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Introduction

1/ Primary endosymbiosis

Many unicellular eukaryotes contain a photosynthetganelle termed the plastid. The plastid
is, similarly to mitochondria, of prokaryotic antigsand originates through an engulfment of a
cyanobacterium by a heterotrophic eukaryote irethent called the primary endosymbiosis. The event
resulted in establishment of a photosynthetic eudtar diverging in three groups with a primary
plastid: Chloplastida = Viridiplantae, Rhodophytanda Glaucocystophyta, all referred to as
Archaeplastida (Rodriguez-Ezpelenta, 2005). Thestiglaof these groups is pigmented with
chlorophylla andb, surrounded by two membranes and contains a rdduaétiplied genome. Recent
discovery showed that ‘cyanelle’ of the thecate ebad’aulinella chromatophordas risen from an
independent primary endosymbiosis (Marin et alQ®0 Moreover, it seems the event happened
relatively recently (Yoon et al., 2006) giving usidque image of a plastid genesis — an exampée of
primary endosymbiosis being under way ( Rodriguezeteta and Philippe, 2006).

Plastids retain their genomes, which encode gatieogenes associated with its metabolism.
Many genes in extant plastids have been translddatéhe cell nucleus. These genes are expressed
under the control of the host in cytoplasm andrgetid to the plastid as translated products. The
obstacle to get through the plastid membranesh®dmut by creation of specific targeting sequance
presented at the 5’end of maturing RNAs.

2/ Secondary endosymbiosis

Secondary plastids are of green and red algal amges

Plastid of many eukaryotes is of secondary originey arose through phagocytosis of a
primary plastid-containing alga by another eukagydthe secondary endosymbiosis has happened at
least three times during the organism evolutiomastory resulting in independent plastid acquisisio
in chromalveolates, euglenophytes and chloraraphyies (Bhattacharya et al., 2004; Yoon et al.,
2004. The latter two groups representedbyglena gracilisandBigelowiella natanglastids are both
of green algal origin and therefore were hypothegsito originate in the same endosymbiotic event
(the cabozoan theory of their origin, see Cavdhmiith 00). However, it was showed upon the
completion of both plastid genomes sequencingttiet arose in independent endosymbioses and are
not specifically related (Rogers et al. 07). Boldspid are, similarly to chlorophytes, chlorophgland
b-pigmented and surrounded with B.gracilis) and 4 B.natan$ membranes. All the other known
photosynthetic complex plastids shown red-algal eatrg. Their hosts involve Chromista
(Cryptophyta, Haptophyta, Heterokonta=Stramenop#gicomplexa and Dinophyta. Their plastids
are surrounded by four membranes (three in thdigdasf the peridinin dinoflagellates) and contain
chlorophylla andc, besides additional pigments (Delwiche, 1999)

Katablepharids, an early stage of secondary endbgysis?
A newly described endosymbiont of Katablephariddplseems to be a case of an early stage



of the secondary endosymbiosis. Katablepharidsdeatant sisters of Cryptophyta (Okamoto and
Inouye., 2005a), which lack plastid and insteaditaion a photosynthetic symbiont of prasinophyte
(Chlorophyta) origin (Okamoto and Inouye, 2005bhieTendosymbiont is incapable of independent
existence: it has lost the cytoskeleton and the@mednbrane system and its plastid is about ten times
larger that of prasinophytes. However, it has mithecome an organelle remaining only in one of the
daughter cells originating after the binary cellision (Okamoto and Inouye, 2005b).

The discovery of the apicoplast

The apicoplast is a small non-pigmented secondéasgtig found in many apicomplexan
parasites. The organelle was first observed in 8966 an unknown multimembrane structure in
Plasmodiumand other apicomplexans and got many differentesaim 1975, Kilejan et aldentified
previously unknown circular DNA iRlasmodiumthe apicoplast genome and later its inverted rRNA
gene repeats were discovered. It was also showre spitcomplexan species were sensitive to
antibiotics, but this was explained as inhibitidntlee mitochondrion. Although no other protozoan
species have been studied so extensively as Apieamphe apicoplast was discover only decades
after its first observation. It started with thesabvery of the DNA, which showed to be extraceflula
and inherit maternally, but was surprisingly pwifi separately from the mitochondrion. In situ
hybridization showed it may be a relict plastidg&encing of the apicoplast genome revealed several
plastid genes, but the most intriguing questionsualits origin and function remained unresolved.
Sequencing of the nuclear genomePofalciparum(Gardner et al., 2002) enabled to identify nuclear
encoded plastid genes and their signal targetiogesees. Several metabolic pathways have been
localized (at least partially) in the apicoplasitty acid biosynthesis, isoprenoid biosynthesisnde
biosynthesis. These pathways have proved to betedsr apicomplexan parasites. The organelle
has become a promising specific drug target, becplastids are obviously missing in cells of ansnal
and human, who suffer from diseases caused by raple@an parasites (reviewed in Waller and
McFadden, 2004).

The apicoplast characteristics and its phylogeny

Apicoplast is present in haemosporidians, piraplds and coccideans. There is no evidence
of a relict plastid or its genome f@ryptosporidiumusing PCR and DNA hybridization techniques
(Zhu et al., 2000). Gregarines may also lack baih plastid and its genome. Several methods
including DNA hybridization, PCR amplification, @d antibiotics and transmission electron
microscopy were used in an attempt to identify asfdl/plastid genome iGregarina niphrandrodes
with null result (Toso and Otomo, 2007). Singlecapiast with low DNA content is present in the
cells of other apicomplexans. It is clearly boundfcur membranes iffoxoplasma gondiibut inP.
falciparum3-5 membrane numbers have been observed. Langsbramal her collective (1998) found
out apicoplasts are widespread in Apicomplexa (otiven gregarines andryptosporidium and that
they are strongly monophyletic. Regarding numbeitsofnembranes the ancient apicoplast has been
considered to result from a secondary endosymbévtint. The issue of its origin became a matter of
a great debate. Several works proposed a greehaalge of the apicoplast based on phylogenetic
analyses of different plastid genes (Kohler et H97; Blanchard, 1999). However, these analyses
suffered from poor sampling or lacked an additicarelysis of branch supports. Many other features
point out the red-algal origin of the apicoplastg(estructure of ribosomal operon, analyses of
ribosomal protein genes and gene loss and reamageanalyses). The current consensus is that the



apicoplast originated from a secondary plasticedfalgal ancestry and is close to the peridinistla
of the dinoflagellates (Keeling, 2004b).

The peridinin and fucoxanthin plastids

There are several types of plastids in dinoflagetla The most characteristic for
dinoflagellates is the peridinin plastid, pigmentgith chlorophyllc and xanthophyl peridinin as a
major karotenoid. It is presumably of red algalgoriand arose through secondary endosymbiosis
(Cavalier-Smith, 1999). The plastid is bound byethmembranes and is outside the endoplasmatic
reticulum. Proteins are shuttled to the plastid ngyvio the tripartite targeting sequence. Several
dinoflagellates lack the peridinin pigment and emia plastid with three membranes, chlorophglls
and ¢, and 19-hexanoyloxy-fucoxanthin as a major caratenSuch pigmentation is typical for
haptophyte algae. Phylogenetic analysis basedeopl#éistid genes showed the plastid is derived from
tertiary endosymbiosis (Tengs, 2000). That view s@an challenged by Yoon et al., who suggested a
model in which the unarmored fucoxanthin dinoflégels were primitive whereas species with
peridinin plastid derived taxa within Dinophyta (@fo et al., 2002). This scenario assumes tertiary
endosymbiosis with the haptophyte plastid happdreddre the radiation of the group. Their analyses
based on phylogeny of only two genes were nevartsethown mislead by codon usage heterogeneity
in DNA minicirle gene sequences (Inagaki, 2004)e Tosition of dinoflagellates with fucoxanthin
plastid is not yet completely resolved, but they eurrently considered as derived from the penidini
dinoflagellates in which the original plastid waplaced by the haptophyte one. The peridinin mlasti
is currently considered to be the original secongdastid of all Dinophyta, suggesting the ancéstra
dinoflagellate was rather photosynthetic. Evideat@lastid genes in the nuclear genome of a non-
photosynthetic dinoflagellate supports this hypsith€Sanchez-Puerta, 2007).

