
Origin of the Earth

Extinct Lineages?

Current Time

 Origin of “Life on Earth”

FUCA (First Universal Common Ancestor)

 Most recent common ancestor of all current life –

LUCA (Last Universal Common Ancestor)

The Unity of Life



• Life was established on Earth ~4 billion years ago (BYA), with eukaryotes appearing ~3 BYA.

• The common ancestor that eventually gave rise to today’s eukaryotes formed the base of the eukaryotic tree ~2 BYA. 

• Each of these time points has a level of uncertainty of a few hundred million years.

The Baseline Timescale of Key Events 





Nature (2010)

3.5 billion-year old filamentous  “Cyanobacteria”
Rocks in western Australia



Protist (?) microfossils, western Australia

From: Javaux et al., 2001, Nature.

Definitive Evidence for Eukaryotes from 1.5 BY-old Fossils?



Nature (2010)

Ancient rocks from Gabon suggest an early origin of multicellularity.



The Five Kingdoms of Life (1950s)

The Old Views



1977 – Using sequences of ribosomal RNA, Woese and Fox discover that prokaryotes consist of two deeply 
divergent clades, as different from each other as from eukaryotes.  

Carl Woese
University of Illinois

• Although life has classically been divided into eukaryotes 
and prokaryotes, molecular analyses indicate that these 
are not meaningful phylogenetic labels. 

• The three-domains hypothesis has given way to a two-
domains view, with the two prokaryotic groups, bacteria 
and archaea, appearing on opposite sides of the root 

of the Tree of Life.

• Eukaryotes are the most recent newcomer, 
emerging from a member of the archaea. 



How Are The Three Major Domains Of Life Related?

• Are eukaryotes more closely related to
the archaea or the bacteria? 

Bacteria

Eukaryotes

Archaea Bacteria

Eukaryotes

Archaea

• Are prokaryotes derived, simplified eukaryotes or 
a monophyletic sister group? 

Bacteria

Eukaryotes

Archaea

• Are eukaryotes fully distinct from both prokaryotic clades, 
or has there been gene transfer from one or both prokaryotic groups? 

Bacteria

Eukaryotes

Archaea
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Rooting the Tree of Life with Duplicate Genes

• The reciprocal rooting of a phylogenetic tree using a pair of ancient duplicate genes.

• If the duplication event occurred prior to the divergence of species, identical topologies are expected for each gene.

• The connecting branch reflects the divergence of the two copies within the ancestral species.

Gene duplication

Speciation event



Reciprocal Rooting Often Supports the Grouping of Archaea and Eukaryotes

Duplication of proteins in the catalytic 
subunit of ATP synthase predates LUCA 

(Shih and Matzke, 2013, PNAS)

• Other support from elongation factor duplicates, 
tRNA synthetases, GTP triphosphatases, etc. 



Williams et al. (2013, Nature)

• Eukaryotes are derived Archaea.



Notational Summary



Zaremba-Niedzwiedzka et al., Nature, 2017

Signature Eukaryotic Genes in Our Archaeal Relatives (the Asgard Archaea)



Imachi et al. (2020,Nature)

• Isolated from deep marine sediment.

• Anaerobic, methane-fed bioreactor for 5.5 years.

• Grows very slowly, and lives by degrading amino acids in
syntrophy with other microbes.

• Has no internal eukaryote-like structure.



One Hypothesis for How the Mitochondrion Might Have Arisen 



From: W. F. Doolittle, 1999, Science. 

Is Life a Web Rather Than a Tree?

chloroplast

mitochondrion



The Chimeric Nuclear Genome of Eukaryotes: different trees for different genes.

• Eukaryotic genes involved in information processing (e.g., transcription and translation) tend to be more similar to 
orthologous genes of archaea. 

• Eukaryotic genes with house-keeping functions (e.g., metabolism) tend to be more similar to orthologous genes of 
bacteria. 

References: Brown and Doolittle 1997; Rivera et al. 1998; Leipe et al. 1999; Brown et al. 2001; Horiike et al. 2001. 



Use of Different Phospholipids in the Major Lineages

Archaea Bacteria and 
Eukaryotes

Lombard et al. 2012, 
Nature Rev. Microbiol.



Eme et al. 2017

Did the Mitochondrion Play an Essential, Causal Role in the Emergence of Eukaryotes?

• Did the mitochondrion establish before or after other eukaryotic-specific innovations?

• Did the mitochondrion endow LECA with extraordinary bioenergetic powers?

• Was the primordial mitochondrion a mutualist or an energy parasite?



• The stem eukaryote was a complex cell, with dozens of eukaryote-specific changes having become established prior to LECA. 

• LECA (last eukaryotic common ancestor) had a mitochondrion, a cytoskeleton, a nuclear membrane, 
and vesicle transport machinery. 

