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“There is grandeur in this view of life, with its several powers, having been originally 
breathed into a few forms or into one; and that, whilst this planet has gone cycling on 
according to the fixed law of gravity, from so simple a beginning endless forms most 
beautiful and most wonderful have been, and are being, evolved.”

Charles Darwin (1859)
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Chapter 1

From the deepest oceanic trench to the top of the highest mountain, life has conquered 
all corners of the Earth. The variety of organisms present in the numerous ecosystems 
around the world is simply breath-taking. Our own species, Homo sapiens, represents an 
extremely minor part of the total biodiversity yet has a profound impact on all ecosys-
tems. The ecological role that humans play is worrisome considering the alarming rate 
at which species go extinct. On the outside, the human species does not seem special. 
The human power resides in our brains instead. We humans have the creativity, curious 
mindset and reasoning capacity to study the splendid diversity of life and interpret the 
commonalities and differences between all these different organisms. In that way biolo-
gists can trace the ancestors’ tales of extant and extinct organisms. This book is about a 
specific part of this story of evolution, the origin of the first complex cells, which gave rise 
to all forms of life that we can see by the naked eye.

Once upon a time...
To appreciate this stunning story, it is necessary to grasp the essence of biological evo-
lution. All forms of cellular life share the same language in which their information is 
stored. Strands of deoxyribonucleic acid (DNA) contain the instructions that are passed 
on to the next generation. The DNA alphabet contains just four letters: A, C, G and T. 
These letters represent the nucleobases adenine, cytosine, guanine and thymine, respec-
tively. Pieces of DNA that encode for a product are called genes. The best-known type 
of products are proteins, the main workforce of the cell. To make a protein, a transcript 
of the gene is created in a slightly different kind of nucleic acid, ribonucleic acid (RNA). 
The messenger RNA (mRNA) that results from transcription is subsequently translated 
into amino acids by the ribosome. The entire collection of genetic information in a cell is 
called the genome.

Every time a cell divides, its DNA is copied and transferred to its daughter cells. Near-
ly all DNA is flawlessly passed on to the next generations, but some random changes 
occur each time. These changes are called mutations and the resulting genetic diversity 
is the crucial ingredient evolution is working on. Mutations can be small, for example 
a particular A becoming a G, or as large as the loss of a substantial part of the genome. 
Most mutations do not influence the functioning of the organism and can be considered 
neutral. Mutations that increase the reproduction rate are beneficial to the organism and 
increase in frequency over the course of generations. Organisms that fit better in the 
environment they live in (in other words, have adapted) are favoured by natural selec-
tion (“survival of the fittest”) (Darwin, 1859). Consequently, the adaptive genetic changes 
become fixed in the population. Fixation of neutral or slightly detrimental mutations can 
also occur as a result of genetic drift, fluctuations because of chance events.

We usually see evolution as a slow process that takes so many generations that we 
can rarely see it in action. Although that might be true for species like ours with long 
generation times, the power of natural selection can be clearly observed for organisms 
that replicate fast and have large population sizes. For example, the rise of new SARS-
CoV-2 variants with one variant outcompeting the other has been tracked throughout the 
pandemic of the virus causing COVID-19. On larger timescales of millions and billions 
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of years, life has gone through several transitions. An example of such a transition is the 
adaptation to living on land in the ancestors of amphibians, reptiles and mammals. John 
Maynard Smith and Eörs Szathmáry introduced the concept of the major transitions in 
evolution (Maynard Smith and Szathmáry, 1995). These major transitions relate to a shift 
in the level of complexity. Examples of major transitions are the origin of life itself and 
the origin of multicellularity. These are usually easy to appreciate for a lay audience. The 
major transition that I discuss in this thesis is less visible as it is a transition in the funda-
ments of cellular biology. The large extent of this transition can be seen in the differences 
between two types of cells, one is relatively simple, whereas the other is tremendously 
complex. To introduce this major transition, we will go back in time.

The origin of eukaryotes
Our ancestors’ tale started around four billion years ago, with the origin of life (Dacks et 
al., 2016). We do not know exactly how many times life originated but we do know that 
only a single cellular lineage survived. All organisms living today are related and can be 
traced back to the last universal common ancestor. For approximately the first two billion 
years ago, bacteria and archaea were the only forms of cellular life, at least as far as we 
know. Archaea look similar to bacteria on first glance, as both are composed of relatively 
simple cells, but on the molecular level they are fundamentally different. Bacteria and 
archaea are recognised as separate domains, the highest taxonomic rank. Both groups of 
micro-organisms are called prokaryotes.

Roughly two billion years ago, according to the current consensus (Betts et al., 2018; 
Dacks et al., 2016), a new type of cell emerged. Its defining feature is the nucleus, a 
compartment that contains the genetic material. This type of cell is called eukaryotic; 
its emergence is called eukaryogenesis. The differences between the eukaryotes and the 
prokaryotes go much further than the nucleus. Eukaryotic cells are larger and contain 
multiple compartments besides the nucleus. These compartments (organelles) perform 
dedicated roles in the eukaryotic cell. The mitochondrion, for example, functions as the 
powerhouse of the cell and the endoplasmic reticulum functions in protein folding and 
packing proteins in vesicles for transport to other parts of the cell. The greater cellular 
complexity of eukaryotes is accompanied with a much larger genome. Whereas a prokar-
yotic genome encodes on average 3,201 protein-coding genes, the number of genes in an 
average eukaryotic genome is 17,160 (Figure 1.1). Part of these additional genes enable 
the compartments in eukaryotic cells.

Evolutionary relationships between organisms are represented as a tree, the “tree of 
life”. The position of eukaryotes in the tree of life remained largely elusive until a decade 
ago. Two main hypotheses had been postulated. In the first, eukaryotes were the sister 
group of the Archaea (the three-domain hypothesis); in the second, the eukaryotes orig-
inated from within the Archaea (the two-domain hypothesis). Resolving such ancient 
relationships is notoriously difficult due to the limited phylogenetic signal in sequences 
to resolve deep splits in the tree of life. This makes these analyses prone to systemat-
ic biases that favour incorrect topologies (Williams et al., 2020). A well-known artefact 
is the grouping together of divergent taxa on long branches (long-branch attraction). 
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Initial trees were in favour of the three-domain hypothesis (Woese, 1987; Woese et al., 
1990). However, with the use of more sophisticated models of evolution and the increased 
sampling of prokaryotic diversity, the support for the two-domains tree of life increased 
(Guy and Ettema, 2011; Williams et al., 2012). The discovery of a new group of archaea 
that both confidently grouped together with eukaryotes and encoded multiple homologs 
of genes that had previously been considered eukaryote-specific, made the case for the 
eukaryotes-within-archaea hypothesis compelling (Spang et al., 2015; Zaremba-Nied-
zwiedzka et al., 2017). The first described members of this group were found close to 
a hydrothermal vent named Loki’s castle and were hence named Lokiarchaeota (Spang 
et al., 2015). Other Norse deities were used to name related archaeal phyla, giving the 
name Asgard archaea to the group of archaea that is closely related to eukaryotes (Zarem-
ba-Niedzwiedzka et al., 2017).

The exact phylogenetic position of eukaryotes within the Asgard archaea is not com-
pletely resolved, although there is some support for a specific clade, Heimdallarchaeota 
LC3, which has recently been renamed to Hodarchaeota (Liu et al., 2021), being the sister 
group of eukaryotes (Narrowe et al., 2018; Williams et al., 2020; Zaremba-Niedzwiedz-
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Figure 1.1 | Difference in the number of genes between eukaryotes and prokaryotes. The distribu-
tions of the number of protein-coding genes are shown as a violin plot with box plots inside. The widths of 
the violins are the same for all groups. Virtually all Asgard archaeal genomes are metagenome-assembled 
genomes and are hence not fully complete and might experience strain heterogeneity or contamination. 
The eukaryotic genomes are from our in-house dataset (Deutekom et al., 2021), the Asgard archaea are 
from the expanded set described in chapter 5 and the other prokaryotes are from eggNOG 4.5 (Huerta-Ce-
pas et al., 2016a).
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ka et al., 2017). Until recently, only partial genomes of Asgard archaea were available, 
based on metagenome assemblies. Using additional long-read sequencing data, closed 
Heimdallarchaeum and Odinarchaeum genomes have been obtained (Tamarit et al., 2022; 
Wu et al., 2022) and the first successful cultivation of an Asgard archaeon, more specifi-
cally a lokiarchaeote, resulted in a complete Prometheoarchaeum genome (Imachi et al., 
2020). This cultivation effort also provided the first microscopy pictures of these archaea 
(Imachi et al., 2020). Further visualisations (Avcı et al., 2022), biochemical studies (Akıl 
and Robinson, 2018; Akıl et al., 2020, 2022; Hatano et al., 2022; Neveu et al., 2020; Sur-
very et al., 2021) and bioinformatical analyses (James et al., 2017; Klinger et al., 2016; 
Liu et al., 2021) have sharpened the views on the cell biology of the common ancestor 
of Asgard archaea and eukaryotes. The presence of several building blocks of complex 
eukaryotic cells and their inferred functions in Asgard archaea suggest that some sort 
of endomembrane system and dynamic cytoskeleton was already present in the archaeal 
ancestor of eukaryotes.

Eukaryotes are not just highly derived archaea. In the transition from a bona fide 
archaeon to a eukaryote, a bacterium was taken up that evolved into the mitochondria 
mentioned above. The key role of endosymbiosis (i.e., a cell living within another cell) 
in the origin of eukaryotes was proposed in a seminal paper by Lynn Margulis (Sagan, 
1967). Multiple lines of evidence have been compiled for the bacterial origin of mito-
chondria since (Roger et al., 2017), such as the presence of a separate bacteria-like ge-
nome in mitochondria and separate transcription and translation machineries. The spe-
cific group of bacteria that are most closely related to mitochondria was identified earlier 
than the host-related archaeal clade (Yang et al., 1985). Recent work has shown that the 
mitochondria likely form a sister group to all alphaproteobacteria (Martijn et al., 2018; 
Muñoz-Gómez et al., 2022).

Mitochondrial endosymbiosis was a key event in eukaryogenesis. Different hypoth-
eses have been proposed about the nature of the initial relationship between the host 
and endosymbiont. Most infer an exchange of metabolites between them, such as the 
hydrogen (Martin and Müller, 1998; Sousa et al., 2016), syntrophy (López-García and 
Moreira, 2020; Moreira and López-García, 1998) and the reverse flow hypothesis (Spang 
et al., 2019). In those cases, the symbiosis was mutualistic from the start. An example of 
non-mutualistic scenario is the farming scenario, in which the protomitochondrion was 
captured as prey by a phagocytosing host and was not completely digested but farmed 
instead (Zachar et al., 2018). In this scenario it is only the host that benefits. The proto-
mitochondrion has also been viewed as an energy parasite by some (Wang and Wu, 2014), 
a scenario in which only the endosymbiont benefits.

Regardless of the initial relationship between the host and the endosymbiont, the en-
dosymbiont was fully integrated into the host cell and lost many genes (Poole and Grib-
aldo, 2014; Roger et al., 2017). The archaeal type of cells had evolved into what we would 
recognise as eukaryotic cells. The subsequent eukaryotic radiation resulted in the diverse 
eukaryotic groups that are present today.
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Eukaryotic evolution
Plants, animals and fungi are the well-known examples of eukaryotic life. However, it 
should be emphasised that these groups are merely twigs of the eukaryotic tree of life. 
Most eukaryotic diversity can be found among eukaryotes that are neither of these three 
groups and that are collectively referred to as protists. These protists are mostly unicel-
lular and include ciliates, slime moulds and all kinds of algae. Eukaryotes play important 
and diverse ecological roles on all trophic levels, as partners in symbioses and in different 
habitats (Burki et al., 2021; Jamy et al., 2022). The morphological diversity of unicellular 
eukaryotes alone is enormous with differences in cell size, shape and organisation; their 
feeding behaviours, life cycles and motility consequently differ greatly (Adl et al., 2019).

In initial inferences of the tree of life based on molecular data simple eukaryotes 
with parasitic lifestyles such as microsporidia were close to the root (Woese, 1987). This 
branching pattern was consistent with a gradual increase in complexity during eukaryotic 
evolution. Later trees revealed that these parasitic lineages do not represent a primitive 
state but that they represent a reduced state from a more complex ancestor, in agreement 
with the emerging recognition of features of these simpler organisms being derived in-
stead of primitive (Embley and Hirt, 1998). The microsporidia, for example, are now 
recognised as fungal relatives (Galindo et al., 2021). The relationship between eukaryotes 
supports a scenario with rare bursts of increased complexity, followed by a gradual de-
crease in complexity throughout eukaryotic evolution. This pattern of a rapid increase in 
complexity followed by a longer period of streamlining corresponds with a biphasic mod-
el of the evolution of complexity (Cuypers and Hogeweg, 2012; Wolf and Koonin, 2013).

The eukaryotic tree has not fully been resolved yet and the exact phylogenetic position 
of the root is uncertain (Al Jewari and Baldauf, 2022; Burki et al., 2020). The rapidly in-
creasing amount of sequencing data from genomically uncharacterised taxa illuminates 
new parts of the eukaryotic tree. Recent studies have uncovered novel deep branches 
(Brown et al., 2018; Lax et al., 2018) and the accepted position of these and other deep 
branches has changed following those studies or remains under debate (Adl et al., 2019; 
Burki et al., 2020). The current consensus (Adl et al., 2019) about groupings of eukary-
otes is shown in Figure 1.2. Notwithstanding the uncertainties about the position of the 
root, its impact on the inferred nature of the last eukaryotic common ancestor (LECA) is 
subtle. The complex cellular characteristics of present-day eukaryotes throughout the tree 
of life provide convincing support for a complex LECA (Koumandou et al., 2013). The 
complex LECA illustrates the fundamental gap between prokaryotes and eukaryotes that 
was bridged during eukaryogenesis (Dacks et al., 2016).

Biology of the eukaryotic cell
A list of characteristics of a eukaryotic cell compared with a prokaryotic cell can easily 
fill multiple pages. For clarity, I will limit the list to the main ones. Note that these are not 
present in all present-day eukaryotes but they were very likely present in LECA and hence 
originated during eukaryogenesis (Koumandou et al., 2013). Moreover, some prokary-
otes have evolved eukaryote-like features in parallel (see chapter 6). Eukaryotic cells have 
an elaborate endomembrane system with a nucleus, endoplasmic reticulum and Golgi 
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apparatus. A dynamic cytoskeleton with actin and tubulin fi laments and motor proteins 
in the cytosol and cilia enables cell shape fl exibility, motility and intracellular traffi  cking 
of vesicles. An intricate signalling system of protein kinases, small GTPases and cyclins 
relay information through the large cell. Two diff erent types of cell divisions can occur: 
mitosis and meiosis. Th e latter is a reductional division and results in haploid gametes. 
Th e fusion of two gametes is the base of sexual reproduction. Th e linear chromosomes in 
eukaryotes require a protein complex, the kinetochore, for the separation of the doubled 
genetic material during cell division (van Hooff  et al., 2017). Th e kinetochore is an exam-
ple of a new protein complex that originated during eukaryogenesis.

Eukaryotic gene regulation occurs on multiple levels. A wide repertoire of transcrip-
tion factors and histone modifi cations regulate transcription. Th ese histone modifi ca-
tions are scarce in archaea (Grau-Bové et al., 2022). Th e eukaryote-specifi c mRNA pro-
cessing steps capping, splicing and polyadenylation take place in the nucleus. Incorrectly 
spliced mRNA molecules are degraded by non-sense mediated RNA decay. Small RNA 
molecules can inhibit gene expression by means of RNA interference. Regulation aft er 
translation is facilitated by the stupendous variety of post-translational modifi cations.

Stramenopila

Metamonada

Picozoa

Cryptista

Haptophyta

Opisthokonta

CRuMs

Telonemia

Glaucophyta

Ancyromonadida

Alveolata

Apusomonada
Breviates

Discoba

Hemimastigophora

Chloroplastida
Rhodophyta

Malawimonadida

Rhizaria

Centrohelida

Amoebozoa

Excavata

SAR

Haptista

Archaeplastida

Diaphoretickes

ObazoaAmorpheaLECA

Diphoda

Opimoda

Figure 1.2 | The eukaryotic tree of life. The groups are based on a recent review (Burki et al., 2020); 
the branching order within Diaphoretickes is based on recent studies (Schön et al., 2021; Strassert et al., 
2021). Taxa that are not represented in our in-house dataset are italicised. One of the proposed positions 
of the root is between Opimoda and Diphoda (Derelle et al., 2015). The monophyly of Excavata is debated 
(Burki et al., 2020). Representatives of Stramenopila, Alveolata, Haptophyta, Chloroplastida, Rhodophyta, 
Discoba, Metamonada, Breviates, Opisthokonta and Ancyromonadida are depicted as silhouette images, 
obtained from PhyloPic (https://beta.phylopic.org).
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Eukaryotic genes are characterised by their exon-intron structure. Th ese introns are 
recognised in the pre-mRNA by the spliceosome. During splicing the introns are excised 
and the exons are ligated to form the mature mRNA. Th e spliceosome is a large complex, 
made up of small nuclear RNAs (snRNAs) and associated proteins. Th e snRNAs rec-
ognise the exon-intron boundaries and catalyse the splicing reaction (Wilkinson et al., 
2020). Th e spliceosome is a dynamic complex and its composition changes during the 
splicing cycle (Wilkinson et al., 2020).

Th e highly orchestrated splicing cycle involves the modular recruitment and release 
of diff erent subcomplexes. Th e fi rst steps in the assembly of the spliceosome include the 
recognition of the 5́  splice site by U1 snRNA, together with its associated proteins called 
the U1 small nuclear ribonucleoprotein (snRNP), and the binding of U2AF and SF1 to 
the sequence around the branch point nucleotide (Figure 1.3). Th e latter two subunits 
are subsequently replaced by the U2 snRNP and the U4/U6.U5 tri-snRNP is recruited to 
the intron. Th e catalytic centre is formed by rearrangements that include the transfer of 
the 5́  splice site from U1 snRNA to U6 snRNA, the release of U1 snRNP and U4 snRNA 
together with the U4/U6 di-snRNP proteins and the binding of the NTC-NTR and RES 
complexes. Th e splicing reaction consists of two steps. In the fi rst reaction a covalent 
bond between the 5́  splice site and the branch point nucleotide is created; in the second 
reaction, the two exon ends are ligated. Th e exon-junction complex (EJC) is deposited 
on the connected exons and the intron is released. Th e spliceosome disassembles and the 
subunits are recycled for another splicing cycle.

Th e spliceosome is one of the most complex molecular machineries that originated 
during eukaryogenesis (see chapters 4 and 5). Prokaryotes do not have introns that inter-
rupt protein-coding genes and therefore do not require such a machinery. Th e emergence 

A
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U5

A

SF1
U2AF

U1
U2

U4/U6

U2

U5
ANTC-NTR

RES

Step I: Branching
Step II: Exon ligation

A

EJC

Exon
pre-mRNA

Intron IntronExon Exon

mRNA

3'5'

Figure 1.3 | Steps of the splicing cycle to remove the introns from the pre-mRNA. The branch point 
nucleotide, an adenosine, is indicated in bold. The small nuclear ribonucleoproteins (U1-U6) and several 
additional complexes are shown. U2AF: U2 auxiliary factor; NTC: Prp19-associated complex; NTR: Prp19-re-
lated complex; RES: retention and splicing complex; EJC: exon-junction complex.
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of intragenic introns and the large spliceosomal complex starkly illustrate the increase in 
complexity during eukaryogenesis.

Order of events during eukaryogenesis
As described above, many cellular changes occurred during the transition from relatively 
simple prokaryotes to complex eukaryotes. As far as we currently know, all intermediate 
lineages have gone extinct. The fossil record of proto-eukaryotes, lineages between the 
divergence from the closest archaeal group and LECA (Figure 1.4), is limited and its 
interpretation is debated (Porter, 2020). This, combined with the observation that it hap-
pened only once, makes eukaryogenesis an evolutionary conundrum. Questions about 
the specific environment and selective pressures that played a role are of utmost interest 
to make informed estimates about the probability that such a huge leap in cellular com-
plexity could happen again. On the cellular level, the enormous list of features and the 
lack of intermediate stages makes it difficult to disentangle the emergence of the different 
parts of the eukaryotic cell and to reconstruct an order of events.

Numerous scenarios about the order of events during eukaryogenesis have been 
proposed, based on different lines of reasoning. In particular, the timing of endosym-
biosis relative to other events is heavily debated (Poole and Gribaldo, 2014). In mito-
chondria-late scenarios the host was a fully complex eukaryotic cell that merely missed 
a mitochondrion. The uptake of the protomitochondrion could have been “a crucial late 
step in eukaryogenesis, which brought about the definitive selective advantage that fa-
cilitated the dominance and radiation of the eukaryotic groups that have survived to the 
present day” (Pittis and Gabaldón, 2016). In these scenarios it is usually proposed that 
the cellular complexity, especially phagocytosis, was needed to ingest the protomitochon-

Alphaproteobacteria

Other bacteria

Eukaryotes

Other archaea

Asgard archaea
FECA

LECA
Proto-mitochondria

Proto-eukaryotes

Figure 1.4 | Eukaryogenesis. Because it is not clear when the first bona fide eukaryote originated exactly, 
we define the entire period between the first (FECA) and last eukaryotic common ancestor (LECA) as eu-
karyogenesis (thick branch). The organisms comprising this stem lineage are called proto-eukaryotes. The 
alphaproteobacteria-related endosymbionts in proto-eukaryotes are referred to as proto-mitochondria. It 
should be noted that FECA and LECA are ancestral reconstructions that do not reflect a particular organ-
ism. Lineages that have gone extinct are branching off from all branches (not shown).
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drion. It should be noted that a very late endosymbiosis is not plausible because the pro-
tomitochondria were fully integrated into the host cell as organelles before LECA (Poole 
and Gribaldo, 2014; Roger et al., 2017). Opposing mitochondria-early scenarios typically 
postulate that the endosymbiosis was the key event that started eukaryogenesis. The host 
was a simple archaeon and the mitochondrion was absolutely necessary for the rise in 
complexity (Lane and Martin, 2010). Besides these more extreme cases, the host had 
already evolved some but not all complex features before endosymbiosis, such as an en-
domembrane system or dynamic cytoskeleton, in mitochondria-intermediate scenarios.

Studying molecular evolution
Underlying these changes in cell biology are changes in the genome. Mutations can result 
in genetic innovations and the gain of a novel function. Traces of ancient genetic innova-
tions during eukaryogenesis can be detected in the genomes of present-day organisms. 
In this thesis we search for these traces to illuminate the evolution of early eukaryotes.

Different types of genetic innovations can be distinguished. The first type of genetic 
innovation is the birth of a completely novel gene from a non-coding part of the genome, 
a gene invention. Small mutations in an already existing gene can also result in new func-
tions. The complete fusion of two genes or only the addition of a domain from another 
gene is the third example of genetic innovations. An organism can also acquire a gene 
from another organism than its parent via horizontal gene transfer. A powerful source of 
genetic innovations is gene duplications (Ohno, 1970). The duplication of a gene results 
in two identical genes. Because keeping both is rarely beneficial (except when increased 
dosage is adaptive), there are three main outcomes: one of them is lost, one of them gains 
a new function through additional mutations (neofunctionalization) or both acquire ad-
ditional mutations that result in a division of tasks between the duplicates (subfunction-
alization) (Force et al., 1999). In the latter case, the complementary loss of functions that 
the ancestral gene performed means that neither of the duplicates on their own represent 
the ancestral preduplication state. Finally, although usually ignored in this context, the 
loss of a gene can also be seen as an innovation.

Genes that share a common ancestor are called homologs (Koonin, 2005). If the sep-
aration after their last common ancestor was due to a speciation event, the homologs 
are called orthologs (Fitch, 1970). If the separation was due to a gene duplication, the 
homologs are called paralogs (Fitch, 1970). When studying eukaryogenesis it is useful to 
group orthologs together that can be traced back to a single gene (an ortholog) in LECA. 
All the descendants of this gene comprise an orthogroup (OG). Note that duplications 
in a eukaryotic lineage after LECA do not break up this group (Figure 1.5). These paral-
ogs inside an OG are called inparalogs (Sonnhammer and Koonin, 2002). Orthologs are 
expected to perform very similar functions (Gabaldón and Koonin, 2013). For example, 
the orthologous actin proteins form filaments in plant, yeast and animal cells. It is very 
likely that the orthologous actin protein in a newly discovered eukaryote performs the 
same function.

The relationship between homologous genes is visualised using phylogenetic trees. A 
typical phylogenetics workflow consists of (1) collecting homologous sequences, (2) in-
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ferring a multiple sequence alignment and (3) inferring a phylogenetic tree. One can use 
nucleotide sequences or amino acid sequences for phylogenetic inference. When study-
ing deep evolutionary events such as eukaryogenesis, amino acid sequences contain more 
phylogenetic information as they change more slowly than the encoding genetic sequenc-
es. Performing phylogenetic analyses on a genome-wide scale is called phylogenomics.

First, homologs need to be detected. Sequences are considered homologous when 
they are similar to a degree that is no longer expected from unrelated sequences, hence 
indicating shared ancestry. An oft en-employed approach is to search with a single se-
quence (the query) in a sequence database. Th e basic local alignment score tool (BLAST) 
(Altschul et al., 1990) is the standard tool used for this. If you already have a set of ho-
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Figure 1.5 | Reconciled gene tree showing the relationships between proteins of the RPL28/MAK16 
family. The species tree is used to annotate nodes in the gene tree as speciation (circles) or duplication 
events (diamonds). A gene loss event is also shown (X). The events are also indicated on the species tree. 
The gene tree was rooted on the archaeal lineage. Rooting is also possible on the MAK16 or RPL28 branch. 
Without considering horizontal gene transfers, this would imply that the MAK16/RPL28 duplication oc-
curred before the speciation event that separated the Hodarchaea and proto-eukaryotes. One of the two 
copies would have been lost in the hodarchaeal lineage, which makes this scenario less parsimonious as 
it involves an additional event.
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mologs, you can make a profi le of these sequences to perform more sensitive homology 
searches. Th e best-known kind of profi le is the hidden Markov model (HMM). Th e high-
er sensitivity is useful in case of high rates of sequence divergence, which may compli-
cate the recognition of homologs. Comparisons between profi les are even more sensitive 
(Söding, 2005). When sequence similarity has been reduced to random levels, homology 
could still be inferred based on structural similarity. Large-scale protein structure predic-
tions that have been made possible with the recently developed AlphaFold tool (Jumper 
et al., 2021) are highly promising to uncover deep homologies.

Th e next step aft er you have collected homologous sequences is aligning these se-
quences. Th is step detects nucleotides or amino acids that are probably homologous be-
tween the diff erent sequences. Th e resulting multiple sequence alignment is a hypoth-
esis on the homology of characters. Gaps that are introduced in the alignment refl ect 
insertions and deletions. In most cases the alignment is trimmed by removing poorly 
aligned regions before a tree is inferred. Also positions that are evolving fast or are com-
positionally biased can be removed because these are prone to phylogenetic artefacts. 
Removing positions, however, also reduces the phylogenetic signal and should be applied 
with caution.

Box 1.1
A phylogenetic tree consists of nodes connected 
by branches. Trees are typically bifurcating, which 
means that two daughter branches originate from a 
node. In most cases, the output of phylogenetic pro-
grams is an unrooted tree. One of the branches has 
to be selected to root the tree. Th e newly created root 
node provides a direction of time. Th e terminal nodes 
are called leaves. A node and all its descendants form 
a monophyletic group, which is called a clade. Branch support values, usually obtained 
from bootstrap replicates, refl ect the support for the descendants forming a clade.

Th e lengths of the branches in a tree represent the estimated number of substitu-
tions, normalised for the alignment length. Scale bars indicate this estimated number 
of substitutions per site. It is the product of the time that has passed between the nodes 
and the rate of evolution. In Figure 1.5, for example, 0.35 substitutions per site likely 
occurred between the human-yeast MAK16 ancestor and human MAK16. For the used 
alignment, that would be 62 substitutions in total. Leaves in this thesis correspond with 
the same time (present) and the same speciation events, such as LECA, can be approx-
imated as the same time, depending on the population structure and diversity of the 
ancestral population (O’Malley et al., 2019). Th e shorter branch for A. thaliana MAK16 
compared with the human and yeast ones cannot refl ect diff erences in time because the 
time that has passed is the same. Th erefore, it is caused by a relatively slower evolution-
ary rate for the A. thaliana MAK16 branch. With the chosen root, substantially more 
changes occurred in the RPL28 branch between the yellow duplication node and the 
purple speciation node compared with the corresponding MAK16 branch.

root

node

branch

leaf

branch length
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Modern phylogenetic tools use maximum likelihood or Bayesian inference because of 
their well-defined statistical framework. For these methods, a model of sequence evolu-
tion that describes the substitution rates between different amino acids and the equilibri-
um frequencies of the amino acids has to be specified. In the LG model, for example, the 
equilibrium frequency of serine is 6.1% and its substitution rate with threonine is 6.47, 
whereas it is 0.064 with isoleucine (Le and Gascuel, 2008). Different rates across sites are 
often implemented using a gamma distribution. Even more sophisticated models with for 
example mixture models with different equilibrium frequencies across sites can also be 
chosen (Le et al., 2008). Tools exist to detect the best model for your multiple sequence 
alignment (Kalyaanamoorthy et al., 2017).

Phylogenetic programs test different tree topologies and optimise model parameter 
values, including branch lengths (Box 1.1). Maximum-likelihood-based programs return 
the tree and model parameters with the highest likelihood. The likelihood represents the 
probability that the given topology, branch lengths and model of evolution generated 
the alignment. In other words, from all hypotheses considered, the maximum-likelihood 
tree matches the recorded evolutionary outcome best. By comparing the gene tree with 
the known species tree, gene duplication, loss and transfer events can be inferred (Figure 
1.5). The inference of these events from a gene tree is called tree reconciliation.

The large amount of sequence data that is currently available provides more evolu-
tionary signal to reveal the relationships between sequences. However, phylogenetic in-
ference on large datasets is computationally demanding because of the high number of 
possible tree topologies and parameters that need to be estimated. Selecting a subset of 
sequences, while keeping the diversity of lineages high, improves the computational fea-
sibility. The resolution of the resulting trees can even be improved by limiting the analysis 
to slowly evolving sequences for deep phylogenetic inference (Elias et al., 2012; van Wijk 
and Snel, 2020).

This thesis
The long list of features that have arisen during eukaryogenesis raises the question how 
the evolutionary transition from archaeon to eukaryote took place. Many scenarios have 
been proposed on the order of events but empirical data supporting a specific scenar-
io are scarce. The research described in this thesis contributes to these data to unravel 
the rise of complex life. I have reconstructed proto-eukaryotic genetic innovations to 
illuminate the order of events that resulted in the first complex eukaryotic cells. To per-
form these reconstructions, I used both large-scale phylogenomic and small-scale phylo-
genetic methods on a diverse set of eukaryotes and prokaryotes. In chapter 2, I focus on 
the gene duplications that occurred during the transition. We reconstructed and charac-
terised these proto-eukaryotic duplications. By analysing the branch lengths in phylo-
genetic trees, we obtained relative time estimates for the duplication events, mitochon-
drial endosymbiosis and horizontal gene transfers from other prokaryotes. The focus of 
chapter 3 is on another proto-eukaryotic genetic innovation: the emergence of intragen-
ic introns. The duplication data from chapter 2 is combined with the inferred presence 
of shared intron positions between paralogs to trace the spread of introns through the 
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proto- eukaryotic genome, in relation to the duplication of genes. Introns are removed 
by the spliceosome, one of the most complex molecular machines that originated during 
eukaryogenesis. Chapter 4 is a literature review on the origin of the spliceosome during 
eukaryogenesis and the subsequent evolution of this machinery after LECA. The origins 
of the spliceosomal proteins in LECA is the topic of chapters 5. We specifically related 
the origin of the complex spliceosome to the spread of the introns it functions on. The 
evolutionary histories that we inferred using phylogenetic analyses and intron analyses 
provide insight into the emergence of complex machines during eukaryogenesis. In the 
final chapter I discuss the implications of our findings on eukaryogenesis and the origin 
of eukaryotic complexity.
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Abstract
Eukaryogenesis is one of the most enigmatic evolutionary transitions, during which 
simple prokaryotic cells gave rise to complex eukaryotic cells. While evolutionary in-
termediates are lacking, gene duplications provide information on the order of events 
by which eukaryotes originated. Here we use a phylogenomics approach to reconstruct 
successive steps during eukaryogenesis. We found that gene duplications roughly dou-
bled the proto- eukaryotic gene repertoire, with families inherited from the Asgard ar-
chaea-related host being duplicated most. By relatively timing events using phylogenetic 
distances, we inferred that duplications in cytoskeletal and membrane-trafficking fami-
lies were among the earliest events, whereas most other families expanded predominantly 
after mitochondrial endosymbiosis. Altogether, we infer that the host that engulfed the 
proto-mitochondrion had some eukaryote-like complexity, which drastically increased 
upon mitochondrial acquisition. This scenario bridges the signs of complexity observed 
in Asgard archaeal genomes to the proposed role of mitochondria in triggering eukary-
ogenesis.

Introduction
Compared with prokaryotes, eukaryotic cells are tremendously complex. Eukaryotic cells 
are larger, contain more genetic material, have multiple membrane-bound compartments 
and operate a dynamic cytoskeleton. Although certain prokaryotes have some eukary-
ote-like complexity, such as a large size, internal membranes and even phagocytosis-like 
cell engulfment (Dacks et al., 2016; Shiratori et al., 2019), a fundamental gap remains. 
The last eukaryotic common ancestor (LECA) already had the intracellular organisation 
and gene repertoire characteristic of present-day eukaryotes (Koumandou et al., 2013), 
making the transition from prokaryotes to eukaryotes (eukaryogenesis) one of the main 
unresolved puzzles in evolutionary biology (Dacks et al., 2016; Szathmáry, 2015).

Most eukaryogenesis scenarios posit that a host, related to the recently discovered As-
gard archaea (Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017), took up an Alpha-
proteobacteria-related endosymbiont (Martijn et al., 2018; Roger et al., 2017) that gave 
rise to the mitochondrion. However, the timing and impact of this endosymbiosis event 
in the evolution of eukaryotic complexity are hotly debated and at the heart of different 
scenarios on eukaryogenesis (Poole and Gribaldo, 2014).

Besides the acquisition of genes via the endosymbiont, the proto-eukaryotic genome 
expanded through gene inventions, duplications and horizontal gene transfers during 
eukaryogenesis (Makarova et al., 2005; Pittis and Gabaldón, 2016a). Previous work has 
suggested that gene duplications nearly doubled the ancestral proto-eukaryotic genome 
(Makarova et al., 2005). Gene families such as small GTPases, kinesins and vesicle coat 
proteins greatly expanded, which enabled proto-eukaryotes to employ an elaborate in-
tracellular signalling network, a vesicular trafficking system and a dynamic cytoskeleton 
(Dacks and Field, 2018; Elias et al., 2012; Jékely, 2003; Wickstead et al., 2010).

Uncovering the order in which these and other eukaryotic features emerged is com-
plicated due to the absence of intermediate life forms. However, duplications occurred 
during the transition and are likely to yield valuable insights into the intermediate steps 
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of eukaryogenesis. In this study we attempt to reconstruct the successive stages of eu-
karyogenesis by systematically analysing large sets of phylogenetic trees inferred from 
prokaryotic and eukaryotic sequences. We determined the scale of gene inventions and 
duplications during eukaryogenesis and how different functions and phylogenetic origins 
had contributed to these eukaryotic innovations. Furthermore, we timed the prokaryotic 
donations and duplications relative to each other using information from phylogenetic 
branch lengths.

Results
Unprecedented resolution of duplications during eukaryogenesis
To obtain a comprehensive picture of duplications during eukaryogenesis we made use of 
the Pfam database (Finn et al., 2016) (see Methods). We took a phylogenomics approach 
inspired by the ScrollSaw method (Elias et al., 2012), which limits phylogenetic analyses 
to slowly evolving sequences and collapses duplications after LECA, thereby increasing 
the resolution of deep tree nodes. We constructed phylogenetic trees and detected 10,233 
nodes in these trees that represent a single Pfam domain in LECA (LECA families; Figure 
2.1a). These 10,233 LECA families do not include genes having only small Pfam domains, 
which we excluded for computational reasons, or genes without any domains. Therefore, 
we used a linear regression analysis to obtain an estimated LECA genome containing 
12,753 genes (95% prediction interval: 7,447–21,840; Extended Data Figure 2.1).

Comparing the number of inferred LECA families to extant eukaryotes showed that 
the genome size of LECA reflected that of a typical present-day eukaryote (Figure 2.1a), 
which is in line with the inferred complexity of LECA, but in contrast with lower esti-
mates obtained previously (Fritz-Laylin et al., 2010; Makarova et al., 2005). We used the 
split between Opimoda and Diphoda as root position of the eukaryotic tree of life (Der-
elle et al., 2015). As the exact position of the eukaryotic root is under debate (Burki et al., 
2020), we tested alternative root positions and obtained very similar numbers of LECA 
families, except for the root positions at the base of and within the Excavates (15 – 46% 
fewer families compared with an Opimoda-Diphoda root; Extended Data Figure 2.2a). 
In case of a true excavate root, this could reflect fewer genes in LECA. However, given 
the sampling imbalance between both sides of an excavate root and the reduced nature of 
sampled excavate genomes, we consider a gene-rich LECA and subsequent gene losses a 
more likely scenario.

The multiplication factor (the number of LECA families divided by the number of ac-
quired and invented genes or domains) was 1.8, approximating the near doubling report-
ed before (Makarova et al., 2005). The observed doubling was validated in an additional 
dataset (Supplementary Table 2.1), despite a recent study (Tria et al., 2019) that has in-
ferred very few duplications during eukaryogenesis (see Supplementary Information). 
Although on average genes duplicated once, the distribution of duplications is heavily 
skewed with many acquisitions from prokaryotes or eukaryotic inventions not having 
undergone any duplication (Figure 2.1b). The enormous expansion of the proto-eukar-
yotic genome was dominated by massive duplications in a small set of families (Supple-
mentary Table 2.2).
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Figure 2.1 | Characterisation of duplications during eukaryogenesis. a, Density plot showing the dis-
tribution of the number of Pfam domains in present-day prokaryotes (green) and eukaryotes (purple) 
compared with the acquisition, acquisition plus invention and LECA estimates (dashed lines) obtained 
from phylogenetic trees (see inset). b, Number of acquisitions or inventions that gave rise to a particular 
number of LECA families, demonstrating the skewedness of duplications across protein families. c, Odds 
of duplication for LECA families according to KOG functional categories. Eighty-one percent of pairwise 
comparisons were significantly different (Supplementary Figure 2.1). The poorly characterised catego-
ries and functions of very few families (cell motility, extracellular structures and nuclear structure) are not 
depicted. d, Odds of duplication for LECA families according to cellular localisation. Fifty-four percent of 
pairwise comparisons were significantly different (Supplementary Figure 2.2). c-d, Numbers on the right 
side indicate the number of LECA families and dashed lines indicate the odds of duplication of all LECA 
families in total.

