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Phylogenie classique

® Caracteres morphologiques

® ouverts aux interpretations

® pas toujours disponibles (ex. microbes)

® souvent incommensurables entre lignées
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Phylogenie moleculaire

® Caracteres moléculaires

® protéines
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Phylogenie moleculaire

principe de base / raisonnement de parcimonie

AAAAAAAA
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AACAAAAA AAAAATAA

/\ /\

AACAAAGT AACATAAA AGAAATAA CAAAATAA
espece | espece 2 espece 3 espece 4

1 AACAAAGT Les substitutions sont assez rares.
2 AACATAAA La majorité des differences de

3 AGAAATAA sequence observees entre especes
4 CAAAATAA sont donc héritées.
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Phylogenie moleculaire

necessite d’aligner les sequences
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Phylogenie moleculaire

necessite d’aligner les sequences

AAAAAAAA
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AACAAAAA AAAAATAA

AACAAAGT AACATAAA AAAATAAT CAAAATAA

espece | espece 2 espece 3 espece 4
1 AACAAAGT 1 AACAAAGT
2 AACATAAA  1iii i 4. 2 AACATAAA
3 AAAATAAT TR 3 AR—AATAA
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Phylogenie moleculaire

exemple : oxydase alternative
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Phylogenie moleculaire

arbre non-enracing, racine et groupe exteérieur
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Archezoa vs. ‘Crown’
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Que sont les Archezoa ?

Giardia Trichomonas

47

"

E. hellem
E. cuniculi
E. intestinalis

parasites
amitochondriaux

E. bieneusi
E. intestinalis

Intracellular development of E, bieneusi and E. intestinalis spores.

*Development inside parasitophorous vacuole also occurs in E, hellem and E. cuniculi.
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Pas si Archezoa (2)

[artefacts de reconstruction]
A

W X

Hervé Philippe

si Y est un outgroup phylogénétiquement €éloigné

L'attraction des longues \I/ % ;

branches (LBA) est 7 > W

responsable de la X X
position artefactuelle

Archaea Archaea

des Archezoa dans _{l—Microspororidia > Microsporidia
’ Fungi Fungi
I'arbre des eucaryotes. Chelzsa LBA e

Felsenstein (1978) Syst Zool 27:401-410; Philippe et al. (2000) Curr Opin Genet Dev 10:596-601



Andrew Roger

CPN60
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presence de genes nucleaires d’ origine
mitochondriale dans les Archezoa

Roger (1999) Am Nat 154:146-163
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Pas si Archezoa (3)

transfert de genes]
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Pas si Archezoa (4)

[predictions phylogenetiques]
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Les 6 Supergroupes

fusion des genes DHFR et TS e

> >>< <

‘unikontes’
vs. ‘bikontes’
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Incongruence

un exemple tire de la linguistique

Potential relationships among European languages

based on the naive analysis of 1 word

l' Francais TU
li ltaliano TU

'Z|E English YOU
[IR—

Nederlands JE
L Euskara DUZU



Incongruence

un exemple tire de la linguistique

Potential relationships among European languages

based on the naive analysis of 1 word

|
|

English

1/ I\

Italiano

F
B

i_i Francais

Nederlands

]

e
1T

Euskara

NO
NO
NON
NEE

EZ
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francais italiano english nederlands euskara

trois three drie hiru
je fo) I ik I
ouli Si yes ja bai
non no no nee ez

souris topolino saguaren



Incongruence

un exemple tire de la linguistique

Known relationships among European languages

strongly supported by the naive analysis of 14 words

3
T
Q
)
WO
D
w»n
olpell

u ltaliano

English

ueado.ina-opul

Nederlands

oluew.ab

Euskara



Phylogenomique

La révolution génomique a commencé en [995.

High-throughput
experiments

Genomics

Automated Sanger High-density
sequencing machine oligonucleotide microarray

(ABI 3730xl) (Affymetrix array)



Phylogenomique

=0 =0 E0O= Single-gene

______________________ - analyses

SOl OO
Supermatrix \N&,
analysis I |
SUPERMATRIX SUPERTREE ¢ Supertree
construction

i [EIEETE

——

o |

modifié de Bininda-Emonds (2010) Palaeodiversity 3 (Suppl.):99-106




Phylogenomique

concatenation d’alighements en supermatrices

St S? S3
S{ ACGTCAAG Si TGG--T S{ CGGACTACGT
So AC-TCCAG S3 AGCTCC Sy cCcCCT----GG
S3 AC-TCGAC Sy AGCTCG Ss CGTTCGACGT
St S? S3
Sy ACGTCAAG TGG--T CGGACTACGT

S9 AC-TCCAG . . . . . . . v v v i
S3 AC-TCGAC AGCTCC . . . .« o . ..
Sy .o AGCTCG CCCT----GG@
Sy .o CGTTCGACGT

Criscuolo A. (2006) Thése de Doctorat



The analysis of 100 genes supports the grouping of
three highly divergent amoebae: Dictyostelium,

Entamoeba, and Mastigamoeba

Eric Bapteste*, Henner Brinkmannt, Jennifer A. Lee*, Dorothy V. Moore*, Christoph W. Sensen$, Paul Gordon?,
Laure Duruflé*, Terry Gaasterland?, Philippe Lopez*, Miklos Miiller*, and Hervé Philippe*!

