





Two types of plastids: 2-membrane plastids
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Two types of plastids : >2-membrane plastids
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Two types of plastids : >2-membrane plastids
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A vast diversity of photosynthetic eukaryotes
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Endosymbiotic gene transfer: EGT

Genome Length [kbp] Number of protein-coding genes
Algae

cp Porphyra purpurea 191 200
cp Cyanidium caldarium 165 197
cp Guillardia theta 122 148
cp Cyanophora paradoxa 136 136
cp Odontella sinensis 120 124
cp Euglena gracilis 143 58
Land plants

cp Marchantia polymorpha 121 84
cp Chlorella vulgaris 151 78
cp Nicotiana tabacum 156 6
cp Oryza sativa 134 76
cp Zea mays 140 76
cp Pinus thunbergii 120 69
Non-phosynthetic plastids

cp loxoplasma gondii 35 26
cp Eimeria tenella 35 28
cp Epifagus virginiana 70 21
Cyanobacteria

Synechocystis sp. 3573 3168
Prochlorococcus marinus 1660 1884
Nostoc PCC 7120 6413 5368

Nostoc punctiforme ~9000 ~7400
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Endosymbiotic Gene Transfer (EGT)

Primary plastid endosymbiosis
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Endosymbiotic Gene Transfer (EGT)

18% of Arabidopsis proteins (~4500)
have been acquired from the plastid

Martin et al. 2002



EGT and detection of cryptic endosymbioses
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EGT and detection of cryptic endosymbioses
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EGT and detection of cryptic endosymbioses
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Unexpected cryptic endosymbioses?

Based on genomic surveys:

Moustafa et al.

Genomic footprints of a cryptic plastid endosymbiosis in diatoms.
Science, 2009, 324, 1724-1726

Woehle et al.
Red and problematic green phylogenetic signals among thousands
of nuclear genes from the photosynthetic and Apicomplexa-related

Chromera velia
Genome Biol Evol, 2011, 3:1220-1230




Green genes in diatoms
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Moustafa et al. - Science 2009

~3550 putative EGTs of green origin!

Traces of a cryptic green algal endosymbiosis?



Green genes in diatoms
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Test 2: replace automatic filtering by visual inspection




Re-analyzing green genes in diatoms
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Deschamps & Moreira - GBE 2012
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0.4 subs. 91
per site

« Poor sampling » case

Phaeodactylum tricornutum XP_002185773.1
—Phaeodactylum tricornutum XP_002185772.1

Ostreococcus lucimarinus 32164

Thecamonas trahens AMSG_08600

——Galdieria sulphuraria Gs21040.1

Ostreococcus lucimarinus 27528

Stramenopiles

~ RedAlgae



« Only Viridiplantae + diatoms » case

| Thalassiosira pseudonana XP_002296464.1
|_ Thalassiosira pseudonana XP_002288415.1
Thalassiosira pseudonana XP_002291048.1
Fragilariopsis cylindrus 211645 itramenopiles
— Arabidopsis thaliana AT1G72180.1 n
Populus trichocarpa 589787
Populus trichocarpa 574290
72 — Selaginella moellendorffii 233841
84 Brachypodium distachyon Brad
Brachypodium distachyon Bradi5g03410.1
o4 Oryza sativa NP_001050019.1
} _lgrabidopsis thaliana AT3G08680. 1
Arabidopsis thaliana AT3G08680.2
Arabidopsis thaliana AT2G156320.1
_F Populus trichocarpa 652015
72

20
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Oryza sativa NP_001052528.1

u_;ms__"se*'agmeﬂa moellendorffii 103725

per site 991Selaginella moellendorffii 99902
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siL_g |Cafdfarchaeum subterrane

Rhizopus oryzae RO3G_16320
Phycomyces blakesleeanus 80088
Ectocarpus siliculosus Esi0041_0046

Caldiarchaeum subterrane:

1

Aureococcus anophagefferens 830 5

Phaeodactylum tricornutum XP_0021
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. M| Fragilariopsis cylindrus 270302
‘Fragifanups:s cylindrus 269995
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Fragilariopsis cylindrus 241429

Fragilariopsis cylindrus 246327
|Fragﬂarfopsfs cylindrus 273295

il

Spizellomyces punctatus SPPG_054

0.2 subs.
per site

Spizellomyces punctatus SPPG_06595

|

Chlamydomonas reinhardtii 196738
Volvox carteri 106039
Volvox carteri 106040

Emiliania huxleyi CCMP1516 251483
— Arabidopsis thaliana AT1G65900.1

100l— Populus trichocarpa 289140
Ostreococcus lucimarinus 27076

I Micromonas strain RCC299 100432

Micromonas pusilla CCMP1545 46

« Unresolved »
case



Leishmania infantum XP_001470099.1
100+ eishmania major strain Friedlin XP_00168
9| ETrypanosoma cruzi strain CL Brener XP_81