Duplicated and non-duplicated LECA families differed considerably in their func-
tions and cellular localisations. Metabolic LECA families rarely had a duplication history, 
whereas LECA families involved in information storage and processing and in cellular 
processes and signalling were more likely to descend from a duplication (χ2 = 572, d.f. = 
2 and P = 7.7 × 10-125; Figure 2.1c and Supplementary Figure 2.1). Notable exceptions to 
this pattern were families involved in cell wall or membrane biogenesis and translation, 
which were rarely duplicated. The observed differences in functions were reflected by dif-
ferences between cellular localisations, with proteins in the endomembrane system and 
cytoskeleton mostly resulting from a duplication (χ2 = 262, d.f. = 4 and P = 1.6 × 10-55; 
Figure 2.1d and Supplementary Figure 2.2). Like duplications, inventions primarily oc-
curred to families involved in informational and cellular processes (χ2 = 226, d.f. = 2 and 
P = 8.8 × 10-50 (function); χ2 = 186, d.f. = 4 and P = 4.9 × 10-39 (localisation); Extended 
Data Figure 2.3 and Supplementary Figures 2.3-2.6). For complex eukaryotes to emerge, 
most innovations occurred in nuclear processes, the endomembrane system, intracellular 
transport and signal transduction, especially due to gene duplications.

Relatively large contribution of the host to duplicated LECA families
For the Pfams that were donated to the eukaryotic stem lineage we identified the prokar-
yotic sister group, which represents the best candidate for the Pfam’s phylogenetic origin 
(Extended Data Figure 2.4a). Most acquisitions had a bacterial sister group (77%), of 
which only a small proportion was alphaproteobacterial (7% of all acquisitions), in agree-
ment with previous analyses (Esser et al., 2004; Pisani et al., 2007; Pittis and Gabaldón, 
2016a). The acquisitions from archaea (16%) predominantly had an Asgard archaeal sis-
ter (7% of all acquisitions). Moreover, the most common Asgard archaeal sister group was 
solely composed of Heimdallarchaeota (Extended Data Figure 2.4b); especially Heim-
dallarchaeote LC3 was frequently the sister group. This is in line with previous analyses 
providing support for either all Heimdallarchaeota or specifically LC3 being the currently 
known archaeal lineage most closely related to eukaryotes (Narrowe et al., 2018; Williams 
et al., 2020). The species in alphaproteobacterial sister groups, on the other hand, came 
from different orders (Extended Data Figure 2.4c), consistent with the recently proposed 
deep phylogenetic position of mitochondria (Martijn et al., 2018). The remaining acqui-
sitions (7%) had an unclear prokaryotic ancestry (see Supplementary Discussion).
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Figure 2.2 | Contribution of different phylogenetic origins to duplications during eukaryogenesis. 
a, Duplication tendency as fraction of clades having undergone at least one duplication. b, Multiplication 
factors, defined as the number of LECA families divided by the number of acquisitions or inventions. These 
numbers are shown beside the corresponding bar. a, b, Dashed lines indicate the duplication tendency 
and multiplication factor for all acquisitions and LECA families. The four (a) and three (b) pairwise com-
parisons that did not give a significant P value (χ2 contingency table test) are shown by the grey lines. 
Prokaryotic: unclear prokaryotic ancestry (could not be assigned to a domain or lower taxonomic level).

Families with different sister clades varied substantially in the number of gene dupli-
cations they experienced during eukaryogenesis (χ2 = 50, d.f. = 5 and P = 1.2 × 10-9 (dupli-
cation tendency); χ2 = 190, d.f. = 5 and P = 4.3 × 10-39 (LECA families from duplication); 
Figure 2.2). The multiplication factor of 2.2 for families likely inherited from the Asgard 
archaea-related host was strikingly high compared with the invented families and fam-
ilies acquired from bacteria (between 1.3 and 1.8). Duplications related to the ubiquitin 
system and trafficking machinery especially contributed to the relatively large number of 
host-related paralogues (Supplementary Table 2.2). In contrast, there was a clear defi-
cit of duplications in families with an alphaproteobacterial sister group (multiplication 
factor of 1.3). Hence, the endosymbiont marginally contributed to the near doubling of 
the genetic material via duplications during eukaryogenesis, whereas the host’s relative 
contribution was largest.

Using branch lengths to time acquisitions and duplications
The remarkable differences in duplication dynamics between families with different affil-
iations could tentatively stem from differences in timing of these acquisitions and subse-
quent duplications. For example, the low number of alphaproteobacterial-associated du-
plications could be the result of a late mitochondrial acquisition. To research this, branch 
lengths in phylogenetic trees can be used. They serve as a good proxy for relative time and 
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have previously been used to time the acquisition of genes from the different prokaryotic 
donors (Pittis and Gabaldón, 2016a). Shorter branch lengths, corrected for differences 
in evolutionary rates across families, reflect more recent acquisitions. Duplications were 
not included in the previous timing analysis, but they can be timed in a similar way using 
the length of the branch connecting the duplication and LECA nodes (Figure 2.3). Al-
though the measure has been criticised for its assumption that evolutionary rates pre- and 
post-LECA are correlated (Lane, 2017; Martin et al., 2017), it has yielded correct timings 
for specific post-LECA events (Pittis and Gabaldón, 2016a, 2016b). The observed trends 
can either be created by a common rate change in proteins of the same phylogenetic 
origin or can be due to different time points of acquisitions. Previous studies (Pittis and 
Gabaldón, 2016a, 2016b) have shown that the latter explanation is most plausible.

Although the inclusion of duplications in branch length analyses provides potentially 
valuable information, duplications could have affected the branch lengths by causing a 
shift in evolutionary rate. The stem lengths of acquisitions that happened simultaneously 
should approximate the same value, enabling us to assess the effect of duplication on 
branch lengths. We observed slight but notable increases in stem lengths for duplicat-
ed families from alphaproteobacterial origin (Extended Data Figure 2.5a) and for more 
recent duplications in vertebrates (Extended Data Figure 2.5f), but not for duplicated 
families from Asgard archaeal origin (Extended Data Figure 2.5b). It is therefore possible 
that in some families an accelerated rate could result in a slightly too early inferred dupli-
cation event according to our branch length analysis. We further checked whether there 
was a rate change after duplication in different functional groups of proteins and looked 
for an effect of homomer to heteromer transitions but we could not detect a clear pattern 
of rate shifts for different groups of proteins (Extended Data Figure 2.5c-e). We validated 
the use of duplication lengths by examining phylogenetic trees containing more recent 
duplications in the primate lineage, for which we have multiple intermediate speciation 
events. The distributions of duplication lengths followed the speciation events (Extended 
Data Figure 2.5g), demonstrating the validity of using duplication lengths to obtain an 
order of events. We also observed a small effect of function but the effect of time was 
much larger (Extended Data Figure 2.5h). Although duplications themselves and func-
tion can have an influence, time is the predominant factor explaining the differences in 
branch lengths. Thus, analysing branch lengths, including in duplicated families, is a valid 
and effective approach to infer an order of events.

Branch lengths point to a mitochondria-intermediate scenario
For the timing of acquisitions we obtained similar results to previous work (Pittis and 
Gabaldón, 2016a), with archaeal stems being longer than bacterial stems (P = 4.5 × 10-98, 
two-sided Mann-Whitney U test; Figure 2.3). Among the archaeal stem lengths the As-
gard archaeal stems were shortest, as were the alphaproteobacterial stems among the bac-
terial stems, although for the former the difference failed to reach statistical significance 
(P = 0.88 and P = 4.0 × 10-4, respectively). This pattern is independent of the normali-
sation by post-LECA branches, the presence of duplications and functional divergence 
between the acquisition and LECA (Extended Data Figure 2.6). Figure 2.3 shows that 
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there is a wide distribution of host-related duplication lengths, with a substantial number 
of duplication lengths both longer and shorter than (alphaproteo)bacterial stem lengths. 
Bacteria-affi  liated, endosymbiont-related and invented families showed the shortest du-
plication lengths. Th ese duplication lengths were not aff ected by the position of the eu-
karyotic root (Extended Data Figure 2.2b). Th e diff erences in branch lengths indicate 
that an increase in genomic complexity via duplications probably had already occurred 
before the mitochondrial acquisition.

To shed light on the evolution of cellular complexity we categorised the duplications 
according to their functional annotations and cellular localisations. A marked distinction 
in duplication lengths between diff erent functions can be observed, with duplications 
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Figure 2.3 | Timing of acquisitions and duplications from diff erent phylogenetic origins during eu-
karyogenesis. Ridgeline plot showing the distribution of corrected stem or duplication lengths, depicted 
as the additive inverse of the log-transformed values. Consequently, longer branches have a smaller value 
and vice versa. For clarity, a peak of near-zero branch lengths is not shown (see Extended Data Figure 
2.6). Numbers on the right side of the plot indicate the number of acquisitions or duplications for which 
the branch lengths were included. Groups of stem and duplication lengths are ordered based on the 
median value. The tree illustrates how the stem and duplication lengths were calculated; the symbols 
and colour schemes are identical to Figure 2.1a. The phylogenetic distances between the acquisition or 
duplication and LECA were normalised by dividing them by the median branch length between LECA 
and the eukaryotic terminal nodes. In case of duplications the shortest of the possible normalised paths 
was used. Pairwise comparisons that did not give a signifi cant P value (Mann-Whitney U test) are shown 
(bottom-left inset).
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in metabolic functions corresponding to shorter branches (P = 8.0 × 10-5, Kruskal-Wal-
lis test; Figure 2.4a and Supplementary Figure 2.7). Moreover, a substantial number of 
duplication lengths in information storage and processes and in cellular processes and 
signalling functions were longer than the alphaproteobacterial stem length and duplica-
tions related to energy production, which mainly involve the mitochondria. These long 
duplication lengths include multiple duplications assigned to the cytoskeleton and intra-
cellular trafficking. Duplications in signal transduction and transcription families mainly 
had shorter branch lengths, indicating that these regulatory functions evolved and di-
versified relatively late. With respect to cellular localisation, nucleolar and cytoskeletal 
duplication lengths were longest. Most duplications related to the endomembrane system 
had duplication lengths similar to those of mitochondrial duplications (Figure 2.4b and 
Supplementary Figure 2.8). These findings indicate that the increase in cellular complex-
ity before the mitochondrial acquisition mainly comprised the evolution of cytoskeletal, 
intracellular trafficking and nucleolar components.

Discussion
This large-scale analysis of duplications during eukaryogenesis provides compelling evi-
dence for a mitochondria-intermediate eukaryogenesis scenario. The results suggest that 
the Asgard archaea-related host already had some eukaryote-like cellular complexity, 
such as a dynamic cytoskeleton and membrane trafficking. Upon mitochondrial acqui-
sition there was an even further increase in complexity with the establishment of a com-
plex signalling and transcription regulation network and by shaping the endomembrane 
system. These post-endosymbiosis innovations could have been facilitated by the excess 
of energy allegedly provided by the mitochondrion (Lane, 2014; Lane and Martin, 2010).

A relatively complex host is in line with the presence of homologues of eukaryotic 
cytoskeletal and membrane trafficking genes in Asgard archaeal genomes (Klinger et al., 
2016; Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017). Moreover, some of them, 
including ESCRT-III homologues, small GTPases and (loki)actins, have duplicated in 
these archaea as well, either before eukaryogenesis or more recently (Klinger et al., 2016; 
Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017). This indicates that there has al-
ready been a tendency for at least the cytoskeleton and membrane remodelling to become 
more complex in Asgard archaeal lineages. A dynamic cytoskeleton and trafficking sys-
tem, perhaps enabling primitive phagocytosis (Martijn and Ettema, 2013), might have 
been essential for the host to take up the bacterial symbiont. Molecular and cell biology 
research on these archaea, from which the first results have recently become public (Akıl 
and Robinson, 2018; Imachi et al., 2020), is very likely to yield more insight into the na-
ture of the host lineage. In addition to a reconstruction of the host, further exploration of 
the numerous acquisitions, inventions and duplications during eukaryogenesis is key to 
fully unravelling the origin of eukaryotes.

Methods
In this study we inferred and analysed two different sets of phylogenetic trees. The first 
set (Pfam–ScrollSaw) was used for the main analysis, whereas the second set (eukaryotic 
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Figure 2.4 | Timing of duplications during eukaryogenesis according to function and localisation.
a, b, Ridgeline plots showing the distribution of duplication lengths for diff erent functional categories 
(a) and cellular localisations (b). Numbers on the right side of the plots indicate the number of duplica-
tions for which the duplication lengths were included. To enable a comparison with the timing of acquisi-
tions, the binomial-based 95% confi dence interval of the median of the Asgard archaeal (fi rst eukaryotic 
common ancestor (FECA)) and alphaproteobacterial stem lengths (mitochondrion) are depicted in grey, 
indicating the divergence of eukaryotes from their Asgard archaea-related and Alphaproteobacteria-re-
lated ancestors, respectively. Groups are ordered based on the median value. For signifi cant diff erences 
between groups, see Supplementary Figures 2.7 and 2.8.
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orthologous groups (KOGs) mapped to homologous prokaryotic clusters of orthologous 
groups (COGs); KOG-to-COG clusters) was used to verify our method to infer dupli-
cations during eukaryogenesis. We also used a third, already existing set of gene trees 
(human phylome) to validate the use of branch lengths in case of duplications. Below we 
describe how we created and analysed the main set of phylogenetic trees. The second and 
third sets of gene trees are described in the Supplementary Methods.

Data
We used 209 eukaryotic (predicted) proteomes from an in-house dataset that has been 
used and described in previous work (Deutekom et al., 2019). Prokaryotic proteomes 
(3,457 in total) were extracted from eggNOG 4.5 (Huerta-Cepas et al., 2016a). The 
prokaryotic dataset was supplemented with nine predicted proteomes from the recently 
described Asgard superphylum (Zaremba-Niedzwiedzka et al., 2017).

Pfam assignment
We used hmmsearch (HMMER v3.1b2 (Eddy, 2011)) with the Pfam 31.0 profile hidden 
Markov models (HMMs) (Finn et al., 2016) and the corresponding gathering thresholds 
to assess to which Pfam what part of each prokaryotic and eukaryotic sequence should be 
assigned. We opted for Pfam profile HMMs to collect homologous sequences because of 
their sensitivity to detect homology. The domains that were hit were extracted from the 
sequences based on the envelope coordinates. If a sequence had hits to multiple Pfams 
and these hits were overlapping for at least 15 amino acids only the best hit was used. If 
the same Pfam had multiple hits in the sequence due to an insertion relative to the model 
the different hits were artificially merged. Since the latter is more prone to errors for short 
models and since short sequences contain less phylogenetic signal, profile HMMs shorter 
than fifty amino acids were not considered for further analysis.

Reduction of sequences
For each Pfam, the number of prokaryotic sequences was reduced with kClust v1.0 
(Hauser et al., 2013) using a clustering threshold of 2.93, which corresponds to a se-
quence identity of 60%. We chose this threshold because we expect it to retain sufficient 
prokaryotic diversity while removing sequences from related species to keep the analysis 
computationally feasible. However, because of horizontal gene transfer (HGT), it will also 
remove sequences from more distantly related species in some cases.

The number of eukaryotic sequences was reduced with a novel method (van Wijk and 
Snel, 2020) based on the ScrollSaw approach (Elias et al., 2012). The idea behind Scroll-
Saw is that instead of selecting a species subset a priori, the slowest evolving sequences 
are selected. In that way the resolution of deep nodes in trees from expanded families 
is drastically improved. Although in the original paper (Elias et al., 2012) the distances 
between sequences were calculated with a maximum likelihood method, we used the bit 
score in the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) as a proxy 
to obtain genetic distances. For each Pfam an all species versus all species BLAST was 
performed. Because we were only interested in the best hit the max_target_seqs option 

thesis.indb   35thesis.indb   35 06-12-2022   14:3606-12-2022   14:36



36

Chapter 2

was set to 1. Although this option has raised some attention recently (González-Pech et 
al., 2019; Shah et al., 2019), we only used it as a proxy for evolutionary distance and our 
analysis would not be seriously impacted by this option given the overall small sizes of 
our databases. Subsequently, bidirectional best hits (BBHs) between sequences from dif-
ferent eukaryotic groups were identified. Eukaryotic species can be grouped into different 
‘supergroups’, whose names and definitions have changed following new findings (Adl et 
al., 2019; Burki et al., 2020). The species in our dataset are from the following six groups: 
Archaeplastida + Cryptista, SAR + Haptista, Discoba, Metamonada, Obazoa and Amoe-
bozoa. For our main analysis we used BBHs between sequences from two groups, because 
that provided the best resolution (van Wijk and Snel, 2020). Although the exact position 
of the root of the eukaryotic tree of life is uncertain (Burki et al., 2020), a likely position 
is between Opimoda (Obazoa and Amoebozoa in our set) and Diphoda (other super-
groups) (Derelle et al., 2015). Therefore, BBHs between Opimoda and Diphoda sequenc-
es were identified and the corresponding sequences were used for phylogenetic analysis.

To assess the impact of a different position of the eukaryotic root, we also identified 
BBHs between five groups, merging Metamonada and Discoba into Excavata, and four 
groups, in which Archaeplastida + Cryptista and SAR + Haptista were combined as Di-
aphoretickes and Obazoa and Amoebozoa were together as Amorphea (see ‘Effect of the 
position of the eukaryotic root’).

Phylogenetic analysis
Multiple sequence alignments were made with MAFFT v7.310 (Katoh and Standley, 
2013) (auto option) and trimmed with trimAl v1.4.rev15 (Capella-Gutiérrez et al., 2009) 
(gap threshold 10%). Phylogenetic trees were inferred with IQ-TREE v1.6.4 (Nguyen et 
al., 2015) (LG4X model (Le et al., 2012), 1,000 ultrafast bootstraps (Minh et al., 2013)). If 
the consensus tree had a higher likelihood than the best tree from the search, the former 
was used for further analysis. Because inferring trees for PF00005 (ABC transporter), 
PF00072 (response regulator receiver domain), PF00528 (binding-protein-dependent 
transport system inner membrane component), PF02518 (histidine kinase-, DNA gyrase 
B-, and HSP90-like ATPase) and PF07690 (major facilitator superfamily) in this way was 
too computationally demanding, we used FastTree v2.1.10 (Price et al., 2010) with the LG 
model to construct trees for these Pfams. These Pfams were not considered for branch 
length analysis.

Tree analyses
Removal of interspersing prokaryotes
Trees were analysed with an in-house ETE3 (Huerta-Cepas et al., 2016b) script. We ex-
amined whether the tree contained prokaryotic sequences that probably reflect recent 
HGT events and that might interfere with our analysis. Prokaryotic sequences from a sin-
gle genus that were in between eukaryotic sequences were pruned from the tree. If there 
was only one prokaryotic sequence in the tree it was kept only if it was an Asgard archaeal 
sequence, because it has been reported that sometimes a single sequenced Asgard archae-
on contains a homologue to sequences otherwise only present in eukaryotes (Zarem-
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ba-Niedzwiedzka et al., 2017). This was the case for 16 trees containing LECA families 
(see below), including RPL28/MAK16, Sec23/24, UFM1 and the C-terminal domain of 
tubulins, for which the Asgard archaeal origin has been shown before. Because another 
prokaryotic outgroup to root these trees was lacking, they were not used to calculate stem 
lengths (see ‘Branch length analysis’).

Annotation of eukaryotic nodes
For each eukaryotic clade the nodes were annotated as duplications before LECA, LECA 
nodes, post-LECA nodes or unclassified. Only clades that contained at least one LECA 
node were of interest. The node combining the eukaryotic clade with the rest of the tree 
(if present) was annotated as acquisition node.

For the annotation of nodes in trees the information from the eukaryotic sequences 
that were not in the BBHs was included, since the number of eukaryotic sequences in 
the trees had been reduced. To correctly assign in-paralogues we additionally performed 
an own species versus own species BLAST for each Pfam (max_target_seqs = 2). The 
sequences that were not in a tree were mapped onto their best hits in the tree according 
to the BLAST score.

To infer reliable duplication nodes in the tree, duplication consistency scores were 
calculated for all internal nodes starting from the root of a eukaryotic clade. This score 
is the overlap of species at both sides of a node divided by the total number of species at 
both sides, taking both sequences in the tree and assigned sequences (as described above) 
into account. If the duplication consistency score was at least 0.2 and both daughter nodes 
fulfilled the LECA criteria, this node was annotated as a duplication node. The first LECA 
criterion was that a node had to have both Opimoda and Diphoda tree sequences in the 
clade. Secondly, to take care of post-LECA HGT events among eukaryotes and of tree 
uncertainties, the mean presence of a potential LECA family in the five different super-
groups (Obazoa, Amoebozoa, SAR + Haptista, Archaeplastida + Cryptista and Excavata) 
had to be at least 15%. If a node did not fulfil the LECA criteria it was annotated as a 
post-LECA node.

The above-mentioned thresholds were chosen based on manual inspection of a se-
lection of trees. Using different thresholds for duplication consistency (0, 0.1, 0.2 and 
0.3) and LECA coverage scores (0, 5, 10, 15, 20 and 25%) had a gradual impact on the 
absolute numbers and quality measures, such as the fraction of well-supported LECA and 
duplication nodes (Supplementary Table 2.3). This underlines that the reported results 
were not contingent on the specific set of thresholds chosen and that for most nodes the 
duplication consistency and LECA coverage were high.

After this first annotation round all LECA nodes in the trees were re-evaluated. If 
there were duplication nodes in both daughters, the node connecting these duplications 
had to be a duplication node as well even though its duplication consistency score was 
below the threshold. This was only the case for two nodes in total. If there were duplica-
tion nodes in only one daughter lineage, the LECA node was annotated as unclassified. 
It could reflect a duplication event or a tree artefact due to rogue taxa. If there were no 
duplication nodes in either daughter lineage, all LECA nodes in the daughter lineages of 
this LECA node were reannotated as post-LECA nodes.
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Rooting eukaryote-only trees
For trees with only eukaryotic sequences and trees for which all prokaryotic sequences 
had been removed, inferring the root poses a challenge. For these trees duplication and 
LECA nodes were called in unrooted mode. The distances between the LECA nodes were 
calculated and the tree was rooted in the middle of the LECA nodes that were furthest 
apart, resulting in an additional duplication node at this root. If there were no duplica-
tions found in this way because there were less than two duplications in the tree, rooting 
was tried on each internal node. The node that fulfilled the duplication criteria and that 
maximised the species overlap was chosen. If none fulfilled the criteria, it was checked if 
the entire tree fulfilled the LECA criteria. For Pfams for which we could not infer a tree 
because there were only two or three sequences selected, we also checked if this Pfam 
itself fulfilled the LECA criteria. These Pfams correspond to eukaryote-specific families 
that did not duplicate.

Sister group identification
For each eukaryotic clade in trees also containing prokaryotic sequences the sister group 
was identified in unrooted mode. By doing so, the eukaryotic clade initially had two can-
didate sister groups. Eukaryotic sequences in a sister group, if present, were ignored, as 
they could reflect HGT events, contaminations, tree artefacts or true additional acquisi-
tions. To infer the actual sister group it was first checked if one of the two candidate sister 
groups was more likely by checking if one of them consisted only of Asgard archaea, 
TACK archaea, Asgard plus TACK archaea, alphaproteobacteria, beta/gammaproteo-
bacteria, or alpha/beta/gammaproteobacteria. If so, that clade was chosen as the actual 
sister group. If both sister groups had the same identity or if both groups had another 
identity than the ones described above, the tree was rooted on the farthest leaf from the 
eukaryotic clade. In many cases the last common ancestor of the taxa in the sister group 
was Bacteria, Archaea or cellular organisms according to the National Center for Bio-
technology Information (NCBI) taxonomy. Such wide taxonomic assignments probably 
reflect extensive HGT among distantly related prokaryotes. In these cases, it was checked 
whether one of the previously mentioned groups or otherwise a particular phylum or 
proteobacterial class comprised a majority of the prokaryotic taxa to get a more precise 
sister group classification.

We observed that in a substantial number of cases there was another eukaryotic clade 
with LECA nodes in the sister group of a eukaryotic clade. These cases could reflect a du-
plication and subsequent loss in prokaryotes but probably reflect tree artefacts. Therefore, 
these clades were ignored for the branch length analysis. Acquisitions that were nested, 
that is, they shared the same prokaryotic sister group because one acquisition had in 
its sister clade only one prokaryotic clade and one or multiple other acquisitions, were 
merged for further analysis.

Branch length analysis
Multiple branch lengths were calculated in clades containing LECA nodes. For the stem 
length (sl) the distance to the acquisition node (the node uniting the eukaryotic clade 
and its prokaryotic sister) was calculated for each LECA node. This distance was divided 
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by the median of the distances from the LECA node to the eukaryotic leaves (eukaryotic 
branch lengths (ebl)) to correct for rate differences between orthologous groups as done 
in previous work (Pittis and Gabaldón, 2016a). In case of multiple possible paths due to 
duplications, the minimum of these distances was used as the sl, since it was closest to 
sl values from zero-duplication clades. To calculate the duplication length (dl) a similar 
approach was followed, using the duplication node instead of the acquisition node.

To investigate the impact of rates after duplication in both paralogue lineages within a 
family, we also calculated for all duplication nodes in Asgard archaea-derived families the 
minimal sl going through these duplications (Extended Data Figure 2.5c, d). In this way, 
we obtained an sl value for each duplication, in addition to the aforementioned sl value 
for each acquisition. These values were also divided into duplications in families that had 
undergone a transition from homomers to heteromers (proteasome, Snf7, TRAPP, Vps36 
and OST3/OST6) and families that had not (Extended Data Figure 2.5e).

Combining eukaryote-only Pfam families with prokaryotic donations in their 
clan
The classification of protein families into Pfams is not based on taxonomic levels. A Pfam 
present only in eukaryotes can therefore be the result of a duplication event instead of a 
bona fide invention. To distinguish these possible scenarios we used the Pfam clans, in 
which related Pfam families are combined. If there were only eukaryote-only Pfams in a 
clan based on our analysis, these Pfams were merged into one invention event. If there 
was only one Pfam with an acquisition from prokaryotes and for this Pfam there was 
only one acquisition, the eukaryote-only Pfams were combined with this acquisition. If 
there were multiple acquisitions in a clan, a profile-profile search with HH-suite3 v3.0.3 
(Steinegger et al., 2019) was performed to assign eukaryote-only Pfams to an acquisition. 
Per acquisition in a clan an alignment was made from the tree sequences in the cor-
responding eukaryotic clade with MAFFT L-INS-i v7.310 (Katoh and Standley, 2013). 
Profile HMMs were made of these alignments (hhmake –M 50) and they were combined 
in a database (ffindex_build). The eukaryote-only Pfam HHMs were searched against the 
acquisition HHM database per clan with hhsearch. Each Pfam was assigned to the acqui-
sition that had the best score.

Functional annotation
Functional annotation of sequences was performed using emapper-1.0.3 (Huerta-Cepas 
et al., 2017) based on eggNOG orthology data (Huerta-Cepas et al., 2016a). Sequence 
searches were performed using DIAMOND v0.8.22.84 (Buchfink et al., 2015).

The most common KOG functional category among the tree sequences of a LECA 
node was chosen as the function of the LECA node. If there was not one most common 
function, the node was annotated as S (function unknown). For the functional annota-
tion of duplication nodes a Dollo parsimony approach was used. For this we checked 
whether there was one single annotation shared between LECA nodes at both sides, ig-
noring unknown functions. If this was not the case but the parent duplication node (if 
present) had a function, this function was also used for the focal duplication node. The 
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functional annotation of the prokaryotic sister group was performed the same way as 
for a LECA node. In the figures the names of most categories were shortened for in-
creased readability: translation (translation, ribosomal structure and biogenesis), RNA 
processing (RNA processing and modification), replication (replication, recombination 
and repair), chromatin (chromatin structure and dynamics), cell cycle (cell cycle control, 
cell division, chromosome partitioning), signal transduction (signal transduction mecha-
nisms), cell wall/membrane (cell wall/membrane/envelope biogenesis), intracellular traf-
ficking (intracellular trafficking, secretion, and vesicular transport), protein modification 
(posttranslational modification, protein turnover, chaperones), energy (energy produc-
tion and conversion), carbohydrates (carbohydrate transport and metabolism), amino 
acids (amino acid transport and metabolism), nucleotides (nucleotide transport and me-
tabolism), coenzymes (coenzyme transport and metabolism), lipids (lipid transport and 
metabolism), inorganic ions (inorganic ion transport and metabolism) and secondary 
metabolites (secondary metabolites biosynthesis, transport and catabolism).

The same approach was used to assign cellular components to LECA and duplication 
nodes, using a custom set of gene ontology (GO) terms: extracellular region (GO:0005576), 
cell wall (GO:0005618), cytosol (GO:0005829), cytoskeleton (GO:0005856), mitochon-
drion (GO:0005739), cilium (GO:0005929), plasma membrane (GO:0005886), endosome 
(GO:0005768), vacuole (GO:0005773), peroxisome (GO:0005777), cytoplasmic vesicle 
(GO:0031410), Golgi apparatus (GO:0005794), endoplasmic reticulum (GO:0005783), 
nuclear envelope (GO:0005635), nucleoplasm (GO:0005654), nuclear chromosome 
(GO:0000228) and nucleolus (GO:0005730).

Predicting the number of genes in LECA
We used a linear regression model to predict the number of genes in LECA based on the 
inferred number of Pfam domains in LECA. For this we used the number of sufficiently 
long Pfam domains (see ‘Pfam assignment’ above) and the number of protein-coding 
genes in the eukaryotes in our dataset. The assumptions of a normal distribution of gene 
values and equal variance at each Pfam domain value were reasonably met after log trans-
formation. Based on the relationship between the number of Pfam domains and genes 
in present-day eukaryotes, the number of protein-coding genes in LECA was estimated.

Effect of the position of the eukaryotic root
The eukaryotic phylogeny and the position of its root are incorporated in our analysis at 
two points: in the ScrollSaw step during the identification of BBHs between eukaryotic 
taxa and in the LECA criteria in the tree analyses. For computational reasons we limited 
the analysis of the impact of the eukaryotic phylogeny on our results to the Pfams that 
were only present in eukaryotes. In addition to the Opimoda-Diphoda BBHs, we selected 
the sequences from BBHs between either five or four supergroups, as described above, 
and inferred phylogenetic trees. The three different sets of trees were analysed using all 
seven root possibilities, given the monophyly of Amorphea, Diaphoretickes, Discoba and 
Metamonada. To fulfil the LECA criteria a node had to contain tree sequences from both 
sides of the root and the mean presence of a potential LECA family in the four different 
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groups had to be at least 15%.

Statistical analysis
Overrepresentations of functions and localisations in duplications, inventions and inno-
vations, and overrepresentations of sister groups in duplications and duplication tenden-
cies were tested by comparing odds ratios with Fisher’s exact tests (only pairwise com-
parisons of functions for inventions and localisations for innovations due to small sample 
sizes) or χ2 contingency table tests (all other comparisons). Differences in branch lengths 
were assessed with a Kruskal-Wallis test, followed by Mann-Whitney U tests upon a sig-
nificant outcome of the Kruskal-Wallis test. Only one Kruskal-Wallis test did not give 
a significant result (Extended Data Figure 2.2b). Differences between two groups were 
assessed with Mann-Whitney U tests. All performed tests were two-sided. In all cases of 
multiple comparisons, the P values were adjusted to control for the false discovery rate.

The ridgeline plots were drawn with the ggridges v0.5.1 R package (https://github.
com/wilkelab/ggridges).

Data availability
Fasta files, phylogenetic trees and their annotations are available in figshare with the iden-
tifier https://doi.org/10.6084/m9.figshare.10069985 (Vosseberg et al., 2020).

Code availability
The code used to annotate the phylogenetic trees can be accessed in Github (https://
github.com/JulianVosseberg/feca2leca).
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Extended Data

Extended Data Figure 2.1 | Estimating the number of LECA genes from the number of Pfam domains 
with linear regression. Scatter plot showing the number of Pfam domains and protein-coding genes in 
present-day eukaryotes, with each dot representing one genome. The regression line (black) and its 95% 
confi dence (fi lled grey) and prediction intervals (dashed grey) are depicted. The vertical line corresponds 
to the obtained number of LECA Pfam domains.
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Extended Data Figure 2.2 | Effect of a different phylogenetic position of the eukaryotic root. a, Num-
ber of inferred LECA families considering different root positions. These numbers are based on phyloge-
netic trees from Pfams that are only present in eukaryotes. Besides the Opimoda and Diphoda groups, 
two other group definitions were used to identify bidirectional best hits (BBHs) and select sequences for 
tree inference. Names of root positions indicate either the lineage at one side of the root or the position of 
the split (ADis-DiaM: Amorphea+Discoba – Diaphoretickes+Metamonada; AM-DiaDis: Amorphea+Meta-
monada – Diaphoretickes+Discoba). Excavate sequences, especially from Metamonada species, are rarely 
involved in BBHs, unless specifically searched for (Excavata in BBHs 5 groups; Discoba and Metamonada 
in BBHs 4 groups). b, Distribution of duplication lengths obtained using different root positions for eu-
karyote-only trees based on the four group BBHs. The difference between distributions is not statistically 
significant according to the Kruskal-Wallis test.
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Extended Data Figure 2.3 | Fraction of LECA families resulting from inventions. a, Contribution of in-
ventions to LECA families performing different functions. 82% of pairwise comparisons were significantly 
different (Supplementary Figure 2.3). b, Fraction of LECA families resulting from either an invention or 
duplication – a eukaryotic innovation – according to functional category. 84% of pairwise comparisons 
were significantly different (Supplementary Figure 2.5). c, Contribution of inventions to LECA families 
performing their function in different cellular components. 51% of pairwise comparisons were signifi-
cantly different (Supplementary Figure 2.4). d, Fraction of LECA families resulting from an innovation ac-
cording to cellular localisation. 74% of pairwise comparisons were significantly different (Supplementary 
Figure 2.6). a-d, Dashed lines indicate the overall invented or innovated fraction.
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Extended Data Figure 2.4 | Phylogenetic origin of acquired Pfams. a, b, Phylogeny of the prokaryotes 
(a) and Asgard archaea (b) present in our dataset based on the NCBI taxonomy. The branch widths and 
numbers indicate the number of acquisitions from a group. c, Number of acquisitions from different al-
phaproteobacterial orders or a combination of multiple orders (‘Alphaproteobacteria’).
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Extended Data Figure 2.5 | Eff ect of duplications on branch lengths. a, b, Distribution of alphaproteo-
bacterial (a) and Asgard archaeal (b) stem lengths (sl’s) for acquisitions without and with duplications. Two 
alphaproteobacterial sl’s from acquisitions with Magnetococcales as sister group were removed based 
on the previously inferred phylogenetic position of mitochondria (Martijn et al., 2018). c, d, Distribution 
of Asgard archaeal sl’s for information storage and processing (c) and cellular processes and signalling 
families (d), comparing those without and with duplications. Upon removal of the outliers, the diff er-
ence in cellular processes and signalling families no longer reached statistical signifi cance. e, Distribution 
of Asgard archaeal sl’s for duplicated acquisitions, in which homomer-to-heteromer transitions had oc-
curred compared to the other duplicated acquisitions. f, Distribution of vertebrate sl’s for families without 
and with duplications. g, Distribution of duplication lengths (dl’s) grouped according to the lineage in 
which the duplication occurred. All pairwise comparisons were signifi cantly diff erent (Mann-Whitney U 
tests). h, Distribution of diff erences in log-transformed dl values for all pairwise comparisons between 
chordate duplications according to age and functional annotation. All groups are signifi cantly diff erent 
(Mann-Whitney U tests). a-f, P values of Mann-Whitney U tests are shown. c-e, The minimal sl via each 
duplication node is plotted.
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Extended Data Figure 2.6 | Effect of branch length normalisation and functional divergence. a, 
Ridgeline plot showing the distribution of uncorrected stem (rsl) or duplication lengths (rdl). Numbers 
indicate the number of acquisitions or duplications for which the branch lengths were included. The low 
peaks at very short branch lengths are an artefact from near-zero branch lengths. Groups are ordered 
based on the median value of rsl’s and rdl’s. b, Ridgeline plot showing the distribution of sl’s for non- 
duplicated acquisitions that share the same functional annotation of the prokaryotic sister group and are 
therefore expected to have undergone little functional divergence during eukaryogenesis. a, b, Branch 
lengths are depicted as the additive inverse of the log-transformed values. Pairwise comparisons that did 
not give a significant P value (Mann-Whitney U tests) are shown.
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Supplementary Methods

KOG-to-COG clusters analysis
Selecting sequences and generating clusters
In order to compare our phylogenomics approach to previously reported accounts of du-
plications during eukaryogenesis, we applied it to the clusters of homologous sequences 
established by Makarova et al. (Makarova et al., 2005). Briefly, they mapped eukaryotic 
orthologous groups (KOGs) to homologous prokaryotic orthologous groups (COGs). 
In many cases, multiple KOGs mapped to a single COG, which often reflects a dupli-
cation during eukaryogenesis. Furthermore, KOGs had been clustered together if they 
are homologous to each other but lack a homologous COG. We used these KOG-to-
COG clusters to assess if we, using a phylogenomics approach, were able to recapture 
the prevalence of gene duplications during eukaryogenesis that Makarova et al. observed 
by calculating ratios of KOGs to their affiliated COGs. Moreover, we took advantage of 
the current wealth of sequenced biodiversity by using an alternative, more representative 
species and sequence dataset compared to the original study. The results of this KOG-to-
COG analysis can be found in Supplementary Table 2.1.

To recreate the KOG-to-COG clusters we used the COG assignment of the non-As-
gard archaeal prokaryotic sequences provided by eggNOG and performed sequence 
profile searches with the Asgard archaeal and eukaryotic sequences. For the Asgard ar-
chaea, we downloaded profile HMMs of all COGs from eggNOG 4.5 (Huerta-Cepas et 
al., 2016a) and assigned the Asgard protein sequences to COGs using hmmscan (HM-
MER v3.1b1 (Eddy, 2011)). For eukaryotes, we selected ten species to obtain a good rep-
resentation of eukaryotic diversity: Naegleria gruberi and Euglena gracilis (Excavata), 
Cladospihon okarmurans and Bigelowiella natans (SAR+Haptista), Guillardia theta and 
Klebsormidium flaccidum (Archaeplastida+Cryptista), Acanthamoeboa castellanii and 
Acytostelium subglobosum (Amoebozoa), and Capsaspora owczarzaki and Nuclearia sp. 
(Obazoa). We specifically opted for these species, because they were often involved in 
BBHs in the Pfam sequence selection (see Methods, ‘Reduction of sequences’). Subse-
quently, we downloaded profile HMMs for orthologue clusters at the level of eukaryotes 
from eggNOG 4.5 (Huerta-Cepas et al., 2016a). These contained both the supervised 
KOGs and non-supervised orthologous groups (ENOGs). The original KOG-to-COG 
clusters from Makarova et al. (Makarova et al., 2005) did not include these ENOGs, but 
instead included candidate orthologous groups (TWOGs). Because these TWOGs are 
now obsolete, we sought to find the best matching ENOG based on the original sequence 
members of each TWOG. We combined the profile HMMs of these ENOGs with those 
of the KOGs and created a profile database. We performed hmmscan to assign protein 
sequences from the eukaryotic species to these KOGs/ENOGs.