*Unité Mixte de Recherche 7622 Centre National de la Recherche Scientifique, Université Paris 6, 9 Quai Saint Bernard, Bat C, 75005 Paris, France;
TDepartment of Biology, University of Konstanz, 78457 Konstanz, Germany; *The Rockefeller University, 1230 York Avenue, New York, NY
10021; SDepartment of Biochemistry and Molecular Biology, University of Calgary, 3330 Hospital Drive N.W., Calgary, AB, Canada,

T2N 4N1; and TNational Research Council, Institute for Marine Biosciences, 1411 Oxford Street, Halifax, NS, Canada B3H 3Z1

Communicated by William Trager, The Rockefeller University, New York, NY, December 11, 2001 (received for review October 10, 2001)

The phylogenetic relationships of amoebae are poorly resolved. To
address this difficult question, we have sequenced 1,280 expressed
sequence tags from Mastigamoeba balamuthi and assembled a
large data set containing 123 genes for representatives of three
phenotypically highly divergent major amoeboid lineages: Pelo-
bionta, Entamoebidae, and Mycetozoa. Phylogenetic reconstruc-
tion was performed on ~25,000 aa positions for 30 species by using
maximum-likelihood approaches. All well-established eukaryotic
groups were recovered with high statistical support, validating our
approach. Interestingly, the three amoeboid lineages strongly
clustered together in agreement with the Conosa hypothesis [as
defined by T. Cavalier-Smith (1998) Biol. Rev. Cambridge Philos.
Soc. 73, 203-266]. Two amitochondriate amoebae, the free-living
Mastigamoeba and the human parasite Entamoeba, formed
a significant sister group to the exclusion of the mycetozoan
Dictyostelium. This result suggested that a part of the reductive
process in the evolution of Entamoeba (e.g., loss of typical mito-
chondria) occurred in its free-living ancestors. Applying this inex-
pensive expressed sequence tag approach to many other lineages
will surely improve our understanding of eukaryotic evolution.

I I nicellular amoebae are possibly the simplest eukaryotic

‘_{:A?ropyrum pernix
. Sulfolobus solfataricus

Pyrococcus abyssi
Methanococeus jannaschii

T. acidophilum
Archaeoglobus fulgidus
Halobacterium sp.
Diplomonads

‘ — Trypanosoma
‘—Leishmania

Archaea

}Kinetoplastida

}Alveolata

Ciliates
o "l ESarcocyshdae
1 . Plasmodium falciparum

Stramenopiles g uardia theta
(nucleomorph)

Plantae

Arabidopsis thaliana

Monocots

Basidiomycetes

Schizosaccharomyces pombe

Neurospora crassa

Candida albicans

-—Saccharomyces cerevisiae

Mammals

Caenorhabditis elegans

Drosophifa melanogaster

Dictyostelium discoideum

o7 Entamoeba histolytica }Conosa
98 Mastigamoeba balamuthi

Opisthokonta

93



Phylogenomique

principe du bootstrap et robustesse des arbres

A BCDE Freq
. * % 100%
« * % 50%
* 50%

C
B D
50 /100

E A

Felsenstein (1985) Evolution 39:783-791; Rodriguez-Ezpeleta (2007) Thése de Doctorat



Acanthamoeba spp.

S Mastigamoeba balamuthi
Physarum polycephalum
96/ Dictyostelium discoideum
1.00/ Blastocladiella spp.
Ustilago maydis

Proterospongia sp.
Monosiga spp.

Drosophila melanogaster
Homo sapiens

‘Malawimonas californiana‘
Malawimonas jakobiformis

AMOEBOZOA

OPISTHOKONTA

~.SINOMINN.~

confirmation

Trimastix pyriformis

Monocercomonoides sp.

Trichomonas vaginalis

de 'existence
de certains des

METAMONADA

Spironucleus barkhanus

100/0.9 ‘Jakoba bahamensis*

Jakoba libera
‘Seculamonas ecuadoriensis’
Histiona aroides
Reclinomonas americana
Naegleria sp.

