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Evolution of the ribosome:
testing eukaryotic origins

Elie Desmond
Unité de Biologie Moléculaire du Gène chez les Extrêmophiles
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Molecular phylogeny and the tree of life

From Delsuc F (2005) Nat Rev Genet. 6(5):36175
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The origin of eukaryotes : hypotheses

Eukaryotes

Bacteria Archaea

                         Archezoa  vs.               Chimaera

Eukaryotes

Bacteria Archaea

• Hydrogen hypothesis Martin & 
Muller (1998)

• Syntrophic hypothesis Moreira & 
Lopez-Garcia (1998)

• ...
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Eukaryotes

Bacteria Archaea

?

The origin of eukaryotes : the Last 
Eukaryotic Common Ancestor had 
already a mitochondrion

                         Archezoa  vs.               Chimaera

• Hydrogen hypothesis Martin & 
Muller (1998)

• Syntrophic hypothesis Moreira & 
Lopez-Garcia (1998)

• ...

Eukaryotes

Bacteria Archaea

XX
X
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                         Archezoa  vs.               Chimaera

Expected Phylogenies :

vs.

Testing hypotheses on the origin of 
Eukaryotes with molecular phylogeny

Eukaryotes
Archaea

Bacteria

Eukaryotes

Archaea

Eukaryotes

Bacteria

Eukaryotes

genes shared
with Bacteria

genes shared
with Bacteria

genes shared
with Archaea

genes shared
with Archaea
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Archaea

Eukaryotes

Reconstruction artefacts in molecular 
phylogeny

High rate of 
evolution

True phylogeny Inferred phylogeny 
(Long Branch Attraction)

Eukaryotes
Archaea
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Eukaryotes

Bacteria Archaea

Eukaryotes

Bacteria Archaea

First Eukaryotic Common Ancestor 
& Last Eukaryotic Common Ancestor

                         Archezoa  vs.               Chimaera

LECA

FECA

• Shared characters within eukaryotes => reconstruction of the LECA

• Shared characters in Eukaryotes/Archaea, Eukaryotes/Bacteria or 
Eukaryotes/Archaea/Bacteria => reconstruction of the FECA 
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Phylogenomics : evolution of biological 
systems

Reference species tree

Ancestral composition of the biological system
and its evolution 

Gene origins
Evolutionary events:

 Gene duplications
 Gene losses
 Horizontal Gene Transfers

Components of a biological system Complete genomes

Taxonomic distribution & Gene phylogeny

 

 

 

Pyrobaculum aerophilum
Hyperthermus butylicus
Aeropyrum pernix
Sulfolobus solfataricus
Sulfolobus tokodaii
Sulfolobus acidocaldarius
Nanoarchaeum equitans
Thermococcus kodakarensis
Thermococcus gammatolerans
Pyrococcus furiosus
Pyrococcus horikoshii
Pyrococcus abyssi
Methanopyrus kandleri
Methanothermobacter therm.
Methanocaldococcus jannaschii
Methanococcus maripaludis
Picrophilus torridus
Ferroplasma acidarmanus
Thermoplasma acidophilum
Thermoplasma volcanium
Archaeoglobus fulgidus
Haloarcula marismortui
Halobacterium salinarum
Haloferax volcanii
Methanogenium frigidum
Methanococcoides burtonii
Methanosarcina barkeri
Methanosarcina mazei
Methanosarcina acetivorans

Thermoproteales

Desulfurococcales

Sulfolobales

Nanoarchaea

Thermococcales

Methanopyrales
Methanobacteriales
Methanococcales

Thermoplasmatales

Archaeoglobales

Halobacteriales

Methanomicrobiales

Methanosarcinales
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Phylogenomics and the reconstruction of 
the FECA and the LECA

May 2009  987 complete genomes 
published :

● 825 bacteria

● 104 eukaryotes

● 58 archaea



07/05/09    10

Phylogenomics of eukaryotic systems : 
the phylogeny of eukaryotes

Opisthokonts

Amoebozoa

Plants

Rhizaria
Alveolates

Heterokonts
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Fungi
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Unikonts Bikonts

Land plants

Green algae

Red algae Ciliates

Apicomplexans

Brown algae

Jacobids

Heterolobosea

Euglenozoa

Diplomonads

Parabasalids

Bacteria Archaea

Choanoflagellates

Glaucocystophytes

Radiolarians

Chlorarachniophytes

Foraminiferans

Cercomonads

Dinoflagellates

Oomycetes

Diatoms
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Opalinids

Pelobionts

Dictyosteliida
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Phylogenomics of eukaryotic systems : 
inferring the nature of the LECA
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Parabasalids