Subsequently, for all KOGs/ENOGs and COGs, we reduced the number of sequences 
with kClust v1.0 (Hauser et al., 2013), using a score per column of 3.53 (approximately 
70% sequence identity). We subsequently merged homologous sequences from eukary-
otes, prokaryotes and Asgard archaea according to the KOG-to-COG mapping, resulting 
in updated KOG-to-COG clusters comprising sequences from diverse and informative 
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eukaryotic and prokaryotic clades.

Phylogenetic analyses
For each KOG-to-COG cluster, we generated phylogenetic trees using an in-house pipe-
line also used previously (Pittis and Gabaldón, 2016a). The sequences were aligned using 
MAFFT v6.861b (Katoh and Toh, 2008), option –auto, and subsequently trimmed using 
trimAl v1.4 (Capella-Gutiérrez et al., 2009) with a gap threshold of 0.1. From these align-
ments, we constructed phylogenetic trees using FastTree v2.1.8 (Price et al., 2010) with 
WAG as evolutionary model.

Tree analyses
For the annotation of nodes in KOG-to-COG trees a similar approach as for the 
Pfam-ScrollSaw trees was followed. Only the criteria for LECA and duplication nodes 
were slightly different. Because of the lower number of eukaryotic species we here simply 
annotated a node as a LECA node if it contained both Opimoda and Diphoda sequences, 
and instead of a consistency score, we used a species overlap criterion of two to annotate 
duplication nodes: if the daughters both fulfilled the LECA criterion and shared at least 
two out of the in total ten eukaryotic species, it was annotated as a duplication node.

Human phylome analysis
To validate the use of branch lengths to time gene duplications, we also applied this ap-
proach to the numerous duplications in chordates. We inferred these from the human 
phylome, which we downloaded from PhylomeDB (Huerta-Cepas et al., 2014) (Phylome 
ID 76: http://phylomedb.org/phylome_76). The results of this validation can be found in 
Extended Data Figure 2.5f-h.

In this collection of phylogenetic trees, we calculated the normalised vertebrate stem 
lengths by dividing the branch length between the common ancestors of chordates and 
vertebrates by the median branch length between the latter and present-day vertebrates. 
In case of duplications the stem length was included if the human seed protein was in the 
shortest possible stem length.

To obtain duplication lengths for duplications that occurred at different phylogenetic 
time points, we scanned in each tree the lineage of the human seed protein between the 
common ancestors of bilaterians and primates for the presence of duplications. Nodes 
connecting the seed with a human paralogue were annotated as duplication nodes. The 
phylogenetic time point (‘age’) of the duplication was obtained using the common ances-
tor of all species involved in the duplication event. Duplication lengths were calculated 
by dividing the branch length between the duplication node and the common ancestor 
of primates by the median branch length between the latter and present-day primates.

KOG functional categories were assigned to each protein in the phylome using emap-
per-2.0.1 (Huerta-Cepas et al., 2017) based on eggNOG orthology data (Huerta-Cepas et 
al., 2019). Functional annotation of the nodes in the trees were performed as described 
for duplication nodes before (see ‘Functional annotation’). For each pair of duplications 
it was checked if they performed the same function and had the same age, performed the 
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same function but had a different age or performed a different function but had the same 
age. For these pairs the difference in log-transformed duplication lengths was calculated.

Supplementary Discussion

Data sets used
We tested two different data sets. The KOG-to-COG gene family clusters (Makarova et 
al., 2005) are a set specifically constructed to study duplications during eukaryogenesis 
and were therefore an ideal starting point. To get an even more complete picture of du-
plications we decided to use the Pfam database. By using this database, we circumvented 
the need to use orthologous groups or infer homology. For certain families the Pfam 
domains correspond to full-length genes, whereas for others it is only a domain or even a 
motif. Although certain domain duplications are not fully independent of each other due 
to their presence in a single gene upon duplication, it is not unlikely that truly separated 
genes co-duplicated as well. Ideally, one would want to define the unit, either a domain 
or full-length gene, that evolved as an individual entity during eukaryogenesis. However, 
for various domains/genes it would be simply impossible to identify such a single entity, 
for example for domains that were independent upon acquisition or invention but fused 
during eukaryogenesis and were therefore interdependent in LECA. This is especially 
probable given the abundance of gene fusion events during eukaryogenesis (Méheust et 
al., 2018).

Sister group identity
7% of the acquisitions had an unclear prokaryotic ancestry. Both bacteria and archaea 
were present in the sister group with no phylum comprising a majority. A tentative expla-
nation is that the identity of the donor is obscured due to post-acquisition HGT among 
distantly related prokaryotes. The tendency of these acquisitions to duplicate was similar 
to the Pfams with an archaeal ancestry (Figure 2.2). This suggests that a large fraction 
of this group reflect genes present in the host lineage. Furthermore, a relatively large 
fraction of these acquisitions had another eukaryotic clade with LECA families in their 
sister group (34%, between 3 and 10% for the other groups), indicating that some of 
these acquisitions are placed in an incorrect, deep phylogenetic position. The stem and 
duplications lengths of these families with an unclear prokaryotic ancestry, however, were 
similar to those from families acquired from bacteria. Further research into these families 
is needed to elucidate their phylogenetic origin.

Branch lengths analysis
The stem lengths of acquisitions that happened simultaneously should approximate the 
same value, enabling us to assess the effect of duplications on branch lengths. Assum-
ing the deep mitochondrial origin outside the alphaproteobacteria (Martijn et al., 2018), 
all acquisitions with alphaproteobacteria as sister group should correspond to the same 
event, namely the divergence of the pre-mitochondrial and alphaproteobacterial lineages. 
We observed a difference in stem lengths between duplicated and non-duplicated fam-
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ilies from alphaproteobacterial origin, with duplicated families corresponding to longer 
stems (Extended Data Figure 2.5a). Even using the shortest branch as stem, which we 
chose in case of duplications, could not fully account for the difference in stem lengths in 
these few duplicated families. In contrast, no difference in stem lengths with duplications 
was seen for acquisitions with an Asgard archaeal sister group (Extended Data Figure 
2.5b). We also looked at the effect of duplications on the stem lengths for the numerous 
duplications that occurred in the vertebrate stem. For these more recent duplications we 
observed a longer vertebrate stem in case of duplications (Extended Data Figure 2.5f), in 
line with the alphaproteobacterial-related duplications. The presence of duplications can 
result in a subtle yet significant accelerated evolutionary rate in both daughter lineages.

Because we had detected more duplicated families with an Asgard archaeal sister 
group than an alphaproteobacterial one, we looked more in depth into the first. We could 
not detect a clear pattern of acceleration after duplications in both daughter lineages for 
different functional groups (Extended Data Figure 2.5c-d). The barely significant differ-
ence for duplications related to cellular processes and signalling was dependent on the 
presence of outliers. Duplications that resulted in the transition from a homomer to a het-
eromer could have had a different effect on evolutionary rate as the selection pressures on 
the protein interface has changed. We did not observe a difference between duplications 
in families that underwent such a transition and other families (Extended Data Figure 
2.5e). However, the number of the first group was low and involved all duplications in 
these families, not only those resulting in the homomer-heteromer transition. Further 
research into these different effects of duplications is warranted. In conclusion, we could 
not confidently distinguish differences in rates for different groups of proteins upon du-
plication that could bias our results.

The inferred timing of acquisitions represents the earliest possibility of the actual ac-
quisition because they are the result of taxon sampling (i.e., which of the present-day or-
ganisms have been discovered, sequenced and/or included in the analysis) and historical 
contingency (i.e., which lineages have not gone extinct). Duplication nodes, on the other 
hand, represent the latest possibility of the actual acquisition, and therefore they could be 
used to attenuate the inferred acquisition time point.

Comparison with Tria et al.
Our conclusions are in stark contrast with a recent preprint (Tria et al., 2019), which 
reported remarkably fewer gene duplications and relatively many duplications in bac-
terial-related genes (compared to archaeal-related genes), which they interpret as being 
derived from the proto-mitochondrion. Based on their findings, the authors concluded 
that gene duplications support a eukaryogenesis model in which mitochondria entered 
early in eukaryogenesis, into a relatively simple, prokaryote-like host. We think this con-
clusion is insufficiently supported by their approach and resulting observations, because 
these have some clear deficits.

First and foremost, they infer very few eukaryogenesis duplications: 713 compared to 
4,564 in our main dataset (see Supplementary Table 2.1). As an illustration: they did not 
recover well-documented greatly expanded protein families such as protein kinases and 
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small GTPases (Elias et al., 2012; Jékely, 2003), which we were able to recover (see Sup-
plementary Table 2.2). The family that according to this preprint was most duplicated 
during eukaryogenesis was the dynein light chain family with 12 duplications.

Second, because they only inferred gene trees for eukaryotic sequences, they could 
not distinguish between duplications that happened during eukaryogenesis, those that 
happened before and pseudoparalogues (e.g., cytosolic and mitochondrial ribosomal 
proteins). Moreover, their limited usage of gene phylogenies also prohibits them from 
specifying the potential identity of the prokaryotic donor lineage.

Third, they do not discriminate between genes with alphaproteobacterial and another 
bacterial origin, but instead label all eukaryotic genes with bacterial affiliations as coming 
from the mitochondrial endosymbiont. Some, if not most, of these genes might in fact 
have been acquired through HGT from other bacterial lineages. Potentially, mixing these 
contributes to the relatively high number of gene duplications that count for endosymbi-
ont-derived genes.

Fourth, they did not include the Asgard archaea in their analysis, which are crucial 
for any inference about eukaryogenesis. This might explain why the duplications in the 
cytoskeletal and ubiquitin systems were not correctly identified as duplications associ-
ated to archaeal acquisitions (Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017) in 
their analysis. This may have led to an underestimation of the duplications in host-related 
genes.

Supplementary Tables

Supplementary Table 2.1 | Comparison of different datasets.

Pfam-ScrollSaw trees
Trees from recreated 
KOG-to-COG clusters

Original KOG-to-COG 
clusters (no trees) 

(Makarova et al., 2005)

Acquisitions 4,335 3,460 1,092

Inventions 1,334 883 1,058

Duplications 4,564 4,888 1,987

LECA families 10,233 9,231 4,137

Multiplication factor 1.81 2.12 1.92
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Supplementary Table 2.2 | Most expanded acquisitions or inventions during eukaryogenesis.

Pfam Ancestry Number of LECA families

Total

Mitochondrial carrier* Invention 123

Protein kinase Planctomycetes 106

RING-finger/U-box Actinobacteria 92

PH domain Haloplasma 82

Ubiquitin Asgard archaea 76

C2 domain Prokaryotes 72

RNA recognition motif Αβγ-proteobacteria 71

Tetratricopeptide repeat Firmicutes 66

POZ domain Chlamydiae 50

FYVE/PHD zinc finger Invention 46

Asgard archaea

Ubiquitin Asgard archaea 76

Vps51 domain superfamily Asgard archaea 19

Cyclin Asgard archaea 19

Helix-turn-helix Asgard archaea 16

Thioredoxin Asgard archaea 15

Helix-turn-helix Asgard archaea 11

Golgi-transport Asgard archaea 10

Helix-turn-helix Asgard archaea 10

Gelsolin repeat Asgard archaea 10

Gelsolin repeat Asgard archaea 10

Alphaproteobacteria

Sterile alpha motif Alphaproteobacteria 10

Galactosyltransferase Alphaproteobacteria 9

EF-hand 8 Alphaproteobacteria 8

Iron/zinc purple acid phosphatase-like protein C Alphaproteobacteria 5

DDE superfamily endonuclease Alphaproteobacteria 5

ABC transporter Alphaproteobacteria 5

Alpha/beta hydrolase fold Alphaproteobacteria 5

Ferric reductase Alphaproteobacteria 4

*A mitochondrial carrier protein typically contains three of these domains.
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Supplementary Figures

Supplementary Figure 2.1 | Contribution of duplications to families with a particular function. Sta-
tistical significance of pairwise comparisons (χ2 contingency table tests) between the proportions of LECA 
families being derived from duplications for different functional categories (a) and the corresponding 
broad categories (b). The values for each functional category are shown in Figure 2.1c. The axis labels are 
ordered based on the odds of duplication.
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Supplementary Figure 2.2 | Contribution of duplications to families with a particular cellular local-
isation. Statistical significance of pairwise comparisons (χ2 contingency table tests) between the propor-
tions of LECA families being derived from duplications for different localisations (a) and the corresponding 
broad categories (b). The values for each localisation are shown in Figure 2.1d. The axis labels are ordered 
based on the odds of duplication.
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Supplementary Figure 2.3 | Contribution of inventions to families with a particular function. Statis-
tical significance of pairwise comparisons (Fisher’s exact tests) between the proportions of LECA families 
being derived from inventions for different functional categories (a) and the corresponding broad catego-
ries (b). The values for each functional category are shown in Extended Data Figure 2.3a. The axis labels 
are ordered based on the invented fraction.

Intracellular trafficking

Transcription

Chromatin

Cytoskeleton

Cell cycle

Energy

RNA processing

Signal transduction

Defense mechanisms

Replication

Protein modification

Translation

Lipids

Inorganic ions

Carbohydrates

Nucleotides

Cell wall/membrane

Secondary metabolites

Coenzymes

Tra
nscr

iption

Chromatin

Cytoske
leton

Cell cy
cle

Energy

RNA processin
g

Signal tra
nsductio

n

Defense mechanism
s

Replica
tion

Protein modifica
tion

Tra
nslation

Lipids

Inorganic io
ns

Carbohydrates

Nucleotides

Cell w
all/m

embrane

Secondary metabolite
s

Coenzymes

Amino acids

a

Cellular processes and signalling

Information storage and processing

Information storage and processing Metabolism

b

P < 0.0001 P < 0.001 P < 0.01 P < 0.05 P ≥ 0.05

thesis.indb   57thesis.indb   57 06-12-2022   14:3606-12-2022   14:36



58

Chapter 2

Supplementary Figure 2.4 | Contribution of inventions to families with a particular cellular localisa-
tion. Statistical significance of pairwise comparisons (χ2 contingency table tests) between the proportions 
of LECA families being derived from inventions for different localisations (a) and the corresponding broad 
categories (b). The values for each localisation are shown in Extended Data Figure 2.3c. The axis labels 
are ordered based on the invented fraction.
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Supplementary Figure 2.5 | Contribution of innovations to families with a particular function. Sta-
tistical significance of pairwise comparisons (χ2 contingency table tests) between the proportions of LECA 
families being derived from a eukaryotic innovation (invention or duplication) for different functions (a) 
and the corresponding broad categories (b). The values for each functional category are shown in Extend-
ed Data Figure 2.3b. The axis labels are ordered based on the innovated fraction.
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Supplementary Figure 2.6 | Contribution of innovations to families with a particular cellular local-
isation. Statistical significance of pairwise comparisons (Fisher’s exact tests) between the proportions 
of LECA families being derived from a eukaryotic innovation (invention or duplication) for different lo-
calisations (a) and the corresponding broad categories (b). The values for each localisation are shown in 
Extended Data Figure 2.3d. The axis labels are ordered based on the innovated fraction.
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Supplementary Figure 2.7 | Comparison of duplication lengths between different functions. Statis-
tical significance of pairwise comparisons (Mann-Whitney U tests) between the duplication lengths for 
different functions (see Figure 2.4a) (a) and the corresponding broad categories (b). The axis labels are 
ordered based on the median of duplication lengths. 
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Supplementary Figure 2.8 | Comparison of duplication lengths between different cellular locali-
sations. Statistical significance of pairwise comparisons (Mann-Whitney U tests) between duplication 
lengths for different localisations (see Figure 2.4b) (a) and the corresponding broad categories (b). The 
axis labels are ordered based on the median of duplication lengths.
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Abstract
Spliceosomal introns are a unique feature of eukaryotic genes. Previous studies have es-
tablished that many introns were present in the protein-coding genes of the last eukar-
yotic common ancestor (LECA). Intron positions shared between genes that duplicated 
before LECA could in principle provide insight into the emergence of the first introns. In 
this study we use ancestral intron position reconstructions in two large sets of duplicated 
families to systematically identify these ancient paralogous intron positions. We found 
that 20-35% of introns inferred to have been present in LECA were shared between par-
alogs. These shared introns, which likely preceded ancient duplications, were widespread 
across different functions, with the notable exception of nuclear transport. Since we ob-
served a clear signal of pervasive intron loss prior to LECA, it is likely that substantially 
more introns were shared at the time of duplication than we can detect in LECA. The 
large extent of shared introns indicates an early origin of introns during eukaryogenesis 
and suggests an early origin of a nuclear structure, before most of the other complex eu-
karyotic features were established.

Introduction
Protein-coding genes in eukaryotic genomes are characterised by the presence of introns 
(Gilbert, 1978). Upon transcription, the introns are removed from the pre-mRNA by the 
spliceosome and the exons are spliced together to form mature mRNA, which is subse-
quently exported from the nucleus and translated into a functional protein. There are two 
types of introns; the vast majority of introns is of U2-type (Moyer et al., 2020), which are 
recognised and spliced out by the major spliceosome. U12-type introns are removed by 
the minor spliceosome and comprise less than a percent of introns in eukaryotic genomes 
(Moyer et al., 2020), with a recently discovered exception of 12% in Physarium polyceph-
alum (Larue et al., 2021); in many species U12-type introns are completely absent (Barts-
chat and Samuelsson, 2010).

Ancestral reconstructions have revealed that the last eukaryotic common ancestor 
(LECA) had a genome with a relatively high intron density compared with present-day 
eukaryotes (Carmel et al., 2007; Csuros et al., 2011) and a complex major spliceosome 
with approximately 80 proteins (Collins and Penny, 2005). LECA also had U12-type in-
trons and a minor spliceosome (Russell et al., 2006). Eukaryotic evolution after LECA 
predominantly involved the loss of introns, while only certain lineages including plants 
and animals experienced net intron gain (Csuros et al., 2011).

It has been established that spliceosomal introns originated from prokaryotic 
self-splicing group II introns during the prokaryote-to-eukaryote transition (Lambowitz 
and Belfort, 2015). These self-splicing introns can proliferate in the host genome but are 
rarely present within genes in prokaryotes. The most widely assumed scenario is that the 
self-splicing introns were introduced in the host genome from the protomitochondrion 
(Cavalier-Smith, 1991; Martin and Koonin, 2006) but we previously called other sources 
possible as well (Vosseberg and Snel, 2017). The emergence of intragenic introns under-
lined the importance of a nucleus – the defining feature of eukaryotes – to separate tran-
scription and translation for splicing to take place completely prior to protein synthesis 
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(López-García and Moreira, 2006; Martin and Koonin, 2006). Furthermore, the origin 
of nonsense-mediated decay and the elaboration of ubiquitin signalling are proposed to 
be defence mechanisms against aberrant transcripts and proteins caused by the spread of 
introns (Koonin, 2006).

Eukaryotes are considered more complex than prokaryotes: cells are much larger and 
contain multiple membrane-bound compartments. Underlying the increase in cellular 
complexity during the transition to eukaryotes (eukaryogenesis) was an increase in the 
number of genes caused by gene transfers and gene duplications (Makarova et al., 2005; 
Tria et al., 2021; Vosseberg et al., 2021a). Mainly genes involved in establishing and regu-
lating a complex cell and relatively few metabolic genes duplicated during eukaryogenesis 
(Vosseberg et al., 2021a).

Both the numerous gene duplications and the spread of introns through the genome 
occurred during eukaryogenesis and their interaction could inform the reconstruction 
of intermediate stages of this still largely unresolved transition. The relation between 
proto -eukaryotic gene duplications and introns can be researched by identifying posi-
tions of introns that are shared between ancient paralogs. An analysis performed on six 
eukaryotic genomes almost fifteen years ago identified very few shared intron positions 
that could represent intron insertions predating gene duplication events (Sverdlov et al., 
2007). However, a study investigating the evolutionary history of a specific protein family, 
the spliceosomal Lsm and Sm proteins, found introns shared between multiple pre-LECA 
paralogs (Veretnik et al., 2009). This implies that introns had spread through the genome 
before the duplications resulting in these paralogs took place. It also suggests that more of 
these shared intron positions could be detected in other duplicated families.

In this study we utilise the greatly expanded set of eukaryotic genomes currently 
available to reassess the relation between the emergence of introns and gene duplications 
during eukaryogenesis. We detected many more shared intron positions than previous 
estimates. Our findings have implications for the dynamics of intron evolution and the 
timeline of events during eukaryogenesis.

Results

Intron-rich LECA and predominantly loss after
To investigate the interaction between the spread of introns and gene duplications during 
eukaryogenesis we used sets of proto-eukaryotic duplications inferred by two independ-
ent approaches: the Pfam domain trees from a recent study (Vosseberg et al., 2021a) (Fig-
ure 3.1a) and the clusters of eukaryotic orthologous groups (KOGs) that have been used 
before (Sverdlov et al., 2007) (Figure 3.1b). Intron positions were mapped onto protein 
alignments and ancestral intron reconstructions were performed using maximum likeli-
hood for each KOG and Pfam domain orthogroup (OG). These reconstructions showed 
intron-rich ancestors of the eukaryotic supergroups (Supplementary Figure 3.1). We es-
timated an intron density in LECA of 10.8 introns per KOG and 1.9 introns per Pfam 
OG. Similar intron densities of LECA were obtained when using a tree topology with an 
unresolved root instead of a root between Opimoda and Diphoda (Derelle et al., 2015) 
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(9.9 and 1.7, respectively). Intron loss occurred frequently throughout eukaryotic evo-
lution, with some lineages losing all introns in our set of genes. Intron gain only had a 
substantial contribution at certain branches, especially dinofl agellates, which has been 
described before (Roy et al., 2020). Th ese fi ndings for the dynamics of introns from LECA 
to present-day eukaryotes are fully consistent with a previous study that also reconstruct-
ed intron-rich ancestors (Csuros et al., 2011) and with the complexity of the spliceosome 
in LECA and subsequent simplifi cation in most eukaryotic lineages, as inferred before 
(Hudson et al., 2015).

Figure 3.1 | Characteristics of unique and shared LECA introns. a, The reconstruction of introns in 
LECA (Pfam orthogroups (OGs)), distinguishing unique LECA introns and shared LECA introns that likely 
originated before a duplication. Pfam OG1-3 represent three paralogous Pfam OGs that resulted from two 
duplications during eukaryogenesis, as indicated. b, The comparisons of intron positions in KOGs within 
a cluster, identifying post-LECA introns, unique LECA introns and LECA introns shared between KOGs. 
KOG1-3 represent three paralogous KOGs in a cluster that resulted from two gene duplications during eu-
karyogenesis. c, Fraction of shared LECA introns in the two datasets used in this study, in comparison with 
the fraction of shared introns as calculated in Sverdlov et al. (Sverdlov et al., 2007). d, Density plot showing 
the relative positions of introns in the alignment of a KOG. The three distributions are all signifi cantly 
distinct from one another according to Kolmogorov-Smirnov tests. e, Intron phase distributions in Pfam 
OGs and KOGs. All pairwise comparisons were signifi cant, except shared LECA versus unique LECA Pfam 
introns (Supplementary Tables 3.1 and 3.2). Numbers in c-e indicate the number of introns considered.
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Many intron positions in LECA shared between proto-eukaryotic paralogs
The relatively high number of introns that could be traced back to LECA underlined 
the potential to find LECA introns that are in the same position in OGs that stem from 
a proto-eukaryotic duplication, which we refer to as proto-eukaryotic paralogs. For the 
KOGs, 19.9% of the 19,184 LECA introns considered had an equivalent LECA intron in 
at least one paralog (Figure 3.1c). This is in sharp contrast to the 1.7% of shared introns 
found in Sverdlov et al. (Sverdlov et al., 2007), which is probably due to a combination of 
the low number of six available genomes that were used and the frequent loss of introns. 
The percentage of shared introns was even higher for the Pfams, with 34.8% of the 7,524 
LECA introns in paralogous OGs being shared.

Intron positions shared between proto-eukaryotic paralogs could result from the in-
tron being present prior to duplication and subsequently being passed on to both paral-
ogs. It could also result from two parallel intron gains in the same position (Supplemen-
tary Figure 3.2a). A shared intron position between two homologous genes that were 
acquired as two separate genes during eukaryogenesis (e.g., cytoplasmic and mitochon-
drial ribosomal proteins (Yoshihama et al., 2006)) must have been the result of parallel 
intron gains. We compiled a set of separately acquired genes for both datasets and ob-
tained percentages of 5.0% and 5.4% shared LECA introns between separate acquisitions 
for the KOGs and Pfams, respectively. Notwithstanding the influence of incorrect OG 
assignment inflating the estimated number of LECA introns shared between separate ac-
quisitions (for example, nearly all sequences with introns shared between KOG0806 and 
KOG0807 correspond to one Pfam OG (NIT2)), this shows that parallel intron gain is a 
real phenomenon (Supplementary Figure 3.2b). However, the introns shared between 
proto-eukaryotic paralogs were very likely not only the result of parallel gains (Fisher’s 
exact tests, P = 5.8 × 10-77 (KOGs), P = 3.1 × 10-220 (Pfams)). Another potential explana-
tion for shared introns is transfer of introns between paralogs due to gene conversion 
(Yenerall and Zhou, 2012). However, this scenario cannot account for the frequent pres-
ence of multiple LECA introns in the same position between multiple paralogs (Supple-
mentary Note 3.1). Instead, most of the shared introns probably represent paralogous 
introns, which hint at a strong association between duplications and intron spread and 
could elucidate the early spread of introns.

Intron loss was likely also pervasive before LECA
To characterise the detected LECA introns shared between proto-eukaryotic paralogs, 
we compared them with non-shared (which we refer to as unique) LECA introns and 
post-LECA introns with respect to the relative position of the introns in the gene. Where-
as the relative positions of post-LECA introns showed a fairly uniform distribution, 
unique LECA introns were more at the 5́  end of the gene (compared with post-LECA 
introns, Kolmogorov-Smirnov (KS) statistic = 0.034, Padj = 4.1 × 10-16) and shared LECA 
introns were even more biased towards the start of the gene (compared with unique 
LECA introns, KS statistic = 0.062, Padj = 5.6 × 10-11; Figure 3.1d). This bias could reflect 
preferential intron insertion at the 5́  end specifically during eukaryogenesis or predom-
inant intron loss at the 3́  end. A well-described mechanism of intron loss is by reverse 
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transcription of the intronless mRNA followed by homologous recombination (Roy and 
Gilbert, 2005). This mainly affects the 3́  end of the gene, resulting in intron losses from 
the 3́  to 5́  end. Intron losses before LECA is therefore likely to explain the 5́  bias of LECA 
introns.

We also compared the phases of the introns, which refers to the three possible posi-
tions of an intron in a codon. The phase distribution of the three different categories of 
introns was also different (Figure 3.1e; χ2 = 966, d.f. = 4, P = 8.1 × 10-208 (KOGs); χ2 = 182, 
d.f. = 4, P = 2.4 × 10-38 (Pfams); Supplementary Tables 3.1 and 3.2). LECA introns were 
more often in phase 0 and less in phase 2 than post-LECA introns. For the shared LECA 
introns in KOGs this bias was even stronger but in Pfams there was no significant differ-
ence between unique and shared LECA introns. The phase distribution differences point 
to different intron gain or loss dynamics also with respect to phase before and after LECA.

Published phylogenetic trees that were created for the Pfams dataset could in principle 
help to evaluate the prevalence of intron loss, which in turn might explain the phase and 
positional biases. We used the topology information in the trees to reconstruct for each 
duplication node the introns that were likely gained or lost before the duplication. In 
total, we inferred 999 intron gains and 986 losses before duplications and a further 4,906 
gains and 1,214 losses on the branches that resulted in the LECA families. The phases of 
gained and lost introns differed slightly (χ2 = 20.0, d.f. = 2, P = 4.6 × 10-5; Supplementary 
Figure 3.3) but the typical phase bias was inferred for both. This strongly suggests that the 
phase bias originated from the preferential insertion or fixation of especially introns be-
tween codons (i.e., phase 0). For 38% of the duplications, we reconstructed introns being 
present prior to duplication. For an additional 5% we did not infer the presence of introns 
in those duplications but we had traced introns in more ancestral duplications. These 
reconstructions strengthen the inference of the dynamic nature of early intron evolution, 
including the pervasiveness of intron loss already before LECA.

The indications of considerable intron loss prior to LECA suggest that there were ini-
tially more pre-duplication introns that were lost and that can no longer be detected. This 
would mean that the numbers of introns stemming from duplications are underestimates. 
Moreover, gene families could have been experienced different intron gain and loss dy-
namics, which means that the absence of detected shared introns should not be seen as 
evidence that no introns were present prior to duplication.

Shared introns widespread across different functions
Eukaryogenesis was characterised by the complexification of multiple cellular processes 
and the presence of shared introns between paralogs of a certain function could illumi-
nate how the duplications in that process relate to the spread of introns. Because informa-
tion on the phylogenetic relationship between the KOGs was not available, we compared 
the LECA intron positions between KOGs of the same function in a cluster. Intron posi-
tions were shared between paralogs of most functions (Figure 3.2), mirroring the strong 
association of duplications and introns. However, appreciable differences between func-
tions could be seen. A relatively large fraction of introns was shared between paralogs in 
cellular processes and signalling functions, compared with metabolic and informational 
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functions (χ2 = 340, d.f. = 2, P = 1.9 × 10-74; Supplementary Table 3.3). The lack of any 
shared introns out of the 187 LECA introns between the eleven nuclear transport paral-
ogs in the dataset is the most remarkable. The absence of shared nuclear transport introns 
seems to suggest that a large fraction of these duplications occurred prior to the spread 
of introns.

For Pfams, the aforementioned reconstruction of intron presence before duplications 
was used to compare duplications related to different functions. A similar pattern as for 
the KOGs was observed. Fewer introns preceding a Pfam duplication were inferred for 
informational and metabolic paralogs than paralogs in cellular processes and signalling 
functions (χ2 = 46.7, d.f. = 2, P = 7.1 × 10-11; Figure 3.3a; Supplementary Table 3.4). The 
large fraction of duplications in energy metabolism with shared introns is almost ex-
clusively due to mitochondrial carrier proteins. Differences in cellular localisation were 
more subtle (χ2 = 11.0, d.f. = 4, P = 0.026; Figure 3.3b; Supplementary Table 3.5), except 
for the high fraction of endosome duplications and the absence of shared introns in cil-
ium duplications. Because nuclear transport is a combination of two functions (nuclear 
structure and intracellular trafficking), this category is absent in the Pfams set. The ances-
tral intron reconstructions in the adaptin (Figure 3.3c) and SNF2 families (Figure 3.3d) 
illustrate the extent of shared introns, the presence of introns prior to the most ancestral 
duplication and frequent intron losses in duplicated families. The large extent of shared 
introns across different functions and localisations implies that introns were present in 
the genome before much of the complexification of the signalling system, cytoskeleton 
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and endomembrane system and before the full integration of the protomitochondrion 
into the host.

Few shared introns between mitochondria-derived paralogs
During eukaryogenesis, genes were acquired from different prokaryotic sources or arose 
de novo (i.e., a gene invention). Pfam clades inferred to have been a proto-eukaryotic 
invention or with an Asgard archaeal or diverse prokaryotic sister group in the phyloge-
netic tree had the highest fraction of duplications with introns (χ2 = 53.6, d.f. = 5, P = 
2.5 × 10-10; Figure 3.4a; Supplementary Table 3.6). Duplications in Pfam domains that 
had an alphaproteobacterial sister group were noticeably less likely to have reconstructed 
introns. When looking only at the first duplication in an acquisition or invention (i.e., the 
most ancestral one) a similar though not significant pattern was observed (χ2 = 9.2, d.f. = 
5, P = 0.10; Figure 3.4b). A substantial fraction of the Pfams that were very likely inher-
ited from the Asgard archaea-related host (0.21, [95% CI using the Wilson score interval: 
0.13-0.32]) had introns traced back prior to the most ancestral duplication.

The lack of shared introns in certain gene families could be because these duplications 
had occurred at an early stage during eukaryogenesis when there were no or few introns 
or could be due to factors such as extensive domain accretion and loss, a low number of 
LECA introns and intron loss (Supplementary Figure 3.4). Due to the inferred pervasive 
intron loss, it is also more likely to detect shared introns in case of multiple paralogs. By 
comparing differences between functions and phylogenetic origin in the fraction of du-
plications with shared introns, the fraction of introns that are shared and the number of 
introns per Pfam OG, the contribution of these factors can be elucidated (Supplementary 
Figure 3.5, Supplementary Tables 3.7-3.9, Supplementary Data 3.6 and 3.7). For exam-
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ple, fewer LECA introns were present in alphaproteobacteria-related OGs, which would 
make the detection of shared introns less likely and could explain the low fraction of alp-
haproteobacteria-related duplications with introns. Despite the relatively large influence 
of a few clades on differences between groups (Supplementary Note 3.2), an appreciable 
number of shared introns was detected for most functions, localisations and phylogenetic 
origins.

In a previous study, we estimated the timing of duplication events with branch lengths 
(Vosseberg et al., 2021a). Based on this branch length analysis, duplications without 
shared introns were in general older than those with shared introns (KS statistic = 0.064, 
P = 0.0016; Supplementary Figure 3.6a). However, the distributions overlap to a very 
large extent and a considerable number of duplications with introns were relatively old. 
Almost one-fourth of duplications with introns were estimated to be older than the mito-
chondrial acquisition. Notwithstanding the uncertainties and limitations of these branch 
lengths analyses (Susko et al., 2021), introns seemed to have been present in the proto- 
eukaryotic genome from an early stage in eukaryogenesis.

Discussion
In this study, we investigated the intersection of the emergence of introns and gene du-
plications during eukaryogenesis. We detected a 12-fold higher fraction of shared intron 
positions between proto-eukaryotic paralogs in the KOGs dataset than Sverdlov et al. 
(Sverdlov et al., 2007) and an even higher fraction in a second independent dataset. The 
numbers of shared introns were no longer in the range of what is expected from parallel 
intron insertions, which means that that the vast majority of these shared introns were 
very likely obtained before the duplication. Because our observations hint at a pattern 
of pervasive intron loss during eukaryogenesis, the number of introns stemming from 
duplications that we present are still underestimates.

The higher fraction of shared introns in the Pfams dataset could result from KOGs 
being undersplit compared with Pfam OGs, which means that multiple bona fide OGs are 
combined into one OG. This is illustrated by the SNF2 and adaptin examples, for which 
several Pfam OGs correspond to a single KOG (e.g., AP1G and AP4E in KOG1062, and 
ERCC6 and ERCC6L in KOG0387). An additional explanation could be that Pfam do-
mains are more conserved. Consequently, it would be more likely for an intron to be 
paired with an intron in a paralog. Notwithstanding the subtle differences between the 
two datasets, both revealed consistent findings.

Introns in nearly all species have a phase bias, with most introns in phase 0 and fewest 
in phase 2. This bias was also present among LECA introns and the bias tended to be 
even stronger in shared LECA introns. The bias could be due to the preferential insertion 
or fixation of introns in a certain phase resulting from the overrepresentation of proto-
splice sites (Dibb and Newman, 1989) in a certain phase. A biased loss could also explain 
the phase bias (Long and Deutsch, 1999). Another plausible explanation that has been 
put forward is that the initial distribution was uniform and that the eventual phase bias 
was due to a combination of massive U12-type intron loss and the directed conversion 
of phase 0 U12-type to U2-type introns (Moyer et al., 2020). The phase bias of recent 
U2-type intron gains in the dinoflagellate lineage and recent U12-type intron gains in 
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Physarium lends support to the protosplice site model in at least these eukaryotic lineages 
(Larue et al., 2021; Roy et al., 2020). The similar phase bias of pre-LECA gains and losses 
(Supplementary Figure 3.3) points to differences already during intron gain, which are 
then reflected in phase differences during intron loss. Furthermore, the relatively low 
number of inferred U12-type intron losses and conversions (Supplementary Note 3.3; 
Supplementary Figures 3.7 and 3.8, Supplementary Tables 3.10-3.12, Supplementary 
Data 3.8 and 3.9) tends to refute a major role of U12-type introns in the phase distri-
bution of all introns. Both observations provide support for the protosplice site model 
during eukaryogenesis as well.

Our data on the strong association between proto-eukaryotic duplications and introns 
as compiled here have several implications for the order of events during eukaryogenesis. 
The large extent of shared introns between ancient paralogs across different functions, 
subcellular localisations and phylogenetic origins as well as the branch lengths provide 
consistent evidence for an early origin of intragenic introns during eukaryogenesis, be-
fore most of the complex eukaryotic features emerged. In fact, it seems unambiguous 
that numerous gene families expanded primarily after the spread of introns through the 
proto-eukaryotic genome (e.g., SNF2 and adaptin). Other families seem conspicuously 
devoid of shared introns (e.g., those involved in nuclear transport and the cilium). The 
conservation of introns upon duplication challenges the main role of retrotransposition 
in creating proto-eukaryotic paralogs, which results in intronless paralogs and was pro-
posed based on the initial lack of detected shared introns (Sverdlov et al., 2007). An early 
origin of introns should have entailed an early origin of a structure to separate transcrip-
tion and translation, preventing the erroneous translation of introns into protein. The 
recent observation of spatial separation between DNA and ribosomes in Asgard archaeal 
cells tentatively suggests that a separating mechanism may have already been present be-
fore eukaryogenesis (Avcı et al., 2022). The lack of introns shared between nuclear trans-
port paralogs seems to indicate that the emergence of a nucleus with an elaborate nuclear 
transport system occurred before the wide spread of introns.