Organization of the dinoflagellate plastid genome

Dinoflagellates has been known to possess manyanglisg features, but the discovery of a
unique organization of their plastid genomes watsaye unexpected surprise. Zhang et al. (1999)
showed plastid genes of a peridinin dinoflagelldéterocapsa triquetrare organized in gene circles
(minicircles). One (or two) genes for polypeptidesa single ribosomal RNA gene are present on one
minicirle. Currently, 2 ribosomal RNA genes and fpéoteins, all of them present in other
photosynthetic plastids, have been found on digeflate minicirles. The protein genes are limited t
genes for the core photosystem subunits, ATP sgatt@tochromedh two ribosomal proteins and 2
other proteins (Hackett, 2004). Many other plagédes have been moved to the nucleus as reveal by
EST sequencing of three dinoflagellates with peidi plastid, Lingulodinium polyedsm,
Amphinidium carteragBachvaroff, 2004) and\lexandrium tamarenséHackett, 2004). 15 genes
presented in plastid genome of all other photostittorganisms are nuclear-encodedircatenella
(Hackett, 2004). EST sequencing supported the hgsit that the peridinin plastid retains a minimal
genome after massive transfer of photosynthetiegémthe nucleus (Bachvaroff, 2004).

Phylogeny of the peridinin plastid

The chromalveolate hypothesis suggests red atgaistry for the peridinin plastid. In order to
verify this possibility, plastid-encoded minicircteenes were phylogenetically tested. (Zhang et al.,
2000). The genes are, however, the fastest-evoplimgfid genes known and therefore may subject to
various phylogenetic artefacts (zZhang et al., 19%d)ylogenetic analyses of the first identified
minicircle genes (23S+16S rDNA) showed their exgnadivergent sequences branch with or within



Apicomplexa (Zhang et al., 2000; Takishita et H099). Regardless the branch support, the resalts a
uneasy to interpret: apicomplexans have the selmmpgbst branches in the trees. The grouping with
dinoflagellates may be a result of the long braathaction (LBA) artifact (Inagaki, 2004). The
nuclear-encoded plastid targeted genes are ndavegent as the minicircle genes and their analyses
has led to the current consensus about sisterghiipeoperidinin plastid with the apicoplast (Fast,
2001).

Perkinsida are likely to contain a remnant plastid

Perkinsids have always been considered as lackmglastid. It was a surprise when several
recent studies have challenged this view showirigeeece of a non-photosynthetic plastid in the
genusPerkinsus First, Stelter et al. (2007) showBdmarinusexpresses plant-type ferredoxin with N-
terminal plastid targeted sequence similar to thafsdinoflagellatesP. marinusalso proved to be
sensitive to inhibitors of plastid-localized fatigid and isoprenoid biosynthesis and the reseassh t
identified 3 genes encoding proteins associateld thé latter pathway. The second study concentrated
on detailed morphology d®erkinsus atlanticuzoospores revealing a structure with four memtgane
(Teles-Grilo et al., 2007). Multi-membrane struesiwere also found in enriched plastid fractions Th
structure is usually located at the apical enchefdell and close to mitochondria, which remarkably
resembles situation in Apicomplexa. In additiorthat growth tests showd®el atlanticusis sensitive
to thiostrepton, an inhibitor of protein synthesiscyanobacteria and plastids (Teles-Grilo et al.,
2007). Lastly, Grauvogel et al. (2007) found addetuclear genes for proteins involved in the piast
type isoprenoid synthesis, a metabolic pathway knfram many plastids including Apicomplexa and
dinoflagellates. No genes involved in the cytostfige of the pathway known from non-
photosynthetic protists were found in the study.

3/ Tertiary endosymbiosis

All known cases of the tertiary endosymbiosis hglto the clade of Dinophyta. In the tertiary
endosymbiosis a heterotrophic eukaryote phagodytsmther eukaryote, which already contained a
secondary plastid. Tertiary endosymbioses invobwe known species, but seem to emerge at least 4
times independently on one another (see the chaptaflagellates). The plastid dfepidodinium
viride lacks peridinin and fucoxantin, but contains cbjtyll a, b and other pigments, which suggest
prasinophyte (Chlorophyta) origin (Watanabe et H91). It seems the plastid is in a late stage of
organelle endosymbiosis — it lacks all the comp&nehoriginal endosymbiont except ribosomes. It is
surrounded by four membraneKryptoperidininium (Peridininium) foliaceumcontains a three-
membrane-bound plastid as a result of tertiary symbiosis with a diatom. Nuclear genes of the
endosymbiont genome and rbcLS operon analyses iwoeally supported the endosymbiont came
from family Bacilariaceae of pennate diatoms (Chadsh996, 1997)Kryptoperidininiumalso has an
eyespot (stigma), an unpigmented structure bountht®e membranes which may be the remnant of
the original peridinin plastid. The diatom endosyonb has retained a nucleus, mitochondria and
ribosomes. There are currently four species inettgenera recognized as diatom-plastid-bearing
dinoflagellates (Pienaar, 2007). Lastly, some meminé the genu®inophysismay represent the
earliest stage of plastid acquisition through a&eytiendosymbiosis. Ultrastructural and pigment
features as well as analyses of molecular datzatelithese dinoflagellates contain a 4-membranes



plastid of cryptophyte origin (Takishita, 2002; Hatt, 2003). However, significant discrepancy is
connected taDinophysisplastid: there is no nucleomorph inside the dirgdl@ate endosymbion.
Many photosynthetic genes are encoded in nucledmairfree-living cryptophytes and their products
targeted to the plastid. Moreové@inophysisdoes not survive long in cell cultures and theefits
possible it contains a temporarily kleptoplast eatithan a permanent plastid (Hackett 03).
Kleptoplasty, temporary retained plastids from préy relatively common in dinoflagellates.
Interestingly, there is another known case of kiplatsty in the genuSinophysis Koike et al. (2005)
showedD. mitra contains a haptophyte plastid of significant segedmeterogeneity concluding it is
probably a temporary kleptoplast. Frequent kle@isiyl in heterotrophic dinoflagellates might explain
numerous tertiary endosymbioses. Recent analysisuofear genes shows all the dinoflagellate
species with tertiary endosymbionts are derivednfian ancestor with peridinin plastid originating
independently on each other (Shalchian-Tabrizi6200

4/ The chromalveolate hypothesis

Six protist supergroups are currently distinguisirethe eukaryotic tree of life: Amoebozoa,
Opistokonta, Rhizaria, Archaeplastida and Chronwata (Adl, 2007). The chromalveolate
hypothesis was originally proposed in 1999 by Them@avalier-Smith and has redefined our view on
evolution of eukaryotes. It suggest suggesting rangon ancestry of chromists and alveolates. The
hypothesis is based on the common presence obadaty plastid, chlorophyt plastid pigment and
tubular cristae in mitochondria (except for theptophytes). The apicoplast, a remnant plastid in
Apicomplexa, is proposed to be related to the paricplastid of dinoflagellates and originated from
the same red algal acquisition (Cavalier-Smith,9)9%he hypothesis lies on the idea the acquisition
of a secondary endosymbiont is an unlikely procegsch has happened rarely and counts on
subsequent plastid losses in many eukaryotic leeagsolved. In recent molecular analyses grouping
of Alveolata with heterokont algae is usually walipported (Nozaki, 2003; Harper, 2005). In some
analyses haptophytes group with stramenopiles wheexact position of Cryptophyta is unclear
(Yoon et al., 2004; Harper, 2005). Evidence for ouhyly of Cryptophyta and Haptophyta have also
been published (Patron, 2007).

