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Eukaryotes acquired their photosynthetic abilities
through several endosymbiotic events.
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Elias & Archibald (2009) BioEssays 31:1273-1279



Cryptophytes

The single primary endosymbiont was a cyanobacterium,
whereas subsequent endosymbioses involved algae.

Zimorski et al. (2014) Curr Opin Microbiol 22:38-48



Turning an endosymbiont
into a plastid requires:

|. integration of the
metabolisms

2. synchronization of
the cell divisions

3. endosymbiotic gene
transfer (EGT)
coupled to a protein
Import apparatus

Hence the streamlined
organellar genomes.
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Lineage diversification

Timmis et al. (2004) Nat Rev Genet 5:123-135



Secondary host
Primary host

Plastid
progenitor

HGT HGT HGT

Algae are genetic chimeras, as most symbiont-encoded
genes have been relocated to the host nuclei.

Elias & Archibald (2009) BioEssays 31:1273-1279
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Phylogenetics is the most powerful tool we have
for reconstructing gene histories and endosymbioses.

Hanikenne & Baurain (2014) Front Plant Sci 4:544



Open Questions

People in my lab work on most of them.

Plastid origins

I. What is the closest extant cyanobacterial lineage?

2. What was the phenotype of the plastid ancestor?

3. When did the primary endosymbiosis happen?

4. Were there other contributors than Cyanobacteria?

5. What was the incentive for the primary endosymbiosis?
Eukaryotic evolution

6. What is the branching order among primary algae?

/. How did primary plastids spread to other algae?



Open Questions

But today we will focus on the first one.

Plastid origins

I. What is the closest extant cyanobacterial lineage?



Phylogenomique des Eucaryotes

The content of this talk is the
work of Luc Cornet.
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Crash Course
in Molecular Phylogenetics



Phylogenetic Signal
Shared mutations are indicative of shared ancestry.

AAAAAAAA

/\

AACAAAAA AAAAATAA

/\ /\

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

1 AACAAAGT New mutations at any one position
2 AACATAAA are relatively rare.

3 AGAAATAA Most genetic differences between
4 CAAAATAA individuals are inherited mutations.



Phylogenetic Signal
.. at least if we compare homologous positions!

AAAAAAAA

/\

AACAAAAA AAAAATAA

AACAAAGT AACATAAA AAAATAAT CAAAATAA
species | species 2 species 3 species 4

1 AACAAAGT i “Ee 1 AACAAAGT
2 AACATAAA | . i 2 AACATAAA
3 AAAATAAT | /' '3 AA-AATAA

4 CAAAATAA () LOEO0COUEED 4 CAAAATAA



Sequence Alignment

example: alternative oxidase (protein seqs)

100 110 120 130 140 150 160 170 180

Crl FAAGAVAPRHPGINPARMAADSASAAAGASGDAALAESYMAEAYSDEYVESHRPTEIVTIEQOKLHQHVGLRIIQVFRIYLFBKA TPTGS -
Cr2 FATSGVAIYHPGMKAPSPPTDDEVEACW RIFVYDTAYLERKNMYKPFERIITIHFERLYOQRIGFRAIMAARNTEFIKL GP--N-
Ac AATSNSNMRYFBISTSRRWIKEFFA PKETEHIVESVTTWKHPVFTEKQMKEIAIAHREAKNWSiWVALGTVRFLRWATDLA RHAA--

An NRHOTAGKRFIBTTPKSQIKEFF-IJPPTAPHVKEVETAWV:REVYUSNEOMKOWNWA T AlsIND AKNWAIW VINL GERYR M L34y G M) L. V RHPP--
Ca EKPGTIPTKHKPFNIQTEVYNKAGIEANDEDKFLTKPTYRHEDFTEAGVYRVHVTHRPPRiIGDKISCYGTLFFRKCFDLV AVPDP-

Nc TNLSSPSIERNFBITTSVTRLKDFF -

Mg LPRLAASIHERLFBTTSSAQLRDFF-JVKETEHIROQTPPTWPEIHGLUNYKEMV DWWV P GESRKIJRINT. G K FER\W S LIYR T SRQUGMPIKVS[ELSSEQQQ
AKETAYTIROTPPAWPEIHGWERHEEMT S\YVP EEINKIZEWWVGIWLEWK LR T CRANA TP TAINETRPE-QQ