A notable exception to the described pattern of shared introns between most cat-
egories is the low number of duplications with shared introns in alphaproteobacterial 
acquisitions, which were very likely present in the protomitochondrion. It is tempting 
to speculate that these duplications were due to another mechanism; for example, they 
may have been the result of serial endosymbiotic gene transfers (Tria et al., 2021). The 
protomitochondrion has been widely considered to be the source of introns, even though 
direct phylogenetic evidence is lacking (Vosseberg and Snel, 2017). Based on the analysis 
of shared introns, the close integration of the endosymbiont within the host by means 
of mitochondrial transport seemed to have occurred after substantial spread of introns. 
Although the symbiosis must have started before the close integration, this observa-
tion combined with the inferred timing from our branch lengths analysis is not easy to 
reconcile with the hypothesis that spliceosomal introns originated from mitochondrial 
self-splicing group II introns. The self-splicing introns could have come from another 
lineage instead.

Our analysis was to the best of our knowledge the second large-scale investigation on 
the association between introns and proto-eukaryotic duplications, yet it was the first to 

thesis.indb   75thesis.indb   75 06-12-2022   14:3606-12-2022   14:36



76

Chapter 3

encounter a large-scale occurrence of introns shared between proto-eukaryotic paralogs. 
Besides the potential implications on the order and causality of events during eukaryo-
genesis, the strong association between proto-eukaryotic duplications and introns also 
sheds unique light on the origin and evolution of intron phases and positional biases as 
well as the discussion on the emergence of U2- and U12-type introns (Supplementary 
Note 3.3). Thus, going forward we expect that further utilisation and understanding of 
these intertwined processes could be of great help to understand the evolutionary history 
of individual gene families as well as eukaryogenesis.

Methods

Data
To reconstruct ancestral intron positions we used a diverse set of 167 eukaryotic (predict-
ed) proteomes, as compiled for a previous study (Deutekom et al., 2021). In that study, 
these proteins had been assigned to the different eukaryotic eggNOG families (euNOGs) 
(Huerta-Cepas et al., 2016a) using hidden Markov model profile searches (Deutekom 
et al., 2021). Sverdlov et al. (Sverdlov et al., 2007) used the homologous clusters of eu-
karyotic orthologous groups (KOGs) and candidate orthologous groups (TWOGs) from 
Makarova et al. (Makarova et al., 2005). KOGs are included in the euNOGs and we used 
the euNOG corresponding to a TWOG, if present, as determined in Vosseberg et al. 
(Vosseberg et al., 2021a). Both types of euNOGs are referred to as “KOG” in the main 
text. We detected a few differences between the Makarova et al. and Sverdlov et al. clusters 
and chose one clustering over the other on a case-by-case basis after manual inspection 
(Supplementary Data 3.1). The sequences corresponding to these clusters of KOGs were 
selected and combined per KOG.

We also used the Pfam LECA families and duplications that we published recently 
(Vosseberg et al., 2020). In short, we selected eukaryotic sequences based on best bidi-
rectional hits between Opimoda and Diphoda for tree inference and supplemented these 
with prokaryotic sequences. In the resulting phylogenetic trees, acquisition, duplication 
and LECA nodes were inferred. The tree sequences belonging to a LECA node were com-
plemented with the eukaryotic sequences that had one of these tree sequences as their 
best BLAST (Altschul et al., 1990) hit, resulting in an OG. Sequences from species that are 
not in the set of 167 species and human sequences that are not in the primary assembly 
were removed from the OG. If there was only one OG for a Pfam, it was not included.

For predicting the type of introns, genome sequence files of the species in our set 
were obtained using the links in Supplementary Table 1 of Deutekom et al. (Deu-
tekom et al., 2019), with the exception of Homo sapiens, whose genome was replaced 
with the corresponding primary assembly (ftp://ftp.ensembl.org/pub/release-87/fasta/
homo_sapiens/dna/Homo_sapiens.GRCh38.dna.primary_assembly.fa.gz), and Sten-
tor coereleus, for which we used the file from NCBI (ftp://ftp.ncbi.nlm.nih.gov/ge-
nomes/all/GCA/001/970/955/GCA_001970955.1_ASM197095v1/GCA_001970955.1_
ASM197095v1_genomic.fna.gz) to be able to match the sequence file with the genome 
features file.
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Multiple sequence alignments
All multiple sequence alignments were performed with MAFFT v7.310 (Katoh and 
Standley, 2013). Each KOG was aligned separately using the E-INS-i algorithm and the 
resulting KOG alignments for a cluster of KOGs were merged into a single alignment 
(merge option with E-INS-i). If this was not feasible due to memory issues, the alignment 
was made with the FFT-NS-i option, or FFT-NS-2 if that was also not feasible. Each Pfam 
OG was aligned separately, followed by a merged alignment of all OGs per Pfam, both 
with the L-INS-i algorithm. For PF00001 and PF00069, alignments had to be performed 
with the FFT-NS-i option.

Mapping intron positions onto the alignments
We downloaded the genome annotation files from 156 species from our set that we could 
extract intron information from (Supplementary Data 3.2). The location of introns was 
mapped onto the protein alignments using a custom Python script. For each intron posi-
tion detected in the alignment of an OG, taking into account the three different possible 
phases, it was determined if at least one sequence of each species had an intron at that 
position. An intron table was created with per species a string of intron presences (“1”) 
and absences (“0”) and a mapping to the position in the alignment of an OG. If an or-
tholog was missing or intron mapping was not successful, question marks were inserted.

To calculate the relative position of an intron in a gene, sites with 90% or more gaps 
in the alignment of a KOG were masked. These gap scores were calculated with trimAl 
v1.4.rev15 (Capella-Gutiérrez et al., 2009).

Intron gain and loss rates across the eukaryotic tree of life
For each branch in the species phylogeny, maximum-likelihood estimates of intron gain 
and loss rates were obtained using Malin (Csűrös, 2008) with default settings. The used 
species phylogeny can be found in Supplementary Figure 1 of Deutekom et al. (Deu-
tekom et al., 2021). Because the position of the eukaryotic root remains under debate 
(Burki et al., 2020), we also used a tree with an unresolved root between Diaphoretickes, 
Amorphea, Metamonada and Discoba.

Ancestral intron reconstructions
The number of introns per ancestral node including missing sites were estimated in Malin 
and per intron position the probability of the intron being present at a node and gained 
or lost on the branch leading to a node was inferred. The distribution of posterior intron 
presence probabilities at the LECA node showed a clear divide between most introns with 
a very low and a small fraction with a very high LECA probability (Supplementary Fig-
ure 3.1c, d). For choosing an appropriate threshold to consider an intron a LECA intron, 
we tried to minimise the effect of misalignment of residues and incorrect OG assignment 
on the one hand and to be not too strict on the other hand. This was because an intron 
with a lower LECA probability that is shared with a paralog, makes it more likely that the 
intron was in fact present in LECA. Therefore, intron positions with a probability of at 
least 0.5 were considered LECA introns.

thesis.indb   77thesis.indb   77 06-12-2022   14:3606-12-2022   14:36



78

Chapter 3

The different KOGs in the KOG clusters do not all represent gene duplications dur-
ing eukaryogenesis; some were acquired as separate genes (Makarova et al., 2005). This 
could be due to separate acquisition events (pseudoparalogs) or the acquisition of already 
duplicated genes. Shared intron positions in these had to be the result of parallel intron 
insertions. To identify these, we used the phylogenetic trees of these clusters that we in-
ferred before (Vosseberg et al., 2020). If the sequences corresponding to different KOGs 
were in separate acquisitions and none of the acquisitions in the tree had another acqui-
sition in the inferred sister group, the intron positions in these separately acquired KOGs 
were compared and shared introns were identified. Introns that that were only shared be-
tween separate acquisitions were not included in the shared introns analysis. All introns 
of KOGs that were acquired separately from all other KOGs in the cluster were not used 
for calculating the fraction of shared introns.

For the Pfams, separate acquisitions were identified based on phylogenetic trees as 
well using the same approach. For each duplication node in the trees, the intron positions 
that were present before the duplication event were inferred from the LECA introns using 
a Dollo parsimony approach. The inferred sister groups of acquisitions and the function-
al annotation and duplication length information were extracted from Vosseberg et al. 
(Vosseberg et al., 2020).

U12-type intron predictions
Spliceosomal snRNA genes were searched for in the genomes using Infernal v1.1.2 (Naw-
rocki and Eddy, 2013) (command used: cmscan --nohmmonly --rfam --cut_ga) with 
the spliceosomal snRNA Rfam 14.2 (Kalvari et al., 2021) covariance models RF00003, 
RF00004, RF00007, RF00015, RF00020, RF00026, RF00488, RF00548, RF00618, RF00619, 
RF02491, RF02492, RF02493 and RF02494. Introns from species for which none of the 
snRNA genes specific for the minor spliceosome (U11, U12, U4atac or U6atac) were de-
tected in the genome were annotated as U2. Intron types from the remaining 70 species 
were predicted with intronIC v1.0.11 + 2.gf7ac7be (Moyer et al., 2020), using all isoforms 
if needed. Intron positions that were predicted as U12 in at least three species were anno-
tated as U12-type introns.

Statistics and reproducibility
Associations between two categorical variables were tested with χ2 contingency table tests 
or Fisher’s exact tests (in case of 2 × 2 tables). When testing the overrepresentation of 
functional categories, KOGs with multiple categories spanning the three main groups 
(information storage and processing, cellular processes and signalling, metabolism) were 
excluded for comparisons between these groups. The numbers of unique LECA introns 
and shared LECA introns or duplications with and without introns traced back to the 
pre-duplication state were compared between different functions, cellular localisations 
and phylogenetic origins. Differences in relative position and branch lengths were as-
sessed with Kolmogorov-Smirnov tests. All performed tests were two-sided and P values 
from multiple comparisons were adjusted for the false discovery rate. Statistical analy-
ses were performed in Python using NumPy v1.21.1 (Harris et al., 2020), pandas v1.3.1 

thesis.indb   78thesis.indb   78 06-12-2022   14:3606-12-2022   14:36



79

3

Spread of the first introns in paralogs

(McKinney, 2010), SciPy v1.7.0 (Virtanen et al., 2020) and statmodels v0.11.2 (Seabold 
and Perktold, 2010). Figures were created with Matplotlib v3.4.2 (Hunter, 2007), seaborn 
v0.11.1 (Waskom, 2021), ETE v3.1.1 (Huerta-Cepas et al., 2016b) and Jalview v2.11.1.4 
(Waterhouse et al., 2009).

Data availability
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tasets used in this study is presented in Supplementary Data 3.2. The source data behind 
the graphs in the paper are provided as Supplementary Data 3.10.
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Supplementary Notes

Supplementary Note 3.1: Potential intron transfer between paralogs
A third explanation for the presence of a shared intron between paralogs – next to vertical 
inheritance from a pre-duplication intron and parallel insertion in the same position – is 
the transfer of an intron from the intron-containing paralog to the other intron-lacking 
paralog. This transfer is proposed to occur via homologous recombination, resulting in 
ectopic gene conversion (Hankeln et al., 1997; Yenerall and Zhou, 2012). Three likely cas-
es have been described in literature: a transfer of an intron between three globin paralogs 
in the insect Chironomus (Hankeln et al., 1997), between two ABC transporter paralogs 
in the ascomycete Aspergillus (Zhang et al., 2010) and between two metalloprotease par-
alogs in the ascomycete Mycosphaerella (Torriani et al., 2011). Although these examples 
demonstrate that intron transfer between paralogs is a plausible mechanism, its relative 
contribution to shared introns between paralogs remains elusive.

To assess the possible impact of intron transfers between proto-eukaryotic paralogs, 
we looked more closely at the KOG clusters for which only one LECA intron position was 
shared between only two paralogs. The rationale for these criteria was that we think it is 
unlikely for multiple introns to be transferred or for an intron to be transferred between 
more than two paralogs. 148 LECA introns fulfilled these criteria for the KOGs, corre-
sponding to 3.9% of the total number of shared LECA introns. For the Pfam OGs, 294 
LECA introns were intron transfer candidates (11% of the total number of shared LECA 
introns). Given that intron transfers between paralogs and parallel insertions could have 
accounted for only a small number of shared LECA introns, we infer that most shared 
introns likely represent paralogous introns.

Supplementary Note 3.2: Differences in the detection of shared introns be-
tween different groups
For the Pfam OGs we analysed both the fraction of duplications with shared LECA in-
trons and the fraction of LECA introns shared with paralogs. Differences can arise due to 
the phylogenetic relationships between OGs, which is ignored in calculating the fraction 
of LECA introns, and the large impact of a few clades on both numbers. For example, two 
intron-rich OGs with many shared introns can dominate the fraction of shared LECA 
introns of a category, while only reflecting a single duplication. Multiple paralogs that all 
share introns (i.e., a large fraction of duplications with pre-duplication introns) yet also 
have many OG-specific introns results in a low fraction of shared introns. When compar-
ing both approaches, most differences are quite subtle.

For function (Figure 3.2a and Supplementary Figure 3.5a) two categories were nota-
bly different. Energy metabolism had a lower (but still relatively high) fraction of shared 
LECA introns in comparison with the fraction of duplications with introns, for which it 
was the top category. The fraction of duplications with introns was dominated by mito-
chondrial carrier proteins (PF00153), which had shared introns traced to its first dupli-
cation and many later duplications. Conversely, duplications in amino acid metabolic 
genes had a higher fraction of shared LECA introns. This number was largely influenced 
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by aminotransferases class I and II (PF00155) and serine hydroxymethyltransferase 
(PF00464) with 6 and 4 shared introns, respectively. Most of the OGs with this function 
in other Pfams had few, if any, LECA introns (Supplementary Figure 3.5b).

Whereas differences in duplication fractions between most cellular localisations were 
rather subtle, shared intron fractions revealed a more variable picture (Supplementary 
Figure 3.5c). For the extracellular region most LECA introns were shared, in contrast 
with a relatively low fraction of duplications with introns. Ten duplications in leucine-rich 
repeat 8 (PF13855), which all shared the same three LECA introns, contributed to a large 
extent to this number, especially since OGs with this localisation had fewer introns in 
general (Supplementary Figure 3.5d). Introns could be traced back to the majority of 
duplications related to the endosome, whereas a lower fraction of LECA introns were 
shared between endosomal paralogs. Most of these duplications were in the PX domain 
(PF00787) and FYVE zinc finger domain (PF01363), with relatively few shared introns. 
Paralogs that function in the nuclear envelope did not share any LECA introns, which is 
in sharp contrast with 36% of nuclear envelope duplications sharing introns. Although 
these introns were shared between nuclear envelope and another (cytosol) and unknown 
localisation, the corresponding duplications in the RanBP1 (PF00638) and importin-beta 
N-terminal domain (PF03810) had been annotated as duplications in nuclear envelope 
genes.

The most notable difference for the separate phylogenetic origins was the higher frac-
tion of shared introns for alphaproteobacteria-related paralogs and the lower fraction of 
shared introns for Asgard archaea-related paralogs (Supplementary Figure 3.5e). OGs 
from probable endosymbiont origin had few introns in general, whereas OGs that were 
probably inherited from the host had more introns (Supplementary Figure 3.5f). The low 
number of LECA introns in alphaproteobacteria-related OGs could account for the low 
fraction of duplications with introns in alphaproteobacterial acquisitions.

Supplementary Note 3.3: The emergence of two different intron types
Two types of spliceosomal introns emerged during eukaryogenesis: U2 and U12. Three 
different models for the appearance of two types have been proposed (Burge et al., 1998).
The first is the codivergence model, which postulates that the snRNA genes and introns 
diverged into two different sets after duplication of the snRNA genes. According to the 
fission/fusion model the two intron types evolved in separate proto-eukaryotic lineages 
that later fused. Whereas in the first two models the two types originated from primordial 
spliceosomal introns, in the parasitic invasion model the two types represent two tempo-
rally separate invasions of self-splicing group II introns.

To investigate the origin of the two different types of introns during eukaryogenesis, 
we predicted the type of all introns. 1.5% (KOGs) and 1.9% (Pfams) of LECA introns 
were predicted to be of U12-type, which was higher than in any present-day eukaryote 
in our dataset. 14.8% (KOGs) and 31.1% (Pfams) of these U12-type LECA introns were 
shared with an intron in a paralog, which is not significantly lower than for U2-type in-
trons (Fisher’s exact tests, P = 0.072 (KOGs) and P = 0.53 (Pfams)). Most of these shared 
U12-type LECA introns in KOGs were paired to U2-type introns in paralogs (56 U12-U2 
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pairs and 4 U12-U12 pairs). In contrast, 29 of the 50 shared U12-type LECA introns in 
Pfams were paired with at least one other U12-type LECA intron in a paralog. The higher 
numbers of U12-U12 pairs in the Pfams set may result from multiple bona fide OGs being 
combined into a single KOG (see main text).

U12-type introns were less often in phase 0 and more in phase 2 than U2-type introns 
(Supplementary Figure 3.7a and 3.8a) and even more biased towards the 5́  end (Supple-
mentary Figure 3.7b). Both observations are consistent with previous studies comparing 
intron types in present-day eukaryotes (Basu et al., 2008a; Moyer et al., 2020). Assuming 
that nearly all type conversions were from U12 to U2 conversion, as has been argued 
based on comparative analyses (Sharp and Burge, 1997), we inferred 32 U12 gains, 9 
complete U12 losses and 7 U12-to-U2 conversions before duplications and a further 113 
U12 gains, 20 complete U12 losses and 15 U12-to-U2 conversions on the branches that 
resulted in the LECA families. Paralogs that had a U12-type intron traced back to their 
pre-duplication lineage were overrepresented in cell cycle and inorganic ion transport 
and metabolism functions (Supplementary Figure 3.8b). Differences in the fraction of 
U12-type introns among shared introns between functions of KOGs were not significant 
(Supplementary Figure 3.7c) and only a few significant differences between different 
phylogenetic origins of these paralogs were found (Supplementary Figure 3.8c). U12-
type introns emerged at least before a large part of the complexification of the cell cycle 
and comparisons of the branch lengths seemed to suggest that U12-type introns are as old 
as U2-type introns, if not older (Supplementary Figure 3.6b).

The three models have different expectations regarding shared U12-type introns, de-
pending on the timing of minor intron emergence. The occurrence of both types among 
shared introns and the inferred age of U12-type introns are not consistent with the model 
of two invasions by group II introns that were clearly separated in time. Divergence from 
primordial introns in either separate lineages followed by fusion of these lineages or di-
vergence in the same lineage is a more likely scenario based on our findings.
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Supplementary Figures

Supplementary Figure 3.1 | Ancestral intron reconstructions. a, Species tree with for each node the 
estimated number of introns (including missing sites) in KOGs represented as circles. These estimates 
are based on all used KOGs, including those from separate acquisitions. The size of the LECA node cor-
responds to 27,108 introns. The two terminal nodes with the highest number of introns correspond to 
two dinofl agellate species. b, Descending empirical cumulative distribution function plot of the posterior 
probability of a KOG intron to have been present in LECA. c, Species tree with for each node the estimated 
number of introns (including missing sites) in Pfam OGs represented as circles. These estimates are based 
on all used Pfam OGs, including those from separate acquisitions. The size of the LECA node corresponds 
to 14,977 introns. d, Descending empirical cumulative distribution function plot of the posterior probabil-
ity of a Pfam OG intron to have been present in LECA.
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Supplementary Figure 3.3 | Phase distributions of introns in Pfams that were gained or lost before 
LECA. Numbers indicate the number of inferred intron gains and losses.

Supplementary Figure 3.4 | Infl uence of number of LECA introns and overlap of OG alignments on 
fi nding shared introns. a, Normalised histograms showing the distribution of the number of LECA in-
trons in a KOG for KOGs with and without shared introns. For clarity, KOGs with more than 50 LECA introns 
are not shown. b, Density plots showing the distribution of the fraction of overlapping positions in the 
alignment of all pairs of KOGs in the same cluster. Pairs with and without shared introns are depicted sepa-
rately. Sites with more than 90% gaps were excluded in calculating the overlapping fraction. A lower over-
lap could be due to domain accretion and loss after duplication. c, Normalised histograms showing the 
distribution of the number of LECA introns in a Pfam OG for Pfam OGs with and without shared introns. For 
clarity, Pfam OGs with more than 15 LECA introns are not shown. P values of Kolmogorov-Smirnov tests 
are shown. The numbers indicate the number of OGs (a, c) or pairs of KOGs (b). KOGs and Pfam OGs with 
no LECA introns were not included.
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Supplementary Figure 3.5 | Fraction of shared LECA introns and number of LECA introns for Pfam 
OGs. a, c, Fraction of LECA introns shared between pairs of Pfam OGs with the same function (a) or local-
isation (c). Only functions and localisations with at least ten LECA introns and ten pairs are shown. Com-
parisons of the three functional categories were all signifi cant (Supplementary Table 3.7), as were 50% of 
pairwise comparisons (Supplementary Data 3.6). 60% of the comparisons between the fi ve localisation 
categories and 58% of pairwise comparisons were signifi cant (Supplementary Table 3.8, Supplemen-
tary Data 3.7). e, Fraction of LECA introns shared between Pfam OGs within an acquisition or invention 
clade. 73% of pairwise comparisons were signifi cant (Supplementary Table 3.9). b, d, f, Number of LECA 
introns in an OG with a certain function (b), localisation (d) or phylogenetic origin (f) on a square-root 
scale. Distributions are shown with boxplots and the average number of introns per group with a coloured 
dot. Coloured bars represent 95% confi dence intervals of the mean. Numbers correspond with the num-
ber of LECA introns (a, c, e) or number of Pfam OGs (b, d, f).

Supplementary Figure 3.6 | Timing of duplications with introns using branch lengths from phyloge-
netic trees. a, Density plot showing the duplication lengths of duplications with and without pre-du-
plication introns. For comparative purposes, the estimated timing (Vosseberg et al., 2021a) of the fi rst 
eukaryotic common ancestor (‘FECA’), which represents the divergence from the Asgard archaeal lineage, 
and the divergence from the alphaproteobacterial lineage (‘Mitochondrion’) are depicted in grey. The two 
distributions are signifi cantly diff erent according to the Kolmogorov-Smirnov test. b, Density plot show-
ing the duplication lengths of duplications with only U2-type, only U12-type or both types of pre-dupli-
cation introns. All pairwise comparisons with Kolmogorov-Smirnov tests were not signifi cant. Numbers in 
both panels indicate the number of duplications considered.
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Supplementary Figure 3.7 | Comparison of U2- and U12-type introns in KOGs. a, Intron phase distri-
butions for U2- and U12-type post-LECA, unique LECA and shared LECA introns in KOGs. P values of χ2 con-
tingency tests are shown. b, Density plots showing the relative positions of introns in the alignment of a 
KOG, comparing U2- and U12-type introns for the three diff erent groups. P values of Kolmogorov-Smirnov 
tests are shown. c, Fraction of KOGs with shared introns that includes U12-type introns in the diff erent 
functional categories. Only functions with at least ten KOGs with shared introns are shown. Comparisons 
of the three functional categories (Supplementary Table 3.10) and pairwise comparisons of the diff erent 
functions (Supplementary Data 3.8) were not signifi cant. Numbers indicate the number of introns con-
sidered (a, b) or the number of KOGs with shared introns (c).
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Supplementary Figure 3.8 | Comparison of U2- and U12-type introns in Pfams. a, Intron phase dis-
tributions for U2- and U12-type post-LECA, unique LECA and shared LECA introns in Pfam OGs. P values 
of χ2 contingency tests are shown. b, Fraction of Pfam duplications with pre-duplication introns that in-
cludes U12-type introns in the different functional categories. Only functions with at least ten duplications 
with shared introns are shown. Comparisons of the three functional categories were not significant (Sup-
plementary Table 3.11). 9.2% of pairwise comparisons were significant, which were only comparisons 
including the cell cycle and inorganic ions (Supplementary Data 3.9). c, Fraction of Pfam duplications 
with pre-duplication introns in either that duplication or a more ancestral duplication that includes U12-
type introns according to the different phylogenetic origins. Only the pairwise comparisons of bacterial 
and eukaryotic and bacterial and prokaryotic duplications were significant (Supplementary Table 3.12). 
Numbers indicate the number of introns (a) or the number of duplications (b, c) considered.
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Supplementary Tables

Supplementary Table 3.1 | Pairwise comparisons of intron phases in KOGs.

Introns type 1 Introns type 2 χ2 d.f. P value Adjusted P value

Unique LECA introns Shared LECA introns 111 2 6.61 × 10-25 6.61 × 10-25

Unique LECA introns Post-LECA introns 506 2 1.46 × 10-110 4.37 × 10-110

Shared LECA introns Post-LECA introns 467 2 3.66 × 10-102 5.49 × 10-102

Supplementary Table 3.2 | Pairwise comparisons of intron phases in Pfams.

Introns type 1 Introns type 2 χ2 d.f. P value Adjusted P value

Unique LECA introns Shared LECA introns 2 2 3.29 × 10-1 3.29 × 10-1

Unique LECA introns Post-LECA introns 133 2 1.05 × 10-29 3.15 × 10-29

Shared LECA introns Post-LECA introns 50 2 1.32 × 10-11 1.98 × 10-11

Supplementary Table 3.3 | Pairwise comparisons of functional categories of pairs of KOGs  
with and without introns (unique versus shared introns).

Category 1 Category 2 Odds ratio P value Adjusted P value

Cellular processes 
and signalling

Metabolism 1.60 1.62 × 10-15 2.44 × 10-15

Cellular processes 
and signalling

Information storage 
and processing

2.74 3.35 × 10-78 1.00 × 10-77

Metabolism Information storage 
and processing

1.72 4.29 × 10-13 4.29 × 10-13

Supplementary Table 3.4 | Pairwise comparisons of functional categories of Pfam duplications 
with and without introns (duplications with versus without preduplication introns).

Category 1 Category 2 Odds ratio P value Adjusted P value

Cellular processes 
and signalling

Metabolism 1.44 4.89 × 10-4 7.33 × 10-4

Cellular processes 
and signalling

Information storage 
and processing

1.87 2.30 × 10-11 6.89 × 10-11

Metabolism Information storage 
and processing

1.30 2.49 × 10-2 2.49 × 10-2
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Supplementary Table 3.5 | Pairwise comparisons of localisation categories of Pfam duplications 
with and without introns (duplications with versus without preduplication introns).

Category 1 Category 2 Odds ratio P value Adjusted P value

Endomembrane system Metabolic compartment 1.18 3.34 × 10-1 4.18 × 10-1

Endomembrane system Other 1.19 2.60 × 10-1 3.71 × 10-1

Endomembrane system Nucleus 1.59 6.51 × 10-3 6.51 × 10-2

Endomembrane system Cytoskeleton 1.69 1.68 × 10-2 8.41 × 10-2

Metabolic compartment Other 1.01 1.00 × 100 1.00 × 100

Metabolic compartment Nucleus 1.36 1.07 × 10-1 2.06 × 10-1

Metabolic compartment Cytoskeleton 1.44 1.23 × 10-1 2.06 × 10-1

Other Nucleus 1.34 9.17 × 10-2 2.06 × 10-1

Other Cytoskeleton 1.42 1.13 × 10-1 2.06 × 10-1

Nucleus Cytoskeleton 1.06 8.21 × 10-1 9.12 × 10-1

Supplementary Table 3.6 | Comparison of phylogenetic origins of Pfam duplications with and 
without introns (duplications with versus without preduplication introns).

Phylogenetic origin 1 Phylogenetic origin 2 Odds ratio P value Adjusted P value

Eukaryotic Prokaryotic 1.09 5.32 × 10-1 5.70 × 10-1

Eukaryotic Asgard archaeal 1.17 2.81 × 10-1 3.38 × 10-1

Eukaryotic Bacterial (other) 1.40 7.97 × 10-5 2.69 × 10-4

Eukaryotic Archaeal (other) 2.35 1.09 × 10-9 1.64 × 10-8

Eukaryotic Alphaproteobacterial 3.46 1.26 × 10-5 6.95 × 10-5

Prokaryotic Asgard archaeal 1.07 7.25 × 10-1 7.25 × 10-1

Prokaryotic Bacterial (other) 1.28 6.30 × 10-2 9.46 × 10-2

Prokaryotic Archaeal (other) 2.15 1.39 × 10-5 6.95 × 10-5

Prokaryotic Alphaproteobacterial 3.16 1.47 × 10-4 3.15 × 10-4

Asgard archaeal Bacterial (other) 1.19 2.13 × 10-1 2.91 × 10-1

Asgard archaeal Archaeal (other) 2.01 1.16 × 10-4 2.89 × 10-4

Asgard archaeal Alphaproteobacterial 2.95 5.26 × 10-4 9.85 × 10-4

Bacterial (other) Archaeal (other) 1.69 8.95 × 10-5 2.69 × 10-4

Bacterial (other) Alphaproteobacterial 2.48 1.81 × 10-3 3.02 × 10-3

Archaeal (other) Alphaproteobacterial 1.47 2.93 × 10-1 3.38 × 10-1
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Supplementary Table 3.7 | Pairwise comparisons of functional categories of pairs of Pfam OGs 
with and without introns (unique versus shared introns).

Category 1 Category 2 Odds ratio P value Adjusted P value

Cellular processes 
and signalling

Metabolism 1.30 1.15 × 10-3 1.15 × 10-3

Cellular processes 
and signalling

Information storage 
and processing

2.75 3.34 × 10-42 1.00 × 10-41

Metabolism Information storage 
and processing

2.12 1.17 × 10-13 1.76 × 10-13

Supplementary Table 3.8 | Pairwise comparisons of localisation categories of pairs of Pfam OGs 
with and without introns (unique versus shared introns).

Category 1 Category 2 Odds ratio P value Adjusted P value

Metabolic compartment Endomembrane system 1.07 6.32 × 10-1 7.03 × 10-1

Metabolic compartment Other 2.87 8.85 × 10-13 3.64 × 10-12

Metabolic compartment Nucleus 2.88 1.70 × 10-10 3.40 × 10-10

Metabolic compartment Cytoskeleton 3.32 4.57 × 10-10 7.61 × 10-10

Endomembrane system Other 2.67 9.75 × 10-18 9.75 × 10-17

Endomembrane system Nucleus 2.69 1.09 × 10-12 3.64 × 10-12

Endomembrane system Cytoskeleton 3.09 2.06 × 10-11 5.15 × 10-11

Other Nucleus 1.01 1.00 × 100 1.00 × 100

Other Cytoskeleton 1.16 4.67 × 10-1 6.68 × 10-1

Nucleus Cytoskeleton 1.15 5.45 × 10-1 6.81 × 10-1
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Supplementary Table 3.9 | Comparison of phylogenetic origins of shared introns in Pfam OGs 
(unique versus shared introns).

Phylogenetic origin 1 Phylogenetic origin 2 Odds ratio P value Adjusted P value

Bacterial (other) Eukaryotic 1.22 1.19 × 10-3 1.99 × 10-3

Bacterial (other) Prokaryotic 1.62 7.56 × 10-7 1.89 × 10-6

Bacterial (other) Alphaproteobacterial 1.63 1.97 × 10-2 2.69 × 10-2

Bacterial (other) Asgard archaeal 1.75 1.97 × 10-10 9.86 × 10-10

Bacterial (other) Archaeal (other) 3.51 6.32 × 10-46 9.47 × 10-45

Eukaryotic Prokaryotic 1.33 6.41 × 10-3 9.62 × 10-3

Eukaryotic Alphaproteobacterial 1.34 1.90 × 10-1 2.38 × 10-1

Eukaryotic Asgard archaeal 1.43 1.77 × 10-4 3.80 × 10-4

Eukaryotic Archaeal (other) 2.89 2.38 × 10-27 1.79 × 10-26

Prokaryotic Alphaproteobacterial 1.00 1.00 × 100 1.00 × 100

Prokaryotic Asgard archaeal 1.08 5.74 × 10-1 6.63 × 10-1

Prokaryotic Archaeal (other) 2.16 3.48 × 10-9 1.30 × 10-8

Alphaproteobacterial Asgard archaeal 1.07 7.39 × 10-1 7.92 × 10-1

Alphaproteobacterial Archaeal (other) 2.15 1.06 × 10-3 1.99 × 10-3

Asgard archaeal Archaeal (other) 2.01 1.00 × 10-8 3.01 × 10-8
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Supplementary Table 3.10 | Pairwise comparisons of functional categories of KOGs with  
shared introns regarding intron type.

Category 1 Category 2 Odds ratio P value Adjusted P value

Cellular processes 
and signalling

Information storage 
and processing

1.20 7.27 × 10-1 7.27 × 10-1

Cellular processes 
and signalling

Metabolism 8.89 9.42 × 10-3 2.82 × 10-2

Information storage 
and processing

Metabolism 7.41 3.73 × 10-2 5.60 × 10-2

Supplementary Table 3.11 | Pairwise comparisons of functional categories of Pfam  
duplications with introns regarding intron type.

Category 1 Category 2 Odds ratio P value Adjusted P value

Cellular processes 
and signalling

Information storage 
and processing

2.19 6.20 × 10-2 9.30 × 10-2

Cellular processes 
and signalling

Metabolism 3.27 1.70 × 10-2 5.11 × 10-2

Information storage 
and processing

Metabolism 1.50 5.60 × 10-1 5.60 × 10-1
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Supplementary Table 3.12 | Comparisons of phylogenetic origins of Pfam duplications with an 
intron history regarding intron type.

Phylogenetic origin 1 Phylogenetic origin 2 Odds ratio P value Adjusted P value

Bacterial (other) Asgard archaeal 2.09 7.31 × 10-2 1.57 × 10-1

Bacterial (other) Archaeal (other) 2.87 4.20 × 10-2 1.05 × 10-1

Bacterial (other) Eukaryotic 3.41 2.37 × 10-10 3.55 × 10-9

Bacterial (other) Alphaproteobacterial inf 2.35 × 10-1 4.41 × 10-1

Bacterial (other) Prokaryotic inf 6.05 × 10-6 4.54 × 10-5

Asgard archaeal Archaeal (other) 1.37 7.57 × 10-1 9.63 × 10-1

Asgard archaeal Eukaryotic 1.63 3.10 × 10-1 5.17 × 10-1

Asgard archaeal Alphaproteobacterial inf 5.89 × 10-1 8.84 × 10-1

Asgard archaeal Prokaryotic inf 1.44 × 10-2 7.21 × 10-2

Archaeal (other) Eukaryotic 1.19 7.70 × 10-1 9.63 × 10-1

Archaeal (other) Alphaproteobacterial inf 1.00 × 100 1.00 × 100

Archaeal (other) Prokaryotic inf 4.20 × 10-2 1.05 × 10-1

Eukaryotic Alphaproteobacterial inf 1.00 × 100 1.00 × 100

Eukaryotic Prokaryotic inf 4.21 × 10-2 1.05 × 10-1

Alphaproteobacterial Prokaryotic nan 1.00 × 100 1.00 × 100
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Abstract
The spliceosome is a eukaryote-specific complex that is essential for the removal of in-
trons from pre-mRNA. It consists of five small nuclear RNAs (snRNAs) and over a hun-
dred proteins, making it one of the most complex molecular machineries. Most of this 
complexity has emerged during eukaryogenesis, a period that is characterised by a drastic 
increase in cellular and genomic complexity. Although not fully resolved, recent findings 
have started to shed some light on how and why the spliceosome originated.

In this paper we review how the spliceosome has evolved and discuss its origin and 
subsequent evolution in light of different general hypotheses on the evolution of com-
plexity. Comparative analyses have established that the catalytic core of this ribonucleo-
protein (RNP) complex, as well as the spliceosomal introns, evolved from self-splicing 
group II introns. Most snRNAs evolved from intron fragments and the essential Prp8 
protein originated from the protein that is encoded by group II introns. Proteins that 
functioned in other RNA processes were added to this core and extensive duplications 
of these proteins substantially increased the complexity of the spliceosome prior to the 
eukaryotic diversification. The splicing machinery became even more complex in ani-
mals and plants, yet was simplified in eukaryotes with streamlined genomes. Apparently, 
the spliceosome did not evolve its complexity gradually, but in rapid bursts, followed 
by stagnation or even simplification. We argue that although both adaptive and neutral 
evolution have been involved in the evolution of the spliceosome, especially the latter was 
responsible for the emergence of an enormously complex eukaryotic splicing machinery 
from simple self-splicing sequences.

Background
Eukaryotic genes are in general composed of coding sequences interspersed by non- 
coding parts, the introns. Only after removal of these introns and splicing of the exons, 
a functional protein can be synthesised. The splicing reaction requires one of the most 
complex machines in the eukaryotic cell, the spliceosome, which consists of five snRNA 
molecules and over a hundred proteins (Valadkhan and Jaladat, 2010; Wahl et al., 2009). 
Two types of spliceosomes are present across eukaryotes, namely the major and the mi-
nor spliceosome. Each spliceosome splices its own type of introns, the U2-type introns 
for the major spliceosome and the U12-type introns for the minor counterpart.

The spliceosome is one of the numerous complex characteristics that emerged during 
eukaryogenesis. Eukaryotes are considered far more complex than prokaryotes, because 
of these evolved characteristics such as their larger genomes, cell sizes and intracellu-
lar compartmentalisation. However, some complex eukaryote-like features, such as large 
cells and internal membranes, have been observed in certain prokaryotes and some eu-
karyotes are less complex in organisation, cautioning for a too eukaryocentric view on 
complexity (Booth and Doolittle, 2015). It has been firmly demonstrated that eukaryotes 
originated from the merger of two prokaryotes (McInerney et al., 2014), an archaeal host 
related to the recently discovered Asgard phyla (Spang et al., 2015; Zaremba-Niedzwiedz-
ka et al., 2017) and a bacterial endosymbiont related to the Alphaproteobacteria. Lane 
and Martin have proposed that the increased complexity of eukaryotes could solely be 
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enabled by the surplus of energy provided by the mitochondrial endosymbionts (Lane 
and Martin, 2010), but their reasoning is challenged (Booth and Doolittle, 2015; Lynch 
and Marinov, 2017). The precise role of the mitochondria in the evolution of eukaryotic 
complexity remains therefore under lively debate.

The greater complexity of eukaryotes is additionally observed in the complexity of 
molecular machines, both for machines that are also present in prokaryotes (e.g., the 
ribosome and respiration chain complexes) (Gray et al., 2010; Lukeš et al., 2011; Speijer, 
2011) and eukaryote-specific complexes other than the spliceosome. The evolution of 
these molecular machines in their cellular context is within the scope of the emerging 
field of evolutionary cell biology (Brodsky et al., 2012; Lynch et al., 2014; Richardson et 
al., 2015). One of the questions in this field is how the complexity of these complexes 
has evolved. For a complete understanding of the evolution of a complex, not only the 
intermediate steps have to be described, but also the evolutionary forces driving these 
steps. Multiple models have been proposed, emphasising the adaptive (Speijer, 2011), 
neutral (Lukeš et al., 2011; Mast et al., 2014; Stoltzfus, 1999, 2012) or maladaptive (Lynch, 
2007, 2012) nature of additional components or interactions. Moreover, according to the 
biphasic model an increase in complexity is followed by a period of reductive evolution 
(Cuypers and Hogeweg, 2012; Wolf and Koonin, 2013).

