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LECA, 2 Gya

All complex life is eukaryotic, 
evolved only once

Morphological 
complexity, sex, 
mating types,

sexes, 
multicellularity…

“It’s a humbling thing to behold. All 
the eukaryotes, from humans to 
flowers to amoebae, fit on a slender 
twig.”

Carl Zimmer, NYTimes 2016
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Endosymbiosis at the origin of eukaryotes
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A tree of life based on whole genomes



Endosymbiosis at the origin of eukaryotes

Endosymbiosis

What 
happened 

here?

Individual 
bacteria/archaea

Bacterial 
endosymbionts

within an 
archaeal host

Last Eukaryotic 
Common Ancestor

Morphological complexity
Mitochondria, nucleus
Internal membrane systems
Whole cell fusion
Sex
Mating types
Sexes
Complex multicellularity

Morphologically simple cells
No membranous organelles
Simple life cycles
HGT, not sex
No cell fusion

Lynn Margulis
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“The view of evolution as a chronic 
bloody competition dissolves before 
a new view of continual cooperation. 
Life did not take over the globe by 
combat, but by networking.”

From Microcosmos, 1986



Eukaryote evolution – a major transition in 
individuality
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Defection

John Maynard Smith



But where is the predictive power?

1987
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These individuating mechanisms shaped the evolution of life cycles and development strategies

Individuation:



But where is the predictive power?

1987

These individuating mechanisms shaped the evolution of life cycles and development strategies

Unicellular bottleneck (zygote) : enforces clonality, reduces within-
organism variance, promotes selection at the higher level

Germline-soma separation, maternal control of early ontogeny, cell fate 
pre-determination : suppresses conflict among somatic cells
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What happened here?

Morphological 
complexity, sex, 

mating types,
sexes, 

multicellularity…

How do these eukaryotic life-history and life-cycle traits contribute 
to individuation of a higher level unit?



Eukaryotic sex I. The classical approach: 
evolution of recombination

Clonal r. Clonal r.

Individual genes, within chromosomes

Recombination slows down the accumulation 
of deleterious mutations, provides genomic 

stability in the challenging times before LECA.

Prokaryotic HGT not effective enough.Sex



Clonal reproduction, one level up

J. R. Soc. Interface 12 (111), 20150584 and J. Theor. Biol. 404, 160 

Individual mitochondria, within cells

Clonal r. Segregation

Stochastic segregation slows down the accumulation of 
deleterious mitochondrial mutations.

No need for HGT, recombination anymore.

mtDNA: asexual transmission, but no real 
signs of mutational meltdown… How?
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Eukaryotic sex II. Evolution of cell fusion 
before LECA

Fusion, 
mixing 
division

Cell fusion could have evolved early in eukaryogenesis to mask detrimental fitness effects of mutants in 
mitochondrial endosymbionts

J. R. Soc. Interface 12 (111), 20150584 and J. Theor. Biol. 404, 160 

Forget nuclear recombination, consider only 
mitochondrial mixing. What does it do to 1) mean 

fitness 2) variance in fitness?

Individual mitochondria, within cells



Eukaryotic sex II. Evolution of cell fusion 
before LECA

Fusion, 
mixing 
division

But mitochondrial mixing still increases within-cell variance and promotes conflict

J. R. Soc. Interface 12 (111), 20150584 and J. Theor. Biol. 404, 160 



Mating types, sexes: the asymmetry of sex 



Mating types, sexes: the asymmetry of sex 

Mating types, sexes with uniparental inheritance – mitochondrial quality control, 
suppression of competition @ the lower level

bioRxiv 049577

--- + --- +

Fusion, 
mitochondrial 
destruction, 

division

Individual mitochondria, within cells



Eukaryote evolution – a major transition in 
individuality

John Maynard Smith

Do these mechanisms apply to evolution of culture, social norms, 
ideologies and collective identity?

Lower level 
individuals

Higher-level 
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