Bacteria Archaea

Choanoflagellates

Glaucocystophytes

Radiolarians

Chlorarachniophytes

Foraminiferans

Cercomonads

Dinoflagellates

Oomycetes

Diatoms

Labyrinthulids

Opalinids

Pelobionts

Dictyosteliida
Amoebas

Golden algae



07/05/09    12

Opisthokonts

Amoebozoa

Plants

Rhizaria
Alveolates

Heterokonts

Excavates

Fungi

Metazoa

Unikonts Bikonts

Land plants

Green algae

Red algae Ciliates

Apicomplexans

Brown algae

Jacobids

Heterolobosea

Euglenozoa

Diplomonads

Parabasalids

Bacteria Archaea

Choanoflagellates

Glaucocystophytes

Radiolarians

Chlorarachniophytes

Foraminiferans

Cercomonads

Dinoflagellates

Oomycetes

Diatoms

Labyrinthulids

Opalinids

Pelobionts

Dictyosteliida
Amoebas

Golden algae

?
LECA

>50

3
17

0 6

7

8

Phylogenomics of eukaryotic systems : 
inferring the nature of the LECA
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Phylogenomics of eukaryotic systems : 
inferring the nature of the LECA
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Phylogenomics of eukaryotic systems

Phylogenomics of mitochondrial ribosomes
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The mitochondrial genome

Size, topology and gene content of 
mitochondrial genomes compared to 
a Rickettsia (-proteobacteria) :

• For genomes > 60 kbp
Red line : coding DNA
Blue line : non-identified ORFs and 
non-coding DNA

• Mitochondrial genome tends to 
reduce with many genes transferred 
to the host nuclear genome 

Gray MW & al., Science vol. 283, March 1999
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The 3D structure of the RNA of the mitochondrial 
ribosomal LSU of C. elegans (in plain dots) is 
compared to the 3D structure of a bacterial rRNA 
(suggested in gray line)

• Ratio of protein:RNA in the 
mitochondrial ribosome (~69:~31) is 
inverse of the ratio in the bacterial 
ribosome (~33:~67)

• Proteins are more abundant in 
mitochondrial ribosomes than in 
bacterial ribosomes (~70-80 against 
~60) and are larger

The mitochondrial ribosome
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The mitochondrial ribosome

Mitochondrial ribosomal LSU

Mitochondrial ribosomal SSU

12 10

2
24

0

10

51

8 12

2
9

2

10

43

H. sapiens S. cerevisiae

T. brucei

H. sapiens S. cerevisiae

T. brucei

Experimental characterizations :

• 48 proteins in the LSU and 29 in the 
SSU in mammals

• 44 proteins in the LSU and 33 in the 
SSU in yeast

• 77 proteins in the LSU and 56 in the 
SSU in kinetoplastids
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Methods

Blast

HMM homology 
searches

Phylogenetic analysis

Species
A B C D E

M
RP

s

1 X X X X
2 X X
3 X X X
3 X X
4 X X
5 X X X X
6 X X X
7 X X X
8 X X X X

Presence/abscence table

Identification of proteins 
of mitochondrial origin 
with respect to cytoplasmic 
or chloroplastic counterparts.

Multiple alignment

For each MRP characterized experimentaly
(proteobacteria,  mammals,  yeast, 
kinetoplastids)

Blast

N iterations

...

Cytoplasmic 
ribosomal 
proteins

Chloroplastic 
ribosomal 
proteins

Construction of HMM 
models for the 195 known 
mitochondrial ribosomal 
protein families

Database :

•38 complete eukaryotic 
genomes from 6 
supergroups

•50 complete bacterial and 
archaeal genomes from all 
phyla
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Red algae Ciliates
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19 new proteins between the FECA and 
the LECA
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30

43

29
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30

Tribolium castaneum

Drosophila melanogaster

Caenorhabditis elegans

Homo sapiens

Mus musculus

Danio rerio
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Aspergillus fumigatus
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Plasmodium yoelii
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Cryptosporidium parvum
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A
lveolatesCiliates

Kinetoplastids 

Heterolobosea

Jacobids

S1

S20
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L56

Diatoms

Oomycetes

L38, L41, L43, L45, L46, L49, L52-54
S23, S25, S29, S33-36, Rsm22, Ppe1  Mrp10

LECA

UNIKONTS ANCESTOR

BIKONTS ANCESTOR

LECA

UNIKONTS 
ANCESTOR

BIKONTS 
ANCESTOR

proportion of proteins of 
bacterial origin

proportion of specific 
eukaryotic proteins

LSU
SSU

(LSU)

(SSU)
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A very dynamic evolution
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A very dynamic evolution