89/1.0

83/1.0

89/1.0

Euglena gracilis

g Trypanosoma sp.
@ b [ @iShmania sp.
Glaucocystis nostochinearum
Cyanophora paradoxa
Oryza sativa
Micromonas sp.
Chlamydomonas reinhardtii
Chondrus crispus
Porphyra spp.
Pavlova lutheri
Emiliania huxley
Bigelowiella natans
Cercomonas longicauda
Blastocystis hominis
Thallassiosira pseudonana
Phytophthora spp.
Oxytricha trifallax
Tetrahymena sp.
Toxoplasma gondii

Alexandrium tamarense
@ : Amphidinium carterae

Andalucia incarcerata \

Sawyeria marylandensis
Stachyamoeba lipophora

Giardia intestinalis

supergroupes

EXCAVATA
DISCOBA

143 genes x 48 especes
RAXML (WAG+I 4)

ARCHAEPLASTIDA
= PLANTAE

'CHROMALVEOLATES' <«
RHIZARIA

'CHROMALVEOLATES' <«

0.1

' maximum support

Hampl et al. (2009) PNAS USA 106:3859-3864



Rickettsia

42 genes x 54 especes
PhyloBayes (CAT+I4)

|

confirmation de la position

de la racine des eucaryotes
Derelle & Lang (2012) Mol Biol Evol 29:1277-1289



Artéfacts de reconstruction
Causes et remedes



Artefacts

une question de substitutions multiples
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Artefacts

une question de substitutions multiples
AAAAAAAA

/\

AACAATAA GAAAATAA

/\ /\

AACGATGT AGCATTAA GGATATCA CAAATTAA
espece | espece 2 espece 3 espece 4

1 AACGATGT
2 AGCATTAA
3 GGATATCA
4 CAAATTAA



Artefacts

une question de substitutions multiples
AAAAAAAA

/\

AACAATAA GAAAATAA

/\ /\

AACGATGT AGCATTAA GGATATCA CAAATTAA

espece | espece 2 espece 3 espece 4
1 AACGATGT Lorsque 'lhomoplasie est trop
2 AGCATTAA importante, les sites informatifs
3 GGATATCA deviennent trompeurs.

4 CAAATTAA C’est le signal non-phylogénétique.



long1
_ short1

long2

L short2

True

Artefacts

attraction des longues branches / inconsistance

long1
long2

— short1

L short2

Recovered

~ WO N R

S~ W N R

both the same as short1 and short2

one the same and one different

both different and different from each other
both different but the same as each other

-

AAAA
AAGA
CAGA
GAGA

L
= Q= = N
= Q0 = QW
= Q> Qb

parsimony uninformative
parsimony uninformative
parsimony uninformative
parsimony misinformative

Puisque tous les sites sont soit non-informatifs, soit trompeurs, la
parcimonie tend a regrouper les longues branches ensemble, et ce
d’autant plus solidement qu’elle dispose de beaucoup de donneées.

adapté de P. G. Foster



Evolution Gee (2003) Nature 425:782 A A A

Ending incongruence

Henry Gee

phylogenetic signal
—
—
—

Recovering the true evolutionary history of any group of organisms has
seemed impossible. The availability of large amounts of genomic data
promises an era in which the uncertainties are better constrained.

E
100/100/100 S. cerevisiae ‘é
(4]
100/100/100 S. paradoxus %
100/100/100 S mikatae 2y v v
100/100/100 < Strongly supported Unsupported trees Strongly supported
S. kudriavzevii incorrect trees correct trees
100/100/100 B —
S. bayanus g
S. castellii 5
©
S. kluyveri & ﬂ 2 3 — 3 H ]
C. albicans 1 |_| 1 2 & 1 2 3
Rokas et al. (2003) Nature 425:798-804 Baurain & Philippe (2010)
In Evolutionary Genomics and Systems Biology
M TRENDS in Genetics Vol.22 No.4 April 2006 Full text provided by V(ViW-Sciencedire‘
2 } SCIENCE C DDDDDDD
slimhe Jeffroy et al. (2006) Trends Genet 22:225-231

Phylogenomics: the beginning
of incongruence?

Olivier Jeffroy, Henner Brinkmann, Frédéric Delsuc and Hervé Philippe

Canadian Institute for Advanced Research, Centre Robert-Cedergren, Département de Biochimie, Université de Montréal,
Succursale Centre-Ville, Montréal, Québec, Canada, H3C3J7



Artefacts

Comment réduire le signal non-phylogénétique ?

% Combinaison de 3 approches :
|. Amelioration de I'echantillonnage taxonomique
a. Choix d’espéces a évolution lente
b. Augmentation de la densité en espéces
2. Elimination des sites a évolution rapide

3. Utilisation de modeles d’evolution sophistiques

Philippe et al. (201 1) PLoS Biol 9:e1000602



Remedes

la. choix d’especes a evolution lente

a) Homo

Ciona
Drosophila
Hydra
Monosiga

| Phanerochaete
_E Cryptococeus
Ustilago
Neurospora
_I { . Saccharomyces

Schizosaccharomyces
Dictyostelium
Arabidopsis
Oryza
Pinus
Physcomitrella
Closterium

