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Nothing in biology makes sense except in the light of evolution. (Dobzhansky)

Nothing in evolution makes sense except in the light of population genetics. (Lynch)

Nothing in either biology or evolution happens at all without energy metabolism.

A well-nourished human makes ~60 kg ATP per day (~500 tonnes per generation).

A typical microbe makes ~100 g of ATP for each 1 g of synthesized cell mass.



Origin of compartmentation in eukaryotes, there are a lot of models
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“Such an hypothesis [endosymbiosis] is of course unver-

ifiable, and for this reason will to many appear worthless.

…. To many no doubt, such speculations may seem too

fantastic for mention in polite biological society; never-

theless it is within the range of possibility that they may

someday call for more serious consideration.” (1926)
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Reality Check (Testable Predictions)

Hydrogen Neomuran

hypothesis theory et al.

––––––––– ––––––––––

Are hydrogenosomes really mitochondria? yes no comment

Do primitively amitochondriate eukaryotes exist? no yes

Eukaryotic aerobes and anaerobes in phylogeny interleave anaerobes basal

Genomically, eukaryotes should be chimaeras yes1 well, it depends2

1. archaebacterial genetic apparatus (euryarchaeotes)

eubacterial energy metabolism (proteobacteria)

plus lineage specific inventions (and allowing for LGT)

2. Eukaryotes should be genomically

Actinobacteria (TCS)

Planctomycetes...

Clostridia... etc. one must be explicit here, otherwise the theory

is not testable with gene data, hence not science.



Mentel & Martin Energy metabolism in eukaryotic anaerobes Phil Trans 2008
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Thiergart et al. (2012) An evolutionary network of genes present in the
eukaryote common ancestor... Genome Biol Evol
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Magnetospirillum magneticum AMB-1

Rhodospirillum centenum SW

Parvibaculum lavamentivorans DS-1
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Bradyrhizobium japonicum

Mitochondrial Fe/S cluster exporter, ABC superfamily
Mitochondrial chaperonin, Cpn60/Hsp60p
Fe-S cluster biosynthesis protein ISA1 (contains a HesB-like domain)
Glutaminyl-tRNA synthetase
Cysteine desulfurase NFS1
Enoyl-CoA hydratase
NADH-ubiquinone oxidoreductase, NUFS7/PSST/20 kDa subunit
NifU-like domain-containing proteins
Microtubule-binding protein involved in cell cycle control

Predicted transporter (ABC superfamily)
3-oxoacyl-(acyl-carrier-protein) synthase (I and II)
NADH:ubiquinone oxidoreductase, NDUFS2/49 kDa subunit
Predicted ATPase, nucleotide-binding
Cytochrome c1
NADH:ubiquinone oxidoreductase, NDUFV2/24 kD subunit
MQ mono-oxygenase/Ubiquinone biosyn. protein COQ7/CLK-1/CAT5
Cytochrome c oxidase, subunit II, and related proteins

Pyruvate dehydrogenase E1, beta subunit
Succinyl-CoA synthetase, alpha subunit
Ubiquinol cytochrome c reductase, subunit RIP1
1,4-benzoquinone reductase-like

Pyruvate dehydrogenase E1, alpha subunit
Mitochondrial processing peptidase, beta subunit, and rel. enzymes 
Para-hydroxybenzoate-polyprenyl transferase
NADH-ubiquinone oxidoreductase, NDUFS1/75 kDa subunit
NAD/FAD-utilizing protein possibly involved in translation
NADH:ubiquinone oxidoreductase, NDUFV1/51kDa subunit

G-protein beta subunit-like protein (contains WD40 repeats)
Predicted glutathione S-transferase

Thioredoxin/protein disulfide isomerase
Cytochrome b5

Glycerol-3-phosphate dehydrogenase

Glycosyltransferase

Conserved WD40 repeat-containing protein

SAM-dependent methyltransferase/cell division protein FtsJ
Dihydrolipoamide dehydrogenase
F0F1-type ATP synthase, beta subunit
Succinate dehydrogenase, flavoprotein subunit
Cytochrome oxidase subunit III and related proteins