Many steps were needed for the emergence of the complex spliceosome in the last 
eukaryotic common ancestor (LECA). The aim of this review is to reconstruct these steps 
and the subsequent changes in the complexity of the spliceosome in the distinct eukary-
otic lineages, which is important for understanding why and how the complexity of this 
machine has evolved. This could additionally provide more insight into the evolution of 
other complex molecular machines. In this review we will focus on the snRNAs and main 
proteins of the major spliceosome.

LECA’s spliceosomes
To separate the evolution of the spliceosome during eukaryogenesis from its evolution 
after the eukaryotic diversification, the spliceosome of LECA has to be reconstructed. The 
presence of spliceosomal components in all major eukaryotic lineages has revealed that 
LECA already had a complex major spliceosome, with five snRNAs and around eighty 
proteins (Collins and Penny, 2005). Therefore, LECA’s spliceosomes would likely not be 
much unlike typical contemporary spliceosomes.

It has become clear that this complex spliceosome had to remove numerous introns 
from LECA’s transcripts. Multiple approaches have been followed for reconstructing the 
introns in LECA (reviewed in (Koonin et al., 2013; Rogozin et al., 2012)). The most so-
phisticated model used to date inferred an intron density of 4.3 introns per kilobase in 
LECA’s genome, which is only a fraction lower than the typical intron density of animal 
and plant genomes, but much higher than that of most protists (Csuros et al., 2011). 
Apparently, the complex nature of LECA’s spliceosome corresponded with its intron-rich 
genome.

The probable function of LECA’s spliceosomes can be inferred from experimental re-
search on present-day spliceosomes, most of which has been performed in yeast, animals 
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and plants. The main components of LECA’s major (U2-type) spliceosome were the five 
small nuclear ribonucleoproteins (snRNPs), consisting of snRNAs and dozens of other 
associated proteins (Collins and Penny, 2005) (composition and function of present-day 
spliceosomes reviewed in (Matera and Wang, 2014; Valadkhan and Jaladat, 2010; Wahl et 
al., 2009)). The uridine (U)-rich snRNAs in the spliceosome were U1, U2, U4, U5 and U6, 
each giving the accompanying snRNP its name. The snRNAs were tightly associated with 
a ring of either Lsm proteins (U6 snRNA) or Sm proteins (other snRNAs).

Rearrangements during the splicing cycle are crucial for spliceosomal functioning 
and these conformational changes were in LECA already effected by ATP-dependent 
RNA helicases. The precise composition of the spliceosome depended on the step in the 
splicing cycle. For example, U2, U5 and U6 snRNPs were present in the catalytically ac-
tive spliceosome, whereas U1 and U4 snRNPs dissociated before the splicing reaction, 
as these were involved in splice site recognition and inhibiting U6 snRNA, respectively. 
The important regulatory serine/arginine-rich (SR) proteins and heterogeneous nuclear 
RNPs (hnRNPs), present across eukaryotes (Barbosa-Morais et al., 2006), were involved 
in exon and intron recognition and thereby splicing out the proper introns and enabling 
alternative splicing (Matera and Wang, 2014; Shepard and Hertel, 2009; Valadkhan and 
Jaladat, 2010; Wahl et al., 2009). After recognition of the 5́  and 3́  splice sites and the 
adenosine branch point nucleotide the first splicing step could be executed. In this trans-
esterification reaction a nucleophilic attack created a covalent bond between the 5́  splice 
site and the 2́  OH group of the bulged adenosine, resulting in a lariat. In the following 
second reaction the exon ends were joined together and the lariat intron was released. In 
essence, LECA’s major spliceosome would likely not have been fundamentally different in 
composition and function from its present-day counterparts.

Minor spliceosome and spliced-leader trans-splicing
Although some earlier studies suggested otherwise (Barbosa-Morais et al., 2006; Col-
lins and Penny, 2005), additional genome data and more sensitive searches revealed that 
the minor spliceosome evolved early in eukaryotes as well and was probably present in 
LECA (López et al., 2008; Russell et al., 2006). The minor spliceosome consists of its own 
specific snRNPs – U11, U12, U4atac and U6atac – which are functionally analogous to 
their major-spliceosomal counterparts, and U5 snRNP, which is shared between both 
spliceosomes (Turunen et al., 2013). The associated proteins in the minor spliceosome 
can be either specific to this complex or shared with the major spliceosome (Turunen et 
al., 2013). As mentioned before, the minor spliceosome excises a different kind of introns, 
the U12-type introns. These introns comprise only a small fraction compared with the 
U2-type introns in the organisms that contain both kinds of introns (Basu et al., 2008b; 
Lin et al., 2010; Turunen et al., 2013).

Most snRNPs of the major spliceosome are also involved in another related splicing 
reaction called spliced-leader (SL) trans-splicing, in which the SL RNA, which is carried 
by the SL snRNP, donates the first “exon” to the mRNA. This splicing mechanism is es-
pecially prevalent in some protist lineages, where it in some cases may account for all 
splicing events (Lei et al., 2016). Based on its patchy presence pattern across eukaryotes 
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it was initially proposed to have been present in LECA and subsequently lost multiple 
times in many lineages (Collins and Penny, 2005). However, the observed pattern may 
also result from independent gain events due to horizontal gene transfer (HGT) (Lasda 
and Blumenthal, 2011) or recurrent mutational acquisition of SL RNA (Douris et al., 
2010; Lasda and Blumenthal, 2011; Maeso et al., 2012). Whether the major spliceosome 
of LECA performed SL trans-splicing can therefore not unambiguously be established.

Origin of the spliceosome
LECA likely already possessed two spliceosome types to process two different kinds of in-
trons. These spliceosomes were approximately as complex as the ones typically observed 
in present-day eukaryotes. This poses the question how the complex spliceosome evolved 
during eukaryogenesis. Where did the proteins come from, how were they recruited into 
the spliceosome and what functions did their prokaryotic homologues, if present, exe-
cute?

The function of the spliceosome is removing introns from pre-mRNA molecules. The 
question how the spliceosome originated cannot be decoupled from the origin of the in-
trons they remove. Without introns the spliceosome would be functionless and without 
the spliceosome the introns would cause the production of aberrant proteins. Different 
hypotheses have been proposed for the origin of spliceosomal introns. These will short-
ly be discussed before we turn to the origin of the spliceosome. Both the spliceosomal 
core and the introns themselves are likely derived from the very same origin, namely 
self-splicing introns.

Spliceosomal introns
The similarities between spliceosomal introns and group II self-splicing introns have 
been recognised for a long time. The latter are present in prokaryotes and in eukaryotic 
organelles. In mitochondria and plastids these introns are bona fide introns that lost their 
mobility potential, whereas in prokaryotes they are more properly regarded as retroele-
ments (Koonin, 2009; Zimmerly and Semper, 2015). Group II introns (reviewed in e.g. 
(Dayie and Padgett, 2008; Zimmerly and Semper, 2015)) typically have a length of around 
2-3 kb and consist of six RNA domains. The large domain I functions as a scaffold and 
recognises and positions the exons (Costa et al., 2000; Jacquier and Michel, 1990), do-
mains II and III enhance splicing catalysis (Toor et al., 2008) and domain VI contains the 
adenosine residue that functions as branch point (van der Veen et al., 1986). Domain V is 
the most conserved domain and contains the catalytic triad, which binds the two catalytic 
divalent metal ions (Gordon and Piccirilli, 2001; Peebles et al., 1995; Toor et al., 2008). 
Domain IV is the largest, as it encodes a protein, aptly named intron-encoded protein 
(IEP). The maturase function of this versatile protein is required for the proper folding of 
group II introns, promoting RNA recognition and splicing (Matsuura et al., 2001; Wank 
et al., 1999). Moreover, its reverse transcriptase activity enables reverse splicing, which 
results in the proliferation of the introns in the host genome (Saldanha et al., 1999; Wank 
et al., 1999).

There is an overwhelming amount of evidence supporting the homology between 
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spliceosomal introns and group II self-splicing introns. The splice site recognition, 
branching mechanism, stereochemical course of the splicing reaction and the presence 
of similar RNA domain structures and a homologue of the IEP in the spliceosome (see 
below) demonstrate the similarities between the two intron types (Dayie and Padgett, 
2008; Keating et al., 2010; Peters and Toor, 2015; Zimmerly and Semper, 2015). Moreover, 
there is a known example of a group II intron that was transferred from mitochondria to 
the nucleus in a plant family and subsequently evolved into a spliceosomal intron (Kudla 
et al., 2002), which underlines the evolutionary relationship between group II and spli-
ceosomal introns.

Since group II introns are especially abundant in alphaproteobacteria and present in 
certain mitochondria, the most accepted view, first suggested by Cavalier-Smith in 1991 
(Cavalier-Smith, 1991), is that spliceosomal introns originated from the alphaproteobac-
terial endosymbiont by endosymbiotic gene transfer (EGT) that later evolved into the mi-
tochondria (Zimmerly and Semper, 2015). However, these self-splicing elements are also 
present in some archaeal lineages, including the Asgardian loki- and heimdall archaeal 
lineages (Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017), suggesting that they 
also could have been present in the archaeal host. In this context it is noteworthy that 
many bacterial genes in eukaryotes, proposed to have been acquired upon mitochondrial 
endosymbiosis (Ku et al., 2015), had more likely been acquired by the archaeal host be-
fore (Ettema, 2016; Pittis and Gabaldón, 2016a). Another hypothesis that was put forward 
but has fallen out of favour stated that the two kinds of introns share a common ancestor 
in the last universal common ancestor and originated from a kind of ‘protospliceosome’ 
in the RNA world (Doolittle, 2013; Vesteg et al., 2012). This hypothesis is related to the 
introns-early hypothesis, which postulated that protein-coding genes interspersed with 
introns were the ancestral state (Doolittle, 1978). However, since it has been established 
that eukaryotes arose from within the Archaea (McInerney et al., 2014; Spang et al., 2015; 
Zaremba-Niedzwiedzka et al., 2017), it is extremely unlikely that the introns were lost in 
the bacterial and all non-eukaryotic archaeal lineages, but remained present in the direct 
line leading to the eukaryotes.

As demonstrated by relatively recent intron gains, not all spliceosomal introns in 
present- day eukaryotes are derived from group II introns. These introns have an endoge-
nous origin and different sources have been suggested, such as transposable elements, in-
ternal gene duplications and intronisation of translatable sequences (Catania et al., 2009). 
Although it has been proposed, based on these recent intron gains, that spliceosomal 
introns in general had an endogenous origin (Catania et al., 2009), one should note that 
the origin of novel introns does not necessarily reflect the origin of the first spliceosomal 
introns. Given the evidence supporting a relationship with group II introns, an endoge-
nous origin of spliceosomal introns during eukaryogenesis seems very unlikely.

Remnants of group II introns: snRNAs and Prp8
Numerous studies have noted the striking similarities in function and structure between 
the snRNAs and the group II intron domains and especially U6 snRNA and domain V 
look very similar (Figure 4.1) (Dayie and Padgett, 2008; Keating et al., 2010; Zimmerly 
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and Semper, 2015). For example, the catalytic triad and bulge are present in both struc-
tures, both bind divalent metal ions and they are functionally interchangeable (Dayie and 
Padgett, 2008; Fica et al., 2013; Keating et al., 2010; Shukla and Padgett, 2002). Parts of U5 
snRNA, which is involved in exon recognition, resemble exon-binding sites in domain I 
and these parts are functionally interchangeable as well (Hetzer et al., 1997; Newman and 
Norman, 1992; O’Keefe et al., 1996; Peters and Toor, 2015). Also domain VI and U2 sn-
RNA show similarities (Zimmerly and Semper, 2015). Th e parallels between snRNAs and 
group II introns have led to the idea that the snRNAs are fi ve pieces of a group II intron 
(Sharp, 1991). However, since the U1 and U4 snRNAs lack a clear similarity to group II 
domains, these probably have a diff erent origin (Zimmerly and Semper, 2015). Remarka-
bly, in some organelles group II introns are present in pieces, but splicing occurs normally 
(Reifschneider et al., 2016; Zimmerly and Semper, 2015). Furthermore, the experimental 
fragmentation of a group II intron in Lactococcus lactis demonstrated the potential for 
trans-splicing (Belhocine et al., 2008). Th ese observations make the hypothesised origin 
of the snRNAs from group II intron fragments plausible.

As mentioned above, a group II intron usually encodes an IEP. A homologous pro-
tein of IEP functions in the spliceosome, namely pre-mRNA processing protein 8 (Prp8), 
which is present in the U5 snRNP. Prp8 is present in the spliceosomal catalytic core and 
likely functions as an assembly platform (Galej et al., 2013; Peters and Toor, 2015; Turner 
et al., 2006). It is the largest and most conserved spliceosomal protein and interacts with 
the U2 and U6 snRNPs and especially the helicase Brr2 and GTPase Snu114, which are 
present in the U5 snRNP as well (Galej et al., 2014; Liu et al., 2006; Mozaff ari-Jovin et 
al., 2013; Nguyen et al., 2013; Valadkhan and Jaladat, 2010; Wahl et al., 2009). Th e fi rst 
indication for the homology between IEP and Prp8 was the presence of a reverse tran-
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Figure 4.1 | Resemblance between group II introns, and spliceosomal introns and snRNAs. a, Sim-
plifi ed secondary structure of a group II intron (IIA) with its intron-encoded protein (IEP). The largest part 
of domain I has been omitted. The catalytic triad and adenosine branch point are explicitly depicted. The 
structures are coloured based on their similarity to spliceosomal structures (b). The black RNA domains do 
not have homologous structures in the spliceosome. b, Simplifi ed secondary structure of a spliceosomal 
intron with the snRNAs and Prp8. U1 and U4 snRNA are not homologous to group II intron domains.
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scriptase (RT)-like domain in Prp8, which is similar to the RT domain in IEP (Dlakić and 
Mushegian, 2011; Qu et al., 2016; Zhao and Pyle, 2016). IEP did not only give rise to Prp8, 
but also to telomerase and the RT of non-long terminal repeat retrotransposons (Qu et 
al., 2016). At some point Prp8 must have lost its RT activity (Aravind et al., 2012; Dlakić 
and Mushegian, 2011), thereby losing the ability for retromobility while maintaining its 
maturase function, which has occurred frequently for IEPs in organelles as well (Zim-
merly and Semper, 2015).

Group II introns can be classified based on RNA structures or phylogenetic groupings 
of IEP (Simon et al., 2009; Toro and Martínez-Abarca, 2013; Zimmerly and Semper, 2015; 
Zimmerly et al., 2001). The exon recognition in spliceosomal introns is more similar to 
the A subtype of group II introns (Zimmerly and Semper, 2015). It is not known how 
Prp8 and its paralogues relate to the different IEP groups, which could be informative for 
the source of the group II introns that evolved into the spliceosomal introns.

Sm and Lsm proteins
Each snRNA in the spliceosome is accompanied by a heteroheptamer ring consisting of 
either Sm or Lsm proteins, which are both members of the Sm family of proteins. For 
U6 snRNA it is an Lsm ring made up of Lsm2-8, whereas the ring surrounding the other 
snRNAs consists of SmB, -D3, -G, -E, -F, -D2 and –D1 (Achsel et al., 1999; Collins and 
Penny, 2005; Lerner and Steitz, 1979; Matera et al., 2007; Mayes et al., 1999; Wahl et al., 
2009). The rings function as scaffolds, enabling interactions between the snRNAs and sn-
RNP proteins, and they are specifically involved in snRNP biogenesis (Mura et al., 2013). 
The central pore of the ring binds to uridine-rich stretches of RNA (Achsel et al., 1999; 
Matera et al., 2007). The Sm rings remain stably attached to the snRNA, whereas the Lsm 
ring disassociates from the U6 snRNA, together with the other U6 snRNP proteins (Val-
adkhan and Jaladat, 2010). This dissociation is essential for the formation of the catalytic 
core (Chan et al., 2003). U6 snRNA is also unique in the sense that its transcription is 
performed by RNA polymerase III instead of II, that it receives another 5́  cap, and is not 
exported to the cytoplasm (Kunkel et al., 1986; Valadkhan and Jaladat, 2010). The import 
into the nucleus of the other snRNAs is dependent on their interaction with the Sm ring, 
which is assembled around the snRNA in the cytosol (Matera and Wang, 2014; Matera 
et al., 2007).

Homologues of Sm and Lsm proteins are present in both bacteria and archaea. The 
bacterial homologue, Hfq, is encoded by a single-copy gene (Mura et al., 2013). Hfq pro-
teins comprise a homohexameric ring that functions as an RNA chaperone in multiple 
processes, for instance by mediating inhibiting interactions between non-coding RNAs 
and target mRNAs (Mura et al., 2013). Archaea have between one and three Sm-like 
archaeal proteins, making homohexameric or homoheptameric rings, and despite many 
studies focussing on the structure of these proteins, their function is not well-character-
ised (Mura et al., 2013).

Although an earlier study was unable to confidently infer the deep phylogenetic rela-
tionship between the eukaryotic Sm and Lsm genes (Scofield and Lynch, 2008), a more 
sophisticated analysis found that each spliceosomal Lsm gene was paired with an Sm gene 
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(Figure 4.2a) (Veretnik et al., 2009). In both studies the relationship with the prokaryotic 
outgroup was inconclusive. It was suggested that because of the greater divergence of the 
Sm genes these had acquired a new function in forming the Sm ring, whereas the Lsm 
ring was the ancestral one. This would be consistent with the observation that Lsm rings 
are also involved in other processes, whereas Sm rings are specific to the spliceosome 
(Scofield and Lynch, 2008; Veretnik et al., 2009). Based on this, two waves of duplications 
were proposed, the first one leading to the seven spliceosomal Lsm genes and then dupli-
cation of each Lsm gene to an Lsm–Sm pair. The pairing was confirmed by the observa-
tion that several of the pairs have an intron at the same position when intron locations are 
mapped onto the alignments of these pairs across 22 species. A small number of introns 
are even shared between certain Lsm-Sm pairs, i.e. Lsm6 and Lsm8 share an identical in-
tron position, as do Lsm3 and SmE. This is not trivial, as it implies that splicing could al-
ready take place before the early diversification of the Sm family in eukaryotes. Although 
the shared introns could reflect independent intron gain events, this is less likely since it is 
the case for multiple pairs and the inferred shared introns are present in multiple species. 
Furthermore, given the overall low number of introns (<3%) shared between paralogues 
originating from gene duplications during eukaryogenesis (Sverdlov et al., 2007) and the 
high inferred number of introns shared between orthologues in LECA (Rogozin et al., 
2003), this would suggest that these duplications occurred relatively late during eukary-
ogenesis.

Presumably, it started with a homoheptameric flexible Lsm-like ring (Figure 4.2b). A 
first wave of duplications resulted in an Lsm heteroheptamer. Before these duplications 
splicing already took place and the Lsm ring might already have had a function in splic-
ing. The specific steps from a homomeric to a heteromeric ring are difficult to infer. It has 
been suggested that once there was a heteromeric ring consisting of two different com-
ponents, the heptameric nature of the structure accelerated the transition to an entirely 
heteromeric ring with seven different subunits (Scofield and Lynch, 2008). The reason 
behind this is that seven is a prime, so the most stable heteromeric ring may be a com-
pletely heteromeric one. The resulting heteromeric nature of the ring enabled the steric 
specificity that is now present in these rings (Scofield and Lynch, 2008). Duplication of 
the entire ring resulted in the more stable Sm ring, which became associated with all 
snRNAs but U6. It has been proposed that the origin of the nucleus resulted in this sep-
aration between U6 and the other snRNAs, due to the latter’s export out and subsequent 
Sm-mediated import into the nucleus (Veretnik et al., 2009).

Helicases, Snu114 and SR proteins: addition of proteins involved in translation 
and RNA degradation
The ATP-dependent RNA helicases in the spliceosome are mainly from three families 
within the SFII superfamily, which is especially predominant in eukaryotes (Ananthara-
man et al., 2002). One of these is the eIF4A-DeaD family, which has in general only one 
representative in prokaryotes, DeaD, while in eukaryotes the family has vastly expanded 
to include around thirty distinct members, most of them functioning in the splicing re-
action (Anantharaman et al., 2002). Eukaryotic eIF4A can be regarded as the equivalent 
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Figure 4.2 | Evolution of the Sm and Lsm rings. a, Tree depicting the scenario on the evolution of the 
spliceosomal Lsm and Sm proteins, as proposed in Veretnik et al. (Veretnik et al., 2009). b, Possible scenario 
for the evolution of the Lsm and Sm rings. A homoheptameric Lsm ring interacted with the trans-acting 
U6 snRNA, thereby facilitating splicing of degenerating self-splicing introns. While the Lsm ring became 
heteromeric upon duplication and subfunctionalisation of the Lsm protein, the trans-acting U2 and U5, 
which all originated from the introns, and U1 and U4 snRNAs formed RNP complexes with the Lsm ring. 
Upon duplication of the ring, U6 snRNA was bound by the Lsm ring, whereas the other snRNAs formed a 
complex with the newly formed Sm ring, followed by the addition of other proteins.
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of prokaryotic DeaD, because of their similar function in translation regulation (Anan-
tharaman et al., 2002). The U5 snRNP-specific protein Brr2 is part of the Ski2p-LHR 
family within the SFII superfamily, whose members typically function in the exosome 
(Anantharaman et al., 2002).

Another protein in U5 snRNP is the aforementioned GTPase Snu114, which interacts 
with Brr2 and Prp8 and is located near the catalytic site. Snu114 was already present in 
LECA (Collins and Penny, 2005) and is homologous to the ribosomal translocase EF-2 
(Fabrizio et al., 1997). Apparently, multiple proteins involved in RNA degradation and 
translation were recruited into the spliceosome.

The SR splicing regulator proteins are characterised by an RNA recognition motif, 
which is also present in multiple prokaryotes, especially cyanobacteria (Califice et al., 
2012). A phylogeny based on these motifs pointed to a single origin for SR proteins as a 
sister group to the SR-like atypical RNPS1/SR45 proteins, albeit with marginal support 
(Califice et al., 2012). Moreover, the radiation into three SR families and a family com-
prising the RNPS1/SR45 proteins likely had occurred before LECA. This example em-
phasises the importance of gene duplications in the origin of the spliceosome, as do the 
evolutionary histories of Sm proteins and helicases.

The evolutionary history of many other spliceosomal proteins has been clarified to 
a lesser extent. The exact source of each component, i.e. whether it was present in the 
archaeal host, the bacterial endosymbiont, was acquired later via HGT or was a unique 
eukaryotic invention, is obscure as well. The aforementioned examples demonstrate that 
duplicates of proteins active in other RNA processes in the first stages of eukaryogenesis 
supplemented the group II intron core in the emerging spliceosome. Subsequent expan-
sions of these protein families resulting in many paralogues within the spliceosome con-
tributed to the vast complexity of the machine (Figure 4.3a).

Order of events
Several papers put forward a speculative order of events that led to the emergence of the 
spliceosome. The starting point for these scenarios is the presence of self-splicing group 
II introns, including their maturases, in the host genome. For example, Anantharaman 
et al. proposed that the Sm proteins were recruited by the self-splicing introns as protein 
cofactors, followed by RNA helicases, of which some had an exosomal function (Anan-
tharaman et al., 2002). The subsequent partial degeneration of the introns resulted in 
the snRNAs that partially replaced the introns themselves in the splicing machinery. On 
the other hand, the scenario of Martin and Koonin starts with the decay of self-splicing 
introns, requiring the recruitment of group II-derived RNAs, which evolved into the sn-
RNAs, and associated Sm proteins (Martin and Koonin, 2006). Subsequently, additional 
proteins were added to this spliceosomal core. The model of Veretnik et al. also begins 
with RNA components, at least U6 snRNA, associated with a homomeric, and later het-
eromeric Lsm ring (Veretnik et al., 2009). The interaction between U6 snRNA and the 
Lsm ring could according to this scenario be seen as a ‘frozen event’. The addition of other 
snRNAs, which became later on accompanied by the Sm ring, was the next step. Other 
components were added to the spliceosome successively. These scenarios differ most in 
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their proposed timing of the origin of snRNAs as distinct units. The models have in com-
mon that they regard Sm proteins as early additions to the spliceosome, as they are at the 
core of the complex.

The timing of the decay of self-splicing introns to spliceosomal ones, on the other 
hand, differs in these scenarios. Since group II introns have not been detected in nuclear 
genomes, all introns were apparently converted to spliceosomal introns or completely lost 
at some point before LECA. Complications with the expression of the targeted gene that 
arise when a group II intron is integrated in a nuclear gene were suggested to have caused 
their disappearance (Chalamcharla et al., 2010; Qu et al., 2014). However, their presence 
in non-coding regions would probably not have posed a challenge, implying that this 
cannot be a sufficient explanation (Doolittle, 2014). Although the low intracellular Mg2+ 
concentration in eukaryotes may have posed a barrier to group II introns in eukaryot-
ic genomes, including protein-coding genes (Truong et al., 2015), it does not seem an 
impossible barrier to overcome, especially given that splicing of group II introns can be 
induced in the cytosol in yeast (Chalamcharla et al., 2010; Qu et al., 2014). Therefore, a 
more complete and sufficient explanation remains to be postulated.

Spliceosomal diversity after eukaryogenesis
Evidently, much research has focused on the many steps leading to the complex nature 
of the spliceosome in LECA. Nevertheless, the lack of access to intermediate stages poses 
a challenge to precisely reconstruct the evolution of the spliceosome. The wide diversity 
of eukaryotic spliceosomes provides a rich source of complementary data that show both 
further complexification as well as simplification of the spliceosome (Figure 4.3b). The 
occurrence of these processes has implications for our understanding of the origin of the 
spliceosome.

Increase in complexity
In at least two lineages the spliceosome has become more complex. The most prominent 
complexification is the expansion of splicing regulator proteins, which are involved in the 
recognition of exons and introns, in plants and animals. The SR family has expanded in 
multicellular eukaryotes, especially in plants (Barbosa-Morais et al., 2006; Richardson et 
al., 2011). Angiosperms have typically around twenty SR proteins, animals about ten and 
protists two or three (Richardson et al., 2011). Also the number of hnRNP proteins has 
increased in multicellular organisms, which is even more pronounced than the SR family 
expansion (Busch and Hertel, 2012). The greater hnRNP diversity is especially prominent 

Figure 4.3 | Evolution of the spliceosome. a, Origin of the spliceosome during eukaryogenesis. The ma-
jor steps resulting in the domestication of self-splicing introns in the early eukaryotes are depicted. b, 
Subsequent evolution after eukaryogenesis resulting in the more complex or simple spliceosomes in five 
diverse eukaryotes. Besides the gain or loss of notable proteins, the net loss or gain of introns is depicted 
for each lineage. The internal branches seemed to have experienced no large change of intron density 
(Csuros et al., 2011). The circles, except Prp8, Snu114 and Brr2, represent an arbitrary number of proteins. 
The question marks in Giardia’s Lsm and Sm rings reflect the ambiguity about their exact composition 
(Collins and Penny, 2005; Veretnik et al., 2009).
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in vertebrates, whose genomes encode between twenty and forty of these proteins (Bar-
bosa-Morais et al., 2006). Other animals and plants typically have between ten and fifteen 
hnRNPs, which is much more than the one hnRNP present in yeast (Barbosa-Morais et 
al., 2006; Busch and Hertel, 2012). Furthermore, other regulatory factors, such as ELAV-
like and CELF proteins and kinases that phosphorylate SR proteins, have expanded in 
vertebrates (Barbosa-Morais et al., 2006; Tang et al., 2012). The diversification of these 
sets of proteins had already occurred before the last common ancestor of metazoans and 
the subsequent expansion in vertebrates is proposed to originate from the whole-genome 
duplications (Barbosa-Morais et al., 2006; Tang et al., 2012). Genome duplications may 
account for the extensive SR family expansion in plants as well (Richardson et al., 2011).

Although the high number of alternative splicing events in animals relative to other 
eukaryotes could be related to the expansion of the splicing regulator repertoire in these 
organisms (Roy and Irimia, 2014), this is not evidently the case in plants (Richardson et 
al., 2011). It is believed that due to the increased SR and hnRNP repertoire non-optimal 
splice sites were tolerated, since purifying selection on splice site sequences was relaxed 
(Busch and Hertel, 2012). The differences in the splicing regulator repertoire might un-
derlie the differential preference for exon skipping in animals, compared to intron reten-
tion in plants and other eukaryotes as alternative splicing mechanism (Roy and Irimia, 
2014).

Reduction in complexity
In many other eukaryotic lineages the evolution of the spliceosome is characterised by 
simplification. Both the loss of some subunits and the complete loss of the spliceosome 
have occurred. Based on draft genomes, introns and spliceosomal genes seem to be com-
pletely absent in a few microsporidia species (Akiyoshi et al., 2009; Cuomo et al., 2012) 
and in a diplomonad species (Andersson et al., 2007). The complete nucleomorph ge-
nome of a cryptophyte species also demonstrated a complete loss of introns and spliceo-
somal RNAs and proteins (Lane et al., 2007).

In contrast with the aforementioned loss of both the major and minor spliceosome 
and corresponding introns, the loss of only the latter has been more common. The minor 
spliceosome is present in representatives of all eukaryotic supergroups, but has at least 9 
times been lost during eukaryotic evolution (López et al., 2008; Russell et al., 2006). This 
loss is accompanied by a loss of U12-type introns, which can either be a complete loss 
of these introns or a conversion to U2-type introns (Bartschat and Samuelsson, 2010). 
The latter can be accomplished by mutations or a shift of the splice site, which were both 
found in the lineage leading to Caenorhabditis elegans (Bartschat and Samuelsson, 2010). 
Losses of U12-type introns are more frequently observed than conversions (Lin et al., 
2010).

In addition to the complete loss of either the minor spliceosome or both types of spli-
ceosomes, reduced spliceosomes have been observed and more thoroughly analysed in at 
least three lineages. This loss of spliceosomal subunits is associated with a lower number 
of introns (Hudson et al., 2012; Korneta et al., 2012; Stark et al., 2015). Numerous proteins 
can be absent from these spliceosomes. For example, the classical SR proteins appear to 
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have been lost in some lineages, including Saccharomyces cerevisiae (Busch and Hertel, 
2012; Collins and Penny, 2005). Even proteins that can be considered to belong to the 
core of the complex, like the snRNAs, Sm proteins and some other snRNP proteins, are 
not present in all eukaryotes. For instance, some organisms can perform splicing without 
a full set of Sm/Lsm proteins (Collins and Penny, 2005; Veretnik et al., 2009). The snRNAs 
of the diplomonad Giardia lamblia have characteristics of both major and minor splice-
osomal snRNAs and therefore the reduced spliceosome of this organism is suggested to 
be a hybrid (Hudson et al., 2012, 2015). Many spliceosomal proteins are missing in this 
diplomonad, but most U2 snRNP proteins and the core U5 snRNP proteins are still pres-
ent (Korneta et al., 2012). A similar reduction pattern has been observed in the red alga 
Cyanidioschyzon merolae (Hudson et al., 2015; Stark et al., 2015). The proteins remaining 
in both organisms correspond with the catalytic core of the spliceosome (Hudson et al., 
2015). On top of that, C. merolae seems to perform splicing without a U1 snRNP, as both 
U1 snRNA and U1 snRNP-specific proteins appear to be missing (Stark et al., 2015). This 
loss is hypothesised to mimic an ancestral state during eukaryogenesis in which U1 had 
not yet been added to the primordial spliceosome (Hudson et al., 2015). The observations 
that U1 snRNA does not have a clear analogue in group II introns and that it can be lost 
in the spliceosome, are arguments for a later addition of the U1 snRNP to the early spli-
ceosome.

Evolutionary models of spliceosomal evolution
Numerous scenarios for the evolution of the spliceosome have been suggested. Usually 
this concerns a description of what happened, but to truly comprehend the evolution of 
the spliceosome a transition has to be made from a mere description to addressing the 
evolutionary forces that shaped this complex machine. A number of hypotheses concern-
ing these forces have been proposed, as mentioned in the introduction. They propose that 
either the addition or loss of each component of a complex is an adaptation or that solely 
neutral processes are responsible for the shifts in complexity.

Adaptive model
Since the establishment of the power of natural selection, adaptive explanations for bio-
logical observations have been the most prominent and widely accepted. Many biologi-
cal papers propose an adaptive explanation for their observations, albeit often implicitly. 
Such explanations can in many cases be criticised as being just-so stories that lack proper 
evidence (Koonin, 2016). The role of natural selection in reductive evolution is widely es-
tablished, but this is not the case for its role in the increase in complexity. In that case, each 
addition should have been selected for. The function of the spliceosome is clear, namely 
removing spliceosomal introns from pre-mRNAs. The large compositional complexity 
is believed to have arisen to make splicing more efficient and precise and to stabilise 
the complex (Koonin, 2016; Martin and Koonin, 2006; Speijer, 2011; Wahl et al., 2009). 
However, the spliceosome seems to perform worse in these respects compared to the 
self-splicing capacity of group II introns (Stoltzfus, 1999). Furthermore, in many adaptive 
scenarios an innovation is necessary to compensate for a detrimental event, which is of 
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course maladaptive, such as the evolution of snRNAs to compensate for degenerated in-
trons and the higher complexity needed to cope with the expansion of introns into genes 
and the loss of clearly defined exon-intron boundaries (Anantharaman et al., 2002; Mar-
tin and Koonin, 2006; Zimmerly and Semper, 2015). Also a nucleus would be selected for 
due to the emergence of introns in genes, which resulted in the detrimental synthesis of 
aberrant proteins (López-García and Moreira, 2006; Martin and Koonin, 2006). Another 
proposed advantage of a complex spliceosome is that it enables better regulation called 
fine-tuning, which is especially the case in organisms that have extensive alternative splic-
ing (Speijer, 2011). An issue related to the emergence of the spliceosome is the origin of 
spliceosomal introns. The main adaptive value of these sequences is proposed to be an 
expansion of the proteome by facilitating exon shuffling and alternative splicing (Speijer, 
2011). This basically means that the increased genomic complexity due to introns is to 
enable an increase in complexity. Note that in all these adaptive scenarios the present-day 
function does not necessarily correspond to why the system originated in the first place 
(Koonin, 2016). In general, many adaptive roles for the spliceosome have been proposed, 
all giving reasons why splicing could be adaptive once you have it, yet failing to provide 
a reason for its very origin.

Neutral model
In the constructive neutral evolution model the increase in complexity can be seen as a 
‘drunkard’s walk’ into the more complex possibilities of a system (Stoltzfus, 2012). The 
concept of presuppression is central in this ‘walk’ (Gray et al., 2010). This means that a 
certain factor (A) is bound by another factor (B), which does not affect the function of 
the former. The effects of mutations in factor A that would normally impair its function, 
are now suppressed by the interaction with factor B. These previously deleterious mu-
tations are therefore now neutral and can become fixed in the population. This results 
in the dependence of factor A on factor B. In this way other mutations that strengthen 
this dependence may occur, resulting in a ratchet-like process. Reversal to the ancestral, 
independent state is possible, but given that there are more possibilities to increase this 
dependence, this is less likely. Via this mechanism of presuppression neutral evolution 
could result in a ratchet-like increase in complexity (Lukeš et al., 2011; Mast et al., 2014).

A well-established example of a similar neutral process resulting in increased com-
plexity is subfunctionalisation of paralogues after gene duplication. A combination of 
constructive neutral evolution and subfunctionalisation may explain the formation of a 
heteromeric protein complex from a homomeric state. Finnigan et al. demonstrated this 
experimentally for the evolution of the fungal vacuolar H+-ATPase ring and suggested 
that this could have been the case in other multi-paralogue complexes as well (Finnigan 
et al., 2012). As the spliceosome comprises multiple paralogues, such as the Sm proteins 
and helicases (Anantharaman et al., 2002; Lynch, 2012; Veretnik et al., 2009), a similar 
mechanism might have been operating in its evolution towards greater complexity as 
well.

It should be noted that it is difficult to classify an increase in complexity as neutral. As 
pointed out by Lynch (Lynch, 2007), each embellishment makes a biological system more 
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susceptible to inactivation by mutations. The additional feature should either provide 
a direct advantage to become fixed in the population or selection should be inefficient 
to remove this variant due to the larger effect of genetic drift in case of a small effective 
population size (Lynch, 2007). The latter is believed to have been the case during eukary-
ogenesis and this may explain the many complex characteristics of eukaryotes, including 
complex machineries such as the spliceosome (Koonin, 2009; Lynch, 2007, 2012).

In a neutral scenario the spliceosome would have evolved from the addition of new 
RNAs and proteins that do not improve the efficacy of the splicing reaction to the cata-
lytic core inherited from the group II intron ancestor. Moreover, at some point the struc-
tural RNA elements in the group II introns were replaced by fragments of other group 
II introns that acted as trans-acting RNAs. These primordial snRNAs and an IEP that 
acts as a general maturase, which does not only assist splicing of its own intron, would 
have made the RNA domains of the introns and a dedicated IEP redundant. In this way 
previously deleterious mutations in the introns are now presuppressed by the action of 
this trans-acting RNP complex, resulting in the loss of self-splicing features. This primor-
dial spliceosome would also allow the spread of inactive group II introns and intronised 
sequences unrelated to group II introns in the genome. The already established nucleus 
would have prevented aberrant protein synthesis upon invasion of the introns into pro-
tein-coding genes. The emergence of introns in genes would have made the eukaryotic 
lineage dependent on the spliceosome.

Numerous proteins were added to the spliceosomal core during eukaryogenesis. 
Many of these are clearly derived from proteins that already had an RNA-binding func-
tion (Anantharaman et al., 2002; Lukeš et al., 2011; Mura et al., 2013). Coincidental in-
teractions with these proteins could have caused presuppression and subsequent depend-
ence, increasing the complexity of the spliceosome without a clear benefit (Lukeš et al., 
2011; Mast et al., 2014; Stoltzfus, 1999). The expanding repertoire of splicing regulatory 
proteins would have enabled the decay of clearly defined exon-intron boundary features, 
leading to dependence as well (Lukeš et al., 2011). In these ways, the present-day splice-
osome would have been built up “step by unselected step” (Lukeš et al., 2011).

An interplay between neutral and adaptive evolution explains spliceosomal 
evolution
The lack of clear direct benefits of a complex splicing machinery in the early eukaryotes is 
a strong argument against an adaptive scenario for its evolution. The only plausible direct 
benefits are compensations for maladaptive features. In light of the small effective popu-
lation size inferred to have been present during eukaryogenesis based on the fixation of 
introns (Koonin, 2009; Rogozin et al., 2012) or paralogous genes (Makarova et al., 2005), 
or on the proposed early mitochondrial endosymbiosis event (Garg and Martin, 2016; 
Koonin, 2015; Makarova et al., 2005), this is definitely a possibility. However, a neutral 
scenario in which these features were tolerated by a more complex spliceosome remains 
more likely, because a maladaptive intermediate stage does not need to be invoked. Oth-
er advantages of spliceosomal introns and concomitantly the spliceosome, like enabling 
alternative splicing and fine-tuning, work on the long term. These are fully exploited only 
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in multicellular eukaryotes, making it therefore unlikely that this system has evolved for 
this particular purpose. The small effective population sizes before LECA, and in animals 
and plants seem to be largely responsible for the drastic increases in complexity of the 
spliceosome. A role of adaptive processes is not excluded and likely has played a role 
in certain interactions, but for each new feature the null-hypothesis of neutral, random 
evolution should convincingly be disproven (Koonin, 2016). Natural selection has defi-
nitely played a role in the simplification of introns and the splicing machinery that can be 
observed in multiple lineages. The selective pressure for streamlining that characterises 
organisms like yeast and Giardia has resulted in a significant loss of introns and spliceo-
somal components (Collins and Penny, 2005; Hudson et al., 2015; Korneta et al., 2012). 
Clearly, complexification in this process is not truly irremediable and can be overcome 
by natural selection.

The scenario we infer corresponds to a biphasic pattern of evolution, in which a short 
explosive innovation phase is followed by a much longer reductive phase (Cuypers and 
Hogeweg, 2012; Wolf and Koonin, 2013). Most of the complexity of the spliceosome 
emerged during eukaryogenesis. Subsequently, its complexity stabilised or decreased in 
multiple lineages. However, in the lineages leading to plants and animals, and within the 
animals the lineage leading to the vertebrates, additional periods of rising complexity 
took place. Most of the machine’s complexity does not seem to evolve gradually at a some-
what constant rate, but instead in rapid bursts. This alternation of periods of increasing 
and decreasing complexity has also been described for many other processes (Wolf and 
Koonin, 2013). Although often observed, a biphasic pattern does not offer an explana-
tion per se. One potential explanation for these patterns that has been put forward is 
that complex machines arising through e.g. constructive neutral forces can in subsequent 
evolutionary time provide an advantage in terms of adaptation in surviving lineages. This 
explanation has been argued for as a special case of multilevel selection (Doolittle, 1987, 
2016) and biphasic genome evolution is one of the most striking outcomes of computa-
tional modelling of the interplay between network and genome evolution (Cuypers and 
Hogeweg, 2012).

Conclusion and future directions
The spliceosome is a complex molecular machine that arose during eukaryogenesis and 
removes introns from pre-mRNAs, which is required to prevent the production of ab-
errant proteins. The spliceosome consists of five snRNPs, each comprised of an snRNA 
and proteins, and additional proteins. There is ample evidence that both the spliceosomal 
core and the spliceosomal introns originated from self-splicing group II introns, which 
are widely believed to have been transferred from the mitochondrial endosymbionts to 
the host DNA. The snRNAs, at least U2, U5 and U6, are likely derived from fragmented 
group II introns and the U5-snRNP-specific protein Prp8 evolved from the IEP of these 
introns. Sm proteins, helicases and other proteins were at some point recruited to the 
spliceosomal core. This addition and the extensive expansion of especially Sm proteins 
and helicases have drastically increased the complexity of the spliceosome during eukar-
yogenesis. Apparently, all group II introns in the nucleus were either lost or converted to 
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spliceosomal introns before LECA. During eukaryotic evolution a pronounced increase 
in spliceosomal complexity occurred in plants and animals, which mainly involved the 
regulatory proteins. In other lineages the spliceosome simplified, with U2 and U5 snRNP 
proteins being the least affected, and concomitantly the number of introns decreased.

The spliceosome-like machineries involved in group II intron splicing in some eu-
karyotic plastids and mitochondria could be an interesting model for the evolution of 
trans-splicing complexes from self-splicing group II introns, as they are less complex and 
have evolved more recently. Splicing facilitated by general maturases and other protein 
factors in plant organelles (Schmitz-Linneweber et al., 2015) and by an RNP complex 
comprising a trans-acting RNA and protein factors in the plastids of the green alga Chla-
mydomonas reinhardtii (Reifschneider et al., 2016), and suggested RNP complexes for 
excising so-called group III introns in the plastids of the excavate Euglena (Zimmerly and 
Semper, 2015) are interesting examples of recurrent evolution. These might shed more 
light on the origin of the spliceosome.

The spliceosome is one of the most complex machines that emerged during eukaryo-
genesis. Other complex features that originated in the eukaryotic lineage are for example 
the nuclear pore complex, an elaborate endomembrane system, the RNA interference 
machinery and the kinetochore (Gould et al., 2016; van Hooff et al., 2017; Rout and Field, 
2017; Shabalina and Koonin, 2008), to name a few. Moreover, multiple machineries in-
herited from the prokaryotic ancestors increased in complexity, like the ribosome, pro-
teasome and exosome (Lukeš et al., 2011; Lynch, 2012; Veretnik et al., 2009). These exam-
ples underscore the contribution of gene duplications to increased machine complexity 
(Lynch, 2012; Veretnik et al., 2009). It is tempting to speculate that the vast expansion of 
protein families reflects whole-genome duplications or hybridisation events, perhaps in 
syncytial early eukaryotes (Garg and Martin, 2016). The importance of neutral processes 
in the evolution of one of the most complex machines suggests that neutral evolution has 
contributed significantly to the complexity of other less complex machines as well. A pro-
found reconsideration of the evolutionary forces that shaped these complexes is therefore 
desired, in which neutral processes should be considered as null-hypothesis.
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Abstract
Eukaryotic genes are characterised by the presence of introns that are removed from the 
pre-mRNA by the spliceosome. This ribonucleoprotein complex is comprised of multiple 
RNA molecules and over a hundred proteins, which makes it one of the most complex 
molecular machines that originated during the prokaryote-to-eukaryote transition. Pre-
vious work has established that these introns and the spliceosomal core originated from 
self-splicing introns in prokaryotes. Yet it remains largely elusive how the spliceosomal 
core expanded by recruiting many additional proteins. In this study we use phylogenetic 
analyses to infer the evolutionary history of the 145 proteins that we could trace back 
to the spliceosome in the last eukaryotic common ancestor (LECA). We found that an 
overabundance of proteins derived from ribosome-related processes were added to the 
prokaryote-derived core. Extensive duplications of these proteins substantially increased 
the complexity of the emerging spliceosome. By comparing the intron positions between 
spliceosomal paralogs, we infer that most spliceosomal complexity postdates the spread 
of introns through the proto-eukaryotic genome. The reconstruction of early spliceoso-
mal evolution provides insight into the driving forces behind the emergence of complexes 
with many proteins during eukaryogenesis.

Introduction
The spliceosome is a dynamic ribonucleoprotein (RNP) complex that assembles on the 
pre-mRNA to remove introns, intervening sequences between the exons. The exons are 
spliced together to form mature mRNA. Like the complex, the exon-intron structure of 
protein-coding genes is characteristic of eukaryotes. Transcription and splicing occur in 
the nucleus, which physically separates these processes from protein translation. Failure 
of correct splicing generally results in non-functional proteins.

The composition of the spliceosome changes during the splicing cycle (Wilkinson et 
al., 2020). It consists of the five small nuclear RNAs (snRNAs) U1, U2, U4, U5 and U6, 
which are bound by multiple proteins to form small nuclear RNPs (snRNPs), and several 
additional subcomplexes and factors. In the splicing reaction, the 5́  splice site first reacts 
with the adenosine branch point, forming a lariat structure. Subsequently, the exons are 
ligated and the lariat intron is released. The components of the spliceosome orchestrate 
different activities in a precisely ordered manner: they recognise the splice sites and the 
branch point sequences, prevent a premature reaction, perform the splicing reaction and 
assemble, remodel or disassemble the complex. The spliceosome is one of the most com-
plex molecular machineries in eukaryotic cells and a complex spliceosome was present in 
the last eukaryotic common ancestor (LECA) (Collins and Penny, 2005).

Eukaryotes have two types of introns that are recognised by different spliceosome 
complexes. The vast majority of introns are of U2-type and are recognised by the major 
spliceosome; U12-type introns comprise a small minority (Moyer et al., 2020). The mi-
nor spliceosome specifically recognises U12-type introns and most proteins of the major 
spliceosome are also part of the minor spliceosome (Bai et al., 2021; Turunen et al., 2013). 
All snRNAs but U5 have a minor-spliceosome specific equivalent (U11, U12, U4atac and 
U6atac) and a few minor-spliceosome specific proteins have been identified, especially 
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in the U11/U12 di-snRNP (Turunen et al., 2013). The minor spliceosome and U12-type 
introns were also present in LECA (Russell et al., 2006).

In sharp contrast to a probably intron-rich LECA (Csuros et al., 2011; Vosseberg et 
al., 2022b) with a complex spliceosome, prokaryotes lack intragenic introns and a spli-
ceosome, meaning that they must have emerged at some time during eukaryogenesis. 
Spliceosomal introns and the key spliceosomal protein PRPF8 are thought to derive from 
self-splicing group II introns in prokaryotic genomes. This is based on similarities in the 
splicing reaction, function and structure of the RNAs involved, as well as the homol-
ogy inferred between the spliceosomal protein PRPF8 and the single protein encoded 
by group II introns, the intron-encoded protein (IEP) (Zimmerly and Semper, 2015). 
Recent work has suggested that the emergence of intragenic introns might have been an 
early event during eukaryogenesis (Vosseberg et al., 2022b). The evolutionary histories of 
a few gene families in the spliceosome have been described (Anantharaman et al., 2002; 
Califice et al., 2012; Veretnik et al., 2009) and they suggest gene duplications played a 
pivotal role in the emergence of the complex spliceosome. Yet, a detailed picture of the 
origins of the full spliceosome, one of the most complex machineries to emerge during 
eukaryogenesis, is lacking.

This paper details in-depth phylogenetic analyses to reconstruct the spliceosome 
in LECA and the evolutionary histories of these LECA proteins in the prokaryote-to- 
eukaryote transition. Subsequent integration of the phylogenetic trees with the positions 
of introns allows to investigate the relation between the origin of the spliceosome and the 
emergence of intragenic introns. Our findings underline the role of gene duplications in 
establishing the complex LECA spliceosome and we detected a strong evolutionary link 
with the ribosome. The intron analyses suggest that the emergence of a complex splice-
osome occurred late relative to the spread of introns.

Results

Complex composition of the LECA spliceosome
To infer the evolutionary origin of the LECA spliceosome, it is first necessary to establish 
which proteins were likely present in the spliceosome in LECA. The most recent system-
atic inventory of the composition of LECA’s spliceosome stems from 2005 (Collins and 
Penny, 2005) and since then multiple additional proteins, such as the minor-spliceosome 
specific proteins, have been traced back to the eukaryotic ancestor. In conjunction with 
the enormous increase in genomic data, this provides ample reasons to update the re-
construction of the composition of the LECA spliceosome. We carried out this recon-
struction by performing homology searches with spliceosomal proteins of human (Sup-
plementary Table 5.1) and baker’s yeast (Supplementary Table 5.2), two species whose 
spliceosomes are well-studied. We used a strict definition of the spliceosome, which ex-
cludes proteins that function in related processes such as the coupling of splicing with 
transcription and the regulation of splicing. 145 spliceosomal orthogroups (OGs) could 
be traced to LECA (Figure 5.1, Supplementary Table 5.3). This number is nearly twice as 
large as the previously estimated 78 spliceosomal proteins in LECA (Collins and Penny, 
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2005), a consequence of the expanded genomic sampling of eukaryotic biodiversity and 
increased knowledge on eukaryotic spliceosomes. The inferred number of spliceosomal 
LECA OGs is slightly lower than the number of spliceosomal proteins in human (164, 
only one LECA OG missing) and substantially larger than the number of proteins in the 
yeast spliceosome (99, 86 LECA OGs present). In addition to these proteins, five major 
spliceosomal snRNAs and the four minor-spliceosome specific snRNAs were also present 
in LECA.

Figure 5.1 | The spliceosome inferred in LECA. The names of OGs with a lower confidence score are 
in italics (possibly spliceosomal in LECA, see Methods). The OGs are grouped based on the subcomplex 
they are in or another collection (dashed line), and they are coloured based on their domain composition. 
Only domains that are present in at least three OGs are shown. The bar plot shows the number of OGs per 
domain. OGs that are only present in the minor spliceosome are displayed as minor-spliceosome specific. 
The main differences between the major and minor spliceosome are the presence of a U11/U12 di-snRNP 
instead of U1 and U2 snRNPs and the replacement of U4 and U6 snRNA with U4atac and U6atac snRNA. 
Two candidate minor-spliceosome specific proteins that we identified in this study are shown in the dot-
ted box. snRNP: small nuclear ribonucleoprotein; snRNA: small nuclear RNA; NTC: Prp19-associated com-
plex; NTR: Prp19-related complex; RES: retention and splicing complex; EJC: exon-junction complex; RRM: 
RNA recognition motif; ZnF: zinc finger; PPIase: peptidylprolyl isomerase; HAT: half-a-tetratricopeptide 
repeat; Ub: ubiquitin; HEAT/ARM: HEAT or armadillo repeats.
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From intron-encoded protein to PRPF8
As described above, the U2, U5 and U6 snRNA and the U5-snRNP protein PRPF8, as 
well as parts of the introns, are remnants of self-splicing group II introns. This means that 
during eukaryogenesis a system containing only a single RNA (the intron itself) and one 
protein (IEP) transformed into an enormously complex spliceosome in LECA. In princi-
ple, the prokaryotic origins of this system could be inferred from the phylogenetic affinity 
of IEP and the spliceosomal PRPF8 protein, as the reverse transcriptase (RT)-like domain 
in PRPF8 is homologous to the RT domain in IEP (Dlakić and Mushegian, 2011; Qu et al., 
2016; Zhao and Pyle, 2016). However, phylogenetic analysis of this domain is hindered 
by the high sequence divergence of PRPF8 and to a lesser extent its paralog telomerase, 
relative to prokaryotic RT domains. In our analyses, the nuclear homologs of IEP were 
not clearly associated with a particular IEP type and their exact phylogenetic position in 
the IEP tree was unresolved (Supplementary Figure 5.1a).

Group II introns occur predominantly in bacteria. A recent study showed that most 
complete archaeal genomes do not contain group II introns, with the exception of Meth-
anomicrobia (Miura et al., 2022). We detected group II introns in several Asgard archaeal 
genomes, which were from multiple different IEP types (Supplementary Figure 5.1b). 
This finding expands the set of observed IEP types in archaea to also include ML, D, 
E, CL2A and a separate CL type. The presence of these “bacterial” mobile elements in 
Asgard archaea is in good agreement with the diverse mobile elements that were recent-
ly found in circular Heimdallarchaeum genomes and the proposed continuous influx of 
bacterial genes in Asgard archaea (Wu et al., 2022). This so far unappreciated wide diver-
sity of self-splicing group II introns in Asgard archaea might indicate the presence of such 
elements in the archaeal ancestor of eukaryotes.

Expansion of the emerging spliceosome through extensive gene duplication
All other 144 spliceosomal OGs do not have a homolog in group II introns. We per-
formed phylogenetic analyses to infer their respective evolutionary origins (Supplemen-
tary Table 5.4). A few OGs had a complex evolutionary history since they contain mul-
tiple domains with a separate history and resulted from a fusion event (Supplementary 
Information). 56 OGs were most closely related to another spliceosomal OG (Figure 
5.2a) and therefore their pre-duplication ancestor was probably already part of the splice-
osome. By collapsing such close paralogous clades of spliceosomal OGs we identified 102 
ancestral spliceosomal units (Supplementary Figure 5.2). Duplications of spliceosomal 
genes increased the number of spliceosomal proteins with a factor of 1.4. The ancestral 
spliceosomal units themselves also originated in most cases from a duplication, but then 
from a gene with another function in the proto-eukaryotic cell. For 33 ancestral units 
we could not detect other homologs and these were therefore classified as proto-eukar-
yotic invention. One single spliceosomal OG, AAR2, was surprisingly found to be one-
on-one orthologous to a gene in a limited number of prokaryotes, including Loki- and 
Gerdarchaeota (Supplementary Information). Over a hundred proteins seemed to have 
been recruited to the emerging spliceosome at different points during eukaryogenesis. 
Subsequent duplications of these proteins resulted in an even more complex spliceosome 
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in LECA.
Eukaryotic genomes are chimeric in nature, with genes originating from the Asgard 

archaea-related host, the alphaproteobacteria-related protomitochondrion or other 
prokaryotes by means of horizontal gene transfer. The eukaryotic spliceosome mirrors 
this general trend. It contains considerable numbers of genes from archaeal and bacterial 
origin, making it a chimeric complex in phylogenetic origin (Figure 5.2b). The largest 
group, however, is comprised of genes for which we could not detect ancient homologs in 
prokaryotes and possibly originated de novo. This suggests that novel eukaryote-specific 
folds played a major role in shaping the emerging spliceosome. It is noteworthy that none 
of the acquisitions from bacteria could be traced back to alphaproteobacteria. This argues 
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Figure 5.2 | Evolutionary history of spliceosomal proteins before LECA. a, Annotations of the parent 
nodes of spliceosomal OGs. These parent nodes are shown in red in the example trees below. b, Bar plot 
showing the phylogenetic origins of spliceosomal OGs and ancestral spliceosomal units. c, Functions of 
the sister OGs of ancestral spliceosomal units.
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against a direct contribution of the mitochondrial endosymbiont to the spliceosome.

Spliceosomal proteins originated predominantly from ribosomal biogenesis, 
translation and RNA processing proteins
A relatively large number of spliceosomal OGs were acquired from genes that functioned 
in ribosome biogenesis and translation (Figure 5.2c), especially OGs from archaeal or-
igin. The U5 snRNP protein EFTUD2 is a paralog of elongation factor 2 (Figure 5.3a), 
which catalyses ribosomal translocation during translation elongation. The archaeal or-
tholog performs the same translocation function yet also probably plays a role in ribo-
some biogenesis that is similar to the other proto-eukaryotic paralog EFL1 (Lo Gullo 
et al., 2021). SNU13 and PRPF31 bind to U4 or U4atac snRNA (Nottrott et al., 2002). 
SNU13 is also part of the C/D-box snoRNP (Watkins et al., 2000) and PRPF31 origi-
nated from a C/D-box snoRNP protein (Figure 5.3b, c). The archaeal orthologs NOP5 
and RPL7Ae are part of the functionally equivalent C/D box sRNP (Figure 5.3d), which 
is involved in ribosome biogenesis by modifying rRNA (Aittaleb et al., 2003; Breuer et 
al., 2021). The eukaryotic DDX helicases, of which six were part of LECA’s spliceosome, 
evolved from prokaryotic DEAD and RHLE proteins, which also function in ribosome 
assembly (Charollais et al., 2004; Jain, 2008) (Figure 5.3e, f). A large group of related RNA 
helicases are the DHX helicases. The ancestral function of DHX helicases was probably 
related to ribosome biogenesis (Figure 5.3g). Recruitment into the spliceosome and du-
plications resulted in five spliceosomal DHX helicases.

The Lsm and Sm heptamer rings that bind U6 or U6atac snRNA and other snRNAs, 
respectively, are also of archaeal origin. The archaeal homologs, called Sm-like archaeal 
proteins (SmAPs), are poorly characterised RNA-binding proteins which might function 
in tRNA processing and RNA degradation (Lekontseva et al., 2021). The SmAP genes 
are located directly adjacent to ribosomal protein RPL37e (Mura et al., 2013), emphasis-
ing the potential link with translation. The eukaryotic Lsm ring is involved in different 
forms of RNA processing besides splicing (Mura et al., 2013), including rRNA maturation 
(Kufel et al., 2003). During eukaryogenesis the Lsm ring gained the U6(atac) binding 
function and was recruited into the spliceosome. Subsequent gene duplications resulted 
in the two types of heteromeric rings of Lsm/Sm proteins in the spliceosome (Supple-
mentary Figure 5.3, Supplementary Information).

A substantial fraction of the LECA spliceosome OGs contains an RNA recognition 
motif (RRM) (Figure 5.1). The proteins in this family perform diverse functions, as this 
domain can not only bind RNA but is also involved in protein-protein interactions (Maris 
et al., 2005). RRM proteins were likely acquired from a bacterium during eukaryogenesis, 
as proteins with this domain are present in some bacteria. Although the tree is largely un-
resolved due to the short length of the motif, multiple recruitments into the spliceosome 
can be observed, some followed by intra-spliceosome duplications (Supplementary Fig-
ure 5.4a). Functions of other RRM proteins that are closely related to the spliceosome 
OGs include transcription, splice site selection and mRNA degradation. Some OGs con-
tain multiple RRMs, pointing at a rich history of domain and gene duplications before 
LECA in this family.
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Figure 5.3 | Spliceosomal proteins that originated from ribosome-related proteins. a, Phylogenetic 
tree of the EF2 family. b, Phylogenetic tree of the NOP family. c, Phylogenetic tree of the RPL7A family. d, 
Evolution of the C/D box snoRNP and U4 snRNP proteins SNU13 and PRPF31 in LECA from the C/D box 
sRNP in the archaeal ancestor of eukaryotes. Homologous proteins are shown in the same colour. SNU13 
was present in both complexes in LECA. The grey protein corresponds with fibrillarin. e, f, Phylogenetic 
tree of the DDX helicase family, displaying two separate acquisitions during eukaryogenesis in two sep-
arate panels. The function of DDX59 has not been characterised but its phylogenetic profile is similar to 
minor-spliceosome specific proteins (de Wolf et al., 2021) (Supplementary Figure 5.7b). g, Phylogenetic 
tree of the DHX helicase family. a-c, e-g, Eukaryotic LECA OGs are collapsed and coloured based on their 
function, as are the prokaryotic clades. Introns inferred in LECA are depicted; columns with red/white 
circles correspond with the presence of introns at homologous positions. The gain of introns before du-
plications as reconstructed using Dollo parsimony is shown with red stripes on the branches. Scale bars 
correspond with the number of substitutions per site. Clades with significant support as assessed with 
the SH-like approximate likelihood ratio (SH-aLRT) and ultrafast bootstrap (UFB) values are indicated with 
filled circles.

Other large families that contributed substantially to the LECA spliceosome are the 
U1-type zinc finger and WD40-repeat families. The U1-type zinc finger family contains 
mainly spliceosomal OGs (Supplementary Figure 5.5a). WD40 repeats are present in 
many eukaryotic proteins with diverse functions. In contrast to the RNA handling func-
tions described before, the proteins that seem to be closely related to the spliceosomal 
WD40 OGs are mainly involved in intracellular transport, cilia and histone modifications 
(Supplementary Figure 5.5b).

Many minor-spliceosome specific proteins are closely related to a major spli-
ceosome protein
The major and minor spliceosome share many subunits (Bai et al., 2021; Turunen et 
al., 2013) and this was very likely also the case in LECA. We inferred 13 minor-splice-
osome specific proteins in LECA (Figure 5.1). Six of these are closely related to a ma-
jor-spliceosome specific protein. The RRM proteins SNRNP35 and ZRSR have a major 
spliceosome equivalent as their sister paralog, SNRNP70 and U2AF1 respectively (Sup-
plementary Figure 5.4b, c). RNPC3 is closely related to SNF but probably not as sister 
paralogs (Supplementary Figure 5.4d). The sister paralog of RNPC3 is RBM41, which 
is not well characterised. However, its phylogenetic profile corresponds with minor spli-
ceosome OGs (Supplementary Figure 5.7). If RBM41 is part of the minor spliceosome, 
the RNPC3- RBM41 duplication would represent the only identified duplication within 
the minor-spliceosome specific OGs. The phylogenetic position of the other minor spli-
ceosome OGs with an RRM is unresolved (Supplementary Figure 5.4a). ZMAT5 and 
SCNM1 are part of the U1-type zinc finger family. The equivalent of ZMAT5 in the ma-
jor spliceosome is SNRPC (Will et al., 2004) and SCNM1 functions as a combination 
of SF3A2 and SF3A3 (Bai et al., 2021). Although the phylogenetic tree of this family 
is unresolved, it is likely that these major and minor spliceosome equivalents are sister 
paralogs. The major spliceosome OG TXNL4A and minor spliceosome OG TXNL4B are 
clear sister paralogs (Supplementary Figure 5.5c). The sister paralog of the WD40-repeat 
protein CDC40, called WDR25 (Supplementary Figure 5.5b), has a presence pattern 
across eukaryotes that is typical of minor spliceosome OGs (de Wolf et al., 2021), like 
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RBM41 (Supplementary Figure 5.7). This protein has not been characterised either, yet 
its phylogenetic profile strongly suggests a function in the minor spliceosome.

A peculiar observation that we made for all major/minor pairs mentioned above is 
that the branch in the phylogenetic tree leading from the duplication to the minor-spli-
ceosome specific OG is considerably shorter than the one leading to the major splice-
osome-specific OG (Supplementary Figure 5.5d). This means that these major splice-
osome-specific OGs have diverged more from the ancestral preduplication state and 
suggests that the function of the minor-spliceosome specific SNRNP35, ZRSR, RNPC3, 
ZMAT5, SCNM1, TXNL4B and possibly WDR25, better reflect the ancestral state.

Substantial intron spread predating spliceosomal duplications
In a previous study we investigated the spread of introns in proto-eukaryotic paralogs 
(Vosseberg et al., 2022b). Intron positions that are shared between genes that duplicated 
during eukaryogenesis are likely shared because they were present in the gene before it 
duplicated. By analysing intron positions in spliceosomal OGs we can relate the dupli-
cations in the primordial spliceosome to the spread of the elements that they function 
on, the introns. We therefore applied the same approach as in our previous study to the 
para logs in the spliceosome. 45% of duplications that probably resulted in a novel splice-
osomal gene had at least one intron traced back to the preduplication state (13 of the 29 
to-spliceosome duplications). For 46% of the within-spliceosome duplications we detect-
ed shared introns between paralogs in the spliceosome (18 out of 39).

The presence of introns in ancestral genes that themselves likely did not function in 
the spliceosome is strikingly illustrated by the DDX and DHX helicases, with three to 
seven introns traced back to before the first duplication after the acquisition from prokar-
yotes (Figure 5.3). Introns shared between spliceosomal paralogs were also found in the 
Lsm, PPIase and WD40 families (Supplementary Figure 5.3a, Supplementary Table 5.5). 
The U5 snRNP proteins SNRNP200 and EFTUD2, which interact with PRPF8, shared 
multiple introns with paralogs outside the spliceosome and likely contained introns be-
fore they became part of the spliceosome (Figure 5.3, Supplementary Table 5.5). These 
numbers and cases suggest that introns were already present in a substantial number of 
ancestral genes before the corresponding proteins were recruited into the spliceosome 
and subsequently duplicated within the spliceosome.

Duplication and subfunctionalisation completed multiple times after eukaryo-
genesis: U1A/U2B"
A notable difference between the LECA spliceosome and the human and yeast splice-
osome is the presence of two proteins in both human and yeast stemming from a single 
SNF protein in LECA. In early studies the single SNF protein in Drosophila melanogaster 
was seen as the derived state and two separate proteins, U1A and U2B", were proposed 
to represent the ancestral state (Polycarpou-Schwarz et al., 1996; Williams and Hall, 
2010). However, with the availability of more genomes the human and yeast proteins 
were shown with high confidence to be the result of separate gene duplications (Williams 
et al., 2013). Additional SNF duplications were identified in other animal lineages (Wil-
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liams et al., 2013). We observed even more independent SNF duplications, 22 in total 
using our set of eukaryotic genomes (Supplementary Figure 5.6a). Guillardia theta even 
had an additional third one, probably from the secondary endosymbiont (Supplementary 
Information).

Drosophila SNF has a dual role in the spliceosome. It is both part of the U1 snRNP, 
where it binds U1 snRNA, and part of the U2 snRNP, where it binds U2 snRNA and U2A' 
(Weber et al., 2018). In human and yeast, U1A and U2B" have subfunctionalised and per-
form the respective functions as indicated by the snRNP in their name. To assess whether 
a similar subfunctionalisation has occurred in other lineages where SNF had duplicated, 
we looked for patterns of recurrent sequence evolution in the different paralogs with our 
previously published pipeline (von der Dunk and Snel, 2020). Two fates could be distin-
guished, which we refer to as U1A and U2B" based on the fates in model organisms. This 
distinction was based on a diffuse, mainly U1A-specific signal. Upon inspection of the 
two fate clusters and comparison with single SNF orthologs, the fate separation seemed 
to be predominantly based on recurrent substitutions in the first RRM of U1A and the 
recurrent loss of the second RRM in U2B" (Figure 5.4). We inferred 16 RRM loss events 
in U2B"-fate proteins (Supplementary Figure 5.6b). These recurrent sequence changes 
allow us to predict which inparalog is likely to have a U1A function and which one has a 
U2B" function in organisms where detailed biochemical studies are lacking. Besides these 
remarkable findings on recurrent sequence evolution, the repeated post-LECA duplica-
tions suggest that the complexification of the spliceosome by duplication during eukary-
ogenesis could in part have been driven by the same process as happened multiple times 
after LECA.

Discussion

A chimeric complex spliceosome that postdates the proliferation of introns
The spliceosome is one of the most complex molecular machines in present-day eukar-
yotes. In this study we reconstructed the composition of the spliceosome in LECA and 
traced the sometimes byzantine evolutionary histories of these 145 inferred spliceosomal 
proteins prior to LECA. Previous work has established that the core of the spliceosome – 
the U2, U5 and U6 snRNAs and PRPF8 – as well as the spliceosomal introns themselves 
evolved from self-splicing group II introns (Zimmerly and Semper, 2015). Proteins of 
archaeal and bacterial origin were added to this core, especially proteins that performed 
a function in ribosome biogenesis or translation. For many proteins we could not detect 
other homologous proteins, suggesting that the primordial spliceosome expanded with 
spliceosome-specific folds. Subsequent expansions resulted from the numerous gene du-
plications that we observed. These duplications enabled us to assess the extent of intron 
positions that were shared between paralogs and likely predated the duplication event 
(Vosseberg et al., 2022b). Our ancestral intron position reconstructions support the pres-
ence of introns in almost half of the proteins before their recruitment into the splice-
osome. This suggests that introns were already widespread through the genome when 
most components of the complex spliceosome emerged. The increase in spliceosomal 
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complexity did not coincide with the increase in intron numbers but followed it instead. 
We propose a scenario in which intragenic introns emerged early in eukaryogenesis and 
the complex spliceosome relatively late.

From group II introns to a complex spliceosome
The group II introns that gave rise to the spliceosomal introns are commonly proposed 
to have come from the protomitochondrion (Cavalier-Smith, 1991; Martin and Koonin, 
2006). Group II introns are present in several mitochondrial and plastid genomes (Zim-
merly et al., 2001). Notwithstanding the extent of horizontal gene transfer of these introns 
among eukaryotes, group II introns were probably present in the mitochondria in LECA 
(Kim et al., 2022). Our analysis did not yield sufficient phylogenetic signal to confidently 
position PRPF8 in the IEP tree. However, the identification of multiple intron types in 
Asgard archaea makes an alternative scenario in which group II introns were present in 
the archaeal genome before the mitochondrial endosymbiosis also plausible (Vosseberg 
and Snel, 2017; Vosseberg et al., 2022b).

Some self-splicing introns acquired the capacity to aid the splicing of other introns. 
Fragments of these introns evolved into the trans-acting snRNAs U2/U12, U5 and U6/
U6atac. IEP became a general maturase and lost its RT activity. Degeneration of self-splic-
ing introns resulted in primordial spliceosomal introns that required these snRNAs and 
the general PRPF8 maturase for splicing.

Proteins involved in the assembly and functioning of another large ribonucleoprotein 
in the cell, the ribosome, became part of the primordial spliceosome, supplemented with 
other RNA-binding proteins. The evolutionary link with the ribosome emphasises the 
comparable composition as a ribonucleoprotein with catalysing RNA molecules (ribo-
zymes). In contrast with the aforementioned spliceosomal snRNAs, the U1/U11 snRNA 
and U4/U4atac did probably not originate from the introns themselves. However, an evo-
lutionary link with translation and rRNA processing is present for these snRNAs too. U1/
U11 snRNA likely evolved from a tRNA (Hogeweg and Konings, 1985). The evolutionary 
histories of SNU13 and PRPF31 and similarities between U4 and C/D-box RNAs suggest 
that the U4(atac) snRNP evolved from a C/D-box snoRNP (Watkins et al., 2000).

The contribution of gene duplications in shaping the LECA spliceosome is in line with 
the central role of duplications in establishing eukaryotic features during eukaryogenesis 
(Makarova et al., 2005; Vosseberg et al., 2021a). Gene duplications were key for the emer-
gence of spliceosome-specific proteins from proteins that were part of other complexes as 
well as for expanding proteins that were already part of the spliceosome. This pattern has 

Figure 5.4 | Independent gene duplications and recurrent sequence evolution in the SNF family. 
The reconciled tree (see Supplementary Figure 5.6a for the full tree) shows the positions of gene dupli-
cations (red arrows) and the species names with duplicates are in bold. The coloured rectangles next to 
the species names correspond with the predicted fate of the duplicates. The most prominent recurrent 
patterns are depicted with colours corresponding with the fate this pattern is associated with. For the 
second RRM (RRM2) the pattern is the presence (blue bar), absence (dashes) or partial presence (“XX---“) 
of this domain. The secondary structure of the first RRM (RRM1) and the position of the patterns in the D. 
melanogaster sequence is shown at the top. The duplications in Sphagnum fallax and Emiliania huxleyi are 
not shown because the duplicates are identical for the positions that are displayed.
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also been observed for the kinetochore (Tromer et al., 2019). These kinetochore proteins, 
however, came from a wider variety of cellular processes compared with the spliceosome. 
The origin of another eukaryote-specific complex, the nuclear pore, compares well with 
the spliceosome regarding the chimeric prokaryotic ancestry of its components (Mans et 
al., 2004). This is unlike complexes and processes that predated eukaryogenesis, such as 
transcription and translation, which have a more consistent phylogenetic signal (Pittis 
and Gabaldón, 2016a; Vosseberg et al., 2021a). 

Origin of two types of introns and two types of spliceosomes
Two types of introns were present in the LECA genome, U2 and U12, which were removed 
from the primary transcripts by the LECA major and minor spliceosome, respectively 
(Russell et al., 2006). The far majority of introns were probably of U2-type (Vosseberg et 
al., 2022b). Different scenarios have been postulated for the emergence of two types of 
introns (Burge et al., 1998). In some scenarios the different intron types diverged from 
an ancestral set of introns, either in the same proto-eukaryotic lineage or two separate 
lineages that later fused. An alternative scenario proposes that the two types of introns 
originated from two separate introductions of group II introns in the genome. Previously, 
we called the separate introductions scenario unlikely based on the observed U12-type 
introns that are shared between proto-eukaryotic paralogs (Vosseberg et al., 2022b). The 
enormous overlap in composition between the major and minor spliceosome (Bai et al., 
2021; Turunen et al., 2013) refutes separate origins of these complexes from different 
group II introns. Many minor-spliceosome specific proteins have a close homolog in the 
major spliceosome and all snRNAs but U5 have equivalents in the other spliceosome 
type. This suggests that the divergence between the major and minor spliceosome oc-
curred relatively late in pre-LECA spliceosome evolution, after the addition of U1 and U4 
snRNA and U1 and U2 snRNP proteins. The minor-spliceosome specific proteins were 
estimated to have accumulated fewer substitutions after the duplications that separated 
major- and minor-spliceosome specific OGs. This suggests that the latter better reflect 
the ancestral situation. The U12-type introns and the minor spliceosome might therefore 
have originated earlier than the abundant U2-type introns and the major spliceosome.

Evolution of spliceosomal complexity
During eukaryogenesis the recruitment of proteins and gene duplications resulted in an 
increase in spliceosomal complexity. Spliceosomal evolution after LECA is in most eu-
karyotic lineages dominated by simplification. A clear example is the minor spliceosome, 
which was lost recurrently at least 23 times (Supplementary Information). Certain line-
ages have experienced substantial loss of spliceosomal genes that were part of the LECA 
spliceosome (Supplementary Figure 5.7). Only 59% of the LECA OGs are present in 
Saccharomyces cerevisiae, for example. Reduced spliceosomes have also been described in 
red algae and diplomonads (Hudson et al., 2019; Wong et al., 2022).

The most prominent example of a more complex spliceosome after LECA is the du-
plication of SNF in at least 22 lineages. To the best of our knowledge, this is the highest 
number of independent gene duplications in eukaryotes reported so far. It is slightly more 
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than the 16 MadBub duplications (Tromer et al., 2016) and the 20 EF1β/δ duplications 
that were described before (von der Dunk and Snel, 2020). We detected patterns of re-
current sequence evolution in the different paralogs, pointing at similar fates of these 
paralogs across eukaryotes. Given the described fates of the SNF paralogs in vertebrates, 
fungi, plants and Caenorhabditis elegans, a similar subfunctionalisation into dedicated U1 
and U2 snRNP proteins in other lineages with duplications is likely.

The recurrent loss of the second RRM in proteins with a predicted U2B" fate suggests 
that the function of this RRM is mainly restricted to the U1A role. Whereas the function 
of the first RRM has been described as binding to U1 and U2 snRNA, the function of the 
second RRM has remained elusive (Williams et al., 2013). The observation of recurrent 
loss of this RRM in specifically U2B" proteins provides possible directions for further 
molecular research.

The dual-function SNF protein seems to be poised for duplication and subsequent 
subdivision of the roles in the U1 and U2 snRNP. It is tempting to speculate that the re-
current duplication of SNF indicates that this specific gene duplication and subsequent 
subfunctionalisation could in principle have occurred during eukaryogenesis instead. 
Because it did not happen to be duplicated then, it could be seen as “unfinished business” 
during eukaryogenesis. The cases of independent gene duplications after LECA might be 
used as a model for proto-eukaryotic gene duplications. Because these duplications hap-
pened relatively recently, experiments based on ancestral protein reconstructions can be 
performed more reliably, as has been done for the SNF family in deuterostomes (Delaney 
et al., 2014; Williams et al., 2013). These experiments can provide insight into the role of 
adaptive or neutral evolution (Finnigan et al., 2012) in creating the complex spliceosome 
(Vosseberg and Snel, 2017).

Investigating the emergence of the complex eukaryotic cell
Our study provides a comprehensive view on the origin of the numerous proteins in this 
complex molecular machine, also in relation to the spread of the introns it functions on. 
Further studies on the spliceosome composition in diverse eukaryotes have the potential 
to identify more spliceosomal proteins in LECA. New developments in detecting deep 
homologies (Jumper et al., 2021; Monzon et al., 2022) could reveal additional links for the 
spliceosomal proteins that we classified as inventions in this study. Phylogenetic analyses 
combined with intron analyses on the numerous other complexes that emerged during 
eukaryogenesis could further illuminate their origin and thereby the major transition 
from prokaryotes to eukaryotes.

