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All photosynthetic eukaryotes rely, partially or totally, on their plastids to live.
The plastids, which ultimately are highly modified cyanobacteria, were acquired
through a process of primary, secondary, or tertiary endosymbiosis. Four
photosynthetic lineages, including haptophytes, dinoflagellates, cryptophytes, and
heterokonts, contain secondary plastids with chlorophyll ¢ as a main photosynthetic
pigment. These four lineages were grouped together, along with their heterotrophic
relatives, on the basis of their pigmentation and called chromalveolates by Cavalier-
Smith. However, the phylogenetic relationships among these algae are unknown and
the chromalveolate hypothesis remains very controversial. This study focuses on
increasing the amount of genomic data from a poorly studied chromalveolate lineage,
the haptophytes, and understanding plastid evolution in chromalveolates. Both the

chloroplast and mitochondrial genomes of the haptophyte Emiliania huxleyi were

sequenced and examined to describe basic genomic properties, as well as perform

i



comparative studies. Phylogenetic analyses, including data acquired from
haptophytes, support a monophyletic chl ¢ containing plastid clade derived from the
red algae, after the divergence of Cyanidiales, with the cryptophyte plastid basal or
sister to the haptophyte plastid. In addition, phylogenetic analyses using
mitochondrial data suggest a relationship of haptophytes and cryptophytes. The
chromalveolate clade as a whole is not recovered nor rejected by the data. Analysis of
an EST project from the heterotrophic dinoflagellate Crypthecodinium cohnii
indicates that C. cohnii is not only derived from a photosynthetic ancestor, but very
likely retains a non-photosynthetic plastid. Analyses of putative gene function suggest
that heme biosynthesis, non-mevalonate isoprenoid biosynthesis, amino-acid
metabolism, and Fe-S cluster assembly may occur in the plastid. These observations
are also consistent with the chromalveolate hypothesis, which proposes that several
major groups of eukaryotes, including alveolates, haptophytes, cryptophytes, and
heterokonts, may form a monophyletic group with a photosynthetic common

ancestor, and that nonphotosynthetic members are secondarily so.
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Chapter I — General Introduction

Scientific Background

Diversity of life

Life on Earth has existed for about 3-4 billion years, evolving into a variety of
forms and shapes (Brasier et al. 2002; Schopf et al. 2002; Falkowski et al. 2004).
Living organisms have been classified at the molecular level in three domains,
namely Archaea, Bacteria, and Eukarya (Figure I.1) (Woese and Fox 1977; Woese et
al. 1990). The first two domains have a prokaryotic cell structure, and fossils from
them are the oldest known, suggesting that LUCA (last universal common ancestor)
was probably prokaryotic (Baldauf et al. 2004). The oldest eukaryotic fossils are 1.8
billion years old (Knoll 1992; Xiao et al. 1998; Baldauf et al. 2004). Distinction of
these three major lineages was possible by the use of phylogenetic inference (Woese
and Fox 1977), but interdomain relationships are not fully resolved, partly because
phylogenetic reconstruction has been confounded by the effect of lateral gene transfer
across domains. The root of the tree of life most probably lies within the Bacteria,
leaving Archaea and Eukaryotes as sister taxa (Gogarten et al. 1989; Iwabe et al.
1989; Woese et al. 1990), but other interpretations have been postulated, including
the “ring of life”” hypothesis, in which eukaryotes arose from the fusion of bacterial
and archaeal prokaryotes (Rivera and Lake 2004). Archaea is a poorly studied group
characterized by single cells, many of which inhabit extreme environments but with

representatives in more mesic environments as well. Bacteria are the most abundant



Figure I.1. Three domains of life. Eukaryotes acquired mitochondria and chloroplasts by engulfing
an alpha-proteobacterium and a cyanobacterium, respectively.
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organisms on Earth with highly variable features and they can be found in nearly any
environment.

Eukaryotes are a phylogenetic lineage characterized by the presence of a “true
nucleus” surrounded by a double membrane. Early in eukaryote evolution,
mitochondria were acquired by engulfing an alpha-proteobacterium and keeping it as
a permanent endosymbiont (Figure I.1). No pre-mitochondrial extant eukaryotes are
known, although several lineages have independently lost or reduced this organelle
(Roger 1999; Baldauf et al. 2004). Photosynthetic eukaryotes (algae) are the result of
a second fusion, involving a eukaryotic cell and a cyanobacterium (or a
photosynthetic eukaryote, see below). These two endosymbiotic events shaped the

complex evolution of photosynthetic eukaryotes.

Origin of photosynthetic eukaryotes

Photosynthesis is one of the most important processes that sustain life on
earth. Different types of photosynthesis involving a variety of electron donors have
been described in Bacteria and Archaea. Cyanobacteria are the only organisms
capable of oxygenic photosynthesis, using water as electron donor by coupling
photosystems I and II with solar radiation as a source of energy (Buchanan et al.
2000; Falkowski 2006). All photosynthetic eukaryotes have directly or indirectly
acquired photosynthesis from a cyanobacterium and thus, are capable of oxygenic
photosynthesis.

Photosynthetic eukaryotes have acquired plastids through the processes of

primary, secondary, or tertiary endosymbiosis. Primary endosymbiosis is the process



by which a cyanobacterium was engulfed and integrated into a non-photosynthetic
eukaryotic host cell, whereas in secondary endosymbiosis normally a non-
photosynthetic eukaryotic host cell engulfed a photosynthetic eukaryote (Figure 1.2).
As a result, primary plastids, e.g. those of green and red algae, are surrounded by a
double membrane derived from cyanobacterial membranes (Table 1.1). The outer
membrane, corresponding to the host phagosomal membrane, is lost (Bhattacharya et
al. 2003). Secondary plastids, e.g. those of haptophyte, heterokonts, dinoflagellates,
and cryptophytes, contain additional membranes derived from the endosymbiont
plasma membrane and host endomembrane system. Following each endosymbiotic
event, genes were transferred from the endosymbiont to the host nucleus. Therefore,
plastids were free-living cyanobacteria, which subsequently lost the genes required
for free-living existence.

Although part of the original cyanobacterial genome is maintained as a plastid
genome, most cyanobacterial genes were exported to the nucleus (Palmer and
Delwiche 1996; Martin et al. 1998; Martin et al. 2002; Brown 2003). Two hypotheses
have been postulated regarding the mechanism of gene transfer to the host nuclear
genome. The “bulk hypothesis” suggests that plastid DNA can be inserted in the
nuclear genome following lysis of the organelle. An alternative hypothesis (“cDNA
intermediate hypothesis™), holds that mRNA from plastid genes are involved in the
process. Support for both hypotheses has been found, suggesting that both processes
play a role in plastid-to-nucleus gene transfer (Nugent and Palmer 1991; Brown 2003;
Timmis et al. 2004). Whichever mechanism served to transfer genes, protein products

of nuclear-encoded genes are targeted back to the plastid and imported into the



Figure 1.2. Acquisition of plastids in photosynthetic eukaryotes. A. Primary endosymbiosis.
B. Secondary endosymbiosis. N= nucleus.
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organelle aided by target localization signals and protein-import machinery (Martin et
al. 1998; Cavalier-Smith 1999; Cavalier-Smith 2002). Targeting to primary plastids,
such as those of green and red algae, requires a transit peptide to transport the
proteins to the plastid and across the double membrane. In the case of secondary
plastids, targeting signals consist of two parts, a signal and a transit peptide adjacent
to one another, directing the protein first to the endomembrane system, and then to
the plastid (van Dooren et al. 2001; Kroth 2002). Therefore, photosynthetic
eukaryotes have fully integrated host and endosymbiont genomes. However, plastid
and nuclear genome had previously independent evolutionary histories.

Evolutionary relationships among photosynthetic eukaryotes have often been
confounded with the relationships among the plastids they harbor (Christensen 1962;
Delwiche 1999; Palmer 2003). Once the endosymbiotic origin of plastids was
described (Gibbs 1978; Gibbs 1981a), relationships of eukaryotic host cells came into
question. Algae are regarded today as a polyphyletic clade with respect to the nuclear
genome, but current data are insufficient to explain all relationships among
photosynthetic eukaryotes. Phylogenetic analyses based on mitochondrial or nuclear
sequence data have not resolved deep relationships among eukaryotes (Patterson
1999; Baldauf 2003; Cavalier-Smith 2003; Baldauf et al. 2004; Keeling 2004;
Simpson and Roger 2004). However, major eukaryotic clades, defined in some cases
primarily on molecular data, are recognized today, including Opisthokonta,
Amoebozoa, Euglenozoa, Plantae, Heterokontophyta, and Alveolata, among others. A
number of supergroups (Rhizaria, Excavata, and Chromalveolata) have also been

proposed (Figure 1.3), although the support for them is weak. More detailed studies



Figure 1.3. Diagram of relationships among main eukaryotic lineages. Events of plastid acquisition
through primary (1) or secondary (2) endosymbioses are shown. Question marks (?) indicate that it
remains unknown the nature and number of endosymbioytic events that took place in those groups.
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are necessary to assess whether these supergroups are natural groups or not and how
they relate to each other.

Some eukaryotic lineages became photosynthetic by engulfing a
cyanobacterium or a photosynthetic eukaryote, as discussed above (Figure 1.3). A
single primary endosymbiotic event probably gave rise to the three primary-plastid
containing lineages, collectively called Plantae: green algae (including land plants),
red algae and probably glaucophytes (Moreira et al. 2000; Rodriguez-Ezpeleta et al.
2005; Weber et al. 2006). Recently, a potential independent primary endosymbiosis
has been described involving a cyanobacterium and the filose amoeba Paulinella
chromatophora (Marin et al. 2005). At least three secondary endosymbiotic events
are recognized today; two involving the engulfment of a green alga by an ancestral
euglenoid and chlorarachniophyte in two separate events, and a minimum of one
endosymbiosis involving the engulfment of a red alga, which gave rise to four
eukaryotic lineages known as chromalveolates (Cavalier-Smith 1999; Delwiche 1999;
Bhattacharya et al. 2003; Keeling 2004). Whether chromalveolates are monophyletic,
and if so, the number of endosymbiotic events that took place in their evolution, along
with the relationships among the four chromalveolate lineages, remain to be

elucidated. These constitute the main questions driving my dissertation project.

Chromalveolates

During the last decades, chromalveolate lineages have been grouped together,
including or excluding some of their members, with the consequent erection of higher

taxon names referring to overlapping groupings of taxa. Kingdom Chromista sensu



Table I.1. Description of plastids in several lineages of eukaryotes.

Chlorarachnio Dinoflagellates

Green algae Red algae Glaucophytes phytes Euglenoids | Cryptophytes Haptophytes Heterokonts (peridinin-type)
Number of ) ) 2 + peptido- 4 3 4 4 4 3
membranes glycan wall
};}ggﬁ (;lds per many single single 1to3 3 2 3 3 3
Girdle lamella no no no no no no no yes no
CER no no no no no yes yes yes no
Nucleomorph no no no yes no yes no no no
Chlorophyll types a,b a a a,b a,b a, c2 a,cl,c2,c3 a,cl,c2,c3 a, c2

- e phycobili-
. carotenes, phycobilisomes, | phycobilisomes, carotenenoids, proteins, carotenes, fucoxanthin, peridinin,

Accessory pigments carotenes, carotenes, xanthophylls . . .

xanthophylls xanthophylls carotenes, fucoxanthin vaucheriaxanthin carotenes

xanthophylls xanthophylls
xanthophylls
starch in  |floridean starch in . beta 1, 3 paramylon in starch in chrysolaminarin chrysolaminarin in .

Storage starch in cytosol |  glucan in . . or paramylon in starch in cytosol

chloroplast cytosol cytosol periplastid cytosol

cytosol cytosol

Plastid origin cyanobacteria | cyanobacteria cyanobacteria | green algae green algae red algae red algae? red algae? red algae?
Plastid type primary primary primary secondary secondary secondary secondary? secondary? secondary?




Cavalier-Smith (1989) includes cryptophytes, haptophytes, and heterokonts, based on
the presence of tubular mastigonemes, the localization of the plastid in the
endomembrane system of the host cell, or both. Mastigonemes are stiff tubular hairs
with terminal hair-like extensions found on flagella of cryptophytes and heterokonts.
Chl ¢ containing algae comprise all photosynthetic eukaryotes with chl c, i.e.
cryptophytes, heterokonts, haptophytes, and dinoflagellates (Bachvaroff et al. 2005).
Chromalveolates (Chromista and Alveolata) is a more inclusive group that includes
all chl ¢ containing algae and their heterotrophic relatives (Cavalier-Smith 1999;
Cavalier-Smith 2004), namely Haptophyta, Cryptophyta, Heterokontophyta (or
Stramenopiles), and Alveolata (Dinophyta, Ciliophora, Apicomplexa).
Chromalveolates play critical ecological roles, contributing substantially to
the primary production of the oceans and health of reef ecosystems, as well as being
important grazers and parasites. Despite their environmental and ecological
importance, little is known about the evolution of these organisms and the
relationships among them. Historically, these four lineages have been grouped
together based on their common pigmentation (Christensen 1962; Christensen 1989).
However, when ultrastructural and molecular studies revealed that plastids were
endosymbiotic cyanobacteria that could potentially be acquired in independent
events, the value of plastid characters as phylogenetically informative features (for
the organism) came into question. Today, the evolutionary relationships among
cryptophytes, haptophytes, heterokonts, and alveolates are still controversial.
Plastids from chromalveolates are surrounded by three or four membranes,

depending on the group, instead of two, as is the case of the primary plastids



contained in rhodophytes, chlorophytes, and glaucophytes (Table 1.1) (Gibbs 1970;
Delwiche 1999; Bhattacharya et al. 2003). When the four membranes are present, e.g.
cryptophytes, haptophytes, and heterokonts, the inner two correspond to the dual
membranes of the primary plastid (Figure I.4). The third membrane (periplastidal
membrane) is thought to represent the plasma membrane of the endosymbiont and the
fourth one is part of the endomembrane system of the host (Cavalier-Smith 1986;
Palmer and Delwiche 1998). Evolutionary relationships of chl ¢ containing plastids
have been fairly well studied; a number of phylogenetic analyses based on plastid
genes, including work derived from this dissertation, support the monophyly of the
chl ¢ containing plastids (Yoon et al. 2002b; Bachvaroff et al. 2005). However, most
phylogenetic analyses have been based on a few genes and several taxa, or a large
number of genes with only a reduced number of taxa, and conflicting topologies have
been recovered (Martin et al. 1998; Fast et al. 2001; Ishida and Green 2002; Martin et
al. 2002; Yoon et al. 2002b; Bachvaroff et al. 2005; Yoon et al. 2005). When this
study began, no data from haptophyte organelles were available. In addition, the
branching order within the chl ¢ plastid clade has not been elucidated, and more data
are required to test the different possibilities. To help orient the reader, a description

of photosynthetic lineages of Chromalveolata follows.

Haptophytes

Most haptophytes are unicellular, photosynthetic eukaryotes, found mainly in
marine environments, but also in freshwater. There are no well-documented

heterotrophic members of this group (Marchant and Thomsen 1994), although many



of them are mixotrophic (Graham and Wilcox 2000; Andersen 2004). Representatives
include motile (with two equal or subequal flagella) and non-motile forms. The
Division Haptophyta includes more than 300 species and is divided into two major
classes, Prymnesiophyceae and Pavlovophyceae, distinguished by the morphology of
the flagellar apparatus and mitotic spindle (Green and Jordan 1994). Class
Prymnesiophyceae can be further divided in four orders: Phaeocystales,
Prymnesiales, Coccolithales, and Isochrysidales (Edvardsen et al. 2000). Other clades
have been recognized through phylogenetic analyses, but new orders have not been
formally proposed (Saez et al. 2004). The coccolithophorids (“calcium carbonate
scale-bearing cells”), the main group within the Prymnesiophyceae, are important
contributors to the vertical flux of carbon in the ocean and are capable of forming
large blooms in all oceans. In addition, they are, in part, responsible for the
production of dimethylsulphide (DMS), which is involved in cloud nucleation (Malin
and Kirst 1997; Falkowski et al. 2000; Riebesell et al. 2000). They are regarded as the
algal group with the single most important impact on long-term carbon and sulfur
cycling (Graham and Wilcox 2000).

Ultrastructural and molecular evidence indicate that the haptophytes are a
monophyletic group with the primary morphological synapomorphy being a
characteristic appendage, the haptonema (Christensen 1962; Christensen 1989; Green
and Jordan 1994). The haptonema is composed of 6-7 microtubules arranged as a
crescent or a ring, surrounded by the cell membrane, with the length depending on the
species. A number of functions have been attributed to this appendage, including food

capture or attachment to the substratum (Inouye and Kawachi 1994). Haptophyte



Figure 1.4. Diagram of a cell of the coccolithophorid Emiliania huxleyi. Four membranes
surround the plastid: 1- Chloroplast ER (CER), derived from the endomembrane system of the
host cell (haptophyte), continuous with the nuclear envelope and the endoplasmic reticulum
(ER); 2- remnant of the endosymbiont plasma membrane, named periplastid membrane (PPM);
3 and 4- membranes from the primary plastid that were derived from cyanobacterial mem-
branes.
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plastids are pigmented with chlorophyll a and ¢ (Table I.1), and two related
carotenoid fingerprints, 19’hexanoyloxyfucoxanthin and 19’ butanoyloxyfucoxanthin
(Bijornland and Liaaen-Jensen 1989). The plastids are surrounded by four membranes
(Figure 1.4), from which the outermost membrane is continuous with the ER and is
called the chloroplast ER (CER) (Gibbs 1981b). Thylakoids are stacked in groups of
three to form lamellae; no girdle lamella is present (Table I.1). Coccolithophorids are
a monophyletic group, most of whom are covered by several layers of calcium
carbonate scales (coccoliths), although a few species have secondarily lost these
scales, and not all species produce them in all phases of the life history. Coccoliths
are readily preserved with the earliest fossil record from ca. 100 Ma (Ziveri et al.
2004). Because coccoliths are characteristic of a derived group of haptophytes, this
date provides a minimum age for coccolithophorids, but is probably a significant
underestimate for the age of haptophytes as a lineage.

Little is known about the evolution of the haptophytes and their phylogenetic
relationships to other living organisms. Studies using nuclear genes support the
distinctiveness of the haptophytes, but have not shown their affinity to any other
group (Bhattacharya et al. 1993; Medlin et al. 1996; Medlin et al. 1997; Tengs et al.
2000; Ali et al. 2001; Stechmann and Cavalier-Smith 2003). Despite the importance
of these algae, as of 2002, no organellar or nuclear genome from any member of this
group had been sequenced. The lack of molecular data from haptophytes accounts for
some of the unresolved questions in chromalveolate evolution. Chapters 2 and 3 of

this dissertation report the mitochondrial and plastid genomes of the haptophyte



Emiliania huxleyi, respectively. The complete nuclear genome of E. huxleyi is

presently being sequenced elsewhere.

Dinoflagellates

Dinoflagellates are biflagellate protists that live in freshwater and marine
environments; most species are unicellular although some are coccoid, filamentous,
or coenocytic in some stages of their life history. These organisms are mostly known
for their characteristic blooms, named red tides, which can affect seafood production
and may be toxic. Around 3,000 extant species of dinoflagellates have been described
and more than 2,000 fossil species are known, belonging to about 130 genera (Taylor
1987). The earliest undisputed dinoflagellate fossils are from 400 Ma, but the major
radiation occurred ca. 200 Ma. (Fensome et al. 1999). Most dinoflagellate cells
contain two grooves: a cingulum (equatorial groove), and a sulcus (longitudinal
groove on the ventral side). Two distinct flagella are present in the cell; a longitudinal
flagellum points backwards and runs along the sulcus, and a transversal coiled
flagellum lies in the cingulum (Graham and Wilcox 2000). Dinoflagellate cells
contain one layer of vesicles (alveoli) below the plasma membrane, which in some
cases are filled with cellulose to form a theca (“armored dinoflagellates™), but may be
empty or filled with such thin layers of cellulose that they are not visible under the
light microscope (“naked dinoflagellates™). In either case, the cortical structure is
thought to give shape to the cell. Taxonomy of thecate dinoflagellates has been based

mainly on the pattern and number of thecal plates (Taylor 1987). “Naked”



dinoflagellates can also be identified with this system, albeit with somewhat more
difficulty.

The nucleus of dinoflagellates has many peculiar features, including
permanently condensed chromosomes, a large quantity of DNA, absence of
nucleosome structures and most histones, and nuclear DNA associated with bacterial
histone-like proteins (Rizzo 1987; Wong et al. 2003). Some histones are also thought
to be present, but exactly how the DNA is organized remains poorly understood
(Okamoto and Hastings 2003; Hackett et al. 2005). Dinoflagellates have diverse
ecological roles and nutritional strategies: photosynthetic, mixotrophic, predatory,
and parasitic. About half of the known species are nonphotosynthetic and the
remainder have some sort of plastid and rely entirely or partially on photosynthesis.
Only a few photosynthetic species are obligate autotrophs and the majority are
mixotrophs (Schnepf and Elbriachter 1999). Photosynthetic dinoflagellates form a
monophyletic clade sister to several heterotrophic lineages (Gunderson et al. 1999;
Leander and Keeling 2004). No genomic data are available from heterotrophic
dinoflagellates; a few EST (expressed sequence tag) projects have recently been
conducted on photosynthetic ones (Bachvaroff et al. 2004; Tanikawa et al. 2004;
Hackett et al. 2005; Lidie et al. 2005). Chapter V reports analysis of an EST project
from the non-photosynthetic dinoflagellate Crypthecodinium cohnii.

Most photosynthetic dinoflagellates have plastids that are surrounded by three
membranes and contain chlorophylls a, ¢, and peridinin as the major photosynthetic
pigments (Table I.1). The outermost membrane in dinoflagellates lacks ribosomes,

and it is not known whether it corresponds to the periplastid or the phagosomal



membrane (Cavalier-Smith 1999; Bhattacharya et al. 2003). The organization of
plastid genes in peridinin-containing dinoflagellates has been characterized in
Heterocapsa triquetra, Amphidinium operculatum, and A. carterae. They apparently
lack a conventional plastid genome and have instead several small circular DNA
molecules, typically about 2-3 kbp, containing 0, 1, or 2 genes, with fewer than 20
plastid genes identified so far (Zhang et al. 1999; Barbrook and Howe 2000; Hiller
2001). These genes have been presumed to be located in the plastid (Takishita et al.
2003), but one study suggests nuclear localization (Laatsch et al. 2004). Recently, a
study of the dinoflagellate Gonyaulax polyedra revealed that the plastid gene psbA is
not encoded on a minicircle, and it is associated with DNA of 50-150 kb (Wang and
Morse 2006). Peridinin-containing plastids are also peculiar in the use of a nuclear-
encoded form II rubisco similar to that of alpha-proteobacteria instead of a plastid-
encoded form Ia rubisco, as in all other red-algal derived plastids (Morse et al. 1995;
Delwiche and Palmer 1996). The phylogenetic origin of the peridinin-containing
dinoflagellate plastid remains unknown due partly to the extreme rate of evolution of
minicircle genes (Zhang et al. 2000; Yoon et al. 2002a; Bachvaroff et al. 2006).

A small fraction of the photosynthetic species of dinoflagellates have plastids
not containing peridinin, but with a pigment composition characteristic of another
algal group (Dodge 1975; Chesnick et al. 1997; Schnepf and Elbréchter 1999;
Takishita et al. 2000; Tengs et al. 2000). These anomalously pigmented plastids have
been acquired from other algal groups, including cryptophytes, heterokonts,
haptophytes, and green algae by means of secondary or tertiary endosymbioses.

Haptophyte-containing dinoflagellates have 19 hexanoyloxyfucoxanthin and 19’



butanoyloxyfucoxanthin as accessory pigments and comprise members of at least
three genera that form a monophyletic group, suggesting a single acquisition of the
fucoxanthin-containing plastids (Tengs et al. 2000).

Apicomplexa are the closest relatives to dinoflagellates, and together with
ciliates are collectively called Alveolates, due to the presence of cortical alveoli in
these three lineages (Cavalier-Smith 1991). Ciliates are heterotrophic and aplastidic,
while apicomplexans are parasitic and contain a reduced plastid, called an apicoplast,
surrounded by four membranes (Kohler et al. 1997; Foth and McFadden 2003). Due
to the medical importance of apicomplexan parasites, many genetic and genomic
studies of these organisms have been performed, including the complete sequence of
three apicoplast, five mitochondrial, and more than five nuclear genomes from
members of this group. In contrast, only three mitochondrial genomes from ciliates
have been sequenced and the complete nuclear genome of Tetrahymena pyriformis is
under way. The origin of the apicoplast and its relationship to dinoflagellate plastids
is not clear. Some evidence supports a green algal origin, but most data suggest a red
algal ancestry of the apicoplast (Kohler et al. 1997; Fast et al. 2001; Funes et al.
2004). A single acquisition of plastids in the common ancestor of apicomplexans and

dinoflagellates is under dispute and awaits testing.

Cryptophytes

Cryptophytes comprise a small group (ca. 200 species) of photosynthetic and
heterotrophic organisms that live in marine and freshwater environments. They are

unicellular flagellates, with two flagella emerging from an apical vestibulum. The



flagella bear two-parted flagellar hairs (mastigonemes). Cryptophyte cells are
surrounded by a proteinaceous periplast inside the plasma membrane (Graham and
Wilcox 2000; Adl et al. 2005). Except for the heterotrophic genus Goniomonas,
cryptophytes contain secondary plastids derived from the red algae (McFadden et al.
1994b). Plastid-containing lineages of cryptophytes are monophyletic to the exclusion
of basal heterotrophic taxa (McFadden et al. 1994b; Marin et al. 1998). Cryptophyte
plastids contain chl a, ¢, and phycobiliproteins, which are not arranged in
phycobilisomes, but rather localized in the thylakoid lumen (Table I.1). Plastids are
surrounded by four membranes with the outermost membrane continuous with the ER
(CER). Thylakoids are arranged in pairs to form lamellae; no girdle lamella is
present. In the periplastidal space (between the inner two and the outer two
membranes), cryptophytes still maintain a remnant of the nucleus of the red algal
endosymbiont called a “nucleomorph” (Gibbs 1962; Guillot and Gibbs 1980a; Guillot
and Gibbs 1980b). This highly reduced eukaryotic genome consists of three fully
sequenced chromosomes that encode mostly “housekeeping” genes (Maier et al.
2000; Gilson 2001). Phylogenetic analyses based on these data support the hypothesis
that cryptophytes acquired their plastids from the red algal lineage (Eschbach et al.
1991; Cavalier-Smith et al. 1994; McFadden et al. 1994a; Gilson and McFadden
1996). Along with the complete sequence of the nucleomorph, one plastid and one

mitochondrial genome sequence are available for this group.



Heterokonts or Stramenopiles

Phylum Heterokontophyta (“algae with different flagella”) encompasses an
extremely diverse group of algae that inhabit both marine and freshwater
environments, ranging from unicellular diatoms (Class Bacillariophyceae) to giant
kelps (Class Phaeophyceae). It comprises around 100,000 species classified in twelve
classes (Patterson 1999; Graham and Wilcox 2000; Adl et al. 2005), with
photosynthetic and heterotrophic members, as well as parasitic ones (e.g.
Phytophthora infestans, causative agent of the potato late blight). Basal heterokonts,
including bicosoecids, labyrinthulids, and oomycetes are heterotrophic (Cavalier-
Smith and Chao 1996; Karpov et al. 2001). Stramenopiles are characterized by
flagellate stages with two distinct flagella (although some derived members of the
group have other flagellar organizations). A long forward directed flagellum bears
two rows of tripartite tubular hairs (mastigonemes), and a smooth posterior flagellum
exhibits a swelling that is often associated with a light-sensing system (van den Hoek
et al. 1995). Plastids are located within the ER and are surrounded by four membranes
(Table I.1). They contain chl a, ¢, and a diverse range of accessory pigments
depending on the group. The major pigment is fucoxanthin in diatoms, chrysophytes,
and phaeophytes, while vaucheriaxanthin is most common in raphidophytes,
eustigmatophytes, and tribophytes. In all groups, thylakoids are stacked in groups of
three, and a girdle lamella runs beneath the innermost plastid membrane (van den
Hoek et al. 1995). Stramenopile fossils are abundant from the past 150 Ma, although
recent discoveries suggest this lineage has existed for ca 500 Ma and fossils from

1,000 Ma resemble extant species of heterokonts (Xiao et al. 1998). Genomic data



for this large group of algae are not abundant but there is relatively more information
than for any of the other chl ¢ containing lineages. Three heterokont nuclear genomes
are being fully sequenced (centric diatom Thalassiosira pseudonana, pennate diatom
Phaeodactylum tricornutum, and oomycete Phytophthora infestans), and one plastid

and 11 mitochondrial complete genomes are available.

Hypotheses of plastid evolution in chromalveolates

Understanding the evolution of chromalveolates, including the events of
plastid acquisition, requires knowledge of the evolutionary relationships among their
plastids, as well as those of the host cell lineages. Good evidence, including that
presented in this dissertation, exist for a single origin of chl ¢ plastids, but
relationships within the chl ¢ plastid clade remain poorly understood, as well as the
relationships among the host cells. Knowledge of chl ¢ plastid relationships conveys
only partial information regarding the number of endosymbiotic events that took
place in chromalveolate evolution, or the relationships among their host genomes.
Several models of host cell evolution can be postulated, assuming a monophyletic chl
c plastid clade (Figure 1.5). The reduced genetic information available from
haptophytes, as well as from dinoflagellates, is one of the main reasons why this is
still controversial. Interestingly, cryptophytes, heterokonts, and dinoflagellates have
basal members that are known to be heterotrophic (Cavalier-Smith and Chao 1996;
Van de Peer and De Watcher 1997; Marin et al. 1998; Gunderson et al. 1999).

There are three competing hypotheses regarding the number of endosymbiotic

events in chromalveolates and the relationships among them (Figure 1.5). In the first



- Serial plastid transfer hypoth-

esis. C- Parallel plastid transfer hypothesis. Putative plastid losses are indicated by crossed

circles.

Figure I.5. Proposed models of chromalveolate evolution, congruent with the monophyly of
B

the chl c containing plastids. A- Chromalveolate hypothesis.
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of these (chromalveolate hypothesis, Figure 1.5.A), a single endosymbiotic event for
all chromalveolates occurred between a unicellular red alga and a biciliate protozoan
before the divergence of the four chromalveolate lineages. This would imply that the
host cells (chromalveolates) are monophyletic, and that plastids were lost many times
in chromalveolate evolution (Cavalier-Smith 1981; Cavalier-Smith 1989; Cavalier-
Smith 1999; Cavalier-Smith 2002). An alternative hypothesis (serial plastid transfer
hypothesis, Figure 1.5.B) infers multiple independent endosymbiotic events in
chromalveolate lineages, allowing host and endosymbiont phylogenies to be
incongruent (Cavalier-Smith et al. 1994; Palmer and Delwiche 1998). This hypothesis
implies a non-photosynthetic ancestor for each chromalveolate lineage, and thus,
basal heterotrophic members never contained a plastid. Under this model, one
chromalveolate lineage, e.g. cryptophytes, acquired the plastid from a red alga in a
secondary endosymbiosis. Later, another chromalveolate lineage engulfed the newly
photosynthetic chromalveolate in a tertiary endosymbiotic event, and so on with the
remaining lineages. A third hypothesis (parallel plastid transfer hypothesis, Figure
1.5.C) postulates independent plastid acquisitions from closely related red algae by all
four chromalveolate lineages. Under this model, chromalveolates may or may not be
monophyletic and basal heterotrophic lineages may have never contained a plastid.
This hypothesis is the least likely because it invokes convergent evolution of
chlorophyll ¢ biosynthesis and plastid targeting mechanism. In addition, recent
studies based on the gene GAPDH (glyceraldehyde-3P-dehydrogenase) argue against

this model (Fast et al. 2001; Harper and Keeling 2003).



Most authors seem to agree that the question remains unresolved, with some
authors expressing very strong contradictory opinions, often on the bases of relatively
sparse data. The complexity of the process of plastid acquisition and organelle
formation (i.e. transfer of hundreds of plastid genes to the nucleus and acquisition of
signal sequences) argues for a reduced number of independent plastid acquisitions
(Cavalier-Smith et al. 1994; Cavalier-Smith 1999). However, by minimizing the
endosymbiotic events, the number of plastid losses required to explain the phylogeny
is necessarily increased. To evaluate these hypotheses, it is important to understand
how readily plastids can be acquired or lost in evolution. Likewise, understanding
plastid and host cell phylogenetic relationships will allow us to assess the relative

importance and complexity of plastid acquisition and plastid loss in evolution.

Objectives and Significance

The main objectives are:

1. Acquisition of organellar sequence data from a representative of Haptophyta,
description of fundamental genomic features, and comparison of genetic
characteristics, such as gene content and gene clusters, with other eukaryotic
lineages.

2. Investigation of phylogenetic relationships among photosynthetic eukaryotes
to test hypotheses of eukaryotic evolution.

3. Analysis of evolutionary relationships of chromalveolate plastids and

interpretation of pattern of plastid acquisition in chromalveolates.



4. Examination of nuclear data from a heterotrophic dinoflagellate and
evaluation of evidence for previous plastid endosymbiosis.
5. Elucidation of plastid-related metabolic pathways in a heterotrophic

dinoflagellate.

The initial objective of my project was to examine the fundamental properties
of the organellar genomes from haptophytes and explore its suitability for genomic
studies (Chapters 2 and 3 of this dissertation, and published as Sanchez Puerta et al.
2004, 2005, as well as some material presented in Bachvaroff et al. 2005). Because
relatively little genetic work has been performed with haptophytes, the project
provides basic background information on the gene content and organization of
plastid and mitochondrial genomes, as well as fundamental genetic properties of these
organelles, such as base composition and codon usage. The data presented here
constitute the first complete organellar genomes from the phylum and represent a
unique opportunity to increase our understanding of the biology and evolution of the
Haptophyta. At the same time, these newly acquired sequence data allow us to
perform more comprehensive phylogenetic analyses including all four chromalveolate
lineages.

One question I want to address is the phylogenetic position of haptophytes and
their relationships with other eukaryotic lineages (Chapter II). This is an ambitious
task because haptophytes are a very distinctive group and have been shown to be
particularly challenging to place, probably due to the rapid radiation of several groups

of eukaryotes in a short period of time. Furthermore, acquisition of genomic data



from haptophytes represents a key piece needed to solve the puzzle of
chromoalveolate evolution. Mitochondrial genome analysis is a valuable tool for
resolving evolutionary relationships among various eukaryotic lineages (Gray et al.
1998; Gray et al. 1999). In this work, I perform phylogenetic analyses based on a
number of mitochondrial genes to assess the evolutionary relationships of the
haptophyte host cell.

Another issue I focus on is the origin of the haptophyte plastids and their
relationships to the other chlorophyll ¢ containing plastids (Chapter IV). The most
direct way to investigate this is to acquire a significant number of plastid gene
sequences from all chl ¢ containing lineages. As of 2002, there were only a few
haptophyte plastid sequences available while organellar genomes of representatives
of the red algae, cryptophytes, and heterokonts had been fully sequenced. In addition,
plastid gene data and two EST projects in dinoflagellates became available.
Therefore, the complete sequence of the plastid genome of a member of the
haptophytes is of great importance and constitutes an invaluable source of
information to understand the origin and relationships of the chl c plastids.

Last but not least, I analyzed an expressed sequence tag (EST) project of the
heterotrophic dinoflagellate Crypthecodinium cohnii (Chapter V). This study has
intrinsic importance for being the first genomic study of a non-photosynthetic
dinoflagellate. In addition, C. cohnii has been described as an early divergent species,
sister to all photosynthetic dinoflagellates, and thus, the presence of plastid-associated
genes in C. cohnii indicates an earlier plastid acquisition by this group than would

otherwise be inferred. I focused on plastid-related genes to map plastid-associated



pathways remnant of a previous endosymbiosis, which are maintained in this

heterotrophic species.



Chapter II — The Complete Mitochondrial Genome
Sequence of the Haptophyte Emiliania huxleyi and its

Relation to Heterokonts

Abstract

The complete nucleotide sequence of the mitochondrial genome of Emiliania
huxleyi (Haptophyta) was determined. E. huxleyi is the most abundant
coccolithophorid, key in many marine ecosystems and plays a vital role in the global
carbon cycle. The mitochondrial genome contains genes encoding three subunits of
the cytochrome ¢ oxidase, apocytochrome b, seven subunits of the NADH
dehydrogenase complex, two ATPase subunits, two ribosomal RNAs, 25 tRNAs and
five ribosomal proteins. One potentially functional open reading frame was identified,
with no counterpart in any other organism so far studied. The cox/ gene transcript is
apparently spliced from two distant segments in the genome. One of the most
interesting features in this mtDNA is the presence of the dam gene, which codes for a
DNA adenine methyltransferase. This enzyme is common in bacterial and archaeal
genomes, but is not present in any studied mitochondrial genome. Despite the great
age of this group (ca. 300 Ma), little is known about the evolution of haptophytes or
their relationship to other eukaryotes. This is the first published haptophyte organellar
genome, and will improve the understanding of their biology and evolution and allow

us to test the monophyly of the chromoalveolate clade.



Introduction

Emiliania huxleyi (Lohmann) Hay & Mohler is the most abundant of the
coccolithophorids, a key group of marine phytoplankton. It has been the subject of
numerous studies, but only a few of these employed genetic approaches. This species
has been relatively well studied because of its potential importance in the global
carbon cycle (Falkowski et al. 2000; Riebesell et al. 2000). It is capable of forming
large blooms in all oceans, particularly at mid latitudes, can reach cell densities of 10’
cells/L and cover thousands of square kilometers (Balch et al. 1992; Brown and
Yoder 1994; Winter and Siesser 1994; Green and Harris 1996; Paasche 2002). E.
huxleyi blooms emit large amounts of dimethylsulfide (DMS), which upon oxidation
in the atmosphere is considered an active component in the nucleation of refractive
clouds (Malin et al. 1992; Malin and Kirst 1997). Therefore, this species is regarded
as a key component of the greenhouse effect, natural acid rain, and albedo regulation.

Little is known about the evolution of haptophytes and their phylogenetic
relationships to other living organisms (Bhattacharya et al. 1993; Medlin et al. 1996;
Medlin et al. 1997; Tengs et al. 2000). On the basis of pigmentation, it has been
suggested that the haptophytes belong to a monophyletic group of organisms with
chlorophyll ¢ containing plastids, called chromoalveolates (Cavalier-Smith 1981;
Cavalier-Smith 1989; Cavalier-Smith 1999), but the evolutionary history of plastids
does not necessarily reflect that of the whole cell. Mitochondrial genome analysis has
been recognized as a valuable tool for resolving evolutionary relationships among the
various eukaryotic lineages (Gray et al. 1998; Gray et al. 1999). The diversity in

mitochondrial genome size, gene content, and organization is an important tool to



elucidate the mechanisms and reconstruct the pathway by which this evolutionary
diversification has occurred (Gray et al. 1998). Because this is the first genome to be
sequenced in the phylum Haptophyta, it is a unique opportunity to increase our
understanding in the biology and evolution of the members that comprise this group,
in particular the widely distributed and environmentally important E. huxleyi. The
phylogenetic position of haptophytes has been examined with single-gene
phylogenies (Bhattacharya et al. 1993; Medlin et al. 1996; Medlin et al. 1997; Gray et
al. 1998). The approach taken here is to understand protist evolution using
comparative analyses of whole mitochondrial genomes, which allow comprehensive
phylogenetic analysis. This chapter (published as Sanchez-Puerta et al. 2004) presents
the complete sequence of the mitochondrial DNA (mtDNA) of the coccolithophorid
E. huxleyi, description of the main features, and phylogenetic hypotheses derived

from the newly available data.

Materials and Methods

The complete mtDNA sequence of Emiliania huxleyi has been deposited in

GenBank (accession number AY342361).

Culture of E. huxleyi and mtDNA isolation

The axenic strain of E. huxleyi was obtained from Provasoli-Guillard National
Center for Culture of Marine Phytoplankton (CCMP # 373). Cultures were grown in
Guillard’s /2 medium (Andersen et al. 1997) at 17°C with a 14h/10h L:D cycle.

Approximately 6 L of culture were harvested by centrifugation, flash frozen in liquid



nitrogen, and stored at -80°C. For total DNA extraction and organellar DNA
purification, the protocol designed by Chesnick and Cattolico (Chesnick and
Cattolico 1993) was followed. Frozen algal tissue was ground and cells were lysed by
adding 120 ml of 2% CTAB detergent and kept at 60°C for 20 minutes. Then, 80 ml
of chloroform were added and mixed by inversion. I centrifuged the sample at 6,000
rpm for 15 minutes, and the DNA in the supernatant was precipitated by adding two
volumes of 100% ethanol. The DNA was resuspended in 3 ml of TE, combined with
CsCl and 10 ul of Hoechst 33258 dye (Molecular Probes, Inc, Oregon) to reach a
density of 1.6 g/ml. Mitochondrial, chloroplast, and nuclear DNA were separated
through CsCl-bisbenzimide isopycnic centrifugation in TLA-110 Rotor at 70 krpm
for 17 hours, by which mtDNA forms the least dense band. Bands of DNA were
collected by cutting the top of the centrifuge tube and aspirating the DNA with a

needle and a syringe.

Cloning and DNA sequencing

Mitochondrial DNA was digested with the restriction endonuclease HindIII
and the resulting fragments were cloned in pGEM -3Zf(+) (Promega, WI) using
Escherichia coli XL-10 Gold Ultracompetent Cells (Stratagene, CA) as the host
bacterium. Plasmids from individual clones were isolated using the ‘miniprep’
procedure (Sambrook and Russell 2001), and sequenced using dye terminator
chemistry (ABI). The M13-20 primer was used for 5’and T7 primer for 3’sequencing.

Primer walking was used to determine the full sequence of longer clones and to



obtain double stranded sequencing reads. The polymerase chain reaction was used to

order the fragments, fill gaps, and obtain double stranded coverage.

Data analysis

Sequences were edited using the program Sequencher (GeneCodes Corp., Ann
Arbor, MI). Vector and low quality bases were removed, and manual editing was
performed. Sequence reads were assembled using the contig assembly function of
Sequencher.

Putative open reading frames (ORFs) were identified by performing BLAST
searches of the GenBank databases at the National Center for Biotechnology
Information (NCBI). Similarity searches to detect tRNAs were performed with
tRNAscan SE Search Server (Washington University, St. Louis;
http://www.genetics.wustl.edu/eddy/tRNAscan-SE/). General codon usage analyses
were performed using GCUA (Mclnerney 1998). Correspondence analysis of codon
usage by genes and the indices, frequency of optimal codons (Fop) and codon
adaptation index (CAI), were calculated using CodonW (University of Nottingham;

http://bioweb.pasteur.fr/seqanal/interfaces/codonw.html).

Phylogenetic trees

Thirteen mitochondrial genes (atp6, atp9, cob, coxl, cox2, cox3, nadl, nad?2,
nad3, nad4L, nad5, nad6, rps12) were first aligned using individual protein

alignments with Clustal W (www.cmbi.kun.nl/bioinf/tools/clustalw.shtml) output as a



starting point, then manually edited with MacClade 4.0 (Maddison and Maddison
2000). Unalignable regions were excluded and protein-coding genes were
concatenated as a nucleotide alignment. Table II.1 lists the accession numbers in
GenBank of the species included in the phylogenetic analyses. Individual, as well as
concatenated, gene phylogenetic analyses have been performed. Two concatenated
datasets were constructed: 4-gene dataset (cob, cox1, cox2, cox3; 1236 aa) and 13-
gene dataset (all genes included, 2787 aa). Analyses were based on both nucleotide
(with and without the third codon position) and amino acid data. For maximum
likelihood (ML) nucleotide analysis using PAUP* parameters were estimated from a
Fitch-Margoliash tree using LogDet distances. In the likelihood analysis, the General
Time Reversible model with Invariant site and gamma correction with four rate
categories (GTR + I +I'4) was used. Bootstrap analyses were performed using three
random additions with nearest neighbor interchange. Bayesian analysis was
performed using the MrBayes program (Huelsenbeck and Ronquist 2001) with the
same likelihood model as the PAUP* searches, i.e., GTR+I+I"4. Four Markov chains
were run with one heated for 2x10° generations, sampled every hundredth generation
with a burnin period of 1,000 generations. For ML protein analyses, the PhyML
program (Guindon and Gascuel 2003) was used with four gamma distributed rates

and invariant sites under the JTT model of amino acid substitution (Jones et al. 1992).



Table II.1. Sources of sequences used in phylogenetic analyses

Taxon Name
Acanthamoeba castellani
Allomyces macrogynus
Amphidinium carterae
Beta vulgaris
Cafeteria roenbergensis

Chaetosphaeridium globosum

Chondlrus crispus
Chrysodidymus synuroideus
Cyanidioschyzon merolae
Cyanidium caldarium
Emiliania huxleyi
Gracilariopsis lemaneiformis
Homo sapiens

Laminaria digitata
Malawimonas jakobiformis
Monosiga brevicollis
Ochromonas danica
Paramecium aurelia
Phytophthora infestans
Plasmodium falciparum
Platymonas subcordiformis
Podospora anserina
Porphyra purpurea
Prototheca wickerhamii
Pylaiella littoralis
Reclinomonas americana
Rhodomonas salina
Tetrahymena thermophila
Toxoplasma gondii
Triticum aestivum

Xenopus laevis
Dictyostelium discoideum
Naegleria gruberi

Chara vulgaris

NC 001637
NC 001715

CF065611, CF065139, CF065342, CF067399, CF064778, CF065944

NC_002511
NC_000946
NC_004118
NC_001677
NC 002174
NC_000887
748930
AY342361
AF118119
NC_001807
NC_004024
NC_002553
NC_004309
NC_002571
NC_001324
NC_002387
NC 002375

747795, Z4T797

NC_001329
NC_002007
NC_001613
NC_003055
NC_001823
NC 002572
NC_000862
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Results and Discussion

Overall organization of E. huxleyi mtDNA

The mitochondrial genome of E. huxleyi is a circular molecule of 29,013 bp.
Figure I1.1 depicts the physical and gene map of the mtDNA. The overall A+T
content is 71.7%, with protein-coding regions being 72% A+T and intergenic spacers
76% A+T. This base composition is comparable to those of Cyanidioschyzon merolae
(72.8%)(Onta et al. 1998), Chondrus crispus (72.1%)(Leblanc et al. 1995), and
Reclinomonas americana (73.9%)(Lang et al. 1997), but higher than that of
Marchantia polymorpha (57.6%)(0da et al. 1992) and Arabidopsis thaliana
(55.2%)(Unseld et al. 1997). The genetic information is densely packed, with 78% of
sequence specifying genes, ORFs and structural RNAs, and only 22% without
detectable coding content. All the genes are encoded on the same strand suggesting
that the genome is transcribed in one unit, like the mitochondrial genomes of
Monosiga brevicollis, Acanthamoeba castellanii, Dictyostelium discoideum,
Chlamydomonas eugametos, and Pedinomonas minor (Gray et al. 1998). Table I1.2
lists all the genes and ORFs in the mtDNA of E. huxleyi. No overlapping genes were
detected.

A comparison of gene order between E. huxleyi and Pavlova lutheri mtDNAs
shows that no gene clusters are conserved between these two organellar genomes,
although the gene content is not strikingly different
(http://megasun.bch.umontreal.ca/ogmp/projects/pluth/gen.html). There are several
features that separate the members of the class Pavlovophyceae (to which P. lutheri

belongs) from members of the Prymnesiophyceae, including E. huxleyi. Chloroplast






genes (Fujiwara et al. 2001) and the18S ribosomal DNA gene (Edvardsen et al. 2000)
based phylogenies showed that members of these two groups form two distinct
clades, which presumably diverged between 220 and 300 Ma (Young et al. 1992;
Medlin et al. 1997). With additional complete mtDNA sequences from other
members of the phylum Haptophyta and related groups of organisms, the comparative
analysis of gene order pattern should be useful to understand the evolutionary
changes that these genomes have undergone when the species diverged.

Intergenic regions vary in size from 1 to 2624 bp, with the majority being 1-
100 bp long and only two exceeding 250 bp. The longest of these, located
downstream of #rnl and upstream of dam, encompasses two types of direct repeat
motifs. One is al47 bp repeat that occurs as a tandem array of 5 motifs. The other,
which occurs adjacent to the first, is 246 bp long and is also arranged in a tandem
array of 5 motifs. The intergenic region contains a 45 nt stem loop structure which
was detected downstream of the tandem repeats and upstream of the dam gene (Fig
I1.1). The G+C content of this region is 26% and this value is approximately equal to
the average of the mtDNA of E. huxleyi (28.3%). This region may play a role in
transcription initiation or DNA replication as in the red alga C. crispus (Leblanc et al.
1995; Richard et al. 1998). However, no significant sequence similarity between E.

huxleyi and C. crispus stem loops is discernable.

Gene content

The mitochondrial genome of E. huxleyi codes for 21 proteins, including 14

components of the respiratory chain and 5 ribosomal proteins (Table I1.2). None of



the protein coding genes contain introns, although introns are present in other
mitochondrial genomes, including the haptophyte P. lutheri, the red alga C. crispus
(Leblanc et al. 1995), and the liverwort M. polymorpha (Oda et al. 1992). Three of the
genes encoding subunits of the ATP synthase complex, atp4 (ymf39), atp6, and atp9,
were identified. Recently, ym/f39 was identified as atp4 (Burger et al. 2003). Seven
genes encoding NADH dehydrogenase subunits, nadl-6 and nad4L, were detected;
these are not grouped together. In addition to these 21 protein-coding genes, a total of
27 RNA genes are present in the E. huxleyi mitochondrial genome, coding for 25
tRNAs and the small and large subunit (r7s, 77/) rRNAs. A 5S rRNA gene was not
detected. One unique 104 aa ORF (ORF104) was present, and it lacks significant
similarity to any entry in the public domain sequence databanks. A distinguishing
organizational feature in E. huxleyi mtDNA is the presence of two separate coding
regions that show similarity to cox/. The coxla segment encodes the N-terminal 88
amino acid (aa) residues, and cox1b specifies the C-terminal 433 residues. Both
segments are encoded on the same strand of the genome, interspersed with other
genes, and separated in the genome by almost 10 kbp. Because only cox/a has a
translational initiation codon and other genes are interspersed between the two cox/
coding regions, splicing events would be required to produce the mature message.
The nadl gene is cis and trans-spliced in plant mitochondrial genomes where the
gene is split into different exons (Chapdelaine and Bonen 1991; Conklin et al. 1991;
Wissinger et al. 1991). An alternative hypothesis would be that the cox/ sequence in
the mitochondrion is no longer functional, but the high degree of sequence

conservation suggests that it must have been under selection until very recently.



A novel feature in mtDNA: adenine methyltransferase

A unique feature of the mtDNA of E. huxleyi is the presence of the dam gene,
which codes for DNA adenine methyltransferase (A-Mtase). This enzyme catalyzes
the transfer of a methyl group from S-adenosyl-L-methionine (AdoMet) to the N6
position of a specific adenine in their cognate sequence (Ahmad and Rao 1996). This
gene is not included in the standard set of mitochondrial genes and has not been
reported for any mitochondrial genome so far studied. Significant blast hits of this
gene were exclusively bacteria, viruses, and members of Archaea. A phylogenetic
tree based on the dam gene from a number of organisms is shown in Figure I1.2. A
relationship of the dam gene from E. huxleyi to any other sequence is not strongly
supported. The most likely tree shows Emiliania sister to a viral sequence
(Paramecium virus) but with low bootstrap support. Adenine methylation plays an
important role in replication, mismatch repair, and segregation of chromosomal DNA
in E. coli, as well as regulation of gene expression and attenuation of the virulence of
a number of pathogens (Heithhoff et al. 1999). The putative functional role of the
dam gene in E. huxleyi could be related to mitochondrial DNA replication,
modulation of gene expression or/and control of virulence of some pathogens, such as
viruses. It is known that viruses infecting E. huxleyi can control and terminate blooms
of this organism (Green and Harris 1996), and some viruses are known to target the
mitochondrial genome (Hong et al. 1999).

Sequence comparisons among the members of this group of

methyltransferases have revealed nine conserved motifs, of which motif I and motif



IV are highly conserved (Malone et al. 1995). These two motifs are involved in
AdoMet binding and methyl group transfer. The two conserved domains of this
protein are recognized in E. huxleyi, suggesting that it may be functional.
Furthermore, the complete sequence does not suggest that it is an inactive
pseudogene.

This type of methyltransferases is commonly found in Bacteria, Archaea, and
viruses. N6-methylated adenine has been found in DNA of eukaryotes, such as
protozoa (Rae and Spear 1978; Capowski et al. 1989), fungi (Rogers et al. 1986),
higher plants (Fedoreyeva and Vanyushin 2002), and animals (Kay et al. 1994);
however, the putative gene responsible for the methylation are found in the nuclear
genome and correspond to a different type than the E. huxleyi dam gene. A nuclear
encoded N6 A-Mtase isolated from wheat coleoptiles seems to be responsible for
mitochondrial DNA modification that might be involved in the regulation of
replication of mitochondria in plants (Fedoreyeva and Vanyushin 2002).

Correspondence analysis of the protein-coding genes in mtDNA of E. huxleyi
(see below) revealed differences in some of the genes, including the dam gene. The
location of the dam gene in the mitochondrial genome is also suggestive, since it
occurs adjacent to the tandem repeats. In angiosperm mitochondria, inverted and also
direct repeats appear to promote major genome rearrangements (Hanson and Folker
1992). Three alternative scenarios could account for the presence of the dam gene in
the mtDNA of E. huxleyi: (1) lateral transfer of the dam gene from a phage or
bacterial DNA; (2) vertical transmission of an ancient gene that was present in the

proteobacterial progenitor of the mitochondrion; and (3) lateral transfer of the gene



from the nucleus or chloroplast to the mitochondria. To distinguish among these
alternatives the distribution and phylogeny of this gene need to be examined more

completely.

Codon usage

Table I1.3 shows the codon frequency in genes and ORFs of E. huxleyi
mtDNA. As expected for an extremely A+T-rich genome, codons ending in A or T
vastly outnumber the synonymous codons ending in G or C. The mtDNA of E.
huxleyi does not use the standard genetic code. The codon UGA, usually serving as a
translational termination signal, is used for Tryptophan (Trp). This assignment is
based on protein alignments, since the codon UGA occurs where the codon for Trp is
conserved in other organisms. This codon (TGA) is used preferentially, accounting
for 86.7% of all Trp codons (Table I1.3). This is the most common deviation from the
standard translation code in mitochondria and is also found in other haptophytes
(Hayashi-Ishimaru et al. 1997), C. crispus (Leblanc et al. 1995), A. castellani (Burger
et al. 1995), animals, fungi, and ciliates. However, members of the order Pavlovales
(phylum Haptophyta) use the universal genetic code (Inagaki et al. 1998). It is
believed that the reassignment of the TGA codon to Trp occurred independently
many times in the evolution of the protozoa (Inagaki et al. 1998).

No in-frame ATG start codon is present in the reading frame of E. huxleyi
atp4 or rps8 genes. Protein alignments suggest that GTG may serve as the codon for
translation initiation in these genes. This has been reported for the mitochondrial

genome of several different organisms, such as Porphyra purpurea (Burger et al.



1999), Paramecium aurelia (Pritchard et al. 1990), and Oenothera berteriana (Bock
et al. 1994), although not referring to the same genes.

Several analyses were performed to compare the codon usage of the genes
present in E. huxleyi mtDNA. No significant differences in codon usage, G+C content
or G+C content of the silent third position were observed in identified protein coding
genes or the unique ORF. However, by means of correspondence analysis of codon
usage, [ was able to detect that some genes were considerably different from the
others, such as atp4, atp9 and dam. The disparity of the dam gene was only detectable
in the second axis of ordination. The G content of silent third position in dam gene
was 20.7%, which is the highest among the protein-coding genes of E. huxleyi
(average 11.6%). No significant differences were detected for the ORF104 using

correspondence analysis.

Transfer RNAs

The tRNAs are scattered throughout the entire genome, either singly or in
groups, and all lack introns. Based on the anticodon sequence of the 25 tRNAs, 24
decode the standard 20 amino acids, while one recognizes UGA, which is used for
tryptophan. All the tRNA sequences can assume standard cloverleaf secondary
structures, with few departures from the conventional structure, as tested with
tRNAscan. This set of mitochondrial encoded tRNAs is not sufficient to decode the
62 sense codons that occur in protein-coding sequences, even when taking into
account wobble and the possible modifications of their anticodons (Crick 1966). The

tRNAs, which are not in the mtDNA, may be imported from the cytosol or generated



from another tRNA by partial editing or post transcriptional modification (Ohta et al.
1998). A minimum of one tRNA gene remains to be identified in order to account for
the complete translation of the E. huxleyi mitochondrial genetic information; namely
trnL (CAA) for leu (UUG). In addition, trnG (GCC) for gly (GGU and GGC) is also
missing. The trnG (UCC) decodes GGA and GGG anticodons and is possible that it
also recognizes GGU and GGC anticodons, as in C. crispus (Leblanc et al. 1995).
Also, the trnW (CCA) for Trp (UGG) is not present in E. huxleyi mtDNA. However,
trnW (UCA), which recognizes UGA codon as tryptophan, may also be able to
decode UGG codon for the same amino acid as reported for Tetrahymena pyriformis
mtDNA (Burger et al. 2000). The mitochondrial genome of E. huxleyi contains 3
tRNA genes having the methionine anticodon CAU, which include the elongator and

initiator methionine-accepting mitochondrial tRNAs.

Phylogenetic analysis based on mitochondrial genes

Several phylogenetic analyses have been performed based on individual and
concatenated datasets. In general, individual gene analyses are congruent with each
other; they find some of the major lineages monophyletic, but most branches are not
strongly supported (Table 11.4, Figure 11.3). Concatenated analyses based on all
datasets under different analytical methods recover consistently the following clades:
red algae, green algae, opisthokonts, amoebozoa, heterokonts or stramenopiles, and
alveolates. The placement of C. roenbergensis within the heterokont clade is not
always strongly supported. The placement of Emiliania huxleyi in phylogenetic trees

varies according to the method of analysis, dataset, and taxa present.



Analyses based on the 4-gene dataset show E. huxleyi as sister to
Malawimonas jakobiformis in ML nucleotide analysis using PAUP* (Figure 11.4), and
sister to Malawimonas + Rhodomonas in ML protein analysis using PhyML (Figure
I1.5A). However, the Fitch-Margoliash tree using LogDet distances places E. huxleyi
sister to the Opisthokont clade, although with weak support (Figure I1.5B). When
alveolates are included, E. huxleyi is found sister to the C. roenbergensis (Figure
I1.5C), or as a deep branching lineage sister to a diverse clade with low support
(Figure I1.5D). The alveolates themselves form a monophyletic group with extremely
long branches that has strong support with Bayesian methods (Figure 11.5D), but
weak support in the ML analysis using PAUP (Figure 11.5.C). A Plantae clade,
including Rhodophyta and Streptophyta, is recovered with variable support depending
on the analytical method (Figures I1.4, I1.5). Overall, these trees do not identify a
strong relationship of the haptophytes to heterokonts, cryptophytes, or alveolates.

Analyses based on the thirteen-gene dataset, regardless of the method used,
find five monophyletic clades with variable range of support (Figure 11.6).
Opisthokonta, Rhodophyta, Streptophyta, and Heterokontophyta are strongly
supported. Amoebozoa is monophyletic with low to strong support depending on the
analysis, and it is found sister to Opisthokonts with low support. These analyses do
not recover a monophyletic Plantae clade. The haptophyte Emiliania is found sister to
the cryptophyte Rhodomonas but the support is low in maximum likelihood analyses
based on amino acid (Figure I1.6A) or nucleotide data (Figure I11.6B). However,

Bayesian analyses recover this grouping with high posterior probability (pp 0.98).



Haptophyte evolution

Haptophytes are a monophyletic group of protists that were formerly placed
with the heterokonts in the class Chrysophyceae (Pascher 1910; Bourrelly 1957), and
some modern authors still emphasize a close relationship among these taxa (Andersen
1991). Ultrastructural and molecular evidence indicated that the haptophytes are a
monophyletic group with the primary synapomorphy being a characteristic
appendage, the haptonema (Christensen 1962; Christensen 1989; Inouye and Kawachi
1994). Studies using the nuclear genes actin and small subunit ribosomal DNA
support the distinctiveness of the haptophytes, but have not shown their affinity to
any other group (Bhattacharya et al. 1993; Medlin et al. 1996; Medlin et al. 1997;
Tengs et al. 2000). Plastid-encoded or plastid-derived genes do show a relationship to
the other chlorophyll ¢ containing algae indicating that the plastids of haptophytes,
heterokonts, dinoflagellates, and cryptophytes form a monophyletic group (Yoon et
al. 2002b; Harper and Keeling 2003; Bachvaroff et al. 2005). However, these data are
not informative for relationships among cytosolic genomes.

Although phylogenetic analyses clearly support a red algal origin of
chlorophyll ¢ containing (chl c) plastids, the number of events that gave rise to them
and the phylogenetic relationships among the host cells remains unclear. There are
two competing hypotheses regarding the number of endosymbiotic events in the chl ¢
algae. In the first of these, a single endosymbiotic event for all the chl ¢ algae would
imply that the host cells are also monophyletic (Cavalier-Smith 1981; Cavalier-Smith
1989; Yoon et al. 2002b), and that plastid-loss has occurred in the non-photosynthetic

lineages. The clade postulated by this hypothesis is known as chromalveolates



(Cavalier-Smith 1999; Cavalier-Smith 2002). An alternative hypothesis would infer
multiple endosymbiotic events in separate chl ¢ lineages, would allow host and
endosymbiont phylogenies to be incongruent (Cavalier-Smith et al. 1994), and would
imply a non-photosynthetic ancestor for each lineage. Several intermediate
hypotheses could also be proposed. However, most authors seem to agree that the
question remains unresolved. The analyses presented here examined the host cell
phylogenetic relationships using concatenated mitochondrial genes in order to assess
the monophyly of the chromalveolate clade. Mitochondrial data can be used to
resolve relationships among eukaryotes, such as the monophyletic origin of red and
green primary plastids and can complement data from the nuclear genome. Like
previous analyses of mitochondrial data (Burger et al. 1999), the 4-gene dataset
supports a single origin of the primary plastid in the Plantae. The hypothesis of a
single origin of the chl ¢ containing hosts is not supported by these data, but the
bootstrap and posterior probabilities are weak, leaving open the possibility that this
hypothesis is correct. E. huxleyi is clearly excluded from the heterokonts in these
analyses, but its placement as sister taxon to the heterokonts cannot be rejected.
Concatenated mitochondrial data presented here do not strongly resolve the
relationships among chl ¢ containing algae, indicating that further study of
relationships among these taxa is needed. The identity of the sibling taxon to
haptophytes remains an unsolved problem, although these analyses suggest a

relationship with cryptophytes.



Chapter III — The Complete Plastid Genome Sequence of
the Haptophyte Emiliania huxleyi: a Comparison to Other

Plastid Genomes

Abstract

The complete nucleotide sequence of the plastid genome of the haptophyte
Emiliania huxleyi has been determined. E. huxleyi is the most abundant
coccolithophorid and has a key role in the carbon cycle. It is also implicated in the
production of dimethylsulphide (DMS), which is involved in cloud nucleation and
may affect the global climate. Here, I report the plastid genome sequence of this
ecologically and economically important species and compare its content and
arrangement to other known plastid genomes. The genome is circular and consists of
105,309 bp with two inverted repeats of 4,841 bp each. In terms of both genome size
and gene content E. huxleyi cpDNA is substantially smaller than any other from the
red plastid lineage. The genetic information is densely packed, with 86.8% of the
genome specifying 110 identified protein-coding genes, 9 open reading frames, 30
tRNAs, and 6 rRNAs. No introns were present and only two overlapping genes
(psbD, psbC) were found. The GC content of the genome is 36.8%. Parsimony
analysis based on presence/absence of 261 plastid-encoded genes in 18 plastid
genomes was performed. A detailed comparison to other plastid genomes, based on
gene content, gene function, and gene cluster analysis is discussed. These analyses

suggest a close relationship of the E. huxleyi cpDNA to the chlorophyll ¢ containing



plastids from heterokonts and cryptophytes, and they support the origin of the

chlorophyll ¢ containing plastids from the red algal lineage.

Introduction

Oxygenic photosynthesis arose once in the cyanobacteria. Later in evolution,
several unrelated lineages of non-photosynthetic eukaryotes acquired this capability
by engulfing a photosynthetic organism and keeping it as a permanent endosymbiont.
In modern organisms, the highly reduced descendents of these endosymbionts are the
cellular organelles known as plastids (or, in green plants, chloroplasts). Depending
upon the group in question, plastids were acquired through a process of primary,
secondary, or tertiary endosymbiosis (Delwiche and Palmer 1997). Primary
endosymbiosis is the process by which a photosynthetic prokaryote (cyanobacterium)
was engulfed and integrated into a non-photosynthetic eukaryotic host cell. Three
photosynthetic eukaryotic lineages, namely red algae, green algae, and glaucophytes,
possess primary plastids, all of which were probably derived from a single
endosymbiotic event (Van der Auwera et al. 1998; Cavalier-Smith 2000; Moreira et
al. 2000). In secondary endosymbiosis, non-photosynthetic eukaryotic host cells
acquired a photosynthetic eukaryote from the green or red algal lineages. Four
photosynthetic lineages, including haptophytes, dinoflagellates, cryptophytes and
heterokonts, contain secondary plastids with chlorophyll ¢ (chl c) as a main
photosynthetic pigment (Gibbs 1981a; Palmer and Delwiche 1996; Delwiche and
Palmer 1997). These plastids are thought to have been acquired from the red algal

lineage (Delwiche and Palmer 1997; Medlin et al. 1997; Durnford et al. 1999; Yoon



et al. 2002b), and I will refer to them together with the plastids from the red algae as
“red plastids”.

During the process of organelle genome reduction, most of the genes of the
endosymbiont were transferred to the nuclear genome of the host, while many others
were lost and only a few remained as the plastid genome (Bachvaroff et al. 2004;
Hackett et al. 2004). More than thirty “green plastid” genomes of members of
Chlorophyta and Embryophyta, including secondary plastids of Euglenoids, have
been sequenced. Only six plastid genomes from the red plastids (four from red algae,
and two from chl c containing algae) have been sequenced to date (Table III.1). The
plastid genome of dinoflagellates has been characterized in different peridinin-
containing dinoflagellates, although they are far from being understood. Plastid genes
in dinoflagellates have been found to be located in the plastid (Takishita et al. 2003)
or in the nucleus (Laatsch et al. 2004) in minicircles containing only 1-3 genes. The
last major group of algae whose plastid genome has remained essentially
uncharacterized until now are the haptophytes.

The haptophyte Emiliania huxleyi is the most abundant of the
coccolithophorids, and one of the dominant marine calcifying phytoplankton species.
Coccolithophorids are responsible for a significant amount of biogenic carbonate
precipitation and are among the major contributors to marine primary production
(Falkowski et al. 2000; Riebesell et al. 2000). Despite its ecological, economical, and
evolutionary importance (Brown and Yoder 1994; Walsh and Mann 1995; Malin and
Kirst 1997), until recently little was known about the molecular genetics of this alga.

Lately, however, E. huxleyi has been the focus of several genomic studies, including



an EST project that emphasized the molecular mechanisms of biomineralization and
coccolithogenesis (Wahlund et al. 2004), the complete sequence of the mitochondrial
genome including analyses of the phylogenetic relationships of this alga (Sanchez-
Puerta et al. 2004), and an ongoing nuclear genome sequencing project of this species
(Betsy Read pers. comm.). This chapter (published as Sanchez-Puerta et al. 2005)
presents the complete sequence of the chloroplast DNA (cpDNA) of the haptophyte
Emiliania huxleyi (Lohmann) Hay & Mohler, description of the main features and
comparison of gene content, order, and functions to other plastid genomes. The
complete nucleotide sequence and study of the plastid genome of the haptophyte E.
huxleyi is important to have a better understanding of plastid genome evolution, to
learn more about the pattern of gene transfer to the nucleus in photosynthetic
organisms, to examine the genetic properties of the plastid genome, and to investigate

the evolution of the chl ¢ containing plastid and host cells.

Materials and Methods

The complete cpDNA sequence of Emiliania huxleyi has been deposited in

GenBank (AY741371).

Culture of E. huxleyi and cpDNA isolation

The axenic strain of E. huxleyi was obtained from Provasoli-Guillard National
Center for Culture of Marine Phytoplankton (CCMP # 373). Cells were grown in

Guillard’s /2 medium (Andersen et al. 1997) at 17°C with a 14h/10h L:D cycle. The



plastid DNA was isolated according to previously described methods (Chesnick and

Cattolico 1993; Sanchez-Puerta et al. 2004).

Library construction and DNA sequencing

Two overlapping libraries were constructed by digesting plastid DNA with the
restriction endonuclease HindIIl and EcoRI. The resulting fragments were cloned in
pGEM -3Zf(+) (Promega, WI) using Escherichia coli XL-10 Gold Ultracompetent
Cells (Stratagene, CA) as the host bacterium. Plasmids from individual clones were
isolated using the ‘miniprep’ procedure (Sambrook and Russell 2001), and sequenced
using dye terminator chemistry (ABI). The M13-20 primer was used for 5’and T7
primer for 3’sequencing. Primer walking was used to determine the full sequence of
longer clones and to obtain double stranded sequencing reads. The polymerase chain
reaction was used to order the fragments, fill gaps and obtain double stranded

coverage.

Data analysis

Sequences were edited using the program Sequencher (GeneCodes Corp.,
MI). Vector and low quality bases were removed, and manual editing was performed.
Sequence reads were assembled using the contig assembly function of Sequencher.

The annotation of the genome was performed in part using DOGMA(Wyman
et al. 2004). Putative open reading frames (ORFs) were identified by performing
BLAST searches of the GenBank databases at the National Center for Biotechnology
Information (NCBI). Transfer RNAs were detected with tRNAscan SE Search Server

(Lowe and Eddy 1997). Analysis of codon usage by genes was calculated using



CodonW (University of Nottingham;

http://bioweb.pasteur.fr/seqanal/interfaces/codonw.html). Annotated plastid genomes

of other organisms were obtained from NCBI Entrez-Genome database (Table I1I.1),

and used for comparisons.

Cladistic analysis

I performed parsimony analysis based on presence and absence of 261 genes
(Table I11.2) in 18 plastid genomes from diverse hosts, and the genome of the
cyanobacterium Synechocystis sp. as the outgroup. The tree search was carried out
using branch and bound algorithm in PAUP*4b10 (Swofford et al. 2002). The loss of
plastid genes from the plastid genome was considered a derived character, and the
step matrix followed an irreversible model, under the Camin-Sokal parsimony
criterion. Bootstrap support values were calculated from 1,000 heuristic searches with

random stepwise addition.

Results and Discussion

Overall organization of E. huxleyi cpDNA

The plastid genome of E. huxleyi consists of a circular molecule of 105,309 bp
and it represents the smallest plastid genome among the red plastids so far studied.
Figure II1.1 depicts the physical and gene map of the cpDNA. The plastid genome
contains two inverted repeats of 4,841 bp each, including genes encoding for three
subunits of ribosomal RNA (1685, 23S, and 5S rRNA) and two transfer RNAs (#rnl,

trnA). A small single copy (SSC) and a large single copy (LSC) of 11,183 bp and



84,444 bp, respectively, separate the two repeats. The 23S rDNA gene is closest to
the SSC, as is the case in the plastid genomes of most land plants (Kolodner and
Tweari 1979; Maier et al. 1995; Goremykin et al. 2004; Kim and Lee 2004), the
heterokont Odontella sinensis (Kowallik et al. 1995), and the cryptophyte Guillardia
theta (Douglas and Penny 1999), but opposite to the plastid genome arrangement of
the fern Adiantum capillus-veneris (Wolf et al. 2003). The inverted repeats differ in
three nucleotides located in non-coding regions. Inverted repeats are present in the
cpDNAs of some members of the red algae, such as Porphyra yezoensis (Shivji
1991), but are absent in many others, such as Porphyra purpurea (Reith and
Munholland 1995), Cyanidioschyzon merolae (Ohta et al. 2003), and Cyanidium
caldarium (Glockner et al. 2000) cpDNAs, which contain direct repeats. All known
chromophyte plastid genomes contain inverted repeats. O. sinensis contains two
inverted repeats of 7,725 bp, which include the rRNA operon and the genes ycf32 and
rpl32 (Kowallik et al. 1995), while G. theta contains two inverted repeats of ca.
4,900 bp including only the rRNA operon (Douglas and Penny 1999). These data
raise the question of whether the presence of an inverted repeat is ancestral in the red
algal lineage and in the chromophyte plastids. To answer this question will require
more cpDNA data from red algae and chromophytes. Furthermore, accurate
reconstruction of such ancestral character states will only be reliable when the red
algal lineage(s) that were the source of the chromophyte plastids have been identified
with confidence.

The overall G+C content is 36.8%, with protein-coding regions being 37.4 %

G+C and intergenic spacers 24% G+C. This base composition is comparable to that



of C. merolae (37.6%)(Ohta et al. 2003), and G. theta (33%)(Douglas and Penny
1999), but higher than that of Chaetosphaeridium globosum (29.6%)(Turmel et al.
2002) and Physcomitrella patens (28.5%)(Sugiura et al. 2003). The genetic
information is densely packed, with 86.8% of sequence specifying genes, ORFs and
structural RNAs, and only13.2% without detectable coding content. Intergenic
regions vary in size from 1 to 349 bp, with the majority being 1-100 bp long. The
distribution of intergenic regions is similar to that of the plastid genomes of G. theta
(Douglas and Penny 1999) and O. sinensis (Kowallik et al. 1995). Only one case of
overlapping genes was detected, in contrast to the high number of overlapping genes
in the plastid genome of the red alga C. merolae (Ohta et al. 2003). The genes psbC
and psbD in E. huxleyi cpDNA share an overlapping region of 52 bp. The same two
genes overlap in the plastid genomes of the red alga Gracilaria tenuistipitata (by 92

bp), in G. theta (by 94 bp), and O. sinensis (by 52 bp).

Codon usage and transfer RNA genes

The cpDNA of E. huxleyi uses the standard genetic code, with three
translation termination codons (TAA, TAG, TGA). Table I11.3 shows the codon
frequency in genes and ORFs of E. huxleyi cpDNA. As expected for an extremely
A+T-rich genome, codons ending in A or T vastly outnumber the synonymous
codons ending in G or C. No in-frame ATG start codon is present in a number of
genes in E. huxleyi cpDNA. Protein alignments suggest that GTG may serve as the
codon for translation initiation in the genes psbE, psbZ, rbcR, rpl33, rps3, and ycf27.

This has been reported for the plastid genomes of several different organisms, such as



C. caldarium (Glockner et al. 2000) and O. sinensis (Kowallik et al. 1995), although
not referring to the same genes.

The plastid genome contains 30 tRNAs that are scattered throughout the entire
genome, either singly or in groups, and all lack introns (Figure II1.1, Table II1.4). This
set of plastid-encoded tRNAs is sufficient to decode the 62 sense codons that occur in
protein-coding sequences, when taking into account wobble and the possible
modifications of their anticodons (Crick 1966). The plastid genome of E. huxleyi
contains three tRNA genes having the methionine anticodon CAU, which include the

initiator and elongator methionine-accepting tRNAs.

Gene content in E. huxleyi cpDNA

The plastid genome of E. huxleyi encodes 110 proteins. Table I11.4 lists all the
genes and ORFs by gene function present in E. huxleyi cpDNA. This represents the
smallest number of genes in the red plastid genomes, which are characterized by
containing a more comprehensive set of genes compared to the green algal and
glaucophyte plastid genomes (Sugiura 1995) (see below). None of the protein coding
genes contains introns. This is consistent with the other six red plastids, although
introns are present in the plastid genomes of the euglenophyte Euglena gracilis
(Hallick et al. 1993), the chlorophyte Chlorella vulgaris (Wakasugi et al. 1997), the
flowering plants Nicotiana tabacum and Oryza sativa (Shimada and Sugiura 1991),
and the liverwort Marchantia polymorpha (Shimada and Sugiura 1991). In addition
to protein-coding genes, a total of 36 RNA genes are present in the E. huxleyi plastid

genome, coding for 30 tRNAs and two copies of the genes encoding for the three



subunits of ribosomal RNA, namely small subunit (7rs), large subunit (r7[), and the
5S rRNA. I searched for unique open reading frames (ORFs) longer than 30 codons
starting with ATG initiation codon. Nine ORFs were present that lack significant
similarity to any entry in the public domain sequence databanks. The names of the
ORFs correspond to the number of amino acids in the putative protein encoded by

that gene.

Comparison of gene content and function among all plastid genomes

Comparisons among all known plastid genomes from a wide range of
photosynthetic eukaryotes have been made, and the gene content of six of those
plastid genomes has been included in Figure I11.2. Gene content of the plastid
genomes of the three primary plastid lineages (red algae, green algae and
glaucophytes), and the chl ¢ containing algae (heterokonts, cryptophytes and
haptophytes), are shown. Peridinin-containing dinoflagellates appear to have
undergone an extreme organellar genome reduction and only a few genes thought to
be in the chloroplast genome have been identified. I included the twelve distinct
minicircle genes that have been described to date from different species of peridinin-
containing dinoflagellates(Hiller 2001; Zhang et al. 2002; Laatsch et al. 2004; Nisbet
et al. 2004).

Figure I11.2 also shows the genes colored by functional category. Eight
functional categories have been defined. “Photosynthesis” includes genes involved in
light absorption, such as subunits of the photosystem I and II, and genes encoding
phycobilisome proteins, among others. The functional category named “Energy

metabolism” includes genes encoding proteins involved in the electron transport



chain, ATP synthesis, and pyruvate and acetyl-CoA metabolism. “Translation” refers
to all genes related to protein synthesis, namely ribosomal proteins, initiation and
elongation factors. “Transcription” includes RNA polymerases, and transcriptional
regulators. The category named “Biosynthesis” holds genes involved in biosynthesis
of amino acids, cofactors, fatty acids, chlorophyll, and carbohydrates. Genes
encoding for proteins in charge of cell transport are listed under “Transport”. “Cell
processes” is a diverse category including genes involved in cell division, septum site
determining, protein folding, secretion pathway, detoxification, and degradation,
among others. Hypothetical proteins (ycf genes) are listed as “Hypothetical”.
Excluding dinoflagellates, a core set of 45 genes (all plastids core set, Figure
II1.2) is present in all 36 photosynthetic plastid genomes sequenced to date (Table
II1.1). This core set of genes has been noted before (Martin et al. 1998; Martin et al.
2002; Grzebyk et al. 2003; Bachvaroff et al. 2004), and its composition remains fairly
constant despite the addition of several new genomes. These genes represent several
functional categories, but the majority are involved in the processes of
photosynthesis, electron transfer, and protein synthesis. It was suggested that the
expression of genes involved in key roles in electron transport and energy coupling is
regulated tightly through redox potentials generated by the same electron transfer
(Allen and Raven 1996; Pfannschmidt et al. 1999; Race et al. 1999). Therefore, the
genes encoding these proteins are required to be in the organelle to be able to respond
rapidly to maintain redox balance (Allen and Raven 1996; Pfannschmidt et al. 1999;

Race et al. 1999), and this could partially explain the retention of genes in the



organelles. The type of genes retained in all plastid genomes (“all plastid core set”) is
consistent with this hypothesis.

A more comprehensive set of genes, 93, is retained in all known
photosynthetic red plastid genomes (“red plastids core set”, Figure II1.2), including
those of red algae, cryptophytes, heterokonts, and haptophytes, but excluding the
extremely reduced plastid genome of dinoflagellates. Most of these genes are
involved in photosynthesis, electron transport, and translation, among other cellular
processes. This similarity in gene content among the red plastids supports the
hypothesis that haptophyte, cryptophyte, and heterokont plastids are related, and were
obtained from the red lineage. The number of genes retained in the red plastid
genomes is higher than that of all photosynthetic “green” plastid genomes, including
plants, green algae, and euglenophytes. The “green plastids core set” represents 47
genes (Figure I11.2), and 50 (including clpP, petA and ycf3) when the secondary
plastids of euglenophytes are excluded. This could be a consequence of the higher
number of green plastid genomes that have been sequenced compared to the number
of red plastid genomes (32 vs. 7, Table I1I.1).

Overall, the plastid genomes of the green lineage contain more genes involved
in energy metabolism (NADH plastoquinone oxidoreductase subunits, in particular)
compared to the red plastid genomes. In contrast, plastid genomes of the red lineage
contain more genes related to translation (mostly ribosomal proteins), biosynthesis of
amino acids, fatty acids, and pigments, and a variety of cell processes. The higher
number of genes present in the red plastid genomes (Sugiura 1995) may account for

the diverse type of processes carried out by plastid genes in these lineages.



Cluster analysis

Comparison of gene order in sequenced plastid genomes provides a powerful
tool for inferring events in plastid evolution (Stoebe and Kowallik 1999).
Furthermore, it provides clear insights into evolutionary affiliation among algae. |
examined the organization of genes in a number of plastid genomes by gene-cluster
analysis. Plastid genomes of the chl ¢ containing algae underwent major
rearrangements since the acquisition of the secondary plastids from the red lineage.
Only two partially conserved gene-clusters were found (Figure I11.3).

The arrangement of the genes in the ribosomal operon observed in the
cyanobacterium Synechocystis sp. PCC 6803 (Kaneko et al. 1996) is conserved in all
plastid genomes so far sequenced, including some modifications, most of which are
gene losses or transfers to the nuclear genome (Figure I11.3, left side). This
arrangement supports the hypothesis that all plastids are monophyletic (Delwiche et
al. 1995; Stoebe and Kowallik 1999), and are originally derived from endosymbiotic
cyanobacteria. The genes in the ribosomal operon are located on the same strand, and
they were shown to be transcribed all together in the cryptophyte G. theta (Wang et
al. 1997). A five-gene operon, including rpsi2, rps7, fus, tufA and rps10, displays a
distinct arrangement in all red plastids. This operon is appended to the rp/31 gene
(3’end of the ribosomal operon), and it is located on the same strand (Stoebe and
Kowallik 1999). It was proposed that the translocation of the five-gene cluster

occurred early after the divergence of the rhodophyte lineage from the green lineage



and glaucophytes (Ohta et al. 1997). This arrangement supports the relationship of
chlorophyll ¢ containing plastids with red algal plastids.

Another conserved region in the plastid genomes includes genes involved in
diverse functions in the cell, such as ATP synthesis (atpA-I), RNA polymerization
(rpoB-C2), electron transport (petA), etc. (Figure I11.3, right side). These genes are
encoded on different DNA strands. Many of the genes from this group are scattered
throughout the chloroplast genome in the green lineage and glaucophytes. The order
of these genes, including some gene losses, is conserved in the red algal plastids and
G. theta and O. sinensis cpDNAs, suggesting again how closely related these plastids
are (Stoebe and Kowallik 1999). In contrast, genes from this group are distributed
over six independent regions in the E. huxleyi cpDNA, probably due to extensive

genome rearrangements after acquisition of the plastid.

Parsimony analysis of presence and absence of genes

To examine the relationships among plastid genomes, I analyzed 261 protein-
coding genes that occurred among 18 plastid genomes from unrelated hosts (Table
II1.2). T constructed a dataset based on presence and absence of plastid genes, under
the assumption that all of the genes were present in the cyanobacterial ancestor
(although this assumption is probably violated at least for rbcL, (Delwiche and
Palmer 1996). These data were analyzed with Camin-Sokal parsimony (Figure I11.4),
which assumes that genes lost from a plastid genome cannot be regained. Analyses
were also performed with unweighted Fitch parsimony (Figure II1.5), but showed a

topology inconsistent in many ways with other phylogenetic information (Yoon et al.



2002b; Patron et al. 2004; Yoon et al. 2004). I attributed this discrepancy to the
apparent independent loss of several genes (Martin et al. 2002), as seen in Figure
II1.2, and on this basis abandoned further consideration of the Fitch tree. The most
parsimonious tree under Camin-Sokal parsimony was 620 steps long, with a
consistency index of 0.389 and retention index of 0.847. Most of the genes from the
cyanobacterial endosymbiont are thought to have been lost or transferred to the host
nuclear genome soon after primary endosymbiosis. Two major clades were recovered
and correspond to the red and green plastid lineages, including in each group the
secondary plastids derived from them. The glaucophyte C. paradoxa lies between
these two groups, but on a branch uniting it with the green lineage. The phylogenetic
relationships of the glaucophyte plastid are still unknown, since its position varies in
different studies and it is not strongly supported (Martin et al. 1998; Grzebyk et al.
2003; Chu et al. 2004). In general, green plastids encode fewer genes than red
plastids, but the plastid genome of E. huxleyi encodes for a total number of genes that
is comparable to the green plastids, with a markedly different gene content (see
above). The phylogenetic relationships observed in the tree agree with relationships
recovered from analyses based on sequence analysis, using single genes or a
concatenation of a number of plastid genes (Yoon et al. 2002b; Harper and Keeling
2003; Patron et al. 2004; Yoon et al. 2004). In the present analysis the chromophyte
plastids, those of the haptophyte, the heterokont and the cryptophyte, form a
monophyletic group embedded in the red lineage. This is consistent with the origin of
the chromophyte plastids from the red algal lineage, as shown in previous studies

(Yoon et al. 2002b; Grzebyk et al. 2003; Nozaki et al. 2003a). Even though the



monophyly of the chl ¢ containing plastids is supported, these data do not test or
support the monophyly of the host cells, which continues to be partially understood at

best.



Chapter IV - Phylogenetic Signal vs. Noise in Plastid
Genomic Data and the Evolution of Chlorophyll ¢

Containing Plastids

Abstract

Photosynthetic eukaryotes contain primary, secondary, or tertiary plastids,
depending on the source of the organelle (a cyanobacterium or a photosynthetic
eukaryote). Plastid evolutionary history is quite complex and has been previously
analyzed using plastid genomic data, although with poor taxon sampling, or a reduced
dataset, or both. Although those studies could not fully resolve plastid relationships,
several analytical problems, such as covarion evolution, and compositional bias were
recognized. Here, I present an analysis of a multi-gene dataset based on 62 plastid-
associated genes of 15 taxa representing the major plastid lineages. In an attempt to
distinguish phylogenetic signal from noise, the data were analyzed using a wide range
of phylogenetic methods (maximum parsimony, distance, and maximum likelihood
analyses). Approximately unbiased tests, as well as homogeneity tests, were used to
assess confidence on the results. The data suggest that primary plastids from
glaucophytes branched before the divergence of green and red algal primary plastids.
The chl ¢ containing plastids are monophyletic and acquired their plastids from the
red algae after the emergence of the Cyanidiales. The relationships among chl ¢
containing plastids are hard to resolve. The data indicate that cryptophyte plastids are

basal to the chl c plastid clade, and that the haptophyte and peridinin-containing



dinoflagellate plastids are sister taxa. However, the number of secondary
endosymbioses that took place in the evolution of chl ¢ containing algae and the
relationships among the host cells remains uncertain. At least two hypotheses of host
cell evolution are congruent with the plastid tree presented here: the chromalveolate

and serial hypotheses.

Introduction

Plastids have a complex evolutionary history that includes primary,
secondary, and tertiary endosymbiotic events involving cyanobacteria and several
eukaryotic lineages (Delwiche 1999; Keeling 2004). Studies of molecular data have
partially clarified the pattern of plastid transfer and acquisition; complete plastid
genomes provide support for some clades, although resolution of other phylogenetic
questions is less clear, and different studies have at times reached conflicting
conclusions. In the present study, I aim to analyze a large plastid gene dataset to test
the evolution of plastids, with an emphasis on the red-lineage plastids. To understand
the reasons for conflict in previous studies, I applied a number of tests that assess
possible deviations of the data from the assumptions and perform a wide range of
phylogenetic analyses.

Oxygenic photosynthesis arose once in evolution in cyanobacteria and was
later acquired by unrelated eukaryotic lineages in several independent evolutionary
events (Delwiche 1999). A primary endosymbiotic event is one in which a
heterotrophic eukaryote engulfed a cyanobacterium and retained it as a permanent
endosymbiont. Following the establishment of endosymbiosis, the cyanobacterium

lost many of its genes, many others were transferred to the host nucleus, and ca. 100-



200 genes, depending upon the lineage, were retained as the plastid genome. Primary
plastids are surrounded by two membranes that are thought to correspond to the inner
and outer membranes of the cyanobacterial endosymbiont, and are found in at least
three algal lineages: red algae, green algae (including land plants), and glaucophytes
(Keeling 2004). Secondary endosymbiotic events are those where a heterotrophic
eukaryote acquired photosynthesis by engulfing a photosynthetic eukaryote (green or
red alga). In some cases, organisms with secondary plastids have themselves become
endosymbionts. Four photosynthetic lineages, namely haptophytes, dinoflagellates,
cryptophytes, and heterokonts, contain secondary plastids surrounded by 3-4
membranes, with chlorophyll ¢ as a main photosynthetic pigment. These plastids are
thought to be derived ultimately from the red algal lineage (Delwiche and Palmer
1997; Durnford et al. 1999; Yoon et al. 2002b; Bachvaroff et al. 2005). Even though
not all the members of these four lineages are photosynthetic or contain a plastid, I
will refer to them as the “chl ¢ containing algae”. The plastids of the red algae (herein
“red algal plastids™) together with the chl ¢ containing plastids derived from them are
here collectively called “red-lineage plastids”. The number of endosymbiotic events
giving rise to the plastids of the chl ¢ containing algae and the relationships among
them has not yet been determined.

Relationships among plastid lineages have proven difficult to resolve with
either DNA or protein sequence data. A number of phylogenies have been published
on this topic with conflicting results; in many cases the taxon sampling was low, or
analyses were based on a small number of genes, or both (Martin et al. 1998; Fast et

al. 2001; Ishida and Green 2002; Martin et al. 2002; Yoon et al. 2002b; Bachvaroff et



al. 2005; Yoon et al. 2005). In addition to limitations imposed by data availability
(i.e., gene and taxon sampling), potential shortcomings of the currently available
cpDNA data include analytical problems due to covarion or/and heterogeneous
evolution (Lockhart et al. 1998; Lockhart et al. 1999; Phillips et al. 2004; Ane et al.
2005). The central objective here is to analyze the available plastid data and study
possible reasons for conflict. Many previous studies have applied only a narrow range
of phylogenetic methods, and in at least some cases the analytical method seems to
have influenced the conclusions. Recently, more data have become available,
including the complete plastid genome of a haptophyte (Sanchez-Puerta et al. 2005)
and EST projects on dinoflagellates (Bachvaroff et al. 2004; Hackett et al. 2004), that
allowed us to perform phylogenetic analyses including all four lineages of chl ¢
containing algae based on a large number of characters. In the present study, I
examined a dataset fully representing the red-lineage plastids with as many genes as
is practical, and applied a range of phylogenetic methods, as well as compositional
homogeneity tests and approximately unbiased (AU) tests, to study the interaction
between dataset composition and analytical method in terms of phylogenetic
conclusions.

This study addresses four key issues of plastid evolution and hypotheses of
host cell evolution: the position of the glaucophyte plastid, monophyly or paraphyly
of red algal plastids, monophyly of the chl ¢ containing plastids, and relationships
among the chl ¢ plastids. I analyzed a 62-gene dataset using a variety of phylogenetic
methods including nucleotide and amino acid based analyses, as well as AU tests on

concatenated data.



Materials and Methods

Sequence acquisition and alignment

Sequences were downloaded from GenBank database at the National Center
for Biotechnology Information (NCBI), imported into MacClade 4.0 (Maddison and
Maddison 2000), and aligned by eye. Recently acquired data from the plastid genome
of the haptophyte Emiliania huxleyi were included (Sanchez-Puerta et al. 2005).
Peridinin-containing dinoflagellate sequences are from Amphidinium, Alexandrium or
Lingulodinium, depending on the availability. Table IV.1 shows the major lineages of
photosynthetic eukaryotes and the taxon sampling used for this study. Table I'V.2 lists
the GenBank accession numbers of all the sequences included in the phylogenetic
analyses.

Datasets including or excluding the dinoflagellate plastid were analyzed. The
reason for this is that plastid-associated genes in dinoflagellates show a higher rate of
evolution than those in other photosynthetic eukaryotes (Zhang et al. 2000;
Bachvaroff et al. 2006). Different relative rates in different lineages (condition known
as covarion evolution) have been implicated in incorrect phylogenetic inference due

to long-branch attraction artifact (Inagaki et al. 2004b).



Phylogenetic analyses

Single gene and concatenated nucleotide datasets were analyzed using
PAUP*4b10 (Swofford et al. 2002). Third codon positions were excluded from all
analyses. For the maximum likelihood (ML) analyses, first, a Fitch-Margoliash tree
was constructed using LogDet distances. Then, parameters for the ML were estimated
from the distance tree. In the likelihood analysis, the General Time Reversible model
with Invariant site and gamma correction was used (GTR + I +I') with four rate
categories. The model of substitution was selected using hierarchical likelihood ratio
tests from Modeltest v.3.5 (Posada and Crandall 1998). For the distance analyses, a
minimum evolution (ME) tree using LogDet distances was constructed. Bootstrap
analyses were performed using three random additions with nearest neighbor
interchange.

Single-gene and concatenated datasets based on amino acids were analyzed
with TreePuzzle 5.2 (Schmidt et al. 2002), under the JTT model of amino acid
substitution, with eight rate categories and invariant sites estimated from the dataset.
The concatenated analyses were also analyzed using ProML (PHYLIP 3.63) under the
JTT model of amino acid substitution with rate heterogeneity including invariant sites
and gamma-distributed rates in eight categories. An estimation of the parameters was
obtained from the analyses using TreePuzzle. For bootstrap analyses, 100 datasets
were created using the SEQBOOT program in the PHYLIP package. The consensus
bootstrap tree was obtained with the CONSENSE program of PHYLIP. In addition,
maximum parsimony (MP) analyses based on amino acid and nucleotide data (only

first and second positions) were performed using PAUP*. To assess compositional



homogeneity of the data, the amino acid and nucleotide frequency distribution of each
taxon was compared to the one estimated by the maximum likelihood model using

TreePuzzle, and the significance of the differences was evaluated with a chi square

test (Schmidt et al. 2002).

Approximately Unbiased (AU) tests

The CONSEL package (Schimodaira and Hasegawa 2001; Schimodaira 2002)
was used to assess confidence in tree selection by calculating the AU p values for the
different hypotheses tested: red-lineage plastid monophyly, red algal plastid
monophyly, chl ¢ plastids monophyly, a relationship of the glaucophyte plastid either
with the red-lineage plastids, the green lineage plastids or both, and alternate
affiliations of Mesostigma in the green plastid clade. Constrained trees were
compared to the most likely unconstrained tree. For the nucleotide-based analyses,
the most likely tree was found under ML using PAUP* using same parameters as
before, and the site likelihoods for each tree were used to calculate the AU p values.
For amino acid-based analyses, the codeml program from the PAML 3.14 package

(Yang 1997) was used to obtain the site likelihoods of the constrained trees.

Results

Individual gene analyses

Sixty-two individual gene sequences were analyzed and the support values for

a number of taxon bipartitions or specific clades from single gene trees are shown in



Tables IV.3 and IV.4. The majority of these analyses find low support for most
branches, although a few clades are well supported (Figures IV.1, IV.2). The
cyanobacterial, green plastid, and red-lineage plastid clades are in general moderately
or strongly supported (70-100% support values). When dinoflagellates are not
included, a few gene trees show unexpected relationships in the most likely tree
(Tables IV.3, IV.4). In all cases, these unexpected taxon bipartitions have low support
(<70% support) and are found in only one type of analysis based on nucleotide or
amino acid data.

Only 38 out of the 62 genes studied are available from peridinin-containing
dinoflagellates. When dinoflagellates are included, the dinoflagellate plastid is
associated in most single gene trees with the red-lineage plastid clade (Table IV.3).
However, some analyses show a relationship of the dinoflagellate plastid with other
taxa, in general with low support values (i.e. < 70%), and only recovered by one
analytical method. In a few cases the support values for these unexpected
relationships were moderate: petd (with Nephroselmis, 70 support value), chll (with

Cyanophora, 86), psaC (with Cyanophora, 71), psaJ (with Synechocystis, 70).

Concatenated gene analyses

Several concatenated datasets (Table IV.5) were constructed and analyzed
using amino acid and nucleotide based methods. Excluding dinoflagellates, two
different datasets were considered. The most comprehensive dataset contains all the
genes under study (62-gene dataset). I constructed a second dataset (24-gene dataset)

in which the genes that show a higher rate of evolution as determined by Hagopian et



al. (2004) were excluded and none one of the taxa (except Cyanidium) fail the
compositional homogeneity chi square test of amino acid frequency distribution
(Schmidt et al. 2002). I also performed analyses based on the 24-gene dataset
excluding Cyanidium and the results (data not shown) were practically identical to
those analyses including Cyanidium. Concatenated datasets including dinoflagellate
sequences (Table IV.5) are limited by the data available (38 out of the 62 genes
analyzed). One of the datasets (38-gene dataset) includes all of the available
sequences. Another dataset (15-gene dataset) was constructed, in which the genes that
show an extreme rate of sequence evolution leading to the dinoflagellate (Bachvaroff
et al. 2006) were excluded, and all taxa passed the chi square test for amino acid
frequency distribution.

All the analyses of these concatenated datasets found strongly supported
clades, such as cyanobacteria, green plastids and red-lineage plastids (Figures V.3,
IV.4). In addition, some taxon bipartitions are present in all analyses with high
support: Arabidopsis + Chaetosphaeridium, Porphyra + Gracilaria, Cyanidium +
Cyanidioschyzon. Maximum Parsimony analyses (data not shown) agree in general
with the results from the ML analyses. A red + green plastid clade is well supported
by most datasets based on amino acid data. Nucleotide based analyses display a
relationship of red-lineage plastids with Cyanophora, but in most cases the support is
low.

Monophyly of red algal plastids is moderately supported by nucleotide ML
analyses based on all datasets. On the other hand, red algal plastids are paraphyletic

with respect to the chl ¢ plastids in all amino acid based analyses under MP or ML,



whether or not the dinoflagellate is included. Given the incongruities between
analyses based on nucleotides and amino acids (using the 62- and 24-gene datasets, in
particular), LogDet distance analyses, and analyses including only the second codon
position were performed. The nucleotide ML analyses based on the 62-gene and 24-
gene datasets including only the second codon position, and the LogDet distance
analysis based on the 62-gene dataset show the red algal plastids as paraphyletic
(Figure IV.3). I also recoded the nucleotide data and amino acid data from the 62-
gene dataset hoping to reduce the effect of compositional bias. The four-state
nucleotide alignments were converted as RY-coding, while I converted all lysine
residues into arginines (K=R) and all valine, leucine and methionine residues into
isoleucines (I=V=L=M). The trees (data not shown) were not significantly different
from the analyses of the original datasets.

Chl ¢ containing plastids form a strongly supported clade using the 24-gene
and 15-gene datasets, both in nucleotide and amino acid analyses (Figures I'V.3,
IV.4). In other analyses, where chl ¢ plastids are not monophyletic (62- and 38-gene
datasets), Guillardia and Emiliania form a highly supported monophyletic group,
while Odontella is found sister to all red-lineage plastids with low to moderate
support, or sister to a clade formed by Porphyra, Gracilaria, Emiliania and
Guillardia. In the 38-gene nucleotide analysis, Odontella is sister to the dinoflagellate
with low support. In amino acid MP analyses using the 62-gene dataset, chl c plastids
are monophyletic and Emiliania is sister to Odontella with moderate support (data not
shown). In the 24-gene analyses, where chl ¢ plastids are monophyletic, Odontella is

sister to Emiliania with strong support (93-99) and Guillardia is basal to this clade. In



the amino acid based 15-gene analysis, Emiliania forms a clade with the
dinoflagellate with strong support (93), and this clade is sister to Odontella (92). The
nucleotide-based 15-gene analysis shows Emiliania sister to Odontella with low
bootstrap support (65), and this clade is sister to the dinoflagellate (61). In all
analyses based on the 15-gene dataset, Guillardia is basal to all chl ¢ plastids with

low (61) to strong support (92).

Approximately Unbiased (AU) test

The AU test was used to assess confidence in several phylogenetic hypotheses
(Schimodaira 2002). In this test, a set of trees are constructed where individual nodes
are constrained and the best tree compatible with this constraint is found. The site
likelihoods of this set of trees are then compared using the AU test. No combination
of glaucophyte, green, and red-lineage plastids is rejected by AU tests based on either
nucleotide or amino acid analyses. Also, monophyly of red algal plastids and chl ¢
containing plastid monophyly are not rejected by any analysis or dataset tested. A
clade formed by Porphyra, Gracilaria, Emiliania and Guillardia, to the exclusion of
Odontella and Cyanidiales is rejected by all datasets, except the 62-gene nucleotide
dataset. All possible plastid associations within the chl ¢ containing plastid clade were
also tested. The only hypothesis that is widely rejected is a sister relationship of
Odontella and Guillardia, which is rejected by the 62- and 24-gene datasets based on
nucleotide or amino acid data and the 38- and 15-gene datasets based on nucleotides.
The sisterhood of Emiliania + Guillardia is rejected by the 25-gene dataset based on

amino acids. All other possible relationships are not rejected by any dataset.



Discussion

A heated debate exists regarding the relative importance of taxon sampling
and site sampling in phylogenetic analyses, while limited resources force
compromises between the number of genes vs. taxa included in the analyses. Large
concatenated datasets reduce sampling error that can affect single or a few gene
analyses, but run the risk of incorporating discordant data (Martin et al. 2005).
Nonetheless, despite the desirability of large datasets and dense taxon sampling, real
analyses are limited to the available data. Here, I analyzed large datasets derived from
complete plastid genomes and nuclear-encoded plastid-targeted genes to study plastid
evolution in several eukaryotic lineages (Table IