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Eukaryogenesis, LECA

genomic diversity / recurrent lossgene rich LECA

Eukaryogenesis
(how did we get such a 

complex LECA)

?

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)
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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
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Eukaryogenesis (how did we get such a complex LECA?)

duplication

invention

Donation from 
archaea
(ancestral genes)

Donation from 
bacteria (via 
endosymbiosis)

Gene duplication

Gene invention

DNA

Mitchondria have their own chromosome
… and this chromosome is circular and not 
enveloped in a “nucleus”

prokaryotes eukaryotes
Circular chromosomes,
no organelles

Linear chromosomes
organelles

“Theory of endosymbiosis”

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

Phylogenetic trees
•Mitochondrial chromosome, genes, 
rRNA

•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 

Alpha-proteobacterial proteins with 
the rest of the bacteria and archaea

Eukaryotic + alpha-proteobacteria
in the same branch

Identifying eukaryotic proteins with an alpha-
proteobacterial origin based on their phylogeny
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PHYLOME

SELECTION OF 
HOMOLOGS

ALIGNMENTS AND 
TREE

GENOME

GENOMES

TREE 
SCANNING

LIST

Detecting eukaryotic genes of alpha-proteobacterial ancestry

6 alpha-proteobacteria
9 eukaryotes
56 Bacteria+Archaea

6 alpha-proteobacteria (22 500 genes)

So quite a lot of proteins from alpha-prot: the vast 
majority of these are no longer encoded in the 

mitochondrial genome, endosymbiotic gene transfer

Number of proteins of 
alpha-proteobacterial 
descent

PHYLOME

SELECTION OF 
HOMOLOGS

ALIGNMENTS AND 
TREE

GENOME

GENOMES

TREE 
SCANNING

LIST

Detecting eukaryotic genes of alpha-proteobacterial ancestry

6 alpha-proteobacteria
9 eukaryotes
56 Bacteria+Archaea

6 alpha-proteobacteria (22 500 genes)

t

proteins
loss

gain

re-targeting

Ancestor
Modern mitochondria

From endosymbiont to organell, not only loss 
and gain of proteins but also “retargeting”:

~16% of the mitochondrial 
yeast proteins are of alpha-
proteobacterial origin. 

~65% of the alpha-
proteobacteria derived set is 
not mitochondrial.

Gabaldon and Huynen, Science 2004
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Eukaryogenesis (how did we get such a complex LECA?)

duplication

invention

Donation from 
archaea
(ancestral genes)

Donation from 
bacteria (via 
endosymbiosis)

Gene duplication

Gene invention

duplications: e.g. small 
GTPases

bacteria

Dupl of RAS superfamily gave rise to 
families of Rho, Ras, Rab and ARF which 
in turn gave rise to e.g. in the case of 
RAS, RheB, Ral, RasA RasB etc,
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Not just the gtpases, also their activating proteins: 
Rap/Ral/RheB GAP tree: events from before the 

LECA

 RapGAP (animals(LSE), fungi, dicty)

 PHYSOJ14061 Phytophthora sojae 142624
 PHYINF15173 Phytophthora infestans PITG 15173

 RalGAPB (oomycetes, dicty, naegleria , fungi, animals))

 RalGAPA (dicty, naegleria , fungi, animals)

 RheBGAP (TSC2, oomycetes, diatoms, red algea, animals, fungi, dicty, te trahymena)

99

13

8

23

31

100

24

0.5

https://www.nature.com/articles/35052055/

Elias et al. http://jcs.biologists.org/content/125/10/2500.long

NB1 These 23 LECA Rab’s were differentially 
retained in present-day eukaryotes
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http://gbe.oxfordjournals.org/content/6/9/2274.long

Duplication of tubulins 
during the origin of 

eukaryotes, 
undetermined 

prokaryotic outgroup
• 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

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...

Neo or sub functionalization … for membrane 
identity?

Parallels discussion 
for protein 
Complexes, 
e.g. stepwise 
duplication model

http://www.ncbi.nlm.nih.gov/pubmed/18835459
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Also alpha-proteobacterial genes duplicated: 
TIMM44-MRPL45: 1 duplication

LECAs
donation

• Proteasomal base: 
hexameric AAA ring

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

donation

LECAs

Quantitative 

estimates of 

duplication effect, 

almost a doubling, but 

no update for ±14 

years?

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

Ancestral paralogs and pseudoparalogs and their 
role in the emergence of the eukaryotic cell.
M akarova KS, Wolf YI, M ekhedov SL, M irkin BG, 

Koonin EV.

Eukaryogenesis (how did we get such a complex LECA?)

duplication

invention

Donation from 
archaea
(ancestral genes)

Donation from 
bacteria (via 
endosymbiosis)

Gene duplication

Gene invention

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Makarova%20KS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wolf%20YI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mekhedov%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mirkin%20BG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koonin%20EV%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!

Eukaryogenesis (how did we get such a complex LECA?)

invention

Donation from 
archaea
(ancestral genes)

Donation from 
bacteria (via 
endosymbiosis)

Gene duplication

Gene invention

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

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.
Cox CJ, Foster PG, Hirt RP, Harris SR, Embley TM.

some trees suggest eocyte
(2 kingdoms, not 3)

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 E1, Gogarten JP.

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cox%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Foster%20PG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hirt%20RP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harris%20SR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Embley%20TM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=The+effects+of+model+choice+and+mitigating+bias+on+the+ribosomal+tree+of+life
http://www.ncbi.nlm.nih.gov/pubmed?term=Lasek-Nesselquist%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23707703
http://www.ncbi.nlm.nih.gov/pubmed?term=Gogarten%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=23707703
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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

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

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

1:1 Orthologous to eukaryotic actin with limited phylogenetic
dsitrubution in archaea

Examples of subpopulation of cells 
displaying centrally located band-
like structures.

Cytokinesis?

http://www.ncbi.nlm.nih.gov/pubmed/21169198
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Eukaryotic features in archaea are present in subclade of 
archaea (TACK) where also now some ToL places the 

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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“eukaryotic signature proteins” Even more / better …
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Even more (previously) eukaryotic signature 
proteins

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

Duplication of tubelins
during the origin of 
eukaryotes, no clear 

outgroup

Asgard archaea 
provide clear 
outgroup for 

tubulin feca-2-
leca duplications
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biochemical study of asgard ESP proteins

“Here we show that Asgard archaea 
encode functional profilins and thereby 

establish that this archaeal superphylum 
has a regulated actin cytoskeleton, one of 

the hallmarks of the eukaryotic cell.” 

Structure is identical but with ancestral variations
Asgard profilins modulate polymerization of mammalian actin in vitro 

yet Asgard profilins do not bind to polyproline motifs but are sensitive to 
phospholipids.
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Eukaryogenesis (how did we get such a complex LECA?)

invention

Donation from 
archaea
(ancestral genes)

Donation from 
bacteria (via 
endosymbiosis)

Gene duplication

Gene invention

LECA!

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)

Signalling complexity
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End result; gene content of LECA

“7178 genes”

LECA: a ‘normal’ eukaryote

Faculty of Science
Department of Biology

Theoretical Biology and Bioinformatics
tbb.bio.uu.nl/

Reconstructing LECA’s ‘duplome’: the phylogenetic origins
and order of gene duplications during eukaryogenesis
Julian Vosseberg1, Jolien J.E. van Hooff1,2, Leny M. van Wijk1, Marina Marcet-Houben3,4, Toni Gabaldón3,4,5, Berend Snel1
1Theoretical Biology and Bioinformatics, Department of Biology, Faculty of Science, Utrecht University, Utrecht, The Netherlands 
2Hubrecht Institute – KNAW (Royal Netherlands Academy of Arts and Sciences), Utrecht, The Netherlands 
3Centre for Genomic Regulation, The Barcelona Institute of Science and Technology, Barcelona, Spain; 4Universitat Pompeu Fabra, Barcelona, Spain; 5Institució Catalana de Recerca i Estudis Avançats, Barcelona, Spain 
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Outstanding questions 

Methods 

Many duplications during 
eukaryogenesis

FECA LECA

Host duplications DuplicationsInventions

HGT EGT

j.vosseberg@uu.nl

The emergence of the eukaryotic cell from prokaryotes is 
one of the most enigmatic evolutionary events. It has 
become clear that the last eukaryotic common ancestor 
(LECA) already had a complex nature, reflected by its full 
eukaryotic cellular compartmentalisation and a relatively 
large chimaeric genome filled with introns1,2. The 
numerous gene duplications that occurred during 
eukaryogenesis3 (the ‘duplome’ of LECA) were likely a 
driving force behind the riste in cellular complexity, 
though a phylogenomics-based characterisation of these 
duplications is lacking. Here, we apply a phylogenomics 
approach to study the gene repertoire of LECA and to 
what extent gene duplications, horizontal and endo-
symbiotic gene transfers, and gene inventions have 
shaped it.

Automatic tree reconstruction for gene families with 
many duplications during and after eukaryogenesis is 
notoriously difficult due to, inter alia, protein domain 
fusions and the high number of sequences. Using Pfam4 
annotations for a diverse set of prokaryotes and 
eukaryotes and applying a ‘ScrollSaw’-like approach5, 
which limits phylogenetic analyses to slowly evolving 
sequences and collapses in-paralogues, we circumvented 
these issues to a large extent.

Introduction Results

1.  Csuros, M. et al. PLOS Comput. Biol. e1002150 (2011).
2.  Koumandou, V. L. et al. Crit. Rev. Biochem. Mol. Biol. 48,373-396 (2013).
3.  Makarova, K. S. et al. Nucleic Acids Res. 33,4626-4638 (2005).
4.  Finn, R. D. et al. Nucleic Acids Res. 44, D279-D285 (2016).
5.  Elias, M. et al. J. Cell. Sci. 125, 2500-2508 (2012).
6.  Zaremba-Niedzwiedzka, K. et al. Nature 467,929-934 (2017).
7.  Pittis, A. A. & Gabaldón, T. Nature 531,101-104 (2016).
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Proteins were assigned to Pfams and only Pfams of sufficient 
length (≥ 50 aa) were used for subsequent analyses. Trees 
were analysed and annotated using a custom Python script. 
BBHs: bidirectional best BLAST hits.

Estimated number of donations, donations plus inventions, and LECAs 
compared with the number of Pfam domains and genes in present-day 
prokaryotes and eukaryotes. Red circle marks the estimated LECA.
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Duplications

1KOG-to-COG families2 projected onto a subset of species 
and applying a similar phylogenomics approach.
2Families from Makarova et al. (2005) [3].

(A) Fraction of LECAs comprising the duplome (left) and the 
phylogenetic origins of the duplome (right). (B) For each  
origin the number of donations/inventions and LECAs and 
the corresponding multiplication factor.

Relatively large contribution of 
the host to the duplome

Gene loss, probably pivotal as well, is not shown.
FECA: first eukaryotic common ancestor; HGT: horizontal 
gene transfer; EGT: endosymbiotic gene transfer.

Scenario eukaryogenesis
Discussion

*What is the order of emergence of eukaryotic 
complexes?
*Is the signal in branch lengths mainly phylogenetic 
or functional?
*What is the relative contribution of domain and 
gene duplications to the duplome?
*Did families that duplicated often prior to LECA also 
duplicated often after LECA?

Descending empirical cumulative distribution function of the number of 
LECAs per eukaryotic clade (i.e. the fraction of eukaryotic clades with at 
least x LECAs) with logarithmic x and y axes. The distribution seems to fit a 
power law. Examples of duplications are depicted and coloured based on 
their origin. Inset: histogram showing the very skewed distribution.

Ridgeline plot showing the stem and duplication lengths for the different 
origins. The branch length analysis was inspired by [7] and calculated with 
the formulae shown on the right. The order of events inferred from this: 
(1) vertical inheritance (FECA); (2) host duplications; (3) bacterial influx 
(incl. endosymbiont), duplications in transferred and invented genes; (4) 
endosymbiont duplications.

Host duplications predated bacterial 
influx, endosymbiont duplications were 

late events
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