Pa PSPHSKDINSKEJTFDIGTKLIVNPIEPOMAPINOQYVTHPLFPiEEJKYSDEDCEAWHF VSIIEIMKINT GBIK TEADRG\YK F CINA SFBJFV KKPKDV
At GGDAAGGNNKGDKGIASYWGVEPNKITKEDGSEWKWNCFRPWETYKADITIDLKK|:HVIETUEF LR TEY WiMYK SLEQYP TPL - === === — — —
Sg DGGAE-=-=-—--- KEAVVSYWAVPPSKVSKEDGSEWRWTCFRPWETYQADLSIDLHKEHVIYTINTI TP KL L RIUKAT WP TR T - —--—-——==——
*
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Crl] —-——-=--——————————- MTENOWLINRUITFLEGVAGEMPGMVAGMLRHLINSLRENBSIRDINGWIBITLLEEAINERMHLET FN M0 P GIx:NA R:NUAVAE
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Ca -DKPDQYKGT--RWENMSHAE QUM TINCESNN S T:NeAvaxle S\FNEF VIs:OA HEIMAM T, TINK A NVBSIMERH DI AN e NI T INT GKIES|YF TIRSIIY
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Nc VAR NSNS T EENO W LY RIFT FLEREIAGVPGMVAGMLRHLASLRRIMKRDNGWIETLLEEYNERMHLL TFNIKIU(GIH P GIAlN SN mas
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Baurain (2003) Thése de Doctorat



Phylogenetic Irees

unrooted vs. rooted trees / outgroup
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Phylogenetic Irees

statistical support / bootstrap proportions

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

* K L . 50%

Felsenstein (1985) Evolution 39:783-791; Rodriguez-Ezpeleta (2007) PhD Thesis



Why Phylogenomics?
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Incongruence
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Incongruence

a linguistic analogy

Potential relationships among European languages

based on the naive analysis of 1 word

i_i Francais TU

ltaliano TU

English YOU

Nederlands JE

Euskara DUZU

I
_
R
& S



Incongruence

a linguistic analogy

Potential relationships among European languages

based on the naive analysis of 1 word
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francais italiano english nederlands euskara

o w w0 bat
2 ____ o
3 trois three drie hiru
4 je 0 I Ik I
6 _— who? wie? nor?
7 oul S yes ja bali
8 non no no nee ez

11 hortz

14 souris topolino

-l
o

saguaren



Incongruence

a linguistic analogy

Known relationships among European languages

strongly supported by the naive analysis of 14 words
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Phylogenomics

use of genome-scale data for inferring phylogenies

Supermatrix
analysis
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adapted from Bininda-Emonds (2010) Palaeodiversity 3 (Suppl.):99-106



Phylogenomics

concatenation of alignments into supermatrices

St S2 g3
S{ ACGTCAAG S TGG--T S{ CGGACTACGT
So AC-TCCAG S3 AGCTCC Sy cCcCT----GG
S3 AC-TCGAC S4 AGCTCG Ss CGTTCGACGT
St S? S3
SY ACGTCAAG TGG--T CGGACTACGT

So AC-TCCAG . . . .« . . . o v i
S3 AC-TCGAC AGCTCC . . . . . . . ...
Sa .. AGCTCG CCCT----GG
Se oo CGTTCGACGT

Criscuolo A. (2006) PhD Thesis
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10 x 11,039 AA
Dayhoff (N))
[52] Fig. Ia

Synechocystis 0.1
(branch drawn 1/2 scale)

Phylogenomics increases statistical support by reducing
stochastic error, which should end incongruence.

Martin et al. (1998) Nature 393:162-165



Current Models for
the Origin of Plastids



Representative taxa Sections Groupings
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Early or late branching of plastids!?

Ku et al. (2014) Acta Soc Bot Pol 83:281-289; Schirrmeister et al. (2013) PNAS USA 110:1791-1796



Gloeobacter violaceus PCC 7421
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early branching point

Criscuolo & Gribaldo (201 |) Mol Biol Evol 28:3019-3032
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Rodriguez-Ezpeleta et al. (2005) Curr Biol 15:1325-1330



Gloeobacter violaceus PCC 7421

- Synechococcus sp. JA-3-3Ab
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Ochoa de Alda et al. (2014) Nat Commun 5:4937



simple methods
not phylogenomics
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Most of these phylogenomic
analyses are incongruent!

How is it possible?



Non-phylogenetic Signal
Incongruence in phylogenomics has multiple causes.
@® Supermatrix assembly
® Conflicting gene histories (transfers)
® Orthology issues (undetected paralogy)
® Contaminations and taxonomic errors
® Sequence errors and dubious alighment
@® Phylogenetic inference

® Model violations leading to artefacts



Non-phylogenetic Signal
multiple substitutions / saturation / homoplasy

AAAAAAAA

/\

AACAATAA GAAAATAA

/\ /\

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

1 AACGATGT Due to long geological time

2 AGCATTAA (and/or to fast evolutionary rate),
3 GGATATCA the phylogenetic signal is erased

4 CAAATTAA and replaced by a misleading signal.



Non-phylogenetic Signal

long-branch attraction artefact

Y Z Y
° y P> = q(l —q)
q —
q q
\'\' X

if Y is a phylogenetically distant outgroup

Y Y
\'A% 5 A
X

When two branches are longer than others, they tend to be
grouped together irrespective of their true relationships.

