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Importance of eukaryogenesis

“the basic divergence in cellular structure, which separates the bacteria
and blue-green algae from all other cellular organisms, represents the
greatest single evolutionary discontinuity to be found in the present-
day world”

(Stanier et al 1963)

This radical transformation of cell structure (eukaryogenesis) is the
most complex and extensive case of quantum evolution in the history of
life [2,3,6]. Beforehand earth was a sexless, purely bacterial and viral
world. Afterwards sexy, endoskeletal eukaryotes evolved morphological
complexity: diatoms, butterflies, corals, whales, kelps, and trees.

(Cavelier-Smith, 2010)




Stuff that changed

Loss of operons

Linearization of chromosomes, telomeres

Uncoupling of transcription and translation

Introns & splicing

Nucleus

Curtailing of horizontal gene transfer

Membrane based organelles

Meiosis / sexual reproduction

New protein complexes and machines (the eukaryotic flagellum)
New processes (phagocytosis, amoeboid movement, mitosis)
New folds & functions

Complexification (/ duplication) of existing complexes and machines (proteaosme, RNA polymerase)
Mitochondrial endosymbiosis

Dramatic increase in intrinsically disordered proteins

Eukaryogenesis

Euglenozoans
Forams
Diatoms
Ciliates

Red algae
Green algae
Land plants
Amoebas
Fungi
Animals

Nanoarchaeotes
Methanogens
Thermophiles
Proteobacteria
(Mitochondria)*
Chlamydias

Spirochetes
Gram-positive

Eeﬁleorf)aacteria
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DNA

Mitchondria have their own chromosome

... and this chromosome is circular and not
enveloped in a “nucleus”

prokaryotes _eukaryotes
Circular chromosomes, Linear chromosomes
no organelles organelles

“Theory of endosymbiosis”

http://home.nc.rr.com/ambiient/site/mtdna.htm

Phylogenetic trees

*Mitochondrial chromosome, genes,
rRNA

Y Proteobacteria

*Similarity according to an established
model of sequence change.
Determine how organisms / genes are
related: tree

*Tree: eukaryotic mitochondria cluster
within bacteria, within alpha -
proteobacteria, next to rickettsia,
obligate intracellular parasites of
eukaryotic cells

Pylaiella littoralis
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Identifying eukaryotic proteins with an alpha-
proteobacterial origin based on their phylogeny
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Eukaryotic + alpha-proteobacteria Alpha-proteobacterial proteins with
in the same branch the rest of the bacteria and archaea




Detecting eukaryotic genes of alpha-proteobacterial ancestry
6 alpha-proteobacteria (22 500 genes)

S0 quite a lot of proteins tfrom alpha-prot: the vast
majority of these are no longer encoded in the
mitochondrial genome, endosymbiotic gene transfer

6 alpha-proteobacteria
° ‘T’ - 9 eukaryotes
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Species Proteins® NJ-Set® ML-Set®
i i i 67 716 62.70
Deinococus radiodurans 3,084 11 0.03
Agrobacterium tumefaciens (Cereon) 5392 13.03 759
Agrobacterium tumefaciens (Washington) 5,298 131 11.76
Bradyrhizobium japonicum 8,257 1118 825
Brucella melitensis 3,186 16.1 11.08
Brucella suis 3,247 15.86 9.67
Caulobacter crecentus 3,718 1323 8585
‘Magnetococcus magnetotacticum 4,280 11.36 874
Rhizobium loti 7,259 13.08 894 .
Rhiobm mellod e e o Number of proteins of
Rickettsia conorii 1374 203 16.59 .
Rickettsia prowazekii 834 25.06 19.78 -
Total selected® 1,026 842 a|pha prOtEObaCterlaI
n
*Number of protein-coding genes per genome. d esce t

PPercentage of selected proteins in each genome by each approach.

“Total number of selected OGs

An analysis that was based on six alpha-proteobacterial genomes [9) detected 630
proteins of alpha-proteobacterial origin that were in eukaryotes, and retrieved 49% of the
R. americana mitochondrial genes and 1.3% of D. radiodurans. Increasing the number of
analyzed genomes has thus substantially increased the number of proteins and the
“completeness” of the proteome, while reducing the number of potential false positives.
doi:10.1371/journal pcbi.0030219.t001

Detecting eukaryotic genes of alpha-proteobacterial ancestry

6 alpha-proteobacteria (22 500 genes)
6 alpha-proteobacteria
° T - 9 eukaryotes
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From endosymbiont to organell, not only loss
and gain of proteins but also “retargeting™

proteins
loss
re-targeting
~65% of the alpha-
proteobacteria derived set is
Ancestor not mitochondrial.

{ ' } Modern mitochondria
~16% of the mitochondrial
yeast proteins are of alpha-

Qin proteobacterial origin.
t
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Not just the gtpases, also their activating proteins:
Rap/Ral/RheB GAP tree: events from before the |
LECA 8 C © Ran3ab.c.d (SV) Hooe
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RalGAPB (oomycetes, dicty, nacgleria, fungi, animals))

ecyclung

MTOC
l Late
endosome
Rab9

Rab24 Rab27 . T)

RalGAPA (dicty, naegleria, fungi, animals)

2 RheBGAP (TSC2, oomycetes, diatoms, red algea, animals, fungi, dicty, tetrahymena)

Lysosome
0.5 Endoplasmlc

reticulum

Nature Reviews | cen siology https://Www.nature.com/articles/35052055/

e NB1 These 23 LECA Rab’s were difterentially
retained in present-day eukaryotes
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Nature Reviews | Molecular Cell Biology

Elias et al. http://jcs.biologists.org/content/125/10/2500.long
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Duplication of tubulins
during the origin of
eukaryotes,
undetermined
prokaryotic outgroup

a-tubulins

a’Hlbu/i,,s Tubz

[--tubulins

S-tubulins

http://gbe.oxfordjournals.org/content/6/9/2274.long

» Adaptor protein (AP) complexes sort cargo into vesicles for
transport from one membrane compartment of the cell to
another

* Evolution of specificity in the eukaryotic endomembrane

system.Dacks JB, Peden AA, Field MC. Int J Biochem Cell Biol.
2009 Feb;41(2):330-40.

Adaptor proteins arose via feca-2-leca duplications:
organellar paralogy

Complex Large chain 1 Large chain 2 Medium chain Small chain
AP-1 Y p1 ul o1
AP-2 « p2 uz o2
AP-3 s B3 u3 o3
AP-4 E pa nd o4
F-COPI y-CoP p-cCoP 5-COP t-coP
a Appendage (o3
domain
T plasma membrane
N l/ - AP-1
Cargo-binding — AP-2
domain o = - AP-3
early endosome N\ Com
~ COPI
Ia(e endosome SeA
o — Retromer
'Y tubular endosome

‘/2 TGN

(@:Q Golgi stack
a-helical solenoid i

Neo or sub functionalization ... for membrane
identity?

____— Specificity module

»)

Nonparalagous factor(s)

Endomembrane compartment

Dupli eq 9
’ - > ’ Parallels discussion

for protein

~ Complexes,
—GM e.g. stepwise
-

©)
Ancestor New form . .
duplication model

Fig. 3 Organelle evolution driven by gene duplication of the identity-encoding machinery. (A) An initial endomembraneous compartment is
shown, with an as-yet undifferentiated set of identity-encoding machinery shown. The segmented circle indicate...



http://www.ncbi.nlm.nih.gov/pubmed/18835459

Also alpha-proteobacterial genes duplicated:
TIMM44-MRPLA45: 1 duplication

LECAs

donation 100

84 100 TIMM44

Neorickettsia sennetsu

Duplications also for “complexification” of existing
complexes: PSMC1-6, 5 duplications

* Proteasomal base:
hexameric AAA ring

LECAs

PSMC1
PSMC4

26S proteasome

i PSMC5
donation PSMCZ
08 cataly comple PSMC6
| secsani 9 PSMC3

lid subcomplex

Lokiarchaeota

195 regulatory complex

Divergence of Eukaryotes

g Quantitative

o estimates of

— duplication effect,

wm almost a doubling, but

| no update for £14
years?