46 _:Chlamydomonas
Dunaliella

9 _,:Glaucocystfs
Cyanophora

Porphyra @
Theileria
_,—!: Babesia
— Plasmodium
— Toxoplasma
ﬁ Eimeria
100 Cryptosporidium
Alexandrium
99 Tetrahymena
Thalassiosira
_:: Phacodactylum
Phytophthora
. — e
T brucei
L [eishmania
— 0.036

Le bootstrap evalue 'lhomogeneite du signal et non sa nature.
Rodriguez-Ezpeleta et al. (2007) Syst Biol 56:389-399

b)

Homo
Ciona
Drosophila
Hydra

Monosiga

Phanerochaete
_E Cryptococcus
Ustilago

leurospora
_| I Saccharomyces
Schizosaccharomyces

L ——¢

100}

Dictyostelium
Arabidopsis
Oryza

Pinus

Physcomitrella

Closterium

100 _‘:Chlamydomonas
| Dunaliella

laucocystis
Cyanophora

Theileria
_‘—: Babesia
Plasmodium

L[ Tonpim
Eimeria

100

Cryptosporidium
Alexandrium

Tetrahymena
Thalassiosira
Phaeodactylum

Phytophthora
—— e
T brucei

m|

L [eishmania

Cyanidioschyzon @

F0.036




Remedes

|b. augmentation de la densité en especes

L — P
1 . .

Un echantillonnage épars masque les substitutions multiples.
adapté de H. Philippe



Remedes

|b. augmentation de la densité en especes

D

D

. — :

D

D

L| E

E

] D
E

- D
' D

H D

— D

— E
E

E

D

E

D

I_r E

E

— D

I E

D

g S—s =

D

— E

— E
D

E

E

D

Un echantillonnage dense revele les substitutions multiples.
adapté de H. Philippe



Mmoo Qwe

Remedes

I 4

2. élimination des sites a

ttcta cagtgc cactcac
tgcga tattgc cattcac
tgcga tattgcccacattcgc
tcccat catggc tactgac
tgcga cattgc cattcac
tgcga cattgc cattcac

Tree made using
slow sites only

ctggt
tggt
aggt
tgg
tggt
tgg

evolution rapide

act
act
ac

act
act
act

tatgcgagt
tatgtgaga
tatgtgaga
tatgcgagt
tacgtgagt
tatgtgaga

Les sites sous faible
sélection sont plus
saturés que ceux sous
forte sélection.

adapté de P. G. Foster



Remedes

2. elimination des sites a eévolution rapide

ML bootstrap values
100 -

90 -

80 -4

—+— Bikonta

-=— Excavata

-+ Unikonta

~o— Opisthokonta + T. trahens
-o- root Unikonta-Bikonta

70

60

50 4

40 . % of dataset removed

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Le retrait des sites rapides ameliore la robustesse de I'arbre.

Derelle & Lang (2012) Mol Biol Evol 29:1277-1289



Remedes

3. utilisation de modeles d’evolution sophistiques

LG or WAG

A R N D

O O 2 1/ >

1 global precomputed
replacement matrix

=

ARNDCQ..YYV

1 global
compositional profile



O O 2 1/ >

Remedes

3. utilisation de modeles d’evolution sophistiques

CAT

A R N D

9 {f

Nicolas Lartillot

ARNDCQ..YYV

N +

ARNDCQ..YYV

e o I

ARNDCQ..YV

1 global « flat » K distinct
replacement matrix compositional profiles



Remedes

3. utilisation de modeles d’evolution sophistiques

CAT analyses ML analyses
posterior probabilities bootstrap values

1 M 100

R
0 2 4 6 8 10 12 14 1B 18 20 2 4 2% 28 30 32 ¥ 3% 3B 40

—4&— sister-group to Excavata —&— sister-group to Opisthokonta+Thecamonas+Amoebozoa

—@— sister-group to Thecamonas
- sister-group to Opisthokonta+Thecamonas

CAT ameliore la detection des substitutions multiples.

Derelle & Lang (2012) Mol Biol Evol 29:1277-1289

3 sister-group to Amoebozoa



Reclinomonas americana

I Jakoba libera
110097 98 Naegleria gruberi
I Leishmania major Excavata
+ e Trypanosoma brucei
Euglena gracilis
o Cyanidioschyzon merolae
R 72 ’ Galdieria sulphuraria I RhOdOphyta
_— Chorella sp.
e m’ﬁ-:wcmmonaspsp.
Ostreococcus tauri Viridiplantae ;
Arabidopsis thaliana o
11585357 Physcomitrella patens ;'_{
Emiliania huxleyi
Pavlova lutheri I Haptophyta CZ)
Perkinsus marinus —]
0.98 53 38 38 I Toxoplasma gondii #)p)
q Sterkiella histriomuscorum -
* T. thermophila
17997 89 * Paramecium
-1 Rhizaria SAR
0007809 08 Blastocystis
1100 99 100 Ectocarpus siliculosus
Thalassiosira pseudonana
: Phaeodactylum tricomutum
Phytophthora
Pythium ultimum
Acanthamoeba castellanii
Physarum polycephalum
—+ : Dictyostelium discoideum | Amoebozoa
0.998667 72 Dictyostelium purpureum -
Hartmannella vermiformis %
> oled | Thecamonas trahens Apusosoa —
1978891 ——]009614054 Malawimonas @ LA N
Spizellomyces punctatus O
—0.99 43 28 48 Batrachochytrium dendrobatidis pd
Rhizopus oryzae -
Ustilago maydis . U?
4 ) Opisthokonta
Capsaspora owczarzaki
Drosophila melanogaster
0.06 Homo sapiens
Nematostella vectensis