Chromalveolata are greatly numerous in speciesvaridble in life strategies accounting for
about half of recognized protist diversity (Cavaf@mith, 2004). Their ancestor should be, according
to the theory, photosynthetic, but many known repngatives are not. These species are supposed to
lose their secondary plastid during their evolutiblost species contain two unequal flagella, which
often differ in morphology and function. Four malimeages are found in chromalveolates:
Heterokonta, Hapthophyta, Cryptophyta and Alveolata

Heterokonta is a diverse group involving variousotptrophs such as kelps, diatoms,
Xanthophyceae and Chrysophyceae as well as seaoaless lineages of heterotrophs and parasites,
Oomycota, Labyrinthomorpha and Opalinea. Accordmghromalveolate hypothesis these lineages
arose from a photosynthetic ancestor. Phylogelagiatyses reveal some genes of the parasitic genus
Phytophthora(Oomycota) are likely to be of plastid origin (€ylet al., 2006; Jiroutova et al., 2007).

A reduced nucleus (called nucleomorph) found witlplastid membranes of the cryptophyte
Guillardia theta has retained the genome of the phagocytised rgd @Douglas et al., 2001)



.Investigating gene translocations between thetophyte plastid, nucleomorph and nucleus may give
valuable data about process of secondary endoswyitrdiéguisition (Zauner, 2000).

5/ Alveolates and their phylogeny

The members of the group are defined on the presehcortical alveoli, flattened vesicles
forming a single layer under their plasma membrafieropores, distinct openings on the surface of
their cells, are another synapomorphy of alveol@®eserson, 1999). The group comprises Ciliophora,
Dinophyta and Apicomplexa, which represent greaemdiity and several different life strategies —
heterotrophy, obligatory parasitism and phototrogbgander and Keeling, 2003). Alveolate is a
monophyletic group (Gajadhar et al., 2001; Fasi.e2002, Harper, 2005). Apicomplexa are closer to
Dinophyta than to Ciliophora forming together agracalled Myzozoa (Cavalier-smith and Chao,
2004). A novel phylum has been recently described.

6/ Apicomplexa, the most studied protists

Typical morphological features

Apicomplexa (Levine, 1970) is a strictly parasigioup of alveolate prostists characterized by
presence of the apical complex, an assemblageutftgtes at the anterior end of a cell. The complex
enables parasites to penetrate cell and live ielitdary thereby evading much of the host immunity
surveillance. It is generally found in sporozoignozoit and gamont stages and consist of polasring
a spiral conoid, pair 2-8 rhoptries and numerousaniemes. The group comprises about 6000 species
in more than 300 genera, with bulk of species dobbaot yet described (Adl et al., 2007). Additibna
typical features like formation of the parasitophe vacuole inside host cells and complicated life-
cycles are found in some species. The cell memboaniee Apicomplexa is supported by flattened
alveoli sac similar to that of dinoflagellates acitlates. Cells contain mitochondria with tubular
cristae. Flagellar stages are restricted to miaregeas (for details about Apicomplexa see Perkins et
al., 2000).

Phylogeny of Apicomplexa

Apicomplexa contain many medically and economicathportant species, such as genus
Plasmodiumcausing malarial]. gondiicausing toxoplasmosi§ryptosporidiumsp. causing diseases
of human and animals arBlabesia Theileria and Eimeria species causing diseases of domestic
animals. The group is adapted to parasitic wayf@fand possess many derived characteristics, which
hamper looking for phylogenetic synapomorphies wither protists. Studies of molecular sequence
data, however succeeded in resolving apicomplexasitipn within the eukarytic tree: they
congruently show Apicomplexa is a sister clade iofdphyta within Alveolata. Apicomplexa includes
several distinctive lineages, Coccidia, Haemosjmridiroplasmida, Gregarinea a@dyptosporidium
and is supposed to be monophyletic. Gregarinedradiionally considered as the most primitive
apicomplexans. Among the crown groups, Haemosoridiare close to Piroplasmida and their
common sister group is Coccidia. Position of Crgptwridium is not entirely clear, but it either
constitutes an early-branching separate lineaghénapicomplexan tree or it is a sister group of
gregarines.



7/ Relationships of Colpodellida and Perkinsida

Colpodellids, apicomplexan sisters

Little is known about colpodellids, predatory bgtdlate alveolates. They resemBlerkinsus
speciesn some features to such as an apical open comaidteoptries. Morphological features are
obviously insufficient to reveal colpodellid relatiships and therefore several 18S rRNA gene
sequences of the genGslpodellahave been obtained and included to phylogenetilysesm Siddall
et al. (2001) revealed colpodellids are sistersil@zftes based on a concatenated actin+18S rRNA gen
dataset, but it was later revealed the actin sempubalonged t@Bodosp. rather than tG€olpodellasp.
(Saldarriaga, 2002). Kuvardina et al. (2002) penked analyses in whid@olpodellasp. forms a sister
clade to Apicomplexa, even though this position diatained only medium bootstrap support.

Morphologyand phylogenetic position of Perkinsus sp

Perkinsida are protozoan parasites of mollusks agehts of infamous ‘Dermo’ disease
devastating populations of oysters. The geheskinsuswere excluded from Apicomplexa in 1990s
based on the overall morphological and molecul&tesce. Unlike Apicomplexa, the apical conoid-
like collar of Perkinsusis side opened and lacks the polar ring compRerkinsusdiffers from
Apicomplexa also in the structure of micropores ahndracter of its flagella (Siddall et al., 199he
decisive moment oPerkinsusexclusion from Apicomplexa was sequencing of itinaand small
ribosomal subunit genes (Reece et al., 1997, Siddahl., 1997). Further molecular data have
congruently shown perkinsids form a sister groupwfophyta (de la Herran 2000; Figueras, 2001;
Saldarriaga 2001; Saldarriaga, 2003; Leander amrdiri¢g 2004).

New species of Myzozoa

Newly described genemarviluciphera(Noren et al., 1999and Cryptophagus(Brugeolle,
2002) are relatives of Perkinsida. Both are pagasibf other eukaryotes (dinoflagellates and
cryptophytes respectively) and have zoospores with unequal flagella. Likewis®erkinsusand
Colpodellg Cryptophagusand Parviluciphera possess an open side conoid and rhoptries. These
structures may be homological to the apical compie@picomplexa and therefore ancestral to all
Myzozoa (Leander and Keeling, 2003). However, a taher alveolates such @grocoelus and
Voromonashave been described and assigned to Myzozoa (€e&tith and Chao, 2004) and new
species are still discovered (Leander and Hoppengat07). A lack of morphological or molecular
data for many of the new myzozoans hinder us friohirig out their evolutionary relationships.