Eukaryotic innovations

2150 clusters

B LECA: 4137 (x1.92)

LUCA: 489 FECA: 2150

FBCA: 798
LACA: 1028 (x1.19)

A B
Nucleic Acids Res. 2005 Aug 16;33(14):4626-38

Ancestral paralogs and pseudoparalogs and their
role in the emergence of the eukaryotic cell.

FACA: 861 LBCA: 995 (x1.25) Makarova S, Wolly) Mekhedov Sl Min B¢
Koonin £V,
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http://www.ncbi.nlm.nih.gov/pubmed?term=%22Makarova%20KS%22%5BAuthor%5D
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Genes / Folds invented during eukaryogenesis

Genes / Folds “invented” during eukaryogenesis

+500 new folds!

Many of them are all-alpha
Regulatory or interaction function, not enzymatic functions

A lot these new folds subsequently duplicated!
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Where do eukaryotes go in the tree of life?

¢ Text book 3 domains of life
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... but there is the old Eocyte hypothesis

A Three-domains tree

First Eukaryotic Common Ancestor
(FECA) / proto eukaryote

Proc Natl Acad Sci U S A. 2008 Dec

23;105(51):20356-61. Epub 2008 Dec 10.
The archaebacterial origin of eukaryotes.
Foster PG, Hirt RP, Harris SR, Embley TM.

Cox CJ,

some trees suggest eocyte
(2 kingdoms, not 3)

B

5
10

acoloiidans

5

s el

e

Eukarya

Dyt
Thermodesulfatator indicus

Archaea
Bacteria

Mol Phylogenet Evol. 2013 Oct;69(1):17-38. doi:
10.1016/j.ympev.2013.05.006. Epub 2013 May 22.

The effects of model choice and mitigating bias on the
ribosomal tree of life.

Lasek-Nesselquist E*, Gogarten JP.
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http://www.ncbi.nlm.nih.gov/pubmed?term=Gogarten%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=23707703

Novel archaea has operon with UBQ system

Insights into the evolution of Archaea and eukaryotic protein modifier
systems revealed by the genome of a novel archaeal group. Nunoura T,
Takaki Y, Kakuta J, Nishi S, Sugahara J, Kazama H, Chee GJ, Hattori M, Kanai
A, Atomi H, Takai K, Takami H. Nucleic Acids Res. 2011 Apr;39(8):3204-23

The gene cluster of the Ub-like protein modifier system in C. subterraneum. ,
eukaryotic “type” ubiquitin

-l —|ubl el e srip

operon-like gene cluster for eukaryotic ubl system

Nunoura T et al. Nucl. Acids Res. 2011;39:3204-3223

© The Author(s) 2010. Published by Oxford University Press. Nucleic ACidS Research

m— Molecular Microbiology (2011) 80(4), 1052-1061 M doiz10.1111/,.136
First published

2011.07635.
line & April 2011

An actin-based cytoskeleton in archaea

Thijs J. G. Ettema,* Ann-Christin Lindast and ments twisted around one another to form a right-handed
Rolf Bernander double helix, which constitute well-characterized central
Department of Molecular Evolution, ionary Biology of P it p

Center, Uppsala University, Norbyvéagen 18C, SE-752 (Pollard and Cooper, 2009; van den Ent et al., 2001). As a
36, Uppsala, Sweden. result of the involvement in pivotal processes, the primary

structure of actin has been extremely well conserved
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1:1 Orthologous to eukaryotic actin with limited phylogenetic
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Examples of subpopulation of cells
displaying centrally located band-
like structures.

Cytokinesis?



http://www.ncbi.nlm.nih.gov/pubmed/21169198

Eukaryotic features in archaea are present in subclade of
archaea (TACK) where also now some Tol places the

REVIEW

d0i:10.1038/nature12779

An archaeal origin of eukaryotes supports
only two primary domains of life

Tom A. Williams', Peter G. Foster?, Cymon J. Cox® & T. Martin Embley!

eukaryotes

Proto-eukaryote (FECA) is getting a little bit more
complex as more archaeal diversity is sequenced and
bioinformatically and biochemically characterized
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biochemical study of asgard ESP proteins
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Eukaryogenésis (how did we get slch
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Importance of eukaryogenesis, what was the end
result?