Derelle & Lang (2012) Mol Biol Evol 29:1277-1289



Explosion des groupes

L Uoni ) - - - ‘Bikonts’
Unikonts L “‘__ ~ao i
=t e, o S
& ~ & L & . 8
’ 3 ° Archaeplastida S\
" /~ S TApusomonads (= Plantae) \\
! Amoebozoa -Breviata Cryptomonads + \}
d . Haptophytes \
[ Slime moulds = : \
: Archamoebae amenepies “
[ Phalansterium_ 1) (2+4) Alveolata \
' Multicili '
- LuthCI ia D q) (i) :
obose
' o NT Rhizaria
' amoebae (0) U X4 !
“ ~ :
v Opisthokonts (2 ! 2 Excavata '
\ inc. Animals D '
and Fungi !
Eukaryotes
Prokaryotes
Eubacteria Archaebacteria Current Biology

modifié de Roger & Simpson (2009) Curr Biol 19:R165-7



Complication #1 : Big Bang

possible radiation explosive des Eucaryotes
aggravee par le signal non-phylogenetique



Iransfert.de genes
Orthologie, paralogie et xénologie



Basic Local Alignment Search Tool

e calcule la similarité entre deux séquences biologiques

e produit des alighements locaux : seule une portion de chaque
sequence est alignée

e utilise des statistiques sophistiquées pour déterminer si un
alignement pourrait avoir été obtenu par le seul hasard

>
database (GenBank)

serveur BLAST

requéte
S1 TTGACACCCTCCCAATTGTA

S2 ACCCCAGGCTTTACACAT

S1 TTGACACCCTCC-CAATTGTA < global >

S2 ACCCCAGGCTTTACACAT--- local rapport
U

Sl ————————— TTGACACCCTCCCAATTGTA

S2 ACCCCAGGCTTTACACAT--—==———=———-—




BLAST

a chaque recherche sa variante de BLAST

query database
+DNA_seq BLASTN '
TATGGCAATTAAAATTGGTATCAATGGTTTTGG O >
TCGTATCGGCCGTATCGTATTCCGTGCAGCACA
ACACCGTGATGACATTGAAGTTGTAGGTATTAA o, >
CGACTTAATCGACGTTGA TBLASTX

s

>protein_ seq ?E)
MLQTAPMLPGLGPHLVPQLGALASASRLLGSIA «%\/
SVPPQHGGAGFQAVRGFATGAVSTPAASSPGHK
PAATHAPPTRLDLKPGAGSFAAGAVAPHPGINP O >
ARMAADSASAA BLASTP

proteins

Les recherches de type protéique sont plus sensibles.



Orthologie et Paralogie

les dangers de la paralogie cachee

A Homologues

Paralogues

souris 00 humain . | singe . ‘ singe 3 | humain 3 souris 3

Copie a

B
(

souris . humain 0. singe o || singe 5 humain 3 souris 3
'. .0 .0

Copie

DUPLICATION

Geéne ancestral

singe 0. humain 3 souris [3

Rodriguez-Ezpeleta (2007) Thése de Doctorat



Orthologie et Paralogie

Cryptosporidium parvum
Plasmodium falciparum
Phytophthora infestans
Mallomonas rasills
Acetabularia acetabulum

Oryza sativa

Zea mays

Triticum aestivum
— Arabidopsis thaliana
Rhodomonas salina
Euglena gracllis
Trypanosoma brucei
Neurospora crassa

Saccharomyces cerevisiae
Absidia glauca

Rhizophlyctis sp. C-10
Monablepharis insignis
Coprinopsis cinerea
Harpochytrium sp. JEL94
Danio rerio
Homo sapiens
Drosophila melanogaster
Casnorhabditis elegans
Monosiga ovata

Dictyostelium discoideum
Planoprotostelium aurantium
92 Mastigamoeba balamuthi

100 Cyanidioschyzon merolae
Moneuplotes crassus
A Tetrahymena themmophila l
e TrichOmonas tenax
Hexamita inflata 57
Giardia intestinalis 57