98 Trypanosoma brucei TREU927 XP_828888.1
Naegleria gruberi 60343
Trichoplax adhaerens Grell-BS-1999 21182
aenorhabditis elegans NP_498282.1
Caenorhabditis elegans NP_509703.1
Daphnia pulex 305544
Monosiga brevicollis XP_001744889.1
Capsaspora owczarzaki CAOG_05760
Helobdella robusta 173734
Helobdella robusta 157109
Homo sapiens NP_006792.1
Nematostella vectensis 236409
Helobdella robusta 63815
Homo sapiens NP_006845.1
Homo sapiens NP_006846, 1
100=Homo sapiens NP_057839.1
_ -
_:Célanfdfosch yzon merolae CMR190C
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Porphyridium cruentum EST Contig
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95— Volvox carteri 73775
Micromonas strain RCC299 107352
Ostreococcus lucimarinus 14225
95 Ostreococcus tauri 22716
Selaginella moellendorffii 75833
1001 Selaginella moellendorffii 119519

Oryza sativa NP_001056121.1
Populus trichocarpa 805928
Arabidopsis thaliana AT1G29330.1
Mimulus guttatus mgf016622m
Pf}gscomfrreh‘a tens 161051

hyscomitrella patens 223447
Oryza sativa NP_001052584.1
Populus trichocarpa 549820
rabidopsis thaliana AT3G25040.1
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« Eukaryotic gene »

case
(no evidence of EGT)



ISynechocaccus elongatus PCC6301 YP_171815.1
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Synechococcus elongatus PCC7942 YP_399431.1
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Phaeodactylum tricornutum XP. :
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991 Selaginella moellendorffii 406591
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Arabidopsis thaliana AT3G17930.1
Chlorella vulgaris C-169 78830
Chlorella sp. NC64A 13261 .
81 Chlamydomonas reinhardtii 185542

a1

86 Volvox carteri 76641
_E-_ Micromonas strain RCC299 59413
Micromonas pusilla CCMP1545 60880

91 Ostreococcus tauri 36206
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firidiplantae

« EGT gene »

(red case)



Re-analyzing green genes In diatoms: summary

31

Only greens + diatoms
EGT (red or green)

.28 Eukaryotic genes
Homologs

clustering
+

Manual tree
classification

2 Poor sampling

AL ¥ Unresolved trees




Re-analyzing green genes In diatoms: summary
31

From the initial ~3550 « green genes », only 89 putative green
EGTs + 31 genes without red homologs (only greens + diatoms)

(Even if the red algal sampling remains very poor)

H | v




A similar example: Chromera velia

GBE

Red and Problematic Green Phylogenetic Signals among
Thousands of Nuclear Genes from the Photosynthetic and
Apicomplexa-Related Chromera velia

Christian Woehle, Tal Dagan, William F. Martin, and Sven B. Gould*

513 EGTs: 263 red genes vs. 250 green genes

But... GBE

Re-evaluating the Green versus Red Signal in Eukaryotes
with Secondary Plastid of Red Algal Origin

Fabien Burki'T, Pavel Flegontovz'*, Miroslav Obornik?#, Jaromir Cihlaf, Arnab Pain’, Julius Luke$®®, and
Patrick J. Keeling'-*

Only 51 EGTs: 23 red genes vs. 9 green genes + 19 ambiguous



Genes with a complete EGT history

Cyanobacteria 209 in diatoms

These are important genes for plastid function, well conserved.

They produce well resolved trees.

. Unresolved
B Green
Archaeplastida | Putative green (no red in tree)

B Red

" Putative red (no green in tree)

From cyanobacteria to diatoms

through the archaeplastida



What about other photosynthetic eukaryotes?

Haptophytes Cryptophytes
Chlorarachnlophytes ptophyt yptophy

@ 0

Apicomplexa

Euglenida

Stramenopiles

Analysis of 120 widespread genes with complete EGT history



Cyanophora paradoxa
Porphyra sp. Rhodoph
= Calliarthron tuberculosum e
Cyanidioschyzon merolae
7% Porphyridium cruentum
. Galdieria sulphuraria

i

Emiliania huxleyi
Guillardia theta

Euglena gracilis

'_{—— Chlorella sp.

Chlorella vulgaris

Physcomitrella patens
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el Arabidopsis thaliana
Ostreccoccus lucimarninus

'wl— Ostreococcus tauri
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Analysis of 120 widespread genes with complete EGT history

Stramenopiles

Guillardia %Q —;‘; Apicomplexa

)

B Red origin [l Green origin Ambiguous [ INo homolog

— Emiliania

Small proportion (<10%) of « green genes »: Basal level of

« phylogenetic noise » (HGT, hidden paralogies, etc.)



Conclusions
 EGTs are difficult to identify. Automatic analyses may detect many

false positives.

« Several genes with a complete EGT history (cyanobacteria= primary
photosynthetic eukaryotes = secondary photosynthetic eukaryotes)

appear to be robust markers.