Materials and methods

Data
We used a diverse set of 209 eukaryotic and 3,466 prokaryotic (predicted) proteomes, as 
compiled for a previous study (Vosseberg et al., 2021a) from different sources (Deutekom 
et al., 2019; Huerta-Cepas et al., 2016a; Zaremba-Niedzwiedzka et al., 2017). Proteins 
from 167 of the eukaryotic species had been grouped in OGs using different approaches 
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(Deutekom et al., 2021). To illuminate the evolutionary history of some protein families 
(see below) we made use of the widely expanded set of Asgard archaeal genomes that has 
come available since. By including genomes from numerous studies (Farag et al., 2021; 
Huang et al., 2019; Imachi et al., 2020; Liu et al., 2018, 2021; Seitz et al., 2019; Sun et al., 
2021; Tully et al., 2018; Wu et al., 2022; Zhao and Biddle, 2021), the number of Asgard ar-
chaeal proteomes in our expanded set amounted to 133 in total. If no predicted proteome 
was available, the genomes were annotated with Prokka v1.13 (Seemann, 2014) for the 
genomes from (Liu et al., 2018; Seitz et al., 2019) or v1.14.6 with the metagenome option 
for the genomes from (Farag et al., 2021; Liu et al., 2021).

Reconstructing LECA’s spliceosome
To infer the composition of the spliceosome in LECA, we searched for orthologs of pro-
teins in the well-studied Homo sapiens and Saccharomyces cerevisiae spliceosome com-
plexes in other eukaryotic proteomes. A list of human and budding yeast spliceosomal 
proteins was obtained from the UniProt database (The UniProt Consortium, 2019) on 26 
February 2020, only including manually reviewed proteins (Supplementary Tables 5.1 
and 5.2). Proteins that are involved in other processes (such as transcription and poly-
adenylation) and splice site selection and splicing regulation were removed. The list was 
supplemented with human spliceosomal proteins from recent literature (Bai et al., 2021; 
Sales-Lee et al., 2021; de Wolf et al., 2021). Initial evolutionary scenarios of these proteins 
were inferred based on the approach of Van Hooff et al. (van Hooff et al., 2019). In short, 
the human and yeast protein sequences were searched against our in-house eukaryotic 
proteome database (Deutekom et al., 2019) with blastp (Altschul et al., 1990). Significant 
hits (E-value 0.001 or lower) in H. sapiens, Xenopus tropicalis, D. melanogaster, Salpingoe-
ca rosetta, S. cerevisiae, Schizosaccharomyces pombe, Spizellomyces punctatus, Thecamonas 
trahens, Acanthamoeba castellanii, Dictyostelium discoideum, Arabidopsis thaliana, Chla-
mydomonas reinhardtii, Cyanidioschyzon merolae, Ectocarpus siliculosus, Plasmodium 
falciparum, Plasmodiophora brassicae, Naegleria gruberi, Leishmania major, Giardia in-
testinalis and Monocercomonoides sp. were aligned with MAFFT v7.310 (E-INS-i option) 
(Katoh and Standley, 2013). These alignments were trimmed with trimAl v1.4.rev15 
(gappyout option) (Capella-Gutiérrez et al., 2009) and a phylogenetic tree was inferred 
with IQ-TREE v1.6.4 (Nguyen et al., 2015) using the LG+G4 model to establish the initial 
scenario (van Hooff et al., 2019): (i) easy, in case of orthologs in a diverse set of eukary-
otes; (ii) ancient (pre-LECA) duplication, when the set of homologs also includes clades 
of more distantly related homologs across eukaryotes; (iii) lineage-specific (post-LECA) 
duplication, when the spliceosomal function likely originated after LECA ; (iv) taxonom-
ically limited, with homologs in a limited set of eukaryotes. The latter cases were further 
studied by checking hits in the complete set of eukaryotes. For SNRNP27, CASC3 and 
WBP11, hits to the more sensitive Pfam models PF08648, PF09405 and PF09429 (Finn et 
al., 2016) detected before (Vosseberg et al., 2021a) were used instead of the BLAST-based 
homologs.

In case of an easy or ancient duplication scenario, a LECA OG was defined. If mem-
bers of this OG were present in both the human and yeast spliceosome, it was classified as 
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a LECA spliceosome OG. Yeast LIN1 (CD2BP2 ortholog) and PRP24 (SART3 ortholog) 
and human LUC7L and LUC7L2 (LUC7 orthologs) were not in the initial set but their 
ortholog was. These were included in the original list because these were also clearly 
described as spliceosomal in the literature. If an ortholog was not present in yeast, splice-
osomal annotations for orthologs in S. pombe, A. thaliana (both in the UniProt database) 
or Cryptococcus neoformans (Sales-Lee et al., 2021) were checked. If an ortholog was not 
present in human, the function of the A. thaliana ortholog was investigated. If these or-
thologs were not characterized, they were classified as spliceosomal in LECA if their close 
paralog was also in the spliceosome, or if they only had an annotated spliceosomal func-
tion. If their main function was in the spliceosome or if they were not well-characterised, 
they were classified as possibly spliceosomal. In case of multiple functions, the OG was 
discarded. The reconstruction of spliceosome OGs in LECA is summarised in Supple-
mentary Table 5.3.

Inferring pre-LECA evolutionary histories
To trace the pre-LECA histories of the inferred spliceosomal LECA proteins we performed 
phylogenetic analyses of these proteins with other eukaryotic OGs and with prokaryot-
ic proteins that are homologous to the spliceosomal proteins. We started by analysing 
the domain composition of the proteins and looking for these domains or full-length 
proteins in trees that we created for a previous study (Vosseberg et al., 2021a). Addition-
al phylogenetic analyses were performed for the families described below. Multiple se-
quence alignments were made with MAFFT v7.310 (Katoh and Standley, 2013) and sub-
sequently trimmed to remove parts of the alignment of low quality with trimAl v1.4.rev15 
(Capella-Gutiérrez et al., 2009) or Divvier v1.0 (Ali et al., 2019) (maximum of 50% gaps 
per position). The chosen options per family are shown in Supplementary Table 5.6. 
Phylogenetic trees were inferred using IQ-TREE v2.1.3 (Minh et al., 2020) with the best 
substitution model among nuclear models including LG+C{10,20,30,40,50,60} mixture 
models identified by ModelFinder (Kalyaanamoorthy et al., 2017). Mixtures models with 
an F-class were not considered, as recently recommended (Baños et al., 2022). Branch 
supports were calculated with 1,000 ultrafast bootstraps (Hoang et al., 2018) and the SH-
like approximate likelihood ratio test (Guindon et al., 2010). Topologies were compared 
using the approximately unbiased test (Shimodaira, 2002) with 10,000 replicates.

IEP-PRPF8
Representative sequences of prokaryotic and organellar IEP sequences and other prokar-
yotic RT-containing sequences were chosen from two datasets (Candales et al., 2012; Toro 
and Nisa-Martínez, 2014) and supplemented with four Asgard archaeal IEP sequences 
(Zaremba-Niedzwiedzka et al., 2017). We also selected slowly evolving representatives 
for PRPF8 and TERT. For the tree that included PRPF8 and TERT, separate alignments 
were made for the prokaryotic and organellar (E-INS-i algorithm), PRPF8 and TERT 
sequences (both with L-INS-i). We extracted the RT fingers-palm and thumb domains 
from these alignments based on a published structural alignment (Qu et al., 2016). The 
extracted domains were aligned and a tree was inferred. A constrained tree search with a 
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monophyletic PRPF8 and TERT clade was additionally performed.
We used eggNOG 4.5 (Huerta-Cepas et al., 2016a) annotations to identify additional 

Asgard archaeal IEPs by executing emapper-1.0.3 (Huerta-Cepas et al., 2017) with DI-
AMOND v0.8.22.84 (Buchfink et al., 2015) searches on the expanded Asgard set. Pro-
teins assigned to COG3344 were combined with the selection of IEP sequences; non-IEP 
COG3344 hits were discarded based on a preliminary phylogenetic tree.

AAR2
Only three prokaryotic AAR2 homologs were detected in the initial dataset based on hits 
to the PF05282 model (Vosseberg et al., 2021a), one in Limnospira maxima and two in 
Lokiarchaeum. We used the same approach to detect additional hits in the expanded set 
of Asgard archaea by running hmmsearch (HMMER v3.3.2 (Eddy, 2011)) with the Pfam 
31.0 hidden Markov models (HMMs) (Finn et al., 2016) using the gathering thresholds. 
Additionally, hmmsearch with the PF05282.14 model was performed on the EBI server 
(https://www.ebi.ac.uk/Tools/hmmer/search/hmmsearch) against the UniProtKB data-
base on 21 April 2022.

EFTUD2
The EF2 family has underwent multiple duplications in archaeal and eukaryotic evolu-
tion resulting in two orthologs in the last Asgard archaeal common ancestor and three in 
LECA (Narrowe et al., 2018). The latter are represented in eukaryotic eggNOG families 
(euNOGs) KOG0467, KOG0468 and KOG0469. To increase the phylogenetic resolution 
we used a ScrollSaw-inspired approach (Elias et al., 2012; Vosseberg et al., 2021a; van 
Wijk and Snel, 2020) to select slowly evolving sequences from four main eukaryotic clades 
(Amorphea, Diaphoretickes, Discoba and Metamonada). Asgard archaeal sequences as-
signed to COG0480 were aligned with E-INS-i. The alignment was trimmed with trimAl 
(-gt 0.5) and a tree was inferred using the LG+G4 model. Hodarchaeal representatives 
and other Asgard sequences from the same Asgard archaeal OG (see Supplementary In-
formation) were combined with the eukaryotic sequences.

PRPF31 and SNU13
For PRPF31, the sequences in the PF01798 tree were replaced with the corresponding 
full-length sequences to increase the phylogenetic signal. Based on the PF01248 tree, 
which includes SNU13, we chose two slowly evolving Opimoda and two Diphoda se-
quences (Derelle et al., 2015) per OG, supplemented with the archaeal RPL7Ae sequenc-
es. Full-length sequences were used for subsequent phylogenetic inference.

DDX helicases
Slowly evolving eukaryotic DDX helicase sequences were selected using the Scroll-
Saw-based approach on the sequences that were assigned to euNOGs that were part of 
the COG0513 cluster (Makarova et al., 2005). An alignment of these sequences was cre-
ated (E-INS-i, trimAl -gt 0.5) and a phylogenetic tree was inferred with FastTree v2.1.10 
(LG model) (Price et al., 2010). From this tree we selected per OG the sequence on the 
shortest branch for each of the four eukaryotic clades (if present and not on a deviating 
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long branch). The selected sequences were split into the two acquisitions and combined 
with prokaryotic COG0513 representatives.

DHX helicases
A similar approach as for the DDX helicases was applied to the COG1643 cluster 
(Makarova et al., 2005). The initial tree was based on an alignment created with E-INS-i 
and trimAl (gappyout option) and made using the LG+F+R8 model in IQ-TREE. An 
unclear clade with multiple OGs was reduced and sequences from the missing DHX40 
OG were added.

LSM
To elucidate the pre-LECA history of the Lsm/Sm proteins we initially made a tree com-
bining the eukaryotic sequences from LECA OGs in the Sm-like Pfam clan (PF01423, 
PF12701 and PF14438). We selected slowly evolving sequences as described for the DDX 
and DHX helicases from the resulting tree (alignment with FFT-NS-I, trimming with 
trimAl (-gt 0.1), tree with the LG+G4 model). LSM14 and ATXN2 were not included in 
the selection because of their divergent nature. The full-length sequences in the expanded 
set of Asgard archaea that were PF01423 hits were used for the SmAP tree. We selected 
representatives from the different clades and combined these with the full-length versions 
of the previously selected eukaryotic sequences. We also performed a constrained tree 
search with one monophyletic eukaryotic clade.

RRM and TXNL4
We identified LECA OGs in the PF00076 (RRM) tree based on automatic annotation 
and manual assessment (i.e., a high support value and substantial pre-LECA branch 
length). Per OG the shortest Opimoda and Diphoda sequence on the shortest branch 
were selected. For the different subtrees we selected full-length sequences in the OGs 
from H. sapiens, A. castellanii, A. thaliana, Aphanomyces astaci, Monocercomonoides sp. 
and N. gruberi. For RBM41 the Selaginella moellendorffii sequence was included to re-
place the missing A. thaliana ortholog. To illustrate the relationship between TXNL4A 
and TXNL4B in the larger thioredoxin family, we used orthologs from the same species 
as chosen for the RRM subtrees.

U1-type zinc finger
Slowly evolving sequences from the euNOGs in the smart00451 cluster (Makarova et 
al., 2005), supplemented with the SCNM1 euNOG ENOG410IW6J, were selected with 
the aforementioned ScrollSaw-based approach. These sequences were aligned with the 
E-INS-i algorithm and the resulting alignment was trimmed with trimAl (-gt 0.25). 
Based on the inferred tree with the VT+R4 model, we selected the shortest sequences per 
OG from each of the four eukaryotic groups.

WD40
The ScrollSaw-based approach was also applied to the euNOGs in the COG2319 cluster 
(Makarova et al., 2005), using bidirectional best hits between Opimoda and Diphoda 
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species instead because of the size of this protein family. An alignment of the selected 
sequences was made (E-INS-i, trimAl gappyout) and a tree inferred (LG+R4 model). Per 
OG the shortest Opimoda and Diphoda sequence was chosen. PPWD1 and some poten-
tial sister OGs based on the BLAST trees were not in the COG2319 cluster. We followed 
a similar approach to identify slowly evolving sequences for these euNOGs (KOG0882, 
ENOG410IQTX, -0KD7K and -0IF90), using a different gap threshold (50%) and sub-
stitution model (LG+R3). Based on the BLAST trees and the COG2319 cluster tree, we 
identified potential sister OGs and inferred a tree with these OGs and the spliceosomal 
OGs.

Ancestral intron position reconstructions
We performed ancestral intron position reconstructions for the identified pre-LECA 
para logs in the entire clade or only for the spliceosomal OGs and sister OGs (Supple-
mentary Table 5.5), depending on the number of OGs in an acquisition or invention. To 
establish the content of the OGs, we started with the euNOG assignments. If the taxo-
nomic distribution of the euNOG was limited, we continued with the Broccoli (Derelle 
et al., 2020) OG assignments (Deutekom et al., 2021). A phylogenetic tree of the OG was 
inferred to check for the presence of non-orthologous or dubious sequences and remove 
these (E-INS-i, trimAl -gt 0.5 or -gappyout, FastTree -lg). After cleaning up the OGs, 
a final E-INS-i alignment was made. Except for the alignment with PRPF8 and TERT, 
which was based on the RT domain (see ‘IEP-PRPF8’ above), the full-length sequences 
were used for this alignment. Intron positions were mapped onto the alignment using 
the method described before (Vosseberg et al., 2022b). LECA introns were inferred with 
Malin (Csűrös, 2008) using the intron gain and loss rates that we previously estimated for 
the KOG clusters (Vosseberg et al., 2022b). Pre-duplication introns were inferred using 
Dollo parsimony.

Recurrent duplication and subfunctionalisation of SNF
To identify post-LECA duplications, SNF sequences were aligned with E-INS-i and this 
alignment was trimmed with Divvier. The SNF tree was inferred with the LG+C50+R6 
model and manually reconciled with the species tree to annotate gene duplication events. 
We looked at potential duplications in more detail by remaking trees of specific parts 
of the tree, including additional species from our original set (Deutekom et al., 2019). 
Prior to making the final alignment, we removed additional in-paralogs, probable fission 
events or partial annotations and the sequences from Guillardia theta, which had likely 
acquired a third copy from its endosymbiont. The final alignment was made with the 
E-INS-i algorithm. This alignment and the annotated duplication events were used as 
input for our previously published pipeline to identify patterns of recurrent sequence 
evolution after independent gene duplications (von der Dunk and Snel, 2020).

Statistical analysis
Statistical analyses were performed in Python using NumPy v1.21.141 (Harris et al., 2020) 
and pandas v1.3.142 (McKinney, 2010). Figures were created with Matplotlib v3.4.245 
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(Hunter, 2007), seaborn v0.11.146 (Waskom, 2021) and FigTree v1.4.3 (https://github.
com/rambaut/figtree).

Data availability
Fasta files, phylogenetic trees and mapped intron files are available in figshare (https://
doi.org/10.6084/m9.figshare.20653575).
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Supplementary Results and Discussion

Gene fusion
Some spliceosomal OGs had a more complex evolutionary history because their domain 
composition was the result of a gene fusion during eukaryogenesis. Three OGs combine 
an RRM with another domain that is also part of other spliceosomal OGs: SART3, ACIN1 
and U2SURP (Figure 1). The statistics in the main text (e.g., sister function and phyloge-
netic origin) are based on the largest domain, namely the HAT domain for SART3 and 
the RRM domain for ACIN1 and U2SURP, instead of SAP and SURP, respectively. These 
SAP and SURP domains are present only in combination with other domains in the spli-
ceosomal OGs. Ubiquitin domains are combined with a SURP domain in SF3A1 and 
with a SAP domain in SDE2. The main classification for both was based on the ubiquitin 
domain. In SF3A3, a SAP domain is combined with a U1-type zinc finger and a SURP 
and G-patch domain are combined in SUGP1. For these proteins, the SURP and SAP 
domain were respectively used for the statistics. The G-patch domain was also not used 
for this in case of TFIP11, which combines this domain with a GCFC domain. PPWD1 
combines a WD40 and PPIase domain, with the former comprising a larger part of the 
protein. SNRNP200 has an additional PWI domain. PRPF8 acquired a MPN domain, 
which is present in proteins involved in deubiquitination, from an Asgard archaea-de-
rived protein.

A specific example of a domain that was acquired after LECA and is worth mention-
ing is the PPIase domain in PPIE, which was acquired in the opisthokont lineage. The 
OG name PPIE is due to the PPIase domain in the human protein, despite only the RRM 
domain probably being present in LECA.

AAR2
The presence of 1-on-1 orthologs of eukaryotic AAR2 in prokaryotes is remarkable since 
the spliceosome is eukaryote-specific. AAR2 binds to parts of PRPF8 that are not pres-
ent in IEP, including the RNaseH-like domain (Galej et al., 2013). It has a very sparse 
presence distribution in prokaryotes. We detected homologs in multiple cyanobacteria, 
Lokiarchaeota, Gerdarchaeota, one Helarchaeote, one unclassified Asgard archaeon, one 
planctomycete and one bacterium classified as Ardenticatenales (Chloroflexi). These 
proteins have not been characterised yet. Their function could provide insight into the 
transition from AAR2’s original prokaryotic function to its spliceosomal function in eu-
karyotes.

Asgard archaeal EF2
The evolutionary history of EF2 in archaea involved a gene duplication before the last 
Asgard archaeal common ancestor (Narrowe et al., 2018). The LC3 lineage, which has 
recently been renamed to Hodarchaeota (Liu et al., 2021), lost one of the paralogs and 
concomitantly was the only Asgard archaeal lineage to retain the diphthamide biosynthe-
sis genes (Narrowe et al., 2018). In our tree of archaeal EF2 sequences we could distin-
guish two clear OGs, which corresponded with the “bona fide” EF2 (aEF-2) and EF2 “par-
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alog” (aEF-2p) described before (Narrowe et al., 2018). Interestingly, the Hodarchaeal 
sequences were with high support in the aEF-2p clade. The Jordarchaea also encoded 
solely EF2 sequences from this OG and had retained the HRG motif, which is present 
in archaea with a single EF2 copy. This motif is the site of diphthamide modification. In 
fact, the diphthamide biosynthesis COGs COG1736, -1798 and -2102 were present in 
Hodarchaea, Jordarchaea and the Asgard Lake Cootharaba group (ALCG). For the latter 
group, no EF2 homologs were detected, probably because of incomplete genomes. These 
findings corroborate the previously published pattern of losing one of the paralogs and 
retaining the diphthamide biosynthesis genes in Asgard archaea and Korarchaeota (Nar-
rowe et al., 2018).

Eukaryotic EF2, EFL1 and EFTUD2 are strongly affiliated to the archaeal EF2 from 
the LC3 lineage. According to our analysis this would suggest that the aEF-2p sequenc-
es retained their ribosome translocation function and HRG motifs after duplication in 
at least the lineages leading to the eukaryotes, Hodarchaea, Jordarchaea and probably 
ALCG. In these same lineages the diphthamide biosynthesis genes were retained and the 
“bona fide” EF2 was lost. Alternative scenarios with multiple HGT events among Asgard 
archaea are less likely since it involves multiple genes.

Lsm
The interpretation of the Lsm tree, especially when including a wide range of archaeal 
sequences, is notoriously difficult due to its unresolvedness. This likely results from a 
low phylogenetic signal in these relatively short sequences. Our phylogenetic tree from 
only eukaryotic sequences is not dissimilar to the previously observed Sm/Lsm pairing 
of proteins with the same position in the Sm and Lsm rings (Veretnik et al., 2009) (Sup-
plementary Figure 5.3a). This provides support to the co-duplication of the genes that 
were part of an ancestral heteroheptameric ring, resulting in separate Sm and Lsm rings. 
Subsequent duplication of a few single Sm and Lsm genes resulted in two other Lsm/Sm 
rings in LECA. The Lsm rings are involved in multiple RNA-related processes (Scofield 
and Lynch, 2008), including U6 snRNA binding, and therefore likely represent the ances-
tral function of these proteins.

Asgard archaeal SmAP genes can be separated in three OGs that were probably pres-
ent in the Asgard ancestor (Supplementary Figure 3b). The eukaryotic sequences were 
split in two groups that were related to two separate Asgard archaeal OGs (Supplemen-
tary Figure 5.3c). Although eukaryotic monophyly could not be rejected (approximately 
unbiased test, P = 0.225), eukaryotic Sm genes seem to originate from two separate host 
genes.

SNF
The SNF tree is mostly unresolved and proteins that have the same predicted fate cluster 
together to some extent (Supplementary Figure 5.6a). This suggests that there is a con-
flicting signal between the phylogenetic signal and the fate-specific patterns. The gene 
duplications that occurred in the ancestors of Tracheophyta, S. fallax, A. castellanii, E. 
huxleyi, C. elegans and Stegodyphus mimosarum are clear from the tree. The duplicates 
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in Chlorella variabilis, Acytostelium subglobosum and Nannochloropsis gaditana are close 
together in the tree, albeit not monophyletic, making these likely the result of lineage- 
specific duplications. The previously described duplication in vertebrates can also be seen 
in the SNF tree (Williams et al., 2013). The paralogs in Oikopleura dioica, Adineta vaga, 
Ramazzottius varieornatus, Cyanophora paradoxa and Bigelowiella natans are quite diver-
gent and do not cluster together but probably represent lineage-specific dupliations. The 
two copies in Schistosoma mansoni likely resulted from an ancestral duplication in the 
Platyhelminthes, either before or after the split with Schmidtea mediterranea. Two SNF 
genes were present in the ancestors of Ichthyosporea, Choanoflagellatea and probably 
Fungi, likely reflecting separate duplications. An alternative scenario in which a gene 
duplication took place in an opisthokont ancestor and subsequently one of the copies 
was lost in the animal, Capsaspora owczarzaki and Nuclearia lineages is less likely, as it 
requires a dual U1 and U2 function to have been maintained in these two paralogs until 
those lineages separated from the ones that kept both copies. Given the presence of two 
SNF genes in the Alveolata and Metamonada species that we considered, duplications 
before the last common ancestors of Alveolata and Metamonada, respectively, is the most 
parsimonious explanation. In a tree with only Archaeplastida and Cryptista sequences 
one of the three G. theta sequences was together with the red algae, indicating an endo-
symbiotic origin of the third SNF sequence in this species.

Using the pipeline that we published before (von der Dunk and Snel, 2020), we ob-
tained a high pervasiveness score (P = 21, including the excluded G. theta would make 22 
independent duplication events) and low fate similarity score (ZF = 1.867). The predicted 
fates of vertebrate, yeast and A. thaliana genes were consistent with the U1A and U2B" 
distinction. However, the C. elegans paralogs RNP-3 and RNP-2 were clustered with the 
U1A and U2B" proteins, respectively, contrary to their functional characterisation (Saldi 
et al., 2007). This could be due to the functional redundancy observed for these paralogs 
(Saldi et al., 2007). We adjusted the fate prediction for the C. elegans proteins to fit their 
described function. For three species the predicted fates did not correspond with the 
fates of orthologs in closely related species. The U2B" prediction of the U1A protein in 
Sphaeroforma arctica was probably caused by its missing second RRM (Figure 5.4 and 
Supplementary Figure 5.6b). The prediction of the SNF proteins in Coemansia reversa 
and Ichthyophthirius multifiliis was also not consistent with close fungal and alveolate 
orthologs, respectively. The not fully consistent prediction is not unexpected given the 
low fate similarity.

Besides the recurrent substitutions in U1A and U2B" fate proteins, lineage-specific 
substitutions could have played a role in the subfunctionalisation. Biochemical analyses 
of reconstructed ancestral sequences in vertebrates demonstrated how substitutions of 
five consecutive amino acids in the first RRM effected the changes in snRNA specificity 
(Delaney et al., 2014). Recurrent substitutions in these positions were not identified by 
our pipeline.
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Minor spliceosome
Based on the absence of both minor-spliceosome specific proteins and snRNAs (Sup-
plementary Figure 5.7b) we could infer that the minor spliceosome was lost completely 
23 times, in the Ichthyophonida, Choanoflagellatea, Chromadorea, R. varieornatus, O. 
dioica, Nuclearia sp., Mitosporidium daphniae, Blastocladiomycota, Kickxellomycoti-
na, Mortierellomycotina elongata, Dikarya, Entamoebidae, Haptophyta, Labyrinthulea, 
Ochrophyta, Myzozoa, Oligohymenophorea, Rhizaria, G. theta, Rhodophyta, Chloro-
phyta, Metamonada and Discoba (if these last two groups are not monophyletic). Addi-
tionally, the loss of the minor spliceosome is likely in D. discoideum, A. subglobosum and 
T. trahens (only RNPC3 detected in those species) and Encephalitozoon intestinalis (only 
ZMAT5 detected). The latter would make the loss in both M. daphniae and E. intestinalis 
likely to have happened in a microsporidian ancestor. This parsimonious reconstruction 
of minor spliceosome loss suggests 10 additional loss events compared with a previous 
study (López et al., 2008).
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Supplementary Figures

Supplementary Figure 5.1 | Evolutionary history of the intron-encoded protein. a, Phylogenetic po-
sition of PRPF8 and TERT in the IEP tree. b, Phylogenetic position of Asgard archaeal IEPs. Filled circles 
correspond with an SH-like approximate likelihood ratio of at least 0.8 and an ultrafast bootstrap value 
of at least 0.95; scale bars represent the number of substitutions per site. ML: mitochondria-like, CL: chlo-
roplast-like, RT: reverse transcriptase, DGRs: diversity-generating retroelements, UG10 and UG11: RTs of 
unknown function. 
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Supplementary Figure 5.2 | Ancestral spliceosomal units. Duplications within the spliceosome are col-
lapsed and the function of the eukaryotic sister OG (if detected) is indicated.
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Supplementary Figure 5.3 | Evolutionary history of Lsm/Sm proteins. a, Phylogeny of eukaryotic Lsm/
Sm proteins. The tree was rooted using midpoint rooting. The intron positions that are shared between 
paralogs are indicated. The intron with an asterisk was classifi ed as U12-type intron (Vosseberg et al., 
2022b). b, Phylogeny of SmAPs in Asgard archaea. The names follow the classifi cation used in previous 
work (Mura et al., 2003). The presence distribution shows that SmAP3 is restricted to a subset of taxa. c, 
Phylogeny of eukaryotic and Asgard archaeal Sm-family proteins.
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Supplementary Figure 5.4 | Evolutionary history of RRM proteins. a, Phylogeny of RRMs. LECA OGs 
are collapsed and coloured based on their function. Names are only shown for the spliceosomal OGs. b, 
Phylogeny of SNRNP70 and SNRNP35. The tree was rooted with PPIL4. c, Phylogeny of U2AF1 and ZRSR. 
The tree was rooted with RBM39. d, Phylogeny of SNF, STEEP1, RBPMS, RNPC3 and RBM41. The tree was 
rooted between SNF and RNPC3 based on the topology in the full tree. b-d, Branch labels correspond with 
ultrafast bootstrap values. Major: major spliceosome-specifi c protein; minor: minor spliceosome-specifi c 
protein.
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Supplementary Figure 5.5 | Evolutionary history of other large families that contributed to the spli-
ceosome. a, Phylogeny of U1-type zinc fi nger proteins. b, Phylogeny of spliceosomal and closely related 
WD40 proteins. c, Phylogeny of TXNL4A and TXNL4B. The tree was rooted with NXN. d, Relation between 
branch lengths of major- and minor-spliceosome specifi c proteins. Because no outgroup was used for the 
SNF/RNPC3 root, the range of possible duplication-to-LECA branch lengths is plotted. a, c, Branch labels 
correspond with ultrafast bootstrap values. 
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Supplementary Figure 5.6 | Evolutionary history of SNF proteins after LECA. a, Phylogenetic tree of 
SNF. The four letters in the sequence identifi ers refer to the species name (see Supplementary Table 1 in 
(Deutekom et al., 2019)). Paralogs are coloured based on their predicted fate, U1A (blue) or U2B" (yellow), 
including adjustments. Pink branches connect U1A and U2B" fate proteins of the same species, if nec-
essary. Grey branches refl ect duplications without a diff erent fate prediction and the G. theta proteins. 
Branch labels correspond with the SH-like approximate likelihood ratios and ultrafast bootstrap values in 
percentages. b, Presence profi le of a second RRM domain in case of a single copy or two paralogs. Num-
bers in parentheses refl ect the number of species.
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Supplementary Figure 5.7 | Presence of spliceosomal LECA OGs across eukaryotes. a, Presence of the 
145 spliceosomal LECA OGs across 167 eukaryotes. The columns correspond with the species, clustered 
based on the species tree. Eukaryotic groups are highlighted with diff erent colours. The rows correspond 
with the spliceosomal LECA OGs; the names of some are indicated. The OGs are clustered with average 
linkage based on correlation distances. b, Presence of minor-spliceosome specifi c proteins and snRNAs 
across eukaryotes. The candidate minor-spliceosome specifi c proteins RBM41, WDR25 and DDX59 are in-
cluded.
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Supplementary Tables
Supplementary Tables 5.1-5.5 are available online on the website of bioRxiv  
(https://doi.org/10.1101/2022.08.31.505394).

Supplementary Table 5.1 | Spliceosomal proteins in human.

Supplementary Table 5.2 | Spliceosomal proteins in baker’s yeast.

Supplementary Table 5.3 | Spliceosomal LECA OGs.

Supplementary Table 5.4 | Evolutionary histories of spliceosomal LECA OGs.

Supplementary Table 5.5 | Introns inferred in LECA for the spliceosomal LECA OGs and the 
numbers of intron positions shared with paralogs.

Supplementary Table 5.6 | Programs and settings used for phylogenetic inference.

Family MAFFT alignment Alignment trimming
Selected 
substitution model

IEP-PRPF8-TERT L-INS-i trimAl 50% LG+F+R7

IEP: Asgard archaea E-INS-i trimAl 50% LG+F+R7

EF2 (EFTUD2) E-INS-i Divvier LG+C60+I+G

PRPF31 E-INS-i trimAl 50% Q.pfam+F+R5

SNU13 E-INS-i trimAl 50% LG+G4

DDX: EIF4A E-INS-i Divvier LG+C60+R7

DDX: DDX3 E-INS-i Divvier LG+C60+R6

DHX E-INS-i Divvier LG+C60+R6

LSM: eukaryotes L-INS-i trimAl 10% LG+R4

LSM: Asgard archaea E-INS-i trimAl 50% LG+G4

LSM: eukaryotes and Asgard archaea E-INS-i trimAl 50% LG+R4

RRM L-INS-i trimAl 10% LG+C60+R6

RRM: SNRNP70/35 E-INS-i trimAl 50% LG+F+G4

RRM: SNF/RNPC3 E-INS-i trimAl 50% LG+I+G4

RRM: U2AF1/ZRSR E-INS-i trimAl 60% LG+G4

U1-type zinc finger E-INS-i trimAl 25% VT+I+G4

WD40 E-INS-i trimAl gappyout Q.pfam+R4

TXNL4 E-INS-i trimAl 50% LG+G4
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In this thesis we applied phylogenetic analyses to illuminate the order of events in the 
transition from prokaryotes to eukaryotes. We reconstructed the gene duplications that 
occurred during eukaryogenesis and the spread of introns in these paralogs. In chapter 
2, we showed that predominantly genes that were inherited from the host duplicated and 
relatively few duplications occurred in endosymbiont-derived and metabolic genes. Pro-
teins that build the complex eukaryotic cell, such as the endomembrane system and cy-
toskeleton, resulted from early duplications, in contrast with the late duplication of regu-
latory proteins. According to our time estimates, mitochondrial endosymbiosis probably 
took place between these two duplication waves. In chapter 3, we detected many intron 
positions that were shared between proto-eukaryotic paralogs. We argued that most of 
these shared introns originated from intron insertions before the duplication event. Our 
observation that introns were widespread in proto-eukaryotic paralogs strongly suggests 
that introns were present before most genes duplicated and hence that introns had spread 
early in eukaryogenesis. These introns, as well as the core of the spliceosomal machinery 
that removes introns from pre-mRNA molecules, originated from self-splicing group II 
introns, as reviewed in chapter 4. In chapter 5, we described that other proteins that 
were recruited into the spliceosome primarily had a ribosome-related or RNA process-
ing function. Numerous gene duplications shaped the spliceosome into one of the most 
complex molecular machineries that evolved during eukaryogenesis. The many shared 
introns between spliceosomal paralogs indicate that introns were widespread through the 
proto-eukaryotic genome before most spliceosomal complexity originated.

In this final chapter I discuss the implications and future directions of the work de-
scribed in the previous chapters in relation to recent literature and highlight promising 
developments that may affect our views on eukaryogenesis.

The ingredients of eukaryogenesis

Gene acquisitions
Eukaryogenesis is a story of at least two microbes, an Asgard archaeon and an alphapro-
teobacterium, which started a long-lasting, intimate relationship. The serial endosym-
biosis theory by Lynn Margulis described multiple endosymbionts that contributed to 
the eukaryotic cell, including a spirochaete that evolved into the cilium (Sagan, 1967). 
Additional (endo)symbionts have been proposed by others. The syntrophy hypothesis 
includes a third microbe, a deltaproteobacterium, that was the host of an archaeal en-
dosymbiont that gave rise to the nucleus (Moreira and López-García, 1998). The diver-
sity of inferred phylogenetic origins of genes that were acquired during eukaryogenesis, 
more specifically the large numbers of bacterial genes that seemed not to be affiliated 
with alphaproteobacteria (Pittis and Gabaldón, 2016a), reignited the idea of multiple en-
dosymbioses (Gabaldón, 2018). These additional endosymbiosis are proposed to have 
been pre-mitochondrial based on the inferred timing of these non-alphaproteobacteri-
al acquisitions before the influx of genes from the mitochondrial endosymbiont (Pittis 
and Gabaldón, 2016a). Substantial contributions to the proto-eukaryotic lineage could 
be traced down to Gammaproteobacteria, Firmicutes, Bacteroidetes, Actinobacteria and 
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Deltaproteobacteria (Extended Data Fig. 2.4a). Although the latter could point to a sig-
nificant role of a deltaproteobacterium in eukaryogenesis, it is more likely that the diffuse 
phylogenetic signal except for Asgard archaea and alphaproteobacteria primarily reflects 
horizontal gene transfers among prokaryotes. These transfers have eroded the signal to 
pinpoint the true phylogenetic donor, if that lineage had not gone extinct. A significant 
number of genes of bacterial origin are present in Asgard archaeal genomes (Spang et al., 
2015). The ratio of archaeal to bacterial genes correlates inversely with their genome size, 
which is remarkably comparable with what has been observed in eukaryotic genomes 
(Wu et al., 2022). A larger Asgard archaeal or eukaryotic genome corresponds with a 
smaller archaeal:bacterial ratio (Wu et al., 2022). The large influx of bacterial genes dur-
ing eukaryogenesis is in line with the expectations for such large Asgard archaea-derived 
genomes. Although multiple endosymbioses could have occurred, horizontal gene trans-
fers would be sufficient to explain the gene acquisitions from bacteria.

Like many other studies before, we did not include viral genomes in our analyses. A 
recent phylogenomics study has identified examples of genetic exchange between nu-
cleocytoplasmic large DNA viruses and proto-eukaryotes (Irwin et al., 2022). This in-
dicates that these large viruses originated before LECA and infected proto-eukaryotes. 
Molecular dating analyses, combined with the inferred lifestyle of common ancestors, 
have provided support for an origin of (proto-)eukaryotic host-associated Rickettsiales 
and Legionellales before LECA (Hugoson et al., 2022; Wang and Luo, 2021). This would 
mean that proto-eukaryotes lived in association with intracellular gammaproteobacterial 
Legionellales bacteria (Hugoson et al., 2022) and potentially Chlamydiae (Stairs et al., 
2020), and with alphaproteobacterial Rickettsiales bacteria as ectosymbionts or faculta-
tive endosymbionts (Schön et al., 2022; Wang and Luo, 2021). Although their genetic 
contributions to the emerging eukaryotes seem to be limited (Extended Data Fig. 2.4), 
these inferred (endo)symbioses provide insight into the ecological context of eukaryo-
genesis, with several bacteria in addition to the large viruses exploiting the new complex 
intracellular structure.

Gene duplications and inventions
The pivotal role of gene duplications in eukaryogenesis has been shown in multiple studies. 
Expansions in the host-derived histone and E2 ubiquitin-like conjugase families shaped 
the emerging kinetochore (Tromer et al., 2019). Gene duplications in actin (Stairs and Et-
tema, 2020), tubulin (Findeisen et al., 2014) and the motor proteins kinesin (Wickstead et 
al., 2010), dynein (Kollmar, 2016) and myosin (Kollmar and Mühlhausen, 2017) enabled 
the functioning of a dynamic cytoskeleton in proto-eukaryotes, including a motile cilium 
(flagellum). Duplications and the subsequent divergence in membrane- trafficking fami-
lies, such as Rab GTPases, adaptins, protocoatomers, syntaxins and SNAREs, resulted in 
organelle-specific paralogs of different families that form organelle-specific complexes 
(Mast et al., 2014; Schlacht et al., 2014). According to the organelle paralogy hypothesis, 
these paralogs established the identities of the different parts of the endomembrane sys-
tem (Dacks et al., 2009; Mast et al., 2014; Schlacht et al., 2014).

Because the number of proto-eukaryotic gene duplications per acquisition or inven-
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tion is heavily skewed (Figure 2.1b), the far majority of these duplications most like-
ly resulted from small-scale duplications of a single gene or a few neighbouring genes. 
However, the symmetry in parts of the kinetochore complex (Tromer et al., 2019) and 
the duplication of the entire Lsm ring (Figure 4.2) hints at certain larger-scale duplica-
tion events. Whole-genome duplications could have played a role in creating paralogs on 
such a large scale (Makarova et al., 2005; Zhou et al., 2010) and might have been caused 
by recurrent genome fusions in syncytial proto-eukaryotes (Garg and Martin, 2016). A 
fusion event is also one of the plausible scenarios for the emergence of two intron and 
spliceosome types (chapter 3). These large-scale duplication events seem plausible but 
conclusive data are lacking.

A result from chapter 2 and 5 that we had not put emphasis on, is the contribution 
of proto-eukaryotic gene inventions. The role of novel folds in eukaryogenesis has been 
highlighted in previous studies (Aravind et al., 2006; Kauko and Lehto, 2018). However, 
caution is warranted when inferring a de novo gene birth for an OG or a group of paral-
ogous OGs for which no homologs can be detected in prokaryotes. An alternative and 
likely explanation is that homology could not be inferred because of high rates of se-
quence evolution. Extreme divergence could have eroded most similarity with homologs. 
This is especially probable after gene duplication and the gain of a novel function by 
one of the paralogs (neofunctionalization). While we estimated a near doubling of the 
proto- eukaryotic genome (chapter 2), the number of duplications is very likely an under-
estimation when considering these extensively diverged paralogs. Sensitive comparisons 
between sequences using profile-profile searches and structures, such as performed for 
the origin of the kinetochore (Tromer et al., 2019), are required to elucidate the extent of 
contribution of novel folds to eukaryotic complexity.

In sum, two full organisms were the main partners in eukaryogenesis, supplemented 
with genes from other prokaryotes. De novo gene births and the fusion and fission of 
genes contributed to the increasing genetic repertoire of proto-eukaryotes. Nevertheless, 
the foremost ingredient that shaped the emerging complex, eukaryotic cell was the large-
scale duplication of genes.

Evolution of complexity
Eukaryogenesis resulted in cells that are tremendously more complex than prokaryotic 
cells. In the previous section I discussed the genetic ingredients to create this complex, 
new kind of cell. These ingredients, however, do not directly give an explanation why the 
increased genomic and cellular complexity of LECA evolved.

Protein complexes that were already present in prokaryotes became more complex 
during eukaryogenesis by the addition of new proteins. In addition, large protein com-
plexes originated in proto-eukaryotes, such as the kinetochore (Tromer et al., 2019) and 
nuclear pore complex (Mast et al., 2014). As discussed in chapter 4, understanding the 
function of these additional proteins in current-day complexes is not sufficient to explain 
the evolutionary forces driving the complexification of these systems, because it typically 
ignores a potential role of neutral evolution. In case of constructive neutral evolution, 
protein complexes become more complex by the addition of initially superfluous com-
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ponents that do not contribute to the function of the complex but also do not impair it. 
For example, only a minority of proteins in mitochondrial complex I can be found in its 
bacterial counterpart (Gabaldón et al., 2005). The eukaryote-specific additions do not 
directly contribute to the NADH:ubiquinone oxidoreductase activity but play a role in 
the assembly of the complex instead (Stroud et al., 2016). Even though these assembly 
factors have become essential for its present-day functioning, this additional complexity 
is most likely dispensable (Schulz et al., 2022). Similarly, supernumerary components are 
probably present in other complexes. Some kinetochore modules that originated during 
eukaryogenesis were lost frequently in subsequent eukaryotic evolution, such as the con-
stitutive centromere-associated network (van Hooff et al., 2017). The two different types 
of introns and the major- and minor-spliceosome specific subunits are likely the result of 
neutral evolution, as is most of spliceosomal complexity (chapter 4).

Notwithstanding the plausible role of neutral evolution in the complexification of pro-
tein complexes, natural selection probably played a large role in large cellular changes 
such as the establishment of an elaborate endomembrane system and a dynamic cyto-
skeleton. The ability to perform phagocytosis would have created a distinctive niche for 
proto-eukaryotes. Moreover, mitochondrial endosymbiosis likely gave the eukaryotic cell 
a selective advantage. These adaptive traits, however, were probably neutrally embellished 
with additional components.

The role of neutral processes does not exclude a potential advantage of additional 
complexity. The complex molecular machines provide a powerful means to fine-tune 
their regulation in different circumstances. The large genomic and cellular complexity in 
LECA was probably key to the evolution of morphologically disparate eukaryotes, includ-
ing multicellular organisms.

These potential advantages raise the question why complex eukaryotic cells evolved 
only once. What enabled the enormous rise in complexity in proto-eukaryotes? Using 
theoretical approaches, potential constraints have been explored that could explain the 
absence of prokaryotes that evolved eukaryote-like complexity. The most debated one 
is based on bioenergetic constraints. Lane and Martin argued that dedicated internal 
respiratory membranes controlled by their own genome, as present in mitochondria, 
released proto-eukaryotes from bioenergetic constraints to become larger (Lane, 2011; 
Lane and Martin, 2010). The reduction of mitochondrial genomes enabled the nuclear 
genome to expand by the surplus of energy available (Lane, 2011; Lane and Martin, 2010). 
This reasoning and the underlying data have been challenged by others and has sparked 
an ongoing debate (Chiyomaru and Takemoto, 2020; Hampl et al., 2019; Koonin, 2015; 
Lane, 2017, 2020; Lane and Martin, 2015; Lynch and Marinov, 2015, 2016, 2017). A recent 
study has provided support for the existence of limits to genome sizes and cell volumes in 
prokaryotes (Schavemaker and Muñoz-Gómez, 2022). Schavemaker and Muñoz-Gómez 
also specifically modelled the probable situation at the onset of endosymbiosis and ob-
served that mitochondria could have provided an energetic advantage from the start only 
in case of a more complex proto-eukaryote that had active cytoplasmic transport with a 
dynamic cytoskeleton (Schavemaker and Muñoz-Gómez, 2022).

Besides bioenergetic constraints, using horizontal gene transfer in prokaryotes in-
stead of sex places constraints on genome size (Colnaghi et al., 2020), especially in case of 
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repeat sequences (Colnaghi et al., 2022) like transposable elements (van Dijk et al., 2022). 
According to these analyses, the invention of meiotic sex would have enabled the increase 
in proto-eukaryotic genome size (Colnaghi et al., 2020, 2022; van Dijk et al., 2022).

Some complex cellular features, however, are present in certain prokaryotes. Giant 
bacteria exist that are visible by the naked eye, with a length of even a centimetre in 
case of the gammaproteobacterium Candidatus Thiomargarita magnifica (Volland et al., 
2022). It should be noted that these cells are polyploid and contain a vacuole that oc-
cupies most of the cell volume (Volland et al., 2022). Organelles that are surrounded 
by a lipid bilayer are not unique to eukaryotes and are present in multiple prokaryotes. 
These prokaryotic organelles include thylakoids, magnetosomes and anammoxosomes 
(Greening and Lithgow, 2020). Other internal membrane structures have been observed 
in multiple Planctomycetes, Atribacter laminatus and Candidatus Thiomargarita magnifi-
ca (Katayama et al., 2020; Volland et al., 2022; Wiegand et al., 2018). Even phagocytosis 
does not seem to be unique to eukaryotes. The planctomycete Candidatus Uabimicro-
bium amorphum engulfs other cells by a phagoyctosis-like mechanism (Shiratori et al., 
2019). Notwithstanding these examples of prokaryotic cellular complexity, a fundamental 
gap remains between these prokaryotes and eukaryotes. The constraints described above 
may have prevented these complex prokaryotes to evolve full eukaryote-like complexity.

Timing proto-eukaryotic events
As mentioned throughout this thesis, many genetic changes occurred during eukaryo-
genesis. By unravelling the order of these changes during eukaryogenesis we can assess 
the different hypotheses regarding the origin of eukaryotes. Some information about the 
order of events can be found in a single gene tree, namely the order of duplications. How-
ever, deciphering this order of duplications in a gene family is hindered by low branch 
support values for deep internal nodes. Although the support for LECA clades is high 
using the ScrollSaw method, which has also been shown in other studies (Elias et al., 
2012; van Wijk and Snel, 2020), most duplication nodes did not receive strong support 
(Supplementary Table 2.3). The use of slightly more groups to select sequences for less 
expanded families, such as performed for ARF GTPases (Vargová et al., 2021), could 
increase the phylogenetic signal and provide more resolution. Other events than substi-
tutions, for example the gains and losses of introns (chapter 3), could also aid in resolving 
the order of duplications.

In chapter 2, we exploited the branch lengths in phylogenetic trees to relatively time 
the genetic acquisitions from prokaryotes and gene duplications. The statistical analyses 
and assumptions of our methods have been carefully examined (Susko et al., 2021). The 
suggestions made in that paper include important considerations for future research. As 
acknowledged in chapter 2, the inferred timing of acquisition events is dependent on the 
sampling of prokaryotes. The impact of unsampled donor lineages has been quantified 
with simulations in a recent study (Tricou et al., 2022). The estimated large impact of 
these unsampled “ghost” lineages warrants closer examination. Duplications likely repre-
sent the latest possible time of acquisition and could therefore provide additional infor-
mation on the timing of endosymbiosis and HGT events (chapter 2).
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Phylogenetic trees contain more time information than we have used for calculating 
the stem and duplication lengths. For example, the order of duplications and predupli-
cation branches are not used for the duplication lengths, which occasionally cause in-
consistencies when older duplications have shorter duplication lengths. By incorporating 
the order of duplications, preduplication branches and additional information from the 
prokaryotic sister branch lengths (which also provide estimates for the acquisitions) and 
simultaneous eukaryotic speciation events in the tree in case of duplications, a higher 
precision of time estimates may be obtained. Programs specifically developed for dating 
phylogenies are suited for these analyses, specifically the flexible Bayesian framework 
used in RevBayes (Höhna et al., 2016). Ideally, one would also like to integrate infor-
mation across trees for the inference of the same event, including FECA and the first 
mitochondrial common ancestor, which would require a new, hierarchical framework. 
In combination with fossil calibrations, these analyses can be used to obtain absolute 
time estimates instead of relative ones. The linking of the same speciation events (“cross- 
bracing”) has been applied before to the ATPase subunits to time the mitochondrial and 
plastid endosymbiosis events (Shih and Matzke, 2013).

A timeline of eukaryogenesis
Based on our time estimates from branch lengths and the presence of shared introns, 
and in the light of recent work and despite all uncertainties, it is possible to draw a rough 
timeline of eukaryogenesis (Figure 6.1). The earliest proto-eukaryotes were already rela-
tively complex prokaryotes with an actin- and tubulin-based cytoskeleton and membrane 
invaginations, perhaps even a primitive endomembrane system. A protonuclear structure 
that separated transcription and translation, suggested to be present in current Asgard 
archaea (Avcı et al., 2022), could have been present in FECA. Introns were in that case 
not the selective force for a nuclear structure, in contrast with some hypotheses (López-
García and Moreira, 2006; Martin and Koonin, 2006). It is also highly unlikely that the 
membrane structures around the nucleoid in Planctomycetes, Atribacter and Thiomar-
garita (Katayama et al., 2020; Volland et al., 2022; Wiegand et al., 2018) are related to 
introns. Other scenarios for the origin of a nucleus have been proposed (Hendrickson 
and Poole, 2018). It is plausible that self-splicing group II introns were present in early 
proto-eukaryotes. The presence of a protonuclear structure facilitated the emergence of 
the first intragenic introns by preventing the translation of pre-mRNAs with introns into 
erroneous proteins. The proliferation of introns and the resulting spread through the ge-
nome (chapter 3) would have enforced the maintenance of a closed nuclear compartment 
with a regulated transport machinery.

Our branch length results (chapter 2) indicate that the proto-eukaryotic genome ex-
panded by a first round of gene duplications that enabled the construction of a larg-
er, complex eukaryote-like cell with membrane trafficking between the different parts 
of the endomembrane system. A considerable influx of bacterial genes transformed the 
proto-eukaryotic cells in addition to these duplications. This influx could be related to 
a phagotrophic lifestyle that proto-eukaryotes might have had at this stage (Martijn 
and Ettema, 2013). These large, slowly dividing cells with active cytoplasmic transport 
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would have had an energetic advantage from respiring endosymbionts (Schavemaker and 
Muñoz-Gómez, 2022). Regardless of the initial circumstances of the symbiosis between 
proto-eukaryotes and the proteobacterial ancestors of mitochondria, the endosymbionts 
may have enabled a further increase in cell and genome size (Lane and Martin, 2010; 
Schavemaker and Muñoz-Gómez, 2022).

A second wave of gene duplications resulted in a refi nement of the endomembrane 
system, intricate signalling systems and complex regulatory systems for gene expression. 
Most complexifi cation of the spliceosome (chapters 4 and 5) was likely part of this lat-
er set of duplications. Concomitantly, the loss and transfer of mitochondrial genes re-
duced the endosymbiont genomes, which was complemented with a novel protein import 
system, membrane transporters and further integration of the host and endosymbiont 
(Roger et al., 2017). Full-blown eukaryotic cells had evolved before the radiation into the 
extant eukaryotic groups.

Bridging the gap
Many details remain to be elucidated to bridge the gap between FECA and LECA. Novel 
lineages may reduce this gap by changing the phylogenetic position of either of these 
ancestors. Th e discovery of novel eukaryotes that branch more deeply would push LECA 
further back in time. Similarly, new Asgard archaea that are more closely related to eu-

FECA
spread of introns ( )
gene duplications

mitochondrial
endosymbiosis

gene duplications

LECA

Figure 6.1 | Scenario for eukaryogenesis. FECA is suggested to contain a protonuclear structure around 
the nucleoid (blue) and a primitive endomembrane system (yellow) and cytoskeleton (red and grey). The 
potential presence of self-splicing group II introns is indicated in pink. The scenario I propose is a mito-
chondria-intermediate scenario. Before mitochondrial endosymbiosis, introns had spread through the ge-
nome and gene duplications resulted in a more complex endomembrane system including nucleus and 
dynamic cytoskeleton. After the uptake of the protomitochondrion (purple), additional gene duplications 
brought about refi nements in the endomembrane system, shown as the establishment of the endoplas-
mic reticulum (orange) and Golgi apparatus (green), and complex regulatory systems. Parts of the fi gure 
were created by Max Raas.
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karyotes than those currently sampled would reduce the gap, as the discovery of these 
new archaea did in the past (Spang et al., 2015). Further studies on the cell biology of 
Asgard archaea will illuminate the cellular characteristics of these archaea and hence aid 
in the reconstruction of FECA (Avcı et al., 2022; Imachi et al., 2020). Ideally, genetic 
experiments in these archaea would shed light on the functions of Asgard homologs of 
eukaryotic genes. The expression of Asgard profilin, gelsolin, tubulin, SNARE and ESCRT 
proteins in other systems has partly elucidated their function (Akıl and Robinson, 2018; 
Akıl et al., 2020; Hatano et al., 2022; Neveu et al., 2020; Survery et al., 2021). In combi-
nation with gene-tree aware ancestral reconstructions (Szöllősi et al., 2013), which can 
distinguish vertical inheritance scenarios from HGTs during eukaryogenesis from related 
Asgard archaeal lineages (Wu et al., 2022), these would provide insight into the cellular 
nature of FECA.

Intermediate stages of eukaryogenesis can be more confidently inferred with the dis-
covery of additional proto-eukaryotic fossils (Porter, 2020). The latest developments in 
more sensitive homology searches, aided with large-scale protein structure predictions, 
are likely to reveal deep homologies and facilitate tracing the shared ancestry of protein 
families (Jumper et al., 2021; Monzon et al., 2022). Ancestral sequence reconstructions 
and experiments on these reconstructed sequences (Harms and Thornton, 2010, 2013) 
could inform about the function of proto-eukaryotic, especially preduplication, proteins. 
These preduplication proteins can be seen as snapshots of intermediate stages of eukar-
yogenesis and their function could elucidate the appearance and functioning of proto- 
eukaryotic cells. Moreover, it could reveal the role of neutral versus adaptive evolution in 
the increased complexity of protein complexes.

Furthermore, studies on analogous systems could provide insight into the intermedi-
ate steps during the transition. Evident examples include the further characterisation of 
the complex prokaryotes mentioned earlier. The spliceosome-like complexes that remove 
group II introns in certain mitochondria and plastids (chapter 4) could illuminate the rise 
of the complex spliceosome during eukaryogenesis. Experiments like the introduction 
of group II introns and retrotransposons in bacteria with or without non-homologous 
end joining (Lee et al., 2018) and of group II introns in yeast (Chalamcharla et al., 2010; 
Qu et al., 2014) sharpen ideas on early intron evolution. Endosymbioses, either naturally 
occuring (Graf et al., 2021) or engineered (Mehta et al., 2018), may shed light on the early 
stages of mitochondrial endosymbiosis.

Final remarks
As part of all three research chapters, we performed a large-scale analysis similar to a 
previous study from around fifteen years ago. The use of more advanced methods and the 
enormously expanded set of sequenced genomes revealed different findings. This was the 
case for the characterisation of proto-eukaryotic duplications (chapter 2, c.f. Makarova et 
al. (Makarova et al., 2005)), which had been investigated again five years later (Zhou et 
al., 2010), the extent of shared introns between proto-eukaryotic paralogs (chapter 3, c.f. 
Sverdlov et al. (Sverdlov et al., 2007)) and the composition of the spliceosome in LECA 
(chapter 5, c.f. Collins and Penny (Collins and Penny, 2005)). To the best of our knowl-
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edge, no repetition of these analyses with the increasing amount of genome data had been 
performed in the intervening years. The findings in these papers, although no longer 
up-to-date, were widely being referred to, largely without cautionary remarks highlight-
ing potential shortcomings. For the proto-eukaryotic duplications and the LECA spli-
ceosome, our findings were in line with the previously published results. In case of the 
extent of shared introns, however, we made the complete opposite observation compared 
with the previous analysis. Possibly, the main findings of some other old analyses regard-
ing eukaryogenesis are also no longer supported by state-of-the-art data and methods.

Most of the functional inference throughout the thesis is derived from a small set of 
model organisms, especially opisthokonts. Experimental studies in other organisms are 
highly needed to make more reliable inferences on ancestral functions. The composi-
tion of spliceosomes in non-model organisms, for instance, could reveal spliceosomal 
“jotnarlogs”, LECA proteins that were lost in well-characterised organisms (More et al., 
2020). Closer examination of the wide diversity of life is key to unravelling the intriguing 
enigmas in evolutionary biology.
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Abbreviations
Numbers in parentheses refer to the page where the abbreviation is introduced
BBH bidirectional best hit (36)
BLAST basic local alignment tool (19) 

Tool to quickly find similar sequences
COG  cluster of orthologous groups (35) 

Originally based on one eukaryotic, one archaeal and five bacterial genomes; updated 
since and included in the eggNOG database

DNA  deoxyribonucleic acid (10)
ENOG eggNOG non-supervised orthologous group (48)
euNOG eukaryotic eggNOG non-supervised orthologous group (76)
FECA  first eukaryotic common ancestor (17) 

First proto-eukaryotic descendant of the last common ancestor of eukaryotes and their 
closest prokaryotic relatives

HGT  horizontal gene transfer (35) 
Gene exchange between two organisms that is not due to vertical inheritance

HMM  hidden Markov model (20) 
Profile based on a multiple sequence alignment; used for sensitive homology searches

hnRNP heterogeneous nuclear ribonucleoprotein (100)
IEP  intron-encoded protein (101)
KOG  eukaryotic orthologous group (35) 

Originally based on seven eukaryotic genomes; included in the eggNOG database
LECA  last eukaryotic common ancestor (14) 

Most recent common ancestor of all extant eukaryotes
mRNA messenger RNA (10)
OG  orthogroup (18) 

The set of genes descended from a single gene in the last common ancestor of a specified 
set of species

PPIase  peptidylprolyl isomerase (120)
RNA  ribonucleic acid (10)
rRNA  ribosomal RNA (123)
RNP  ribonucleoprotein (98)
RRM  RNA recognition motif (120)
RT  reverse transcriptase (104)
SAR  Stramenopiles, Alveolata and Rhizaria (15)
SmAP  Sm-like archaeal protein (123)
snoRNP small nucleolar RNP (123) 

The nucleolus is a large structure in the nucleus where ribosome biogenesis takes place
snRNA small nuclear RNA (16)
snRNP small nuclear RNP (16)
SR  serine/arginine-rich (protein) (100)
sRNP  small RNP (123)
tRNA  transfer RNA (123)
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Samenvatting

Samenvatting
Een van de belangrijkste gebeurtenissen in de evolutie is het ontstaan van de eerste com-
plexe cellen uit simpele cellen. Ongeveer de eerste helft van de geschiedenis van het leven 
op aarde waren er alleen de relatief simpele cellen van bacteriën en archaea. Archaea 
lijken op het eerste gezicht erg op bacteriën, maar zijn op moleculair niveau fundamen-
teel anders. Uit een specifieke groep archaea zijn zo’n twee miljard jaar geleden de eer-
ste eukaryoten ontstaan. Vrijwel alle levende wezens die we zonder microscoop kunnen 
zien, zoals algen, planten, dieren en schimmels, zijn eukaryoten, die zijn opgebouwd uit 
complexe cellen. Eukaryote cellen zijn groter en hebben veel meer DNA dan bacteriën 
en archaea. Bovendien bevatten ze compartimenten die elk hun eigen taak hebben. Qua 
grootte en organisatie kun je een bacteriële of archaeale cel vergelijken met een tent, ter-
wijl een eukaryote cel meer lijkt op een huis met verschillende kamers.

Over hoe sommige organismen de tent voor een huis hebben ingeruild, is veel on-
duidelijk. Er is dan ook een levendig en soms verhit debat gaande tussen onderzoekers 
over het ontstaan van complex leven. Het ontbreken van levende tussenvormen en het 
beperkte aantal duidelijke fossielen van deze periode maken het ontstaan van eukaryoten 
(eukaryogenese) tot een intrigerend vraagstuk. Voor het reconstrueren van evolutionai-
re gebeurtenissen kunnen we echter ook het DNA van hedendaagse soorten gebruiken. 
Onze genen zijn gevormd door miljoenen jaren van evolutie. Hoewel ze behoorlijk zijn 
veranderd, zijn de echo’s van een ver verleden er nog in terug te horen. Er is momenteel 
een enorme hoeveelheid genetische materiaal beschikbaar van diverse organismen. Met 
deze data en programma’s om genetische echo’s te detecteren en modelleren hebben we 
de evolutie van duizenden genen kunnen reconstrueren.

Een drijvende kracht achter de toename in de complexiteit van de cel waren de tal-
loze genduplicaties die hebben plaatsgevonden tijdens eukaryogenese. Zo’n duplicatie 
van een gen kan ertoe leiden dat de twee kopieën, paralogen genaamd, elk een deel van 
de taken van het vooroudergen overnemen of dat een van beide een volledig nieuwe rol 
gaat vervullen. In het eerste deel van het proefschrift hebben we de genduplicaties tijdens 
eukaryogenesis gereconstrueerd en gekarakteriseerd. Met name genen die betrokken zijn 
bij het bouwen en reguleren van de complexe cel blijken het resultaat van duplicaties. 
Relatief weinig duplicaties hebben plaatsgevonden in metabole genen. 

Een belangrijk moment is het ontstaan van mitochondriën geweest. Mitochondri-
en zijn een van de onderdelen van eukaryote cellen en functioneren als energiecentra-
les. Ooit waren dit vrijlevende bacteriën, die ergens tijdens de evolutie zijn opgenomen 
door toekomstige eukaryote cellen. Er is veel discussie over of het verkrijgen van het 
mitochondrium de eerste, cruciale stap of de laatste stap was. Met de evolutionaire re-
constructies hebben we ook relatieve tijdschattingen verkregen voor de genduplicaties 
en voor de opname van de mitochondriale voorouder in de toekomstige eukaryote cel, 
waardoor we vroege en late genduplicaties kunnen onderscheiden.

Naast de duplicatie van genen is de structuur van de genen ook veranderd tijdens 
eukaryogenese. Binnen de genen zijn stukken DNA gekomen, introns genaamd, die als 
advertenties de codering in het DNA onderbreken. Als een gen actief is, wordt de nucleo-
tidevolgorde overgeschreven in RNA, dat erg lijkt op DNA. Voordat dit RNA vertaald kan 
worden naar een eiwit, moeten de introns uit het RNA verwijderd worden. We hebben 
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de positie van introns in genen van de eukaryote voorouder gereconstrueerd en deze 
informatie gecombineerd met de eerdergenoemde duplicatie-informatie. Als paralogen 
een intron delen op “dezelfde” (homologe) plek in het gen, betekent dit waarschijnlijk dat 
het intron al aanwezig was in het vooroudergen voor de duplicatie. We hebben veel in-
tronposities gedetecteerd die gedeeld werden tussen paralogen van genduplicaties tijdens 
eukaryogenese. Dit impliceert dat introns zich al vroeg tijdens eukaryogenese verspreid 
hadden.

Introns worden verwijderd door het spliceosoom, een van de meest complexe mole-
culaire machines in eukaryote cellen. Zowel de introns als de kern van de spliceosomale 
machinerie ontstonden uit zelfsplicende introns die voorkomen in bacteriën en archaea, 
maar daar de genen niet onderbreken. Om de oorsprong van het zeer complexe spliceo-
soom tijdens eukaryogenese op te helderen hebben we de evolutionaire geschiedenis-
sen van de verschillende spliceosomale eiwitten gereconstrueerd. Hieruit bleek dat aan 
de spliceosomale kern voornamelijk eiwitten zijn toegevoegd die voorheen een functie 
hadden die gerelateerd is aan het ribosoom. Dit grote complex vertaalt RNA naar eiwit. 
Talloze genduplicaties vormden het spliceosoom tot een zeer complexe machinerie in de 
eukaryote voorouder. De vele gedeelde introns tussen spliceosomale paralogen die we 
hebben gevonden, wijzen erop dat introns wijdverspreid waren voordat de meeste spli-
ceosomale complexiteit was ontstaan.

Met behulp van de analyses uit de in het proefschrift beschreven studies hebben we 
een tijdlijn kunnen schetsen van de evolutionaire gebeurtenissen in de opkomende eu-
karyoten. We leidden uit de vele gedeelde intronposities tussen paralogen bijvoorbeeld 
af dat een fysieke scheiding tussen het verwijderen van de introns en het vertalen van 
RNA naar eiwit al in een vroeg stadium nodig was. Dit maakt het zeer aannemelijk dat 
de celkern, het compartiment dat het DNA opslaat en voor deze scheiding zorgt, vroeg 
is ontstaan. Eiwitten die betrokken zijn bij de bouw van de complexe eukaryote cel met 
de verschillende compartimenten en bij het actief transport hiertussen, zijn volgens onze 
tijdsschattingen vroeg ontstaan. De opname van de vrijlevende bacterie die later een mi-
tochondrium werd, was waarschijnlijk een tussentijdse gebeurtenis. Daarna is de cel nog 
complexer geworden, met name in het reguleren van processen.

De oorsprong van eukaryoten is het onderwerp van een levendig debat tussen bio-
logen. Wanneer de energiecentrale is verkregen, staan hierin meestal centraal. Met het 
werk in dit proefschrift kunnen meer tussentijdse cellulaire en genetische veranderingen 
worden onderscheiden om op te helderen hoe complex leven is opgekomen. Een beter 
begrip van het ontstaan van complex leven kan ons meer leren over de fundamenten van 
evolutie en celbiologie. Misschien kan het ons zelfs meer vertellen over de kans dat iets 
vergelijkbaars elders in het universum gebeurt.
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came up with good ideas after some additional thinking. It was much easier letting go of 
the data science course last year knowing that you were still involved.

I have changed offices twice and shared the office with multiple people. In strict lock-
down times I missed you! Of course, social chatter with office mates is essential for a 
joyful PhD but they can also provide valuable feedback on your work, especially on fig-
ures. Dajo, it was fun sharing an office with you during my first months. Our casual chats 
made it easier for me to settle into the group. Eva, we were not always synchronised and 
I remember your wondering face when I was still talking to you after you had already put 
your noise-cancelling headset back on. Your creativity and love for corals, hedgehogs, 
sea sparkle and many other eukaryotes is inspiring. Juliane, my fellow cool office mate! 
Thanks for listening to my frustrations and excitements. I cannot stop smiling when 
thinking back to our discussions about your greyscale figures and my lollipop plots. I 
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enjoyed our talks about private life, also outside office hours during dinners, mud runs 
and in-line skate tours.

Not only my office mates, but all colleagues of Theoretical Biology and Bioinfor-
matics have contributed to my PhD. Jan Kees, I want to thank you for making sure the 
computational infrastructure worked perfectly and helping me with silly questions or 
requests. Jolien, your sharp, scrutinising mind has laid the foundation for the work in this 
thesis. I am looking forward to being your colleague again in Wageningen, where we can 
continue our political discussions. Moving on to the other members of the Snel group, I 
start with thanking the former group members Leny, John and Eelco. I learnt a lot from 
you. Laura, thanks for the nice conversations at the coffee machine and good luck with 
wrapping up your thesis! With your perseverance I have no doubt that you will succeed. 
Max and Bastiaan, you are the newbies with contagious enthusiasm. Max, I am grateful 
that you shared your impressive cover art which helped me with creating the figure in 
the discussion. I hope you will continue drawing these cartoons. Bastiaan, I wish you all 
the best with your PhD! A large part of my PhD years consisted of teaching. Michael, 
Joséphine and Julia, thank you for everything you have done for the data science course. 
Can, thanks for supervising my teaching qualification trajectory and for your valuable 
feedback on my portfolio.

Besides being a supervisee, I acted as the daily supervisor of a few bachelor and mas-
ter students for their research projects and writing assignment. Sjoerd, Michelle, Daan, 
Tony and Martijn, I enjoyed supervising you. It was nice to see the diversity in working 
styles that you had and maybe unwittingly you taught me a lot too. You have all contrib-
uted to the content of this thesis and to future project ideas.

Voor het laatste deel van het dankwoord schakel ik over naar het Nederlands. Davi en 
Marloes, jullie speelden een belangrijke rol in de tijd die ik buiten het Kruyt heb doorge-
bracht de afgelopen jaren. Davi, zonder jouw creativiteit was de cover maar saai geweest. 
Ondanks mijn vage ideeën heb je een prachtig ontwerp gemaakt. Ik bewonder je geduld 
en pogingen tot doorvragen als je mij weer eens vroeg om in simpele taal uit te leggen 
wat ik precies deed. Ik heb meerdere metaforen op jou uitgeprobeerd, maar met name 
de “oerblender” is blijven hangen. Marloes, bij jou vind ik altijd een luisterend oor. Ge-
interesseerd vroeg je mij vaak hoe mijn werkdag eruit had gezien. Het was fijn om een 
drukke dag op het werk af te sluiten met jou op de tennisbaan of door lekker samen te 
eten, hoewel ik je geen bobotie meer ga voorschotelen…

Mam, pap en Michiel, jullie hebben me altijd gesteund en gestimuleerd om te doen 
wat ik leuk vind en om door te leren. Daarmee hebben jullie het mogelijk gemaakt dat 
dit boekje er is.

Michael, je bent mijn belangrijkste steun, ook in het laatste jaar dat voor jou behoor-
lijk stressvol is geweest. Bedankt dat je in me gelooft en me weet af te remmen als dat 
nodig is. Ik wil je ook graag bedanken voor het lezen van een eerste versie van de inlei-
ding en het meedenken over de vormgeving van dit boek. Ik ben trots op jou en op wat 
we samen al hebben bereikt. Ik heb zin in alle avonturen die we samen nog gaan beleven! 
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Curriculum vitae

Julian Vosseberg was born in Harderwijk, the Netherlands, on 9 August 1993. After fin-
ishing his pre-university education (vwo) (cum laude) at the Christelijk College Nassau- 
Veluwe in Harderwijk, he registered for the bachelor’s programme Biology at Utrecht 
University. He graduated in 2014 (cum laude) and continued his studies at Utrecht Uni-
versity as master’s student of the Cancer, Stem Cells and Developmental Biology pro-
gramme. He did his major research project in the lab of Jeroen 
Bakkers at the Hubrecht Institute to study cardiac develop-
ment in zebrafish. For a second internship he went to the lab 
of Thijs Ettema at Uppsala University, Sweden, to find novel 
alphaproteobacteria in metagenomes. In 2017 he started as 
a PhD candidate and teacher in the Theoretical Biology and 
Bioinformatics group at Utrecht University under the supervi-
sion of Berend Snel. In March 2022 he was elected as member 
of the municipal council in Nieuwegein. He currently works 
as a postdoctoral researcher with Thijs Ettema at Wageningen 
University & Research.
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The result of a PhD trajectory is much more than the content of the thesis. How I de-
veloped as a researcher can only partly be inferred from the chapters. All setbacks and 
unsuccessful attempts have been smoothened out in the stories that we present. Yet this 
search and re-search is what science is at its core. By teaching classes and representing my 
PhD programme in the PhD council I developed in more areas than just research. By list-
ing the activities that I did during my PhD trajectory, I aim to represent a complementary 
picture on my personal and scientific development.

Courses and events
Competence area Name ECTS*

Research skills and knowledge Analytics and algorithms for omics data 3.0

Advanced omics for life sciences 1.5

Bioinformatics and evolutionary genomics 1.5

Responsible conduct of science This thing called science 2.0

PhD day 2019: Transparent science 0.3

Communication Breaking science 2.0

Analytic storytelling 0.7

PhD day 2021: When creativity meets science 0.2

PhD day 2018: Talkin’ science 0.3

Teaching Supervising research of MSc students 1.2

Supervision of high school students 2.0

Start to teach 0.6

Professional development Honest networking 0.1

PhD activating career event (PhACE) NA

Career services workshop ‘What is your team role?’ NA

*ECTS: European credit transfer and accumulation system

Presentations at conferences
• Oral presentation at the EMBO workshop “Comparative genomics of unicellular 

eukaryotes: Interactions and symbioses” in Sant Feliu de Guíxols, Spain (Septem-
ber 2022)

• Oral presentation at the online SMBE meeting (July 2021)
• Oral presentation at the online BioSB conference (June 2021)
• Oral presentation at the online NLSEB meeting (April 2021)
• Poster presentation at the online Origins conference (January 2021)
• Research pitch at the online Science4Life Symposium (November 2020)
• Oral presentation at the EMBO workshop “Comparative genomics of eukaryotic 

microbes: Genomes in flux, and flux between genomes” in Sant Feliu de Guíxols, 
Spain (October 2019)
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• Oral presentation at the SMBE meeting in Manchester, UK (July 2019)
• Poster presentation at NWO Life2019 in Bunnik, NL (May 2019)
• Poster presentation at the Science4Life Symposium in Utrecht (November 2018)
• Poster presentation at the Evolution conference in Montpellier, France (August 

2018)

Peer-reviewing
I reviewed three manuscripts for Genome Biology and Evolution (with Berend Snel), Fron-
tiers in Bioinformatics and Database: The Journal of Biological Databases and Curation.

Outreach
• “Understanding the origin of the eukaryotic cell: gene duplications to the 

rescue” (behind the paper blog post written with Jolien van Hooff; https://
natureecoevocommunity.nature.com/posts/understanding-the-origin-of-the-
eukaryotic-cell-gene-duplications-to-the-rescue)

• “Timeline of early eukaryotic evolution” (Utrecht University news article; 
https://www.uu.nl/en/news/timeline-of-early-eukaryotic-evolution)

• 3-minute pitch for a lay audience as part of the Breaking Science competition: 
https://youtu.be/V5APTzA89Sw

Teaching
I created, coordinated and taught a new bachelor course, called Data science en biologie. 
In 2022 I obtained my teaching qualification (BKO).

• Course development and coordination
 – Data science en biologie (novel bachelor biology course, level 2; 2019, 

2020 and 2021)
• Teaching

 – Giving lectures, tutorials and practicals and supervising project groups 
for Data science en biologie (level 2 bachelor biology, 2019-2021)

 – Giving a lecture for Evolutie en biodiversiteit (level 1 bachelor Biology, 
2020)

 – Giving a guest lecture to high school students (U-talent, 2020)
 – Supervising poster assignment groups for Bioinformatica (level 1 bache-

lor Biomedical Sciences, 2020)
 – Giving a guest lecture and guiding a paper discussion for Systems biology 

(master Molecular and Cellular Life Sciences, 2019-2020)
 – Assisting tutorials for Systeembiologie (level 1 bachelor Biology, 2018)
 – Assisting a practical for Genoombiologie (level 3 bachelor Biology, 2017)

• Supervising students
 – Two master students for their major research project (9 months)
 – One master student for her minor research project (6 months)
 – One bachelor student for his research project and thesis (10 weeks)
 – One master student for his writing assignment (5 weeks)
 – Three high school students for their thesis project (3 days)
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Other activities
• Member of the PhD council of the Graduate School of Life Sciences (2018-2021): 

representing the Computational Life Sciences programme, member of the PhD 
survey 2020 committee, member of the Supervisor of the Year 2019 committee

• Member of the hiring committee of a PhD confidential advisor at the Science 
faculty

• Member of the hiring committee of a tenure track researcher in the Theoretical 
Biology and Bioinformatics group
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Did you take a walk through a park lately? Summer is coming; flowers have come up and 
bees are zooming around. Endless forms most beautiful that are all visible by the naked 
eye, live on this Earth. But this has not always been the case.

It all started around four billion years ago; there it was: life. For roughly the first half of life’s 
history, there were only small and compact bacterial cells. And then something astonish-
ing happened. Complex cells emerged: larger cells, with much more DNA. And when you 
zoom in, you see compartments dedicated to specific tasks. While bacterial cells are in that 
sense like a tent, the complex cells are like a house with different rooms.

How did the tent become a house two billion years ago? We weren’t there and, unfortu-
nately, I don’t have a time machine. There are also no living intermediates and no clear 
fossils either. How could we possibly figure out? Well, we are living evidence; we are de-
scendants of these first complex cells. Inside us we have DNA that has been shaped by 
years and years of evolution. It has changed a lot along the way, but it still carries echoes 
of aeons ago.

At the moment, there is an enormous amount of DNA available from diverse organisms. 
With computer programs I used these data to reconstruct the evolution of thousands of 
genes and obtain relative time estimates. Based on that I was able to draw a timeline of 
the evolution of the first complex cells. I found that, for example, the compartment that 
contains the DNA was very likely established early and that the uptake of the powerhouse 
of the cell, which used to be a free-living bacterium itself, was likely an intermediate event.

There is a lively debate on the origin of complex life and much remains to be discovered. 
Understanding how complex cells originated can teach us more about the fundaments of 
life. And maybe it can tell us how likely it is that something similar would happen to life 
somewhere else in the Universe.

The next time you go to the park, enjoy the plants, animals and fungi. The seed for those 
beautiful living creatures was planted roughly 2 billion years ago in the enormous transi-
tion from simple, bacteria-like cells to large, complex cells.
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