8/ Dinoflagellates

Morphological and ecological features

The group Dinophyta involves single-celled protietsgreat morphological and ecological
variability. Their life strategies comprise heteopthy (roughly 50% of known species),
photoautotrophy and parasitism, with ecologicakuak stretching vastly from freshwater to marine
environments. Dinoflagellates are important primairgducers. Some species produce toxins causing
infamous ‘red tides’, other are capable of biolustence or life inside cells of corals. They usuall



have two unequal flagella, which enable them toycant complex movements. Some species possess
theca, an outside armor protecting them againstapoes, whereas other dinoflagellates are ‘naked’.

Evolutionary history of dinoflagellates

On the paleontological record, a massive expangbeofjroup came in Mesozoic: the first
non-controversial fossils come from the early Tiageriod, but the main divergence of the group
came in the Jurassic and Cretaceous (208-66 mys)s@fe et al., 1999). Following the fossil
diversity, the Mesozoic radiation seems to haveemivise to most of the recent groups, with total
number of species declining until today. This migplain why it is so uneasy to recover
relationships between the major dinoflagellate geouby using both, the morphological
synapomorphies and molecular matrices (Fensomk, 41989). Parasites of the group Perkinsida are
universally though to be sister group of the diagé#llates. To better understand the evolution ef th
group, extensive effort has been put to identifgoflagellates with plesiomorphic features of the
group.Oxyrrhis marinais based on the molecular data currently consitlasethe earliest branch of
the dinnoflagelate phylogenetic tree (Saldarridzi2Q3; Leander and Keeling, 200€9)xyrrhisis a
peculiar heterotroph with many derived featurese Tiner phylogeny of the dinoflagellates has
traditionally collapsed into several lineages wittknown interrelationships (Saldarriaga et al.,1200
Only recent phylogenetic studies based on multegeatasets obtained better resolution in inferred
dinoflagellate trees (Murray, 2005; Zhang, 2005020Gribble, 2006) with basal position of
Amphinidium Heterocapsand Suessidales.

9/ The status of current knowledge oRM12

RM12 is a photosynthetic alveolate living in the reeafrat Plesiastrea versiporaThe
organism was co-isolated with endosymbiotic dirgdlates of the genuSymbionidiumfrom
samples of the corals collected in Sydney HarbAustralia in 2001(Moore, 2006). Morphological
distinction from dinoflagellates of the gen8gymbiodiniunresulted in the isolation of thRM12s
total DNA and sequencing of the 18S rRNA gene (Mo@006). Phylogenetic analysis suggested
RM12is not a dinoflagellate, but rather has connestitmnapicomplexans, dinoflagellate sisters. Such
a relationship would be of great evolutionary iat#r because Apicomplexa are supposed to arise
from photosynthetic organisms and they contairiet yi@astid (see previous chapters).

Further molecular and morphological data to teistiélationship have been collected (Moore
et al., 2007in pres3. Almost entire sequences of the small and laitggsomal subunit RNA genes, a
partial sequence of the plastid small nuclear silbBNA gene and a sequence of the gene encoding
photosystem Il D1 proteinpébA were amplified and phylogenetically tested. Ih tedées of the
nuclear ribosomal gend8M12 branched next to Apicomplexa. The analysis ofiglaplastid 16S
rDNA sequence revealed close proximity of RM12'agtid and the apicoplast. Fast evolving
sequences of the peridinin dinoflagellates weretteghifrom this analysis. In thesbAtree computed
from the aminoacid datas@®M12appeared as a sister taxon of peridin dinoflagedladlthough this
branching was not well supported. Apicomplexa laiths gene and their sequences were therefore
missing in the tree.



Strikingly, an exception from the standard genetide was found in the plastid BM12 An
alignment ofpsbAsequences revealed 7 stop codons irRikd2s sequence. All the seven positions
are conservative in other plastids and encodedpyEtn (UGG).RM12 has UGA triplets at these
positions and becaugsbAproduct is an essential photosynthesis-assocfatadin the presence of
stop codons in the sequence is extremely unlik8liernative UGA-Trp coding is known from
mitochondria and the only type of a plastid — tipécaplast of some Coccidea. Considering such
alternation in the plastid genetic code is knowhappen only once, the presence of UGA-Trp coding
in RM12is considered to be a strong synapomorphy of plaitids.

Pigment analysis revealed presence of chlorophylicdaxanthin, and a novel carotenoid as
the major components, anif-carotene as a minor component indicating a unigigment
composition of RM12s plastid. Detailed ultrastructure using transmissard scanning electron
microscopy showedRM12s plastid is surrounded by 4 membranes, which He turrently
hypothesized ancestral number of membranes for thethapicoplast and the plastid of peridinin
dinoflagellates. RM12’s possesses tubular cristaes imitochondria.

10/ Summary and the aims of my project

The data suggesBM12is the closest photosynthetic relative of Apicompleand bears a
pigmented plastid, which is ancestral to the apasip The organism may help to understand the
origin of parasitism in Apicomplexa and its plastisey be useful in medical research of the
apicoplast.

In this work, | characterize the plastid of the fasynthetic alveolatRM12 The experimental
part of the work consists of two approachakinferring the plastid origin and evolution using
further molecular markers and b) assessing the plastid genome sizBour genes encoded in
RM12s plastid (16S and 23S rRNA genes, elongation factdrgene =tufA and photosystem Il
protein D1 gene psbA were sequence and their phylogenies inferredidaatively labeledPsbA
probe was hybridized with the total DNA separatgdpblse-field agars gel electrophoresis and the
plastid genome size was estimated. The resultindoglnetic relationships dRM12s plastid are
critically discussed in the context of current kihedge of plastid evolution and phylogeny of the
alveolates.



Methods

1/ DNA isolation, PCR amplification and gene seque&ing

Cultures ofRM12 cells were kindly provided by Robert B. Moore, Usrisity of Sydney,
Australia. Cells were grown in f/2 seawater mediig®@e details in Chrudimsky, 2007) atC8n 14
hour light cycle.

DNA was successfully isolated by several methodhkiding the standard phenol-chloroform
extraction, the chelex extraction and the extracby using commercial kits Tissue DNA Spin Kit
(Jetquick) and DNeasy Plant Mini Kit (Qiagen). TpsbAgene sequenced in this study was amplified
from the DNA extracted by the phenol-chloroformragtion (for details see Chrudimsky, 2007). The
other three genes were amplified from the DNA isalaby using DNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s instructions. Thiagetions yielded between 30-300 mig6f DNA,
which was stored in a freezer.

The genes encoding ribosomal subunit RNAs wereliaetpas 2 (16S rRNA) and 3 (23S
rRNA) overlapping parts. with organism specificnpeirs. The partial sequence of the plastid 16S
rRNA gene (Moore et al., 2008) was used to desrgarosm specific primers (pSR950 and pSF800).
The first part of 23S rDNA was amplified with nopegific primers and enabled me to design two
specific primers (pLSU_RX and pLSU_RXBsbAwas amplified in two parts each of them covering
most of the gene; the gene amplification has beeviqusly described (Moore et al., 200TufAwas
amplified with a single primer pair (for primer déds see Table 1). The genes or their parts were
amplified in 25l reaction mixes containing 400M nucleotides, 0.25 U ofaq polymerase
(Topbio), PCR buffer (10mM Tris-Cl pH 8.8, 1% TritX-100, 1.5 mM MgG, 50mM KCI), 0.4 pM
primers (0.7 pM ofpsbAgene primers), 35-60 ng of DNA (75-90 ng psbA amplification) and
autoclaved milipore BD. PCR cycles were: 5mins at°@(denaturation) followed with 30 cycles of
[95 °C for 1min (denaturation), XXC for 1 min (primer annealing), 7Z for 1:30 min (elongation)];
72 °C for 8 mins (final elongation), where %% the annealing temperature for the particulamer
pairs described in Table 1.

PCR products were electrophoretically separatealgamose gel, cut out of the gel and purified
with Quigen Gel Extraction Kit. The purified prodsiovere cloned using TOPO TA Cloning Kit,
pCR°2.1-TOPQ vector (16S and 23S rDNAufA) and Quiagen PCR Cloning Kit, pDRIVE vector
(psbA according to the manufacturers’ protocols. Onéiwe clones of each gene or gene part were
sequenced (both strands; see Table 1). Gene seguaace assembled in Segman (DNASTAR).

2/ Sequence alignments and phylogenetic analyses

Nucleotide sequences of ribosomal RNA genes andhaanid sequencesufA, psbA were
aligned in MAFFT (Katoh et al. 2002, 2005) usinge th-INS-I algorithm at default conditions.



Nucleotide sequences aifA and psbAwere reverse-translated from aminoacids alignedguthe
Clustal W algorithm in Bioedit 7.0 (Hall, 1999). IQS-I algorithm (MAFFT) was used to align the
‘23S-SHORT’ dataset (see bellow) and the resultspared to the L-INS-I alignments. Q-INS-I
aligns ribosomal sequences according to their skogrstructure, but is currently available only for
limited datasets; see the program webdgity://align.bmr.kyushu-u.ac.jp/mafft/online/seyewo
alignments of the 16S and 23S rRNA genes contaliaicigng divergent sequences of the peridinin
dinoflagellates were created: “16S+DINO”/"16S’ ant®3S+DINO"/"23S” respectively. An
experimental short dataset of 23S rDNA containiagtipl sequences of 8 additional dinoflagellate
and 2 apicomplexan species (“23S SHORT+DINO) wapaed. In protein genes, three dataset were

created based on amino acid, nucleotide, and 1.nudeotide coding positions (psbA _aa, psbA_n,
psbA_nl12 and tufA_aa, tufA_n, tufA_n12). The aligsequencewere manually edited in Bioedit
7.0 (Hall 99). Unaligned and ambiguously alignedipons as well as sequences of fast-evolving
species from outside Alveolata were omitted fromdhtasets.

Nucleotide datasets were analysed using the maxitikeithood (ML) method in PHYML
2.4.2 (Guindon and Gascuel, 2003; Guindon et @052 both, the computer-based and the online
version of the program were used) and the Logdetlipaar distances (Logdet) method as
implemented in PAUP4.10b (Swofford 2001). Aminoacid datasets werelyaed using ML in
PHYML 2.4.2. The maximum likelihood models for nectide and aminoacide matrices were
GTR++l and WAGH+I respectively, with gamma distribution in 4 caiggs and all parameters
estimated from datasets. Logdet distances weraillagdc for the nucleotide datasets by using TBR
branch swapping. Bootstrap branch supports wereguoatad for all derived trees (300, 500 or 1000
replications).

3/ Pulse-field agarose gel electrophoresis and Stetn hybridization

Pulse-field agarose gel electrophoresis (PFGE)usasl to separate large DNA molecules.
Living cells of RM12 were slowly centrifuged, washie SET buffer and embedded in 1.5% low-
melting agarose (2,6xi@ells/1 ml). Plugs were digested in a lysis buffe6 M EDTA pH=9.5,
1% N-Lauroylsarcosine and Proteinase K (20 mg/rat)p0 °C for 28 h. Digested plugs were
stored in SET buffer in 4 °C. PFGE was carriedioud.5x TBE buffer using the CHEF-DR® llI
system (BioRad) with PULSE MARKER™ 0.1-200 kb (SI&Mas a control. PFGE run at the
following conditions: current = 6 V/cm; runtime =0 Zh; initial/final switch time = 0.5/25 s;
temperature = 14 °C.

The PFGE gel was stained in EtBr to check up tparsgion of the total DNA. The standard
Southern blot protocol (Sambrook and Russell 2004y followed to transfer the DNA to
BioBondTM-Plus NYLON MEMBRANE (Sigma) via alkalingransfer. HexalLabel™ DNA
Labeling Kit (Fermentas) and MicroSpinTM G-25 cohsn(Amersham) were used to make and
purify radioactively labeled DNA probe from the otd psbAgene. Southern hybridization was
performed in phosphate buffers according to thedstad protocol at 65°C (Sambrook and Russell
2001).



Table 1: A scheme of amplification of four genes used is gtudy with lengths of the consensus sequen€&R.@imer pairs, primer sequences, primer anneling
temperatures (]) and number of sequenced clones for particulaegfgene parts are indicated. All the parts weraesszpd from both DNA strands.

ep as Primers Primer sequences Clones
Gene Amplification scheme i — Tm
Forw. Rev. Forw. (5 '- 3") Rev. (5 '- 3") seq.
Plastid SSU I pS_BrF2 pSR950 GATCCTGGCTCYGRAWRAACG CACYCTTGCGAGCGTACTCCT 52°C |2
RNA gene \ I pSF800 pSRcoc TGGGATTAGATACCCCAGTAGTCTTA | TATTATCCAGCCGCACCTTCCAG 50 °C
1] 1533
Plastid LSU — pLSU1F pLSU_RX2 CTGAATCATCTTAGTACTCAAAG ATTGAGTGACAAGCACTGTATCTA [45°C
rRNA gene I pLF400 pLSU_RX ACAAYKATTYYCTTAGTAGTGGCGA | TCTCCCACTTTAATTGTATAATGAG [45°C
\ — pLSU3F pLR3100 GCGAAATTCCTGTCGGGTAAGTCC | TTTTCYYACTTATATGCTTTCAGYA |48°C
1} 2590
Elongation
| o
factor TU —— EfTUF Ef-tulR GGDCATGTAGATCATGGDAAAAC ATAAAATTGAGGTYWATATCC 42°Cc |5
gene (tufA) o @S
Photosystem
Il subunit ] psbA_U140Forw | pshA_micRev | ACCGTYTYTAYATCGGTTGGTTCGG | GATTTGCACGATTTAAGATATCGGCT |[45°C |1
(Dl bA) gene [ psbA_U140Forw | pshAL1_Rev | ACCGTYTYTAYATCGGTTGGTTCGG | CRTGCATWACTTCCATWCC 45°C
ps a a7




Results

Amplification of the genes

The amplification ofRM12 plastid genes turned out to be difficult with resp® numerous
bacterial contaminations. Specific primers for thgenes are uneasy to design, because Apicomplexa
sequences are highly divergent and conservatius pagene alignments are often similar to badteria
homologs. Our cultures &tM12are not axenic, which results in sequencing of nizamgterial genes.
All'in all, 12, 15, 4 and 12 gene primers wereddsb amplify 16S rDNA, 23S rDNAgsbAandtufA
respectively. Organism-specific primers based oeaaly sequenced parts had to be designed in the
case of ribosomal RNA genes. The length of the dieglsequences is shown in Table 1. The almost
complete plastid 16S rDNA sequence was alignedhto freviously published partial sequence
(accession numb&tU106871 Moore et al., 2008). One transitional (G-T) ame @aransversional (G-

A) mutation differ between the sequences in thearlapping parts. ThpsbAgene was amplified as
two sequences (with two different primer pairs)thbof which are identical and differ only slighily
length. The longer of thesbAsequences (amplified with psbA U140Forw and psbARdyv primers)
has already been publishd6l{106869 Moore et al., 2008).