Plants

| Cryptomonad

Cryptococsus neoformans

I Apicomplexa

| Heterokonts
| Ulvophyte Green Alga

Fungi
eEF-10

Animals

| Choanoflagellate

Ciliates

Cmnmydmmasrerr;wm ; 5
Pleodorina sp. 2000-502-P14 | Chiorophyte
! heca wicherhamil

Thermoplasma acidophiium
Sulfolobus solfataricus
Desuifurococcus mobilis

88 Halobacterium sp. NRC-1
Methanocaldococcus jannaschii

Neurospora crassa

aEF-1u

aca wicherfia Trebuxiophyte
Scenedesmus obliquus Green Algae
Helicospondium AT-2000
mm(;::gﬁid’m:l&lgsmcommfus 1 Zygomycete
@ 5 1Gut Fungus .
100 Pavlova lutheri @ EF-like
: 100 Isochrysis galbana
64 100 1336 envir sntal | Sargasso Sea
81 100 100 Y Wb e il :
Lingulodinium polyadrum Dinofiagellates
100 Amphidinum carterae
Monosiga bravicollis | Choanoflagellate
Bigelowiella natans | Cercozoan ol
— Xenopus laevis
100 L Homo sapiens
— — Candida maltosa
100 _@ammyces cerevisiae eRF-3
100 S. pombe
100 e Nljcc0tiana tabacum
85 — Oryza sativa
e Arabidopsis thaliana
o1 Drosophila mefanogaster HBS1
90 Homo sapiens

un exemple de paralogie
cachee profonde :
le couple eEF-1a / EF-like

Keeling & Inagaki (2004) PNAS USA 101:15380-15385; Kamikawa et al. (2013) BMC Evol Biol 13:131



rthologie et Paralogie

determination des groupes orthologues

S QO—=0)
) N AN 155
5 J!ﬁ;\\ﬁ\\ LN
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VR \/ N
> . 7N
: & \\ \ ‘?4) ﬁ \
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\
\\Vr

/ ko,) \
K7 ~

OrthoMCL
objective le
processus, mais
n’est pas sans faille.

van Dongen (2000) Thése de Doctorat



Endosymbioses primaires

Proteobacterium-like
endosymbiotic ancestor

Mitochondrion

Organelle

relocalisation dans le noyau
de genes encodes dans les
organites endosymbiotiques

Cyanobacterium-like
endosymbiotic ancestor

Margulis (1968) Science 161:1020-1022; Timmis et al. (2004) Nat Rev Genet 5:123-135



2 Bacillus subtilis PY79, K00637
4. 100 Staphylococeus aureus N315, AP003130
1.00 Clostridium perfringens, AP003185

1.00 100/97 {
1.00

Mycoplasma pulmonis, AL445565

Borrelia burgdorferi B31, U03396

Chlamydia trachomatis ATCC VR-902B, U68443
Rickeutsia prowazekii, AJ235270, AJ235272

0.05 substitutions/site
o ace e

Rhodopseudomonas palustris, AF184625

Ralstonia solanacearum GMI1000, AL646064
Escherichia coli K12, U00096

Campylobacter jejuni NCTC 11168, AL139074
Thermus thermophilus HBS (ATCC 27634), X12612, M26923

—

| 98/97
1.00

Aquifex aeolicus VF5, AE000751
Thermotoga maritima MSBS, AE001703
—  Streptomyces coelicolor, AL939108

—

99/73

0.93

: Corynebacterium efficiens YS-314, AP005217
Gloeobacter violaceus PCC 7421, BAOO0045 s
—— Crocosphaera watsonii WH 8501, AADV02000003
1 o200 Microcystis sp. 'Brown', AY333417
: i?ynechoqrsris sp. PCC 6803, D64000
richodesmium erythracum IMS101, AABK03000003
Lyngbya aestuarii PCC 7419, AJ0O00714, AYS584522
Nostoc sp. PCC 7120, BA0O00019
Anabaena variabilis ATCC 29413, AAEA01000000
Aphanizomenon ovalisporum 11L.C-146, AY 335547
Nostoc punctiforme PCC 73102, AAAY 02000000
—Touyanophora paradoxa UTEX 555, U30821
—E Glaucocystis nostochinearum SAG 45.88
Cyanoptyche gloeocystis fa. dispersa SAG 34.90
l Cyanidioschyzon merolae, AB002583
70/61/- Cvanidium caldarium RK 1, AF022186

100/64
1.00

0.99

1.00 |

8075
1.00

5 ——— Odonlqlla sinensis, Z67753

Pylaiella littoralis, X14873, X61179

TR Palmaria palmata, 218289
_{__L Gracilaria tenuistipitata, AY 673996
Porphyra purpurea, U38804