This radical transformation of cell structure
(eukaryogenesis) is the most complex and
extensive case of quantum evolution in the
history of life [2,3,6]. Beforehand earth was a
sexless, purely bacterial and viral world.
Afterwards sexy, endoskeletal eukaryotes
evolved morphological complexity: diatoms,
butterflies, corals, whales, kelps, and trees.

(Cavelier-Smith, 2010)

The Incredible Expanding Ancestor of
Eukaryotes

Eugene V. Koonin'*

DOI 10.1016/j.cell.2010.02.022
Comparing the genome sequences of free-living organisms in the fiy
The genome sequence of the amoeboflagellate Naegleria gruberi rep

(2010) reveals the surprising complexity of this unicellular organism arf
common eukaryotic ancestor.

enables predictions to be made about the genome of the last comm¢ (16,000 genes)
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End result; gene content of LECA

Published online 29 October 2018 Nucleic Acids Research, 2019, Vol. 47, Database issue  D271-D279
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Ancestral Genomes: a resource for reconstructed
ancestral genes and genomes across the tree of life

Xiaosong Huang' 2, Laurent-Philippe Albou?, Tremayne Mushayahama?,
Anushya Muruganujan, Haiming Tang? and Paul D. Thomas “2"

1School of Life Sciences, Guangzhou University, Guangzhou 510006, China and 2Division of Bioinformatics,
Department of Preventive Medicine, Keck School of Medicine of USC, University of Southern California, Los Angeles,

CA 90033, USA

16, ot6;

ABSTRACT

A growing number of whole genome sequencing
projects, in combination with development of phy-
logenetic methods for reconstructing gene evolu-
tion, have provided us with a window into genomes
that existed millions, and even billions, of years
ago. Ancestral Genomes

2018 10,2018

organisms that are inferred to derive from a single gene in
the common ancestor of those organisms—have
of ancient ancest h
as that of the last universal common ancestor (1) (~4 bil-
lion years ago) and the last eukaryotic common ancestor
(2) (1.8 billion years ago). More recently, the development
of tree reconciliation methods opens the door to ancestral
b thetree of life

is a resource for comprehensive reconstruc-
tions of these ‘fossil genomes’. Comprehensive sets
of protein-coding genes have been reconstructed for
78 genomes of now-extinct species that were the
tors of extant species from across
. The reconstructed genes are based
on the extensive library of over 15 000 gene fam-

G4

Reconciled trees combine the information in the gene
tree, usually obtained from protein sequences of related
genes in diflerent organisms, with prior knowledge of the
species tree that relates those organisms. Because of this

lated genes: speciation, gene duplication, and horizontal

“7178 genes”
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After LECA major fate is loss

ARTICLE

0i:10.1038/nature14963

Endosymbiotic origin and differential

loss of eukaryotic genes

Chuan Kuf, Shijulal Nelson-Sathi', Mayo Roetiger', FlhpaL Sousal, Peter J. Lockhart?, David Bryant*, Finat Hazkani-Covo’,
James O. Mclnemey“ Giddy Landan’ & William F. Marti;

c from ia, mi ia arose from ia. Both organelles h: ved their
prokaryotic biochemistry, but their genomes are reduced, and most organelle proteins are encoded in the nucleus.
Endosymbiotic theory posits that bacterial genes in eukaryotic genomes entered the eukaryotic lineage via org,anel.le

ancesmrs It predicts episodic influx of lineage, with
endosymbiotic events. Eukaryotic genome sequences, however, increasingly implicate lateral gene transfer, both o
prokaryotes to eukaryotes and among eukaryotes, as a source of g variation in eukar which

predicts continuous, lineage-specific acquisition of prokaryotic genes in divergent eukaryotic groups. Here we
discriminate between these two alternatives by clustering and phylogenetic analysis of eukaryotic gene families
having prokaryotic homologues. Our results indicate (1) that gene transfer from bacteria to eukaryotes is episodic, as
revealed by gene djsuﬂm(mns and cmncldes with major evolutionary transitions at the origin of chloroplasts and

ia; (2) that ges y is vertical, as revealed by mens.vc topological comparison,
sparse gene dmnbulmns s:emmmg from di ial loss; and (3) that conti reage -specific lateral gene
transfer. although i does not contribute to

After LECA major fate is loss

=] Genes of mitochondrialiost origin