Plastid 16S rDNA analyses (Fig. 2-3)

Sistership oRM12 and Apicomplexa is strongly recovered (100% treées)iL and LogDet
analyses of the “16S” dataset. Apicomplexa is wéflerentiated to subgroups in accordance with
their standard classification in the ML tree. Thackbone of the tree is unsupported, but several
eukaryotic clades are well recovered (Strameno@itgptophyta, Viridiplantae). Alveolates appear as
sisters of stramenopiles, but this branching labketstrap supportEuglena gracilis branches
artificially together with two Pavlova species (Haptophyta). Several dinoflagellate tertia
endosymbionts branch within their ancestral famil@inophysis acutandD. norvegicaplastids with
cryptophytes, D.mitra kleptoplast with haptophytes and fucoxanthin-ciomtg dinoflagellates
(Karenia and Karlodiniumwith haptophytes. In the LogDet tree, the boafstsupport for the split
between Coccidea and other Apicomplexa remarkalelgrehses. The LogDet tree also reveals
unsupported branching 8f natansand 4 red algae of the Bangiophycea family nexthécalveolates.

The peridinin dinoflagellates form extraordinamgndgy branches in both analyses of the
“16S+DINO” dataset (Fig. 2). They group with Pirapimida in the ML tree, but this branching is not
supported. Interestingly, they are excluded fromcAmplexa in the LogDet tree, whiRM12retains
its sister position to the parasitic group. Howevlee LogDet tree lacks any branching supportiat th
level. Several species appear next to or withinalleeolates in the tree among which are remarkable
the fucoxathin-containing dinoflagellates (in tH6S"ML tree reliably settled within Haptophyta).



Plastid 23S rDNA analyses (Fig. 4-5)

23S rDNA dataset contains significantly less seqas, but has better support of the tree
backbone than the 16S rDNA dataset in the ML aesl@BM12forms a sister clade to Apicomplexa
in these trees with highly significant support (#0f the ML and 98% of the LogDet trees). All the
main groups of photosynthetic eukaryotes are rgeaven the ML trees with variable supports. The
long branch of non-photosynthetic green altglicosporidiumappears next to the alveolate clade.
This branching is surprisingly supported in the hikes (bootstrap 87 and 88), but is missing in the
shortest LogDet tree (Fig. 6). In the bootstrap Regtree (hot shownMHelicosporidiumappears
together with B. natansas a second sister branch to the alveolates diferetglenophytes.
Euglenophyta are stably recovered close to alveslappearing in 35-60 % of trees in particular
analyses.

If the peridinin dinoflagellate sequences are ddey group with the fastest evolving
sequences of the genglsmodiumThis grouping is preserved in the LogDet trees.

The short experimental dataset “23S SHORT+DINO“swaligned using two different
algorithms in MAFFT: Q-INS-I and L-INS-I. The formeligns ribosomal sequences according to
their secondary structure, whereas the latterstaadard algorithm. All trees derived from these tw
alignments were significantly less supported th@nanalyses of the complete 23S rDNA sequences.
Addition of more species did not bring about bettesolution among alveolates. Dinoflagellates
always appeared next to Haemosporidia RMIL2s sister position to the clade of apicomplexand an
dinoflagellates was revealed in only 84% of tr@dw trees derived from Q-INS-I were slightly better
resolved than the L-INS-I trees.

PsbAanalyses (Fig. 6-8)

Apicomplexans lack thepsbA gene and therefore were not included psbA analyses.
Particular lineages of photosynthetic eukaryotes asually recovered in this gene, but their
relationships remain unresolved. The longest bresicm the trees belong to the peridinin
dinoflagellates, which are always associated widptbphytes and the fucoxanthin-containing
dinoflagellatesRM12is found next to Stramenopila in the tree derifredn the aminoacid dataset,
but this position has no support. Nucleotide trgiee a bit different topology — Stramenopila are
replaced among other eukaryotes, wheRfsld2appears as a sister of the peridinin dinoflagedlate
the ML trees and as sister of the peridinin+fucaendinoflagellates in the LogDet trees. In alltioé
cases, support for this branching is very low. dieim dinoflagellates are monophyletic in all trees
andAmphinidiumandHeterocapsayenera branch at the basis of the group.

TufA analyses (Fig. 9-10)

No tufA sequences were found in dinoflagellateé®d112 has a surprisingly long branch and
always groups with Apicomplexa. This is very walbported in both the aminoacid and nucleotid-
derived ML trees and even in LogDet analyses. Therineages of photosynthetic eukaryotes are
recovered in many cases, but their relationshipsnat supported. Euglenophytes form a sister clade



of the alveolates in the trees derived from thdeautie dataset, but are found among Viridiplaritae

the aminoacid-derived tree.

The size ofRM12's plastid genome

Large amount oRM12s DNA was
separated by using PFGE forming a long
smear across the whole gel. Two bands of
unsuspected sizes corresponding to the
nuclear genome were visible at the top of the
gel. The smear got brighter roughly between
30-60 kbs. DNA was blotted and cross-
linked onto a nylon membrane.

Southern hybridization revealed an
apparent band about 130kb in size
corresponding to the size of a plastid
genome. Interestingly, a strong DNA
hybridization appeared from about 60 kbs to
the bottom of the membrane (the shortest
DNA molecules transferred to the
membrane were about 8 kb in size). DNA
transferred to the membrane from around the
well hybridized at the top of the membrane.

291.0 kb

242.5 kb

194.0 kb

145.5 kb
+130 kb

97.0 kb

48.5 kb

24.3 kb

Fig. 1: Pictures of the hybridization membranle

(left) and the PFGE gel (right) Hybridization
with psbAprobe revealed a 130kb band and ;
unexpected smear at the bottom of the gel.
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B/ LogDet tree (500 replicates)

Apicomplexa, S = Stramenopila,
Cryptophyta, H = Haptophyta

= Rhodophyta; V = Viridiplantae
Glaucocystophyta, D = Dinophyta
Cyanobacteria, B = Cercozoa

E = Euglenozoa

NGQO=IN>
|

100 Theileria parva



// 100

Gymnodinium galatheanum
Bigelowiella natans  E
89 Paviova lutheri H
Paviova gyrans  H

81 Heterocapsa triquetra
Ceratium horridum J
Gonyaulax polyedra

8 Toxoplasma gondi

Neospora caninum

69 ) .
Sarcocystis muris

82 Eimeria nieschulzi
Eimeria tenella

73

35 "

91 Gymnodinium breve
9% Gyrodinium aureolum
Gymnodinium mikimotoi
Cyanidioschyzon merolae R
Cyanidium caldarium R
Euglena gracilis E
% <llyAPTOPHYTES
33—l STRAMENOPILES
77—l RED ALGAE
o1 —==l CRYPTOPHYTES
o 81<GLAUCRCYSTOPHYTES
51 VIRIDIPLANTAE
ee« CYANOBACTERIA
Mycobacterium bovis
Streptomyces sp.
Rhodobacter sphaeroides
Bordetella pertusis
Pseudomonas syringae
Eschen'chl;a coli