Felsenstein (1978) Syst Zool 27:401-410; Philippe et al. (2000) Curr Opin Genet Dev 10:596-60|



Non-phylogenetic Signal
Models are designed to detect the multiple substitutions.

40

K2P
30 A
20 ¢
G
10 T )
0 A C G T
composition process
unequal base frequencies unequal substitution rates

Protein models are similar in spirit but larger (20 amino acids).



Non-phylogenetic Signal
Model violations (wrong assumptions) lead to artefacts.

Homo b) Homo
a)  — i E——
Drosophila

Drosophila
Hydra Hydra
Monosiga Monosiga
|—Phanerochaete Phanerochaete
Cryptococcus - Cryptococcus
Ustilag’?l — Ustilago
eurospora eurospora
— Saccharomyces —1 Saccharomyces
Schizosaccharomyces Schizosaccharomyces
Dictyostelium Dictyostelium
Arabidopsis Arabidopsis
Oryza Oryza
-I_E””S _|—|__|?m,s
Physcomitrella Physcomitrella
e (Closterium Closterium
46 Chlamydomonas 100 — Chlamydomonas
Dunaliella ] ————Dunaliella
99 _|:Glaucocystis _|:Glaucocystls
Cyanophora Cyanophora
Porphyra @ —:Theileria
——Theileria Babesia
—————— Babesia Plasmodium
Plasmodium || _|——hxopla_sma _
_|—_mmplasma 100 Eimeria o
7l Eimeria 100 Cryptosporidium
100 Cryptosporidium Alexandrium
Alexandrium 100 Tetrahymena
99 Tetrahymena —Thalassiosira
—Thalassiosira L Phacodactylum
L———— Phaeodactylum 93 Phytophthora —
Phytophthora .cruzi
70 —1T. cruzi 100 _:I brucei
——T brucei Leishmania
| eishmania Cyanidioschyzon .
—] 0.036 Fo0.036

These are due to heterogeneities in the evolutionary process.
Rodriguez-Ezpeleta et al. (2007) Syst Biol 56:389-399



Non-phylogenetic Signal

How to reduce the phylogenetic artefacts?

@ Combination of 3 approaches
|. Improvement of taxonomic sampling
a. Use of slowly evolving species
b. Use of a dense taxon sampling of each group
2. Removal of fast evolving sites from supermatrices

3. Use of sophisticated evolutionary models

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



Supermatrix Assembly

Pitfalls-and Solutions



Gene Transfer

Gene evolution IS NOT organismal evolution.

Organismal tree Gene tree Organismal tree Gene tree
a —— - d I— -
Duplicative — — Duplicative — 1 —
transfer T transfer with — ——
. — differential —— — —
— 0ss .
_E _E _EI_ _____________
— = ——
Recent _E e —_— —
homologous —
replacement —— - E—
| — Sequential —
— transfer o —
¢ :E — -
——
Ancient _E *— — —E
homologous —
rep[acement _IE _E Transfer of
new gene
— ——
—I— ‘r _____________
— S oo
B Tl

-------

Keeling & Palmer (2008) Nat Rev Genet 9:605-618



Gene Transfer

known cases of transfers in plastids

crypto- and haptophytes
(proteobacteria)

0.99/82

0.98/62

I

1.0/99

0.99/66

0.97/70
1.0/73

0.99/

|

— Guillardia
—— Hanusia

Chroomonas

——Cryptomonas

Emiliania
Rhodopirellula
Yersinia
Erwinia
Escherichia
Salmonella
Pseudomonas
Photobacterium
Vibrio
Haemophilus
Neisseria

Rhodopseudomo. il

Agrobacterium
Rhodobacter
Xanthomonas
Spinacia
Marchantia
Mesostigma
Odontella
Thalassiosira
Gracilaria

0.10

1.0/88

I

Porphyra
Cyanophora
Trichodesmium

Thermosynechoc. lllll

Synechococcus
Prochlorococcus
Gloeobacter
Escherichia
Salmonella
Yersinia

Erwinia
Haemophilus
Neisseria

1 10 20 30 40 50 60 70 80 90 100 110 120

IR R A ——— AT A T TR |
OOV TR OO B T M1 AT ORI BEORAT AT AR AR
R R e e — e G
L v T
0 AR = I i E
0 R A A e T
R e A i e
AN A A A
AL TSRO TR R R
AT T HEHI—1n AR RN RN AR
LR R HEHI—1n RN RN R RS RN AR
AN A = A R En A
OO OO ATt WV RRNAENBEOERE TR

ML RTTRTHTT D 1 I IIIIIIIHIIIIIIIIIIII

U AT T ol M 11 AT BB TTTATATY O o T 1]
U AR BETOET Y ot M 1A AT TRt
L T
U AN AR 1T AT et 111111101 AL AN AT MORE T
IIIIIIIIIIIIIIIIIIIIIIIII—IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

I Il Il TR AT R
OO O 1T et 11101V 11

i
Ly """

Al cl al 711 gap.

other algae and plants
(cyanobacteria)

Rice et Palmer (2006) BMC Biol 4:3 1
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L Pleurocapsa sp. PCC 7327 [43991]

L Cyanobacteria
Cyanobacteria kOscillatoriales cyanobacterium JSC-12 [43102]

Cyanobacteria
Cyanobacteria

Cyanobacteria Planctomyces

Verrucomicrobia

< Eukaryota

1 Parachlamydia acanthamoebae UV-7 [12730]
Eukaryota
Guillardia theta [26742]

<Melainabactreia | < Chlamydiales

Waddlia chondrophila WSU 86-1044 [14622]

CYANO I 0923 || = Geobacter bemidjiensis Bem [20333]

« Leptospira
Methanosphaera stadtimanae DSM 3091 [6859]
— Pelosinus fermentans DSM 17108 [18913]

— Elusimicrobium minutum Pei191 [10796]

Bacteria [15397]

Fibrobacter succinogenes subsp. succinogenes S85 [14254]

Adding bacterial sequences for this nuclear gene
shows that it is actually of Chlamydiales origin...

L. Cornet (unpublished)



CYANOI10318

_ Cyanobacteria

~ <] Cyanobacteria

< Cyanobacteria
—< Cyanobacteria
<] Cyanobacteria
<I Cyanobacteria

|/ Cyanobacteria

Cyanobacteria

< Melainabacteria
’Chloroflexi

< Cyanobacteria
‘ Eukaryota

- — Leptolyngbya sp. JSC-1[2502180952]

‘ Eukaryota
% Cyanobacteria

— Synechococcus elongatus PCC 7942 [39456]

Prochlorothrix hollandica PCC 9006 [40290]
Cyanobacteria

Leptolyngbya sp. JSC-1 [42021]

Cyanobacteria

Cyanobacteria

Cyanobacteria

Cyanobacteria

Cyanobacteria

Cyanobacteria

— 4 Melainabacteria

‘ Firmicutes
H Bacteria

Acholeplasma laidlawii PG-8A [8882]

... whereas this one really comes from Cyanobacteria!

L. Cornet (unpublished)



Orthology Issues

the perils of undetected paralogy

Homologues
A
a )
Paralogues
mouse 0. human o | chimp o chimpP | human § mouse P
. W,

Copy a py P

[oupLicaTiON]  2°

¥

Ancestral gene

mouse . human . chimpa Jfchimpf3  human[3 mousef3
‘ * : chimp o.  human 3 mouse [3

=>

Rodriguez-Ezpeleta (2007) PhD Thesis



Orthology Issues

the BRH (Best Reciprocal Hits) criterion

o

o

/ XN /%:\T
e, S

* N

>

\\:o/ /

A pair of ORFs is said to be a BRH if the two sequences
are each other’s best match between two genomes (using
alignment-based genetic distances).

Poptsova and Gogarten (2007) BMC Bioinformatics 8:120



Some genes are too
complex to be reliable.

That is why single-gene
trees must always be
carefully examined.

Eukaryota

Synechococcus sp. PCC 6312 [AFY62575]

- Vaucheria litorea [194441227]

ico

GTbheergsynechococcus elongatus BP-1 [BAC09006]
act-

=l Pico + NOST + OSC-2
NOST
NOST

4 NOST
OSC-2 + Fisch. + S/P/M

Mastigocladopsis repens PCC 10914 [2517243038]
| Eukaryota

Leptolyngbya sp. JSC-1 52502183017]

Cyanothece sp. PCC 7425 [ACL43314
Leptolyngbya boryana PCC 6306 [2509806216]
Oscillatoriales cyanobacterium JSC-12 [2510097579]
0SC-2
Fischerella
Fisch.

Nostoc sp. PCC 7524 [AFY49663]

<@ NOST _

Synechocystis %) PCC 7509#ELR87940]
PHOR + Chroo./Pleuro.

Eukaryota

Gloeocapsa sp. PCC 73106 [ELR99094]
Chroococcidiopsis sp. PCC 6712 [2505787571]

Xenococcus sp. PCC 7305 [ELS02369]
C aréc;tFr)l/el\cje sp. PCC 7822 [ADN15870]
— Chroococcidiopsis thermalis PCC 7203 [AFY86909]

Calliarthron tuberculosum [430769301]
_E Gloeocapsa sp. PCC 7428 [AFZ31175]
Coleofasciculus chthonoplastes PCC 7420 [EDX72634]

— Moorea producens 3L [EGJ31568]

Pseud./Syn.
Pleurocapsa sp. PCC 7327 [AFY76248]
Oscillatoriales
PHOR + S/P/M
Le toLI}/nq_bya sp. PCC 7375 [2509845105]
NIT + Osc./Lepto. + S

ORF 199

i
Synechococcus sp. PCC I;336 [2506748210]
Cyanobacteria

Anaerolinea thermophila UNI-1 [BAJ62104]
,_'—é Pseud./Syn.
< Gbact-2
:<

Chloroflexi

Synechococcus sp. R89917£EAQ69021
Sphaerobacter thermophilus DSM

| Ca/anobacteria
MEL B2 [157470]

Chloroflexi

ACD20@19302

0745 [ACZ39720] L. Cornet (unpublished)



ontaminations

Most NGS transcriptomes datasets are affected.
Current Biology 22, 1456-1457, August 7, 2012 ©2012 Elsevier Ltd All rights reserved

Erratum

Multigene Phylogeny of the Green
Lineage Reveals the Origin
and Diversification of Land Plants

Cédric Finet,* Ruth E. Timme, Charles F. Delwiche, and Ferdinand Marlétaz

(Current Biology 20, 2217-2222; December 21, 2010)

Following the publication of our multigene phylogeny of the green lineage, some studies have proposed a distinct branching
pattern among algal relatives of land plants [1, 2]. Most notably, these differences relate to the position of the taxon Coleochaete
that we identified as a land plant sister group and the failure to recover the monophyly of Coleochaetales in our study.

Recent exchanges of views with Hervé Philippe and colleagues have prompted us to investigate the possible cause of these
inconsistencies. In particular, we searched for contaminations that had been identified by Philippe and colleagues ([3], this issue
of Current Biology). We identified cross-contaminations in two libraries sequenced for our study, corresponding to the species
Chaetosphaeridium globosum and to a lesser extent Nitella hyalina. The contamination likely took place during library prepara-
tion or sequencing, because the samples were obtained from pure in-house algal cultures, and there is a correlation between
time of sample processing at the sequence facility and levels of cross-contamination. It is also noteworthy that the most highly
contaminated data set, with as much as 5% exogenous sequence, was from C. globosum, which was the one data set that was
amplified prior to the sequencing reactions. C. globosum and N. hyalina had what appear to be erroneous sequences for 28 out
of 77 genes, representing 47 out of 5,929 sequences in the data matrix. Unfortunately, the phylogenetic proximity of these taxa
and the close similarity of these sequences caused the contaminant sequences to escape our validation protocol.



Contaminations

Genomes are also plagued by this problem.

A) Alignment of AluY with nonprimate database sequences C) Databases with human contamination
AluY/1-282 1 { 3 60 .
Actinopterygil_Danio. rerio WGS/1.262 1 ¢ pi NCBI J\ssemhlles' ‘ JGI _
:m’;;gf—g:;"ﬂ"'—":’:;‘;‘;—wg:jﬁ ; (] 4 B. taurus M. grisea Capitellasp ! | P.trichocarpa
Aves_Gallus_gallus WGS_gnl ti /1282 1 0 C. elegans M. esculenta C. reinhardtii T. reesei
Bacteria_Bacillus_cereus 03bb1/1-282 1 ;‘ 0 . - = A " _
Chordata Ciona_intestinalis WG/1-280 | ;H 60 D. rerio O. anatinus C. intestinalis V. carteri
Fungi_Saccha isiae/1-281 4 0 = " : . T
mﬁ_mm:ﬁu::;m-:sn ; ﬁ 5 D. discoideum P. tetraurelia N. vectensis X tropicalis
Mammalia_Mus_musculus WG5S _gnl /1-282 | (4 i Z .
Nematoda_Caenorhabditls_briggs/1-283 | 5 F. catus P. trichocarpa P. sojae
Plantae_Zea_mays WGS gnl ti_56/1-280 | 53_5 ]
Protista Chlamydomonas_reinhar/1-280 | ] 0 ucsc Ensembl
AluY/1-282 61 Cow S.purpuratus B. taurus O. latipes
Actinopterygii_Danio_rerioc_WGS/1-282 &) r x y "
Amphibia_Xenopus_tropicalis WG/1-282 61 Platypus C. brenneri C. intestinalis S. araneus
Annelida_Helobdella_robusta_WG/1-283 &1 £ 2 g 7
Aves Gallus galls WGS onl 1 /1-282 X. tropicalis P. pacificus D. rerio I. guttata
Bacter [:1% 5 _CEreus - 1
Ehorios Clonk Intsineile Na-260 £ Zebrafish D. melanogaster D. melanogaster V. pacos
Fungi Saccharomyces cerevisiae/1-281 61 D. simulans iti i f
hiogs s e Tv:zrram?fon_ _ E reff:;:m X. tropicalis
Mammalia_Mus_musculus_WGS_gnl_/1-282 i C. intestinalis A. mellifera O. anatinus
Nematoda_Caenorhabditis_briggs/1-283 &
Plantae_Zea_mays WGS_gnl_ti_56/1-280 o NCEI Trace ﬁ.l‘Chi\'E’S

Protista_Chlamydomonas_reinhar/1-280 &1

454 databases (Sup. Table 1)

B) Nonprimate Trace Archive sequences mapped to single human locus
Bacillus_cereus_ D)| % databases contaminated
canos wes - '
gnl|ti|1815085029 ¥ NCBI assemblies 10.64%
Zea_mays_WGS i 0,
iy s*mp NCBI Trace archives |  22.39%

UcCscC 28.50%

Mus_musculus_WGS
e — Ensembl 2683%
Jal 1.65%

492 out of 2749 non-primate public databases (NCBI, Ensembl,
UCSC, JGl) were contaminated with human sequences!

Longo et al. (201 1) PLoS ONE 6:e16410



Pseud /Syn.

CYANO10254

OSC-2 + Spi.

UNIT

Spirulina subsalsa PCC 9445 [43482]
OSC-2 + Spi.

Cri./Cham.

Xenococcus sp. PCC 7305 [44164]
Eukaryota

Pico
Pleurocapsa sp. PCC 7319 [45539]

_ﬁ Hal./Dac.
Geitlerinema sp. PCC 7105 [41792]

- ———— B cteria

Leptonema illini DSM 21528 [17476]

 —______ FEEE

Thiorhodospira sibirica ATCC 700588 [20026]

Rubrobacter xylanophilus DSM 9941 [20500]

Is Bacillus subtilis a
cyanobacterium now!

—4 Synechocystis sp. PCC 6803 substr. PCC-N [41435]
Bacillus subtilis BEST7613 [40078]
— Leptolyngbya sp. PCC 7376 [42180]
Synechococcus sp. PCC 7002 [42808]
.. Gloeocapsa sp. PCC 73106 [41456]
Leptolyngbya sp. JSC-1 [43564]
— Prochlorothrix hollandica PCC 9006 [41518]
Oscillatoriales cyanobacterium JSC-12 [44887]

— Leptolyngbya sp. PCC 7375 [44203]

Synechococcus sp. PCC 7335 [42597]
Nodosilinea nodulosa PCC 7104 [44842]

NOST + Fisch. + Glo./Chroo./Syn.

Synechococcus elongatus PCC 7942 [39752]
S/P/M + Chroo. + Chroo./Pleuro.

4|:<] Gbact-2
Synechococcus sp. PCC 7336 [40356]

L Dethiosulfovibrio peptidovorans DSM 11002 [16213]
—d Bacteria

Taxonomic

Errors
ﬁcl\_JZOST + Fisch.

< Cri./Cham. + OSC-2

@ Pseud./Syn. + Osc./Lepto.
UNIT

{Fisch. + Chroo.
Gbact-2
Synechococcus sp. PCC 7336 [40356]
Microcoleus sp. PCC 7113 [46847]
Synechococcus sp. PCC 7335 [42597]
Microcystis aeruginosa NIES-843 [41963]
Spi. + Chroo./Pleuro + S/P/M
Hal./Dac. + S/P/M
Oscillatoria acuminata PCC 6304 [44786]
Pico
Trichodesmium erythraeum IMS101 [43299]
S/P/M
S/P/M + Chroo.
Cyanothece sp. ATCC 51472 [45411]
Candidatus Atelocyanobacterium thalassa [23358]
OSC-2
Bacillus subtilis BEST7613 [40078]
Synechocystis sp. PCC 6803 substr. PCC-N [41435]
Moo./Col./Mic.
— Coleofasciculus chthonoplastes PCC 7420 [44408]