Mitochondrial/chloroplast ribosomal protein L12
Iron binding protein involved in Fe-S cluster formation

Prohibitins and stomatins of the PID superfamily

Ferredoxin

Reductases with broad range of substrate specificities
NADP+-dependent malic enzyme

Vesicle coat complex COPII, GTPase subunit SAR1

Molecular chaperones HSP70/HSC70, HSP70 superfamily

NADH-ubiquinone oxidoreductase, NDUFS3/30 kDa subunit

2-oxoglutarate dehydrogenase, E2 subunit
Cytochrome c

Succinate dehydrogenase, Fe-S protein subunit

Aminomethyl transferase

Glutaredoxin-related protein

Mitochondrial/chloroplast ribosomal protein L3
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Succinyl-CoA synthetase, alpha subunit

Succinate dehydrogenase, flavoprotein subunit

Succinate dehydrogenase, Fe-S protein subunit

NADH:ubiquinone oxidoreductase, NDUFS2/49 kDa subunit
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Cytochrome c oxidase, subunit I

Fe-S cluster biosynthesis protein ISA1 (contains a HesB-like domain)

NifU-like domain-containing proteins

2-oxoglutarate dehydrogenase, E1 subunit

Para-hydroxybenzoate-polyprenyl transferase

Cytochrome c oxidase, subunit II, and related proteins

NADH:ubiquinone oxidoreductase, NDUFV1/51kDa subunit

NADH-ubiquinone oxidoreductase, NUFS7/PSST/20 kDa subunit

Mitochondrial/chloroplast ribosomal protein L3

Ubiquinol cytochrome c reductase, subunit RIP1

Mitochondrial processing peptidase, beta subunit (insulinase superfamily)

Cytochrome oxidase subunit III and related proteins

Valyl-tRNA synthetase

ATP-dependent RNA helicase

Proteins containing the FAD binding domain

Aminomethyl transferase

3-Methylcrotonyl-CoA carboxylase

Predicted transporter (ABC superfamily)

NAD/FAD-utilizing protein possibly involved in translation

Mitochondrial chaperonin, Cpn60/Hsp60p

NADH:ubiquinone oxidoreductase, NDUFV2/24 kD subunit

Cysteine desulfurase NFS1

Dihydrolipoamide dehydrogenase

NADH-ubiquinone oxidoreductase, NDUFS1/75 kDa subunit

Pyruvate carboxylase

mRNA splicing factor ATP-dependent RNA helicase

Cytochrome b

Predicted fumarylacetoacetate hydralase

Predicted ATPase, nucleotide-binding

3-oxoacyl-(acyl-carrier-protein) synthase (I and II)

Glutamyl-tRNA synthetase

Pyruvate dehydrogenase E1, beta subunit

Alkyl hydroperoxide reductase, thiol specific antioxidant and related enzymes

Glycine/serine hydroxymethyltransferase

Dihydrolipoamide succinyltransferase (2-oxoglutarate dehydrogenase, E2 subunit)

F0F1-type ATP synthase, beta subunit

Glycine/serine hydroxymethyltransferase

Ferredoxin

Cytochrome c1

Cytochrome c

SAM-dependent methyltransferase/cell division protein FtsJ

Glycine dehydrogenase (decarboxylating)

Serine palmitoyltransferase

Reductases with broad range of substrate specificities

Serine racemase

1,4-benzoquinone reductase-like

Prohibitins and stomatins of the PID superfamily

Cystathionine beta-lyases/cystathionine gamma-synthases

Fructose-1,6-bisphosphatase

Ribulose kinase and related carbohydrate kinases

RNA polymerase I, second largest subunit

Glycine/serine hydroxymethyltransferase

Alcohol dehydrogenase, class III

Glutaredoxin-related protein

Enoyl-CoA hydratase

Glycerol-3-phosphate dehydrogenase
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Mitochondrial/chloroplast ribosomal protein L12