44

31

48

31

43
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Tribolium castaneum

Drosophila melanogaster

Caenorhabditis elegans

Homo sapiens

Mus musculus

Danio rerio

Monosiga brevicollis

Aspergillus fumigatus

Neurospora crassa

Saccharomyces cerevisiae

Schizosaccharomyces pombe

Ustilago maydis

Cryptococcus neoformans

Entamoeba histolytica

Dictyostelium discoideum

L25

L1, L5, L10, L18, L19, L31, L35
L38
S6, S11, S16, S21
S23, S25

L6, L31 

L50
S22

L18, L20
L52, L56

Mrpl15, Mrpl20, 
Mrpl25, Mrpl31
Mrps35, Mrp51

L40, L44

Encephalitozoon cuniculi

L56

S1

L5
S4, S8, S13, S19 

L37, L39, L42, L48, 
L51, L55
S26-S28, S30, S31

L11, L20, L22, L32
L40, L44, L53, L54, L56
S11, S15, S18, S21
S23, S34, S36, Mrp10

L50

L56

L34

L9

L9, L31, S3, S25, S36

L28, L31, S3, S34

Mrpl13, Mrp13, 
Rsm28, Mrp8

L33

L53, S25

L35
S3
Mrp1

S34

Pet123

Mhr1
Rsm26 

L45
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ANIMALS 
ANCESTOR

METAZOA 
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ANCESTOR

FUNGI 
ANCESTOR

47

34

S CEREVISIAE
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The importance of experimental 
characterizations
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The importance of experimental 
characterizations

77

58

32

23

35

24

38

28

42

30

BIKONTS ANCESTOR

PLANTS ANCESTOR

DISCRISTATES ANCESTOR
KINETOPLASTIDS ANCESTOR

ALVEOLATES/HETEROKONTS ANCESTOR

KINETOPLASTIDS 
ANCESTOR

Arabidopsis thaliana

Oryza sativa

Ostrecoccus tauri

Chlamydomonas reinhardtii

Cyanidioschyzon merolae

Plasmodium falciparum

Plasmodium yoelii

Theileria annulata

Cryptosporidium parvum

Paramecium tetraurelia

Tetrahymena termophila

Phytophthora ramorum

Thalassiosira pseudonana

Leishmania infantum

Leishmania major

Leishmania braziliensis

Trypanosoma brucei

Trypanosoma cruzi

Naegleria gruberi

Reclinomonas americana

Giardia lamblia

Trichomonas vaginalis

L10, L31chl, L38, L52, 
S1, S25

L18, L30, L31, L32,
 L38, L45, L52,
S1, S21, 
S23, S25, S33, Mrp10

L25
L41, L45, L53
S21
S23, S33, S35, S36, Mrp10

L9, L25, L34chl

L45, L54
S6chl, S10chl, S13chl, S17chl, S19chl, S21
S23, S33, S36, Mrp10

L5chl, L6, L9, L34, L35, S3chl, S4chl, S5, S8chl, S10, S16, S33, S35, Mrp10

L17, L23chl, L25, L43

L18, L28,L41
S21, S23, S36

L49

S8*

?

S13*

L5, L34
L53
S2, S4, S7

L10
S34-S36

L10, L19, L25
S8, S10, S11

L35chl, L36chl

L43
S6chl

Ppe1

L33

L36chl, S3chl, S13, S18, 
S19chl, S34, S36, Ppe1 L41

S19

L1, L10, L18, L19, L31, 
L32, L34
S1

L5, L27, L35, L36
L54
S2-S4, S7, S10, 
S13, S14, S19
S25

L12, L13, L30

S15

Rsm22

?

?

BIKONTS 
ANCESTOR ALVEOLATES/

HETEROKONTS 
ANCESTOR

DISCICRISTATES 
ANCESTOR

PLANTS 
ANCESTOR

94 new proteins

Tb927.8.3300
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Strong support for the -proteobacterial 
origin of the mitochondrial ribosomal 
proteins despite their rapid evolution

56 proteins concatenated (4133 positions)

= > Despite the rapid evolution of 
mitochondrial ribosomal proteins, the 
-proteobacterial origin is well 
recovered

Opisthokonts

Green algae and land plants
Heterokonts

Alveolates

Bacteria

-proteobacteria

-proteobacteria

Excavates
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What about cytosolic ribosomes ?

-proteobacterial origin 
of the mitochondrial 
ribosome

evolution of the cytosolic 
ribosome ?

Eukaryotes
Archaea

?
Bacteria

Eukaryotes
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ref. Lecompte O., NAR, 2002

What about cytosolic ribosomes ?

-proteobacterial origin 
of the mitochondrial 
ribosome

evolution of the cytosolic 
ribosome ?