— Geitlerinema sp. PCC 7105 [41792]
Cyanothece sp. PCC 7822 [46192]

Eukaryota
—~=l Pico

N 5 acteria

Bacteria [16113]

Bacteria [15583] CYANOI10338
Bacteria [15848]

Bacteria [14843]

L. Cornet (unpublished)



2 DDB]

“  DNA Data Bank of Japan

o e e

HOME > Search and Analysis > TXSearch

TXSearch

o\
v
“ Taxonomy Browser &’5
bO Envoyer clear
% ceae - Bacillus - Bacillus subtilis group - Bacillus subtilis - Bacillus subtilis BEST7003

Example:
cellular organisms - Bacteria - Firmicutes - Bacil

Taxon Taxcigomy Rank Common Name
- Bacillus subtilis BEST7003 1 1204342 no rank

Complete Sequence of the First Chimera Genome Constructed by
Cloning the Whole Genome of Synechocystis Strain PCC6803 into the
Bacillus subtilis 168 Genome

Satoru Watanabe,® Yuh Shiwa,® Mitsuhiro Itaya,® and Hirofumi Yoshikawa®©

Department of Bioscience® and Genome Research Center,” Tokyo University of Agriculture, Tokyo, Japan, and Laboratory of Genome Designing Biology, Institute for
Advanced Biosciences, Keio University, Tsuruoka, Yamagata, Japan®©

Genome synthesis of existing or designed genomes is made feasible by the first successful cloning of a cyanobacterium, Syn-
echocystis PCC6803, in Gram-positive, endospore-forming Bacillus subtilis. Whole-genome sequence analysis of the isolate and
parental B. subtilis strains provides clues for identifying single nucleotide polymorphisms (SNPs) in the 2 complete bacterial

genomes in one cell. Watanabe et al. (2012) J Bacteriol 194:7007
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Towards a-Branching
Point for Plastids



Plastid Supermatrix

starting from complete genomes

Ensembl JGI IMG NCBI GGK Base

I e
N

Cyano Plastids Chloroflexi Melainabacteria
(140) (101) (19) (8)
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all-vs-all comparison

\

Gene clustering

\

Annotation
of plastid genes

\/

Determination of optimal
clustering parameters

\J

Alignment

v

Alignment enrichment

\/

OTU selection

\J

Gene concatenation

Y

Phylogenetic inference :_l

Using USEARCH (E-value 1e-5; minseglength)

Definition of orthologous groups (OGSs)
for different values of inflation (1.1, 1.2, 1.3, 1.4, 1.5, 2)
using OrthoMCL pipeline

|dentification of OGs with plastid genes
by alignment against reference plastid genomes
using USEARCH global clustering

Selection of 313 single copy plastid-related OGs
containing at least 4 sequences

Alignment of plastid-related OGs
using MAFFT

Addition of 3 plastid genomes by orthology assessment
using Forty 2

Selection of 119 OTUs (present in at least 10 % OGS)
Including a subset of 23 slowly evolving plastids
using SCaFoS

Selection and concatenation of 121 genes
with at most 21 missing OTUs
using HMMCleanest, Gblocks and SCaFoS

Analysis of multiple taxon-sampling variants
with different models (LG, CAT, CATGTR)
using RAXML and PhyloBayes

L. Cornet (unpublished)



Gene Clustering

all-vs-all similarity matrix
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Gene Clustering
Markov Clustering / OrthoMCL
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Gene Clustering

many small gene families and few large families

1200

1000

800

600

Number of Gene Families

400

200

Hierarchichal clustering of genes in
Chlamydia trachomatis and Chlamydia
bneumoniae. Even single genes have
their own « family ».

10 15 20 25
Family size

Cristianini & Hahn (2007) Introduction to Computational Genomics



=t

4— templates

BLASTX

-~
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redundancy filtering (§)

| family affiliation

multiple alignment ()

all segs from
all querying orgs
(no c# or d#)

(optional)
taxonomy
WARNING

A «,.”""& strict inclusion
query™ (multi-BRH)
best-hit - @ =
best hits ’L

query f)

BLASTP (t best hits |

. .d 3\3-\—,* 2

BLASTP (t

S | proteomes
R strict BLASTX
orthologues <= inclusion homologues TBLASTN
= (multi-BRH)
homologue T"

best hits .

transcrlpts

Alignment Enrichment

Forty 2
.

identifies orthologs
In genomes or
transcriptomes

controls for NGS
contaminations

3. aligns the new
sequences

D. Baurain et al. (unpublished)



compartment
# genes

# cyanobacteria
# plastids
supermatrix
model

source

branching point

plastid

121

85

23

|19 x 26,900 AA
CAT

this study

a

S/PM
Chroo.