0.2

96

95

100
100 Eimeria tenella
Eimeria nieschulzi
100 79 99  Neospora caninum
Toxoplasma gondi
100 Hyaloklossia lieberkuehni

61 Sarcocistis muris

o3 ==l STRAMENOPILES
Euglena gracilis g
Paviova gyrans  H
100 paviova lutheri  H
HAPTOPHYTES
7 {RIPTOPHTES
RED ALGAE
Bigelowiella natans B
6 8 Gleochaete wittrockiana G
100 “—ell \|RIDIPLANTAE
@ GLAYCOCYSTOPHYTES

84 CYANOBACTERIA
100 Streptomyces sp.
Mycobacterium bovis
Rhodobacter sphaeroides
9% Escherichia coli
95 Bordetella pertusis
53 Pseudomonas syringae
k d
0.5

A

Hyaloklossia lieberkuehni

A
Hepatozoon catesbianae
92 Theileria parva
Babesia bovis
92 Plasmodium berghei J
Plasmodium falciparum
D
100 9 Heterocapsa triquetra
/ / Ceratium horridum
Gonyaulax polyedra
] Babesia bovis
10 Theileri
Plasmodium falciparum elieria parva
100 Plasmodium berghei
Hepatozoon catesbianae A

Fig. 3: Plastid 16S rDNA trees deri-
ved from “16S+DINO” dataset.
dinoflagellate tertiary plastid endo-
symbionts are in bold

A/ ML tree (500 replicates)
model GTR+I4+|

B/ LogDet tree (500 replicates)

A = Apicomplexa, D = Dinophyta



Isospora insularius
Eimeria rioarribaensis
Eimeria maxima

Babesia bigemina

100 Eimeria langebarteli
A Eimeria tenella
100 Caryospora sp.
Neospora caninum
100 100 Hammondia heydorni
96  Toxoplasma gondii
100
100
100
87 100
o
Helicosporidium sp. \J
50 Euglena longa —l E
100 Euglena gracilis -
Pylaiella littoralis
69 Odontella sinensis S
100  Thalassiosira pseudonana
91 Phaeodactylum tricornutum __|
Cyanidioschyzon merolae
60 Cyanidium caldarium
99 Porphyra yezoensis
Porphyra purpurea R
56 Compsopogon coeruelus 100
Gracilaria tenuistipitata
Palmaria palmata 100
Porphyridium aerugineum | 164
Emiliania huxleyi
67 Guillardia theta c FHesmodiun bergiei
100  Cryptomonas curvata 10 L MasmodumAerghe
67  Rhodomonas salina _ Plasmodium falciparum
100 Chlamydomonas reinhardtii—| Theileria parva
o7 90 Scer?edesmus obliquus 100 100 Babesia bigemina
57 Pseudendoclonium akinetum s Hammondia heydorni
) Bigelowiella natans Toxoplasma gondii
Chlorella vulgaris 100 )
Nephroselmis olivacea Neospora caninum
56 Scourfieldia sp. o 100 Caryospora sp.
Marchantia polymorpha 100  Eimeria tenella
100 Oryza sativai \/ 63 Eimeria langebarteli
100 Zea mays Eimeria maxima
97 Arabidopsis thalianai 88 Isospora insularius
81  Solanum tuberosumu 52 _ )
100 Nicotiana tabacum ena rioarribaensis
Cyanophora paradoxa % 4
100 Glaucocystis nostochinearum _I G Helicosporidium sp.
67 Cyanoptyche gloeocystis - 4 Euglena longa
79 7 Microcystis sp. i 100 Euglena gracilis
Synechocystis sp. Pylaiella littoralis
" Lyngbya majuscula 67 Odontella sinensis
Paulinella chromatophora o
100 Prochlorococcus marinus 190 | Thatasslosira pssudonaa
63 Synechococcus sp. 92 Phaeodactylum tricornutum
—
0.05 02

Fig. 4: Plastid 23S rDNA trees derived
from“23S" dataset (A) and parts of trees
derived from “23S+DINO” dataset (B+C)

A/ ML tree “23S" (500 replicates),
model GTR+4+I

B/ ML“23S+DINO"tree (500 replicates)

C/ LogDet tree “23S+DINO” (500 replicates)

A = Apicomplexa, S = Stramenopila,
C = Cryptophyta, H = Haptophyta

R = Rhodophyta; V = Viridiplantae

G = Glaucocystophyta, D = Dinophyta
C = Cyanobacteria, B = Cercozoa
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Discussion

What have the analyses revealed?

Highly divergent sequences of plastid 16S and E3NA from peridinin dinoflagellates
proved to have little phylogenetic use. LogDet gsial which may resolve phylogenetic artifacts
connected with different nucleotide compositiorparticular sequences, was able to replace them out
of Apicomplexa in 16S rDNA tree, but not in 23SrDNi#&e (compare to Zhang, 2001, who managed
to it in both trees). Interestingly in the formdrthose trees, RM12 still retains its sistershighwi
Apicomplexa. Use of minicircle gene sequences nmayelver result also in phylogenetic artefacts
(Inagaki, 2004). Therefore only results of “16S“at&BS“of are taken into account. In the tree
derived from both these datasa®iVi12 specifically groups with Apicomplexa and this groupis
very strongly supported. LogDet analysis is alsorgily supportive for this branching, which is very
important, because both branches of RM12 and Apgiexa are yet long compared to the other
species. Similarly, in atiufA ML treesRM12robustly groups with Apicomplexa. Therefore, anays
of the 16S rDNA, 23S rDNA antlfA gene unequivocally provie@M12’s plastid and the apicoplast
are of the same origin and closely related to edloer. Relationship between tR&12s plastid and
plastids of peridinin dinoflagellates is uncleant®BpsbAnucleotide analyses show their sistership,
butRM12branches close to stramenopiles infghbA tee derived from amino acids. The aminoacid-
derived trees of both protein gendésfA, psbA turned out to be slightly better supported with
gracilis branching within green algae in both cas®sbAis not a good marker to infer the plastid
origin: the trees are never supported at the ddaaerch level. The position 6M12s sequence is
not much stable, but it always branches next todimeflagellate, stramenopile and haptophyte
sequences suggesting its plastid is of a red aggin. These results confirm previous findings
(Moore et al. 2008) about tlRM12s plastid evolutionary relationships.

Notes on future analyses

LogDet method is known to be useful to deal wiBAL Aminoacid trees also included long
branching species and therefore an analysis deaithgdifferent codon usage and different site sate
in different sequences would be useful. | suggaestpossibilities to improve resolution of the trees
The first is to analyze the aminoacid dataset usitegLogDet method (LdDist program), which is
currently available on Linux platform. The othertésuse the CAT model, a complicated ML model,
which takes into account rate heterogeneity acsdss of a dataset. The model in implemented in
PhyloBayes, a program which runs on MacOS/Linux.