Compsopogon coeruleus SAG 36.94
Porphyridium aeruginenm SAG 43.94
@ ———— Guillardia theta CCMP327, AF041468
r_{M,Pyramimonas arkeae CCMPT725, AF393608
- Nephroselmis olivacea NIES 484, AF137379
=TS0 Scherffelia dubia SAG 17.86, AF393609
_i l - Chlamydomonas reinhardtii CC-125, BK000554
0 Chlorella vulgaris C-27, AB001684
i.(%’ Chaetosphaeridium globosum M1311, AF494278
Coleochaete nitellarum SAG 3.91, AF393592, AF393591
Spirogyra maxima UTEX 2495, AF393611, AF393610
Zygnema circumcarinatum SAG 698-1a, AF393617, AF393616
Anthoceros punctatus, AF393576
Physcomitrella patens, AP005672
Mesostigma viride NIES-296, AF166114
Thermosynechococcus elongatus BP-1, AP005376
Synechococcus elongatus PCC 6301, AP008231
Prochlorococcus marinus MIT 9313, BX548175
Synechococcus sp. WH 8102, BX548020
Synechococeus sp. MB11E09, AY(033308
Prochlorococcus marinus subsp. pastoris CCMP 1378, AAAX01000000
- Prochlorococcus marinus subsp. pastoris CCMP 1986, BX572090
~= Prochlorococcus marinus subsp. marinus CCMP 1375, AE017162
Paulinella chromatophora M 0880, pl{tosynthetic organelle 4 |

10,99

98774
1,00

Marin et al. (2005) Protist 156:425-432

Bacteria
(outgroup)

Cyanobacteria

I Cyanelles

Rhodoplasts

spyse|d

Chloroplasts

Cyanobacteria

operon rRNA

une seconde
endosymbiose
primaire :
Paulinella




endosymbiose primaire endosymbiose secondaire
Plantae « Chromalveolés »

Cryptophytes
8 Haptophytes

Stramenoplles

O Photosynthetic
@ Plantae ancestor
‘ J

Plastid Ancestral
establishment Chromalveolate

@ Red algae ' ®
Primary
endosymbiosis /é\ v @ 5
e

Alveolates

Green :
alga ' Euglenids
Prey S
retentlon 5
:
i/ * Chorarachniophytes
Q Glaucophyte
Prey algae
digestion
Cyanobacterla Photosynthetic
(prey) Phagotrophic Plantae ancestor ‘Plantae’ ancestor

Gibbs (1978) Can | Bot 56:2883-2889; Reyes-Prieto et al. (2007) Annu Rev Genet 41:147-168



Secondary host
Primary host

Plastid
progenitor

HGT HGT HGT

Elias & Archibald (2009) BioEssays 31:1273-1279



0.83

0.92

Embryophyta .
0.98 1 AtPAA2-like
T Chlorophyta
0.63 1 Embryophyta

1057 Mamiellales AtPAA1-like

' Chlorophyta
1 0.29 i | Cyanobacteria

0.97 y CtaA
N | Cyanobacteria

1
M Cyanobacteria | PacS

Bacteria + Archaea

Embryophyta

Chlorophyta
Bacillariophyta
Bigelowiella_natans_753081@ 18724

_|—| 0.95
1

_1< Thraustochytriaceae
—— ] Emiliania huxieyi CCMP1516

Aureococcus_anophagefferens_44056@ 72032

4 metal P-ATPases = 4 origines

Nematostella_vectensis_45351@NEMVEDRAFT_v1g70040-PA
[HM|ref] Carboxydothermus hydrogenoformans Z-2901 [78044655] [CPC]
Bacteria

Bacteria + Archaea
Bacteria + Archaea

0.56
Bacteria + Archaea
0.97 Embryophyt
mbryo a
0.78 yophy
—1 0.5 0.76 099 | Chlorophyta
1 Chlamydiales
1 Cyanidioschyzon_merolae_45157@CMS330CT
— Bacteria
. Bacteria
0.8 057 :—
Bacteria
0.5

—

IB-1 ATPases

IB-1 ATPases (chloroplast)

Al.Me*

IB-2 ATPases (CPC)

Al.Me?*
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Hanikenne & Baurain (2013) Front Plant Sci 4:544



Complication #2 : EGT
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chimerisme complexe (mais biaise) des genomes algaux
lie aux multiples transferts independants de plastes

modifié d’Elias & Archibald (2009) BioEssays 31:1273-1279; Petersen et al. (2014) Genome Biol Evol 6:666-684



Complication #3 : HGT

W. Ford Doolittle

transfert horizontal de genes
lie au « You are what you eat »

Doolittle (1998) Trends Genet 14:307-31|
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Keeling & Palmer (2008) Nat Rev Genet 9:605-618



Transfert de genes

aussi dans les genomes des organites
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Il faut donc examiner la phylogenie de chaque
gene et la comparer a celle obtenue a partir
de la supermatrice (analyse de congruence).

arbre
concaténe

Baurain et al. (2010) Mol Biol Evol 27:1698-1709
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une algue « verte » au passe
trouble : Euglena gracilis
(Discoba, Excavata)

Yamaguchi et al. (2012) BMC Evol Biol 12:29
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He et al. (2014) Curr Biol 24:465-470
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Les jakobides sont les seuls eucaryotes avec une ARN
polymeérase alpha-proteobacterienne. Tous les autres ont une
enzyme (nucléaire) transferée depuis un bactériophage.