DMQ mono-oxygenase/Ubiquinone biosynthesis protein COQ7/CLK-1/CAT5

FKBP-type peptidyl-prolyl cis-trans isomerase
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Aldehyde dehydrogenase

Predicted NAD-dependent oxidoreductase

mRNA cleavage and polyadenylation factor II complex, BRR5 (CPSF subunit)

Aconitase/homoaconitase (aconitase superfamily)

DEAH-box RNA helicase

Iron binding protein involved in Fe-S cluster formation

Histone deacetylase complex, catalytic component RPD3

NADH-cytochrome b-5 reductase

Unknown function

Unknown function

NADP+-dependent malic enzyme

N-acetylglucosaminyltransferase complex, subunit PIG-A/SPT14

Glutaminyl-tRNA synthetase

Predicted carbohydrate kinase, contains PfkB domain

Chromatin remodeling complex WSTF-ISWI, small subunit

Predicted steroid reductase

Uncharacterized conserved protein 

Possible pfkB family carbohydrate kinase

Glycosyltransferase

SAM-dependent methyltransferases

AAA+-type ATPase

Thioredoxin/protein disulfide isomerase

Plasma membrane H+-transporting ATPase

Malate dehydrogenase

Selenium-binding protein

Predicted cleavage and polyadenylation specificity factor (CPSF subunit)

RNA helicase nonsense mRNA reducing factor (pNORF1)

Asparaginyl-tRNA synthetase

Cdk activating kinase (CAK)/RNA polymerase II 

Cytochrome b5

DNA replication licensing factor, MCM6 component

Conserved WD40 repeat-containing protein

Pleiotropic regulator 1

GTP-binding protein CRFG/NOG1 (ODN superfamily)

DNA repair protein RAD51/RHP55

60s ribosomal protein L23

Fe-S oxidoreductase
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Endosymbiosis
and gene transfer
but only from the
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Horizontal gene transfer among
free-living prokaryotes

Group x αγ δ

Mitochondrion Host

Ti
m

e
t 0

P
re

se
nt



So, along with

a cell cycle,
meiosis,
mitosis,
introns,
spliceosomes,
centrioles (including their fuzz),
nucleus,
ER,
Golgi,
full blown membrane traffic,
flagellae,
a eukaryotic cytoskeleton,
ca. 2000 novel gene families underpinning those massive evolutionary innovations,
and >500 gene families with clear prokaryotic homologues (maybe “yawn” for

cell biologists but crucial for evolutionary biologists probing this
major evolutionary transition because they track our provenance)

mitochondria were present in the eukaryote common ancestor.



So, along with

a cell cycle,
meiosis,
mitosis,
introns,
spliceosomes,
centrioles (including their fuzz),
nucleus,
ER,
Golgi,
full blown membrane traffic,
flagellae,
a eukaryotic cytoskeleton,
ca. 2000 novel gene families underpinning those massive evolutionary innovations,
and >500 gene families with clear prokaryotic homologues (maybe “yawn” for

cell biologists but crucial for evolutionary biologists probing this
major evolutionary transition because they track our provenance)

mitochondria were present in the eukaryote common ancestor.

Why?
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Introns in eukaryotic genes:

• interrupt the mRNA, removed by spliceosomes in the nucleus.

• Ca. 30% might be as old as eukaryotes themselves, because
they share positional homology (conserved positions) across
distant groups.

• the experts think that both spliceosomal RNAs and their cognate
substrates originate from group II introns, that likely entered
entered the eukaryotic lineage via the mitochondrion

• indeed α-proteobakteria, antecedants of mitochondria, have
the highest group II intron density among prokaryotes
(>30 in Sinorhizobium)

• prokaryotes do not possess spliceosomes

• the “intron transition” thus took place in eukaryotic chromosomes

• but---spliceosomes are slow (ca. 1-7 min. per intron).
while ribosomes are fast (ca. 10 AA per sec.).

....what happens if...?



Martin W, Koonin EV (2006)
Introns and the origin of
nucleus-cytosol compartmentation.
Nature 440:41–45.
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