A stop codon in the tufA gene

Another suggestion dRM12’'splastid affinity to the apicoplast comes from tmiroacid
sequences ofufA (Fig.11). An unsuspected stop codon appears innldglle of RM12'stufA
sequence. The stop codon is UGA encoded. BothdsgrahfivetufA clones were sequenced to reject
the possibility of wrong base presence at one efttiplet positions. The presence of a UGA stop



codon suggests it may be the same case of an mamical genetic code as in thebAgene. The
aminoacid alignment is nevertheless not consemafv the site and sequence of no other
apicomplexan is disrupted similarly. Interestingligere is a UGG position encoding tryptophan in
RM12’s sequence. There is no UGG-Trp position in flebAdataset and therefore this is the first
prove RM12 encodes tryptophan with both UGG and UGA codore presence of non-canonical
code in the gene also meanfA is encoded in the plastid genome. To prove thidADybridization

of the RM12s tufA gene probe with the total DNA separated using PR@E performed. The
experiment was unsuccessful, providing only a werak disputable signal (data not shown).

The tufA analysis of Hackett et al. (2004)

The most promising for future is th&A analysis, because a homolog from a peridinin
dinoflagellate may be identified. Hackett et al0@2) have already publishedtiA gene analysis
with a putative homolog of the gene frofexandrium catenellabtained by EST sequencing.
catenellasequence groups with a coccidian sequence andrautiooclude the analysis reflects
evolutionary sistership of apicoplast and peridipliastid (because of grouping of coccidian and Th
sequence, which is supposed to be stored iAtlcatenellsEST database (GenBank) was extensively
searched. No alignable homolog ©f gondj E. tenellaand RM12s tufA sequences has been
identified despite extensive search. Another serisgsue refers to the analysigufA is a slowly
evolving gene with easily identified homologs asrdsacteria and bacteria-derived organelles.
Nuclear-encoded mitochondrial homologstaffA are known from eukaryotes including e.g. ciliates
(Tetrahymena thermophilaParamecium tetraurelia Monoeuplotes crasspysand red algae
(Cyanidioschyzon merolaeThe sequence @f.catenellais the longest sequence in the discussed tree.
Considering the analysis contained only sequenom® fphotosynthetic eukaryotes, there is no
evidence ofA. catenellasequence origin — it may be a mitochondrial homalog result of bacterial
contamination. In such a case of a very distanuesece, the grouping of th&.catenellawith
Apicomplexa, the second longest branches in the weuld not be surprising. Preliminary analyses
of the dataset tested in this diploma showed eaidifibranching of ciliate mitochondriaufA
sequences with the apicoplast homologs in poontypsed datasets (see the chapter Results). The
analysis of Hackett et al. (2004) is rooted withlaucocystophyt€. paradoxagiving no chance to
distinguish between these possibilities. Moreotle,tree backbone is completely unresolved and the
dinoflagellate-apicomplexan clade is not suppontetivo of the three branch support analyses made
(neighbor joining and Bayesian analysis). Insigmifit bootstrap support (62) for the clade appears i
the maximum parsimony analysis, which is an unjikekethod to reveal such kind of a phylogenetic
artifact. |1 conclude, the publishadfA analysis gives null evidence of relationship betmvehe
peridinin plastid and the apicoplast.



Fig. 11: TufA dataset with a stop codon irRM12's sequence depicted with an arre. The stopcodon is

UGA encoded and very probably substituted with amnaacid through a non-canonical code usage. The

aminoacid may be tryptophan as in f{&bA gene. UGG encodes for tryptophan at the positied &f the

alignment.
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The RM12’s plastid genome

Size of theRM12s plastid genome, £130 kb, is comparable to siesther secondary
plastid genomes (Table 2). Reduced plastids of dkpdexa are extremely small £35kb), similarly to
the plastid of parasitic green algelicosporidium Ostreococcus taurand B. natanshave usual
number of plastid genes, but extraordinarily conbgéigenomes.

The results of the hybridization gave inexplicadiieear at the bottom of gel. It is not known
what the smear is, but one explanation might begmee of additional minicirles in the plastid. The
plastid minicirles are known only from dinoflaga#ia. All the other plastid genomes are organised on
a circular molecule. It is necessary to furthet tieis hypothesis.

Table 2: Plastid genomes in eukaryotes and their spective nucleotide lengths (bp).

Parasite genomes are highlighted in bold; extraargi compacted genomes of phototrophs are in rettclsin organism life-style to
parasitism or heterotrophy may result in complétaeieation or in reduction of the plastid genomenfhant plastids of non-photosynthetic
organisms retain important metabolic functions.t Barthe genes encoding the plastid protein machinemains in the plastid genome

whereas the rest is tranlocated to the nucleuseatattgeted as translated gene products.

SPECIES GROUP PL. GENOME SIZE LIFE STRATEGY

Plasmodium falciparum Apicomplexa 34,682 bp parasite

Eimeria tenella Apicomplexa 34,750 bp parasite

Toxoplasma gondi Apicomplexa 34,996 bp parasite

Theileria parva Apicomplexa 39,579 bp parasite

Babesia bovis Apicomplexa 33,351 bp parasite

Odontella sinensis Stramenopila 119,704 bp phototroph
Phaeodactylum tricornutum Stramenopila 117,369 bp phototroph
Thalassiosira pseudonana Stramenopila 128,814 bp phototroph
Guillardia theta Cryptophyta 121,524 bp phototroph
Rhodomonas salina Cryptophyta 135,854 bp phototroph
Emiliania huxleyi Haptophyta 105,309 bp phototroph
Cyanidium caldarium Rhodophyta 164,921 bp phototroph
Cyanidioschyzon merolae Rhodophyta 149,987 bp phototroph
Gracilaria tenuistipitata Rhodophyta 183,883 bp phototroph
Porphyra purpurea Rhodophyta 191,028 bp phototroph
Chlamydomonas reinhardtii Viridiplantae 203,828 bp phototroph
Chlorella vulgaris Viridiplantae 150,613 bp phototroph
Helicosporidium sp. Viridiplantae 37,454 bp parasite

Leptosira terrestris Viridiplantae 195,081 bp phototroph
Nephroselmis olivacea Viridiplantae 200,799 bp phototroph
Oltmannsiellopsis viridis Viridiplantae 151,933 bp phototroph
Ostreococcus tauri Viridiplantae 71,666 bp phototroph
Pseudendoclonium akinetum Viridiplantae 195,867 bp phototroph
Scenedesmus obliquus Viridiplantae 161,452 bp phototroph
Stigeoclonium helveticum Viridiplantae 223,902 bp phototroph
Arabidopsis thaliana Viridiplantae 154,478 bp phototroph
Zea mays Viridiplantae 140,384 bp phototroph
Angiopteris evecta Viridiplantae 153,901 bp phototroph
Anthoceros formosae Viridiplantae 161,162 bp phototroph
Marchantia polymorpha Viridiplantae 121,024 bp phototroph
Cyanophora paradoxa Glaucocystophyta 135,599 bp phototroph
Euglena gracilis Euglenophyta 143,171 bp phototroph
Euglena longa Euglenophyta 73,345 bp heterotroph
Bigelowiella natans Cercozoa 69,166 bp phototroph




Conclusions

Phylogenetic analyses of four genes sequencedsistidy showed®RM12'splastid is closely
related to the apicoplast. Relationship to thetplasf peridinin dinoflagellates is not clear frahese
analysesRM12s plastid genome size is about 130kb. The restittsngly support previous findings
that the apicoplast originated from a photosynthpekastid. The apicoplast is in the spotlight afigir
research against apicomplexan parasites. Sequeradfinthe RM12s plastid would reveal its
similarities to the apicoplast and could help tdenstand its origin and function more in the detail
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