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Phylogenomic analyses unvelled
multiple endosymbioses of
pedinophycean green algae

In distantly related dinoflagellates
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Our research interests

Eukaryotic phylogeny Origins & evolutions of bacterium-
derived organelles

> Precise diversity of eukaryotes > Detailed process of
o Search for novel protists in the organellogenesis
natural environments o Mitochondria and plastids
> Phylogenomic analyses o Obligate bacterial endosymbionts
o Subject large-scale multigene > Endosymbiosis-derived genome

alignments to phylogenetic analyses

o Assess the relationship among the
major groups (i.e. ancient splits) in
the tree of eukaryotes

evolution
o Endosymbiotic gene transfer
o Reduction of endosymbiont
genomes



Kaessmann & Paabo. J Intl Med 2002 251:1-18.

An example of
A phylogenetic tree

>Based on the difference in
amino acid/DNA sequences
>External nodes represent
extant organisms (sequences)
>|nternal nodes are
hypothetical ancestor
(ancestral sequences)
>Branch length between nodes
represents the number of
substitutions



Sequence data for phylogeny
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human pavhasldkflasvstvltskyr
dog pavhasldkfftavstvltskyr
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among the four sequences

o Substitutions occurred during the

*identical residues among the four organisms .
evolution of vertebrates



Maximum-likelihood method for phylogeny

Xh : time reversible Markov process, independent evolution for each branch

f(xl, X2, X3, X4 0) «— probability for getting data of /’th site
with a given Pii(f) and a given tree topology
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" Transition rate matrix Q
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probability matrix
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7Z;: composition of the base (amino acid) i On internal nods (ancestral species),
all possibilities for the base (amino acid)
S x i orj are summed over
11 X3 S,
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t, 15 1, Xi,...s X5 sequence data f)fh’th site
for extant species

x. S i, j : sequence data for ancestral species
4 4 ti,..., 15 : branch lengths




Importance of data size in phylogeny
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bacterium mitochondrion o Between a bac & an euk >Secondary (2°)
red algae o Very early cryptophytes
relic nucleus o Between two euks
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plastididy than primary
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>Plastid replacements
o Within dinoflagellates
o Quite recent
o Multiple time 7

relic nucleus
of green alga

chlorarachniophytes

euglenids



Dinoflagellates are uni-cellular algae

>Marine & fresh water

o One of the major primary
producers

> Photosynthetic,
heterotrophic or parasitic

>Plastids containing an
unique carotenoid,
peridinin

>Red alga-derived plastids

o Several lineages have non-
canonical plastids containing
no peridinin




Lepidodinium chlorophorum has
a non-canonical, green-colored plastid

Takishita et al. Gene 2008 410:26-36.

>Plastids possess
their own genome

>Phylogeny based on
the plastid gene(s)
indicates the origin of
the plastid



Lepidodinium chlorophorum has
a pedinophyte-derived plastid
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Bigetowiella nalans

Chicrella variabilis h
ryopsis hyproides
Docystis softana
Leptozira terresins
Trebouxa aggregate
Cocoomyxa subelipsoidea 1

>52 genes were used
for the phylogeny

Takishita et al. Gene 2008 410:26-36.

Core chlorophyles & derived plastids

Kamikawa et al. Genome Biol Evol 2015 7:1133-
1140.



Two green-colored dinoflagellates were isolated

< MRD-151

Green algal plastid
containing Chl a+b

Tl 1RD-132 P

Green algal plastid
containing Chl a+b




How did the three dinoflagellates establish the
green-colored plastids?

/N

>Q0rigins of the plastids in the new green-colored dinoflagellates
o Sequenced their plastid genomes
o 52-gene phylogeny

>Host relationship among the three green-colored dinoflagellates
o Relationship among the three dinoflagellates
o A single-gene (ribosomal RNA) phylogeny
o 75-gene phylogeny

\_\/

lllustration by Dr. E. Matsuo




Plastid genomes of MRD & TRD

> Analyzed together with
another green-colored
dinoflagellate Lepidodinium
chlorophorum



TRD-132 «
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Picocystis salinarum

Prasinococcus sp. CCMP1194
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Micromonas sp.
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Bigelowiella natans

Trebouxiophyceae

Monomastix sp.

Euglena gracilis
Pyramimonas parkeae I .

Nephroselmis olivacea prasmophytes
Mesostigma viride

Chlorokybus atmophyticus

| streptophytes

together
>Showed a specific affinity to a

small group of green algae,
Pedinophyceae

Chlorophyceae

prasinophytes

A single origin of green-
colored plastids



>Three plastids grouped
together

>Showed a specific affinity to a
small group of green algae,
Pedinophyceae

>Three dinoflagellates were
evolved from a single

_— dinoflagellate with a

| \) A\ pedinophyte-derived plastid

A single origin of
green-colored dinoflagellates?

lllustration by Dr. E. Matsuo



Host relationship among of Lc, MRD & TRD

Perkinsus andrewsi
—— Chromera velia

= >Relationship deduced from a

TGD MGD standard marker gene
L= o Large subunit ribosomal RNA
] 96/ 0.99 Nematodini .
_marn%n%?aos p;{m:{m .sp
Lepidodinium chlorophorum
Dissodinium pseudolunula
93/0.99 _‘ Pnlvkrikkns lahniiraa

- _iSpfnfferodinium galeifc .
Pheopolykrikos hartmannii >Three dinofl age llates were
Gymnodinium fuscum

Gymnodinium catenatun separated from each other

H'  ———— > Relationship between TRD &
— — .
———— MRD is unclear

o Higher resolution required




Host relationship among of Lc, MRD & TRD

Glenodinium foliaceum

Durinskia baltica
Scrippsiella hangoei
Heterocapsa routundata

>Analyzed 75 genes

Symbiodinium sp.
Pelagodinium beii
Alexandrium margalefi
Lingulodinium polyedra
Protoceratium raticulatum
Dinophysis acuminata
Prorocentrum minimum
Gymnodinium catenatum

Togula jolla
Karenia brevis
Karlodinium veneficum

TGD
MGD

Noctiluca scintillans
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Oxyrrhis marina

Kryptoperidinium foliaceum

Symbiodinium minutum

Lepidodinium chlorophorum

Perkinsus marinus PERKINSOZOA

DINOFLAGELLATES

Babesia bovis

Theileria annulata

Babesia microti

Toxoplasma gondii

Plasmodium falciparum

Eimeria tenella

& |
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Chromera velia

> Th ree d I nOﬂage | Iates We re Vitrella brassicaformi

| CHROMERIDS
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b Cryptosporidium muris

Cryptosporidium parvum

APICOMPLEXANS

Ichthyophthirius multifiliis

separated from each. other by . I

Tetrahymena thermophila
Paramecium tetraurelia

Thal

highly supported nodes

‘ctocarpus siliculosus
| . I Aurantiochytrium limacinum
i L Schizochytrium aggregatum

0.1 subsutitutions/site

Sterkiella histriomuscorum
iosira pseudonana
Aureococcus anophageferrens

CILIATES

STRAMENOPILES
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Lc, MRD & TRD
established their plastids
separately from the
same alga or closely
related green algae =

lllustration by Dr. E. Matsuo



Conclusion & perspective

> epidodinium, MRD & TRD possess pedinophyte-derived plastids
>The three pedinophyte-derived plastids were established independently

> Additional cases of independently established, pedinophyte-derived
plastids probably exist among dinoflagellates
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