Chroo./Pleuro.

Hal./Dac.
Moo./Col./Mic.
NOST
Fisch

L. Cornet (unpublished)



Plastid-encoded genes are
difficult to analyze due to a highly
biased evolutionary process.

How could we confirm this result?



Nuclear Supermatrix

We assemble a completely disjoint dataset.

Ensembl JGI IMG NCBI Phytozome Others

105 20 14 1

Cyano Eukaryota Chloroflexi Melainabacteria
(140) (17) (19) (8)
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all-vs-all comparison

\

Gene clustering

\

Determination of optimal
clustering parameters

\J

Alignment

| /

Alignment enrichment

\4

Decontamination

Y

OTU selection

Y

Gene concatenation

Y

Phylogenetic inference :_l

Using USEARCH (E-value 1le-5; minseqlength)

Definition of orthologous groups (OGSs)
for different values of inflation (1.1, 1.2, 1.3, 1.4, 1.5, 2)
using OrthoMCL pipeline

Selection of 370 single copy plastid-related OGs
containing at least 10 Cyanobacteria & 2 Eukaryota
using an automated classifier

Alignment of plastid-related OGs
using MAFFT

Addition of genomes (99 Bacteria & 47 Eukaryota)
by orthology assessment using Forty 2

Selection of 84 OGs indisputably of cyanobacterial
origin based on RAXML and PhyloBayes trees

Selection of 121 OTUs (present in at least 10 % OGS)
Including a subset of 26 slowly evolving plastids
using SCaFoS

Selection and concatenation of 115 genes
with at most 25 missing OTUs
using HMMCleanest, Gblocks and SCaFoS

Analysis of multiple taxon-sampling variants
with different models (LG, CAT, CATGTR)
using RAXML and PhyloBayes



compartment
# genes

# cyanobacteria
# plastids
supermatrix
model

source

branching point

nucleus

84

85

25

121 x 16,166 AA
CAT

this study
SynPro (b?)

0,4

0
(

1

< Melainabacteria

.7
319
1

1
« Gbact-2

/ Gbact-1

Gloeocapsa sp. PCC 73106 [13842]

« Chroo.
‘—4 Chroo./Pleuro.

Chroo./Pleuro.
Spi.
Hal./Dac.
Moo ./Col./Mic.
NOST

NOST
Fisch

Glo./Chroo./Syn.
Cri./Cham.
0SC-2

i} PHOR
L

1
0,
eptolyngbya sp. JSC-1 [13785]
: Os
54
9

Unit
Pseud./Syn.

:—-‘ Chloroflexi

L. Cornet (unpublished)



compartment
# genes

# cyanobacteria
# plastids
supermatrix
model

source

branching point

nucleus J S/P/M
|15 Gloeocapsa sp. PCC 73106 [18682]

1 1
1 Chroo.
85 'y
1 : Chroo./Pleuro.

25 1 Chroo./Pleuro.
121 x 21,994 AA Spi.
Hal./Dac.
CAT
this study

a (b? SynPro?)

tF " —~=iffff] PHOR

—— Leptolyngbya sp. JSC-1 [19252]

4 Gbact-1

Melainabacteria

e Coroflexi

Pico

L. Cornet (unpublished)



e Possible branching
point of the plastid
lineage
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Chlorogloeopsis, Fischerella,
Scytonema hofmanni

Anabaena, Nodularia,
Nostoc

Lyngbya PCC 8106
Oscillatoria (PCC 6506 ...)
Trichodesmium

Crocosphaera, Cyanothece (PCC
8801 ...), Leptolyngbya PCC 7376,
Microcystis, Pleurocapsa, Prochloron,
Synechococcus PCC 7002

Cyanobium
Prochlorococcus
Synechococcus (CC 9605 ...)

Synechococcus elongatus

Leptolyngbya (PCC 6406,
PCC 7375 ...) Synechococcus
PCC 7335

Acaryochloris, Synechococcus
PCC 6312, Cyanothece PCC
7425, Thermosynechococcus

Pseudanabaena f
Synechococcus PCC 7502

Synechococcus (JA-2-3B,
JA-3-3Ab, PCC 7336 ...)

Gloeobacter

’ Melainabacteria

Our work suggests a not-so-early branching point (a-b).
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Ku et al. (2014) Acta Soc Bot Pol 83:281-289; L. Cornet (unpublished)
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Even if the number of possibilities has lowered,
additional analyses are needed to pinpoint the
origin of eukaryotic plastids among Cyanobacteria.