Lang et al. (1997) Nature 387:493-497 Rodriguez-Ezpeleta (2007) Thése de Doctorat



Prédictionsiphylogénétiques
Horloges moléculaires



Horloges moleculaires

principe de base (vitesse d’evolution constante)

Gene X Calibration _ Datation
ene d'horloge moléculaire
A 100 Ma A ® 200 A
B —— B B
* Taux R, =
C 9 10% C ' ® 300 C
D °p 0,100 %/ Ma - D
€ — € (parlignée) ¢ €
P Ly BT
10 % subs. 30%20 10 O 300 200 100 0 Ma

subs.

Si les différences de vitesses entre branches ne sont pas importantes, on
peut contraindre l'arbre a étre ultrameétrique. Cela permet d’inférer la
vitesse d’évolution a partir d’'un seul point de calibration et de dater

tous les autres noeuds en conséquence.
Douzery et al. (2006) Med Sci (Paris) 22:374-380



Horloges moleculaires

Hélas, les lignées n’évoluent pas a vitesse constante.
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Baurain et al. (2010) Mol Biol Evol 27:1698-1709
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Horloges moleculaires

impact de la vitesse d’evolution sur la datation

GeneZ
A — A A
. Taux R. =

C . o (C Z C
5 6,0%p5 0,060 %/ Ma 4Ll 5

€ - ¢ (parlignée) —® 333
: I B 2240 §

I I I i I Iii Iii i vivi i i i
10 % subs. 30% 20 10 O 500 400 300 200 100 0 Ma

subs.

Si nous utilisons le gene Z, dont les vitesses d’évolution sont tres
differentes entre lignées (pas d’ultrametricite), les temps de divergence
inferes seront incorrects puisque I'horloge n’est pas constante.

Douzery et al. (2006) Med Sci (Paris) 22:374-380



Horloges moleculaires

solution : les horloges moléculaires assouplies

vitesses correlees vitesses non-correélées

A A O
g @
¢ |
p W
e N
F B
G O
HH

modifié de Douzery et al. (2006) Med Sci (Paris) 22:374-380
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Parfrey et al. (201 1)

BEAST (WAG)
PNAS USA 108

|5 genes x 109 especes
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Calibration’

Taxon Fossil Eon* Min Dist Ref(s).
Amniota Westlonthania Phan 328.3 4,3 (54)
Angiosperms Oldest angio pollen Phan 133.9 2,10 (55)
Ascomycetes Paleopyrenomycites Phan 400 4, 50 (56)
Coccolithophores Earliest Heterococcolith Phan 203.6 2,8 (57)
Diatoms Earliest diatoms Phan 133.9 2, 100 (58)
Dinoflagellates Earliest gonyaulacales Phan 240 2,10 (59)
Embryophytes Land plant spores Phan 471 2, 20 (60)
Endopterygota Mecoptera Phan 284.4 5 5 (61)
Eudicots Eudicot pollen Phan 125 2,15 (62, 63)
Euglenids Moyeria Phan 450 2, 40 (64)
Foraminifera Oldest forams Phan 542 2, 200 (65)
Gonyaulacales Gonyaulacaceae split Phan 196 2,10 (59)
Pennate diatoms Oldest pennate Phan 80 3,5 (66)
Spirotrichs Oldest tintinnids Phan 444 2.5, 100 (67)
Trachaeophytes Earliest trachaeophytes Phan 425 4,25 (68)
Vertebrates Haikouichthys Phan 520 3,5 (69)
Animals LOEMs, sponge biomarkers Protero 632 2, 300 (70, 71)
Arcellinida Paleoarcella Protero 736 2, 300 (12)
Bilateria Kimberella Protero 555 2, 30 (72)
Chlorophytes Palaeastrum Protero 700 2.5, 300 (73)
Ciliates Gammacerane Protero 736 2.5, 300 (74)
Florideophyceae Doushantuo red algae Protero 550 2.5, 100 (75)
Red algaei Bangiomorpha Protero 1174 4 3, 250 11)

*Eon: Phan, Phanerozoic; Protero, Proterozoic. Proterozoic calibrations are excluded from Phan analyses.
Calibration constraints are specified for BEAST using a gamma distribution with a minimum date in Ma based
on the fossil record parameters as indicated: min, minimum divergence data; dist, gamma prior distribution
(shape, scale). See Table S3 for details of PhyloBayes calibrations.

*In the All 720 analysis (c), the minimum age constraint for the red algae node is set to 720 Ma.

Parfrey et al. (201 1)
PNAS USA 108:13624-13629



Horloges moleculaires

impact des choix methodologiques sur la datation
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