-synteny)

Constraints:
meiotic regulatory linkage folding



How to visualize orthologies at multiple levels?

Graph database representation

for orthologous genes and non-coding
Elements for two octopus vs two squids
(O. bimaculoides, :

, Euprymna scolopes)

{A} = Euprymna LG35; Doryteuthis Dpe32; Octopus Obi/Osill
{B} = Euprymna LG31; Doryteuthis Dpe36; Octopus Obi/Osill

Fatih Sarigodl



UMAP2

-10

Manifold representation of distances — Evolutionary

Topology
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{A} = Euprymna LG35; Doryteuthis Dpe32; Octopus Obi/Osill
{B} = Euprymna LG31; Doryteuthis Dpe36; Octopus Obi/Osill
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Towards multi-scale orthologies and evolutionary topology
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Towards multi-scale orthologies and evolutionary topology

scallop
(PYE) . - identify ® at sub-chromosomal
1 TR level, including non-coding regions
™ N (novel synapomorphic characters)
amphioxus . ~ -
(BFL) | — comparative evolutionary
| topology (detect orthology
’ R presence for faster evolving
sponge ® w0 n ow characters provided same
(EMU) N - topological context)
o . "y | — predict possible future
jellyfish p interactions (paths through
(RES) , .
o . manifold space)
— ? - non-chromosomal context
(HVU) ] (FWM with transposon insertions)

T T T T T
-20 -10 0 10 2(l

Schultz et al, in preparation
Kon et al, in preparation



Recap: evolutionary topology of animal genomes?

How to quantify (macro-)evolutionary trajectories of genomes?

Do different trajectories contribute to diverging (regulatory)
modes of genome evolution?

- Genome “architecture” in evolution (synteny et al)
Syntenic elements are highly preserved (including
some sub-chromosomal linkages)

- Regulatory function vs meiotic constraints
Selective pressure to maintain (mostly local)
chromosomal interactions

- “Transitions” in genome organization onto novel
regulation

Genome-wide rearrangements create new PRI
regulatory neighborhoods to be explored |

- Evolutionary topology: emergence of novel (T ey
(regulatory) gene neighborhoods e
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| was thinking to talk along the lines of a historical-ish
perspective on the (somewhat) early days of animal
comparative genomics, the questions and early predictions
(ancestral complexity of animal genomes, synteny retention
etc), and their validation after the transition to the
chromosomal-scale world.

This can be followed by new approaches and discussion if
there are any new technical bottlenecks for comparative field
beyond the current continuous haplotype-resolved
chromosome-scale sequencing efforts (maybe along the
lines of 3D genomics, single-cell/tissue resolved genomics
etc).

| could end up by presenting some of the work we have been
up to in the recent years and where we think it leads.

One potentially interesting and technical aspect is data
exploration across different homologies in the genome

(chraormnenarmaoa Aononocec CNEe ot fAar that wwiee havwie hoan
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