• Contained intragenic spacers (introns) in a large number of protein-coding genes, and therefore harbored a spliceosome.

• Had linear chromosomes, a mechanism for preventing erosion of chromosome ends during replication (telomeres), 
multiple origins of replication, a means for organized chromosomal inheritance (mitosis), and perhaps for gamete 
production and cell fusion (meiosis).

• Harbored mobile genetic elements, both RNA-based retrotransposons and DNA-based transposons. 

• Massive increase in cell size? 

• The order in which these features arose remains unknown, and many of them are difficult to explain with adaptive arguments. 

The Emergence of Eukaryotes Marked a Dramatic Epoch of Morphological Diversification in Earth's History



The Snowball Earth Hypothesis 

Two major episodes of global glaciation: ~2.4 and ~0.7 BYA. 

• Mean surface temperatures approached -50ºC, and the oceans were frozen 
over with up to a kilometer of ice for ~35 MY.

• Periods of prolonged population bottlenecks – few habitats with significant 
sunlight would have been coincident with liquid water and oxygen.

References: Hoffman et al. (1998); Kirschvink et al. (2000); Hoffman and Schrag (2002). 



• Approximate phylogenetic tree for the 
major eukaryotic groups, using 
concatenated sequences of 29 genes.

• Branch lengths are proportional to 
amino-acid substitutions on the lineage 
and denote variation in rates of 
molecular evolution. 

Deep and Explosive Divergence Among the Major Eukaryotic Lineages 

From: Parfrey et al. (2010).

FECA

LECA
• Numerous Independent origins of 

multicellularity



Hug et al., 2016, Nature Microbiol.

From environmental sampling, including 
uncultured and unobserved organisms.

Many New Lineages Remain to be Discovered



Features that set eukaryotic genomes apart from those of prokaryotes, and their exceptions:
________________________________________________________________________________________________________

Presence of a nuclear membrane. Internal membranes in the planctomycetes.

Organelles derived from endosymbionts. Also present in the betaproteobacteria.

Cytoskeleton and vesicle transport machinery. Tubulin-related proteins exist in archaea.

Introns in protein-coding genes, and a complex Rare self-splicing introns in prokaryotes, but almost never in coding DNA.
for excising them.

Multiple linear chromosomes capped with telomeres. Single linear chromosomes in a few eubacteria.

Addition of poly(A) tails to all mRNAs. Rare and nonessential polyadenylation of  transcripts.

Expansion in gene number. The largest prokaryotic genomes contain more genes than the 
smallest eukaryotic genomes.

Expansion of cell size and number. A few prokaryotes have very large cell sizes (e.g., Thiomargarita),  
and several produce multiple cell types (e.g., cyanobacteria).

The Full Suite of Eukaryotic Innovations Need Not Have Arisen De Novo



Members of the Bacterial Group Planctomycetes, and Broader Verrucomicrobia, Have Internal Membranes

• Reproduce by a budding process. 

• Capable of uptake from the external environment by endocytosis. 

• Oxidize ammonia within a compartment called the anammoxosome.

• Some phylogenetic trees place the group at the base of bacteria in 
the tree of life.

• Other related groups  (verrucomicrobia and chlamydiae) also have 
endomembranes.



A Marine Member of the Planctomycetes Capable of Phagocytosis

• A giant predatory bacterium, up to 10 microns in diameter.

• Engulfs and digests bacteria and pico-eukaryotes.

• Clearly indicates that establishment of a mitochondrion
was not a precondition for the origin of internal membranes
or of phagocytosis.

Shiratori et al. (2019, Nat. Comm.)



Epulopiscium – a giant symbiotic bacterium inhabiting triggerfish guts

Length on the order of 1 mm

Each cell contains ~10,000 copies of the genome. Stacked “vesicles” 

(Robinow and Angert 1998, Arch. Microbiol.)



A microcompartment for ethanolamine metabolism in E. coli  consists of 
hexameric subunits.

The carboxysome sequesters the photosynthetic machinery in cyanobacteria.

Magnetosomes are magnetite crystals enclosed by phospholipid membranes 
in magnetotactic bacteria.

Other Intracellular “Organelles” in Bacteria: 



• Once established, LECA gave rise to an explosive radiation of the 
major eukaryotic groups on a relatively short time scale. 

The Potential for Passive, Rapid Phylogenetic Diversification Following the Establishment of Mitochondria

• This rapid episode of lineage isolation may have had little to do 
with ecological factors, instead being an inevitable consequence 
of two pre-LECA genomic upheavals:

• the origin of the mitochondrion;

• rampant nuclear gene duplication. 

• Combined with the evolution sex, these changes would have led 
to the passive accumulation of gene relocations and reproductive 
isolation in ways that would have been inoperable in prior 
lineages of asexual prokaryotes. 

nuclear genome                                mitochondrion 
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