Eukaryotes
Archaea

?
Bacteria

Eukaryotes

Families of ribosomal proteins :

E : 11 A : 1

B : 27

EB : 0 AB : 0

EA : 33

EAB : 
  34

Bacteria

Eukaryotes Archaea



07/05/09    27

The slow evolution of the cytosolic 
ribosome

Tribolium castaneum
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L7Ae, L13e, L14e, 
L15e, L18e, L19e, 
L21e, L24e, L30e, 
L31e, L32e, L34e, 
L35ae, L37ae, L37e, 
L38e, L39e, L40e, 
L41e, L44e,
S3ae, S4e, S6e, S8e 
S17e, S19e, S24e, 
S25, S26e, S27ae, 
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+universal proteins

L6e, L18ae, 
L22e, L23e, 
L27e, L28e, 
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S7e, S21e, 
S10e

L28e

L28e, 
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FECA

LECA
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-proteobacterial origin 
of the mitochondrial 
ribosome

Eukaryotes
Archaea

Bacteria

Eukaryotes

Comparative analysis of mitochondrial 
and cytosolic ribosomes evolution plead 
for the Archezoa hypothesis

Archaea and Eukaryotes 
share a common ancestor

Archezoa tree

Eukaryotes

Bacteria Archaea

XX
X
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The archaeal ribosome : 
a reductive evolution

Group I

Halobacteriales

Methanosarcinales

Methanomicrobiales

Thermoplasmatales

Archaeoglobales

Methanobacteriales

Methanococcales

Methanopyrales

Thermococcales

Nanoarchaea

Thermoproteales

Crenarchaeota

Euryarchaeota

Sulfolobales

Desulfurococcales

ThaumarchaeotaCenarchaeum symbiosum

Thermofilum pendens
Caldivirga maquilingensis
Pyrobaculum calidifontis
Pyrobaculum islandicum
Pyrobaculum aerophilum
Pyrobaculum arsenaticum
Metallosphaera sedula
Sulfolobus solfataricus
Sulfolobus acidocaldarius
Sulfolobus tokodaii
Ignicoccus hospitalis
Staphylothermus marinus
Aeropyrum pernix
Hyperthermus butylicus
Nanoarchaeum equitans
Thermococcus onnurineus
Thermococcus kodakarensis
Pyrococcus furiosus
Pyrococcus abyssi
Pyrococcus horikoshii
Methanopyrus kandleri
Methanosphaera stadtmanae
Methanothermobacter thermautotrophicus 
Methanocaldococcus jannaschii
Methanococcus aeolicus
Methanococcus maripaludis (4 strains)
Methanococcus vannielii
Picrophilus torridus
Ferroplasma acidarmanus
Thermoplasma acidophilum
Thermoplasma volcanium
Archaeoglobus fulgidus
Methanosaeta thermophila
Methanococcoides burtonii
Methanosarcina barkeri
Methanosarcina acetivorans
Methanosarcina mazei
Methanocorpusculum labreanum
Methanoculleus marisnigri
Methanospirillum hungatei
Candidatus Methanoregula boonei
Halorubrum lacusprofundi
Haloquadratum walsbyi
Haloferax volcanii
Halobacterium halobium
Natronomonas pharaonis
Haloarcula marismortui
Nitrosopumilus maritimus

Candidatus Korarchaeota

L7Ae, L13e, L14e, 
L15e, L18e, L19e, 
L21e, L24e, L30e, 
L31e, L32e, L34e, 
L35ae, L37ae, L37e, 
L38e, L39e, L40e, 
L41e, L44e,
S3ae, S4e, S6e, S8e 
S17e, S19e, S24e, 
S25, S26e, S27ae, 
S27e, S28e, S30e
+ universal proteins

LX ?

L13e, L14e, L34e, 
L38e, LX ?, S24e

L13e, 
L38e, 
S25e, 
S26e, 
S30e

L14e, 
L34e

L24e, L37e, 
L39e

L38e, L39e, LX

L38e

LX

First archaeal 
ancestor
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Eukaryotes

Bacteria Archaea

Different tendencies in the evolution of 
archaeal and eukaryotic ribosomes

! !
10 dispensable proteins
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Conclusions

• Phylogenomic is a powerful tool to reconstruct the origin and evolution of 
cellular systems

• Importance of the combination with proteomics

• Eukaryotic mitochondrial ribosomes evolve very fast but their origin from 
within bacteria is well recovered by molecular phylogeny

• Eukaryotic cytosolic ribosomes evolve much more slowly and indicate a 
sister relationship between archaea and eukaryotes

?

Eukaryotes

Bacteria Archaea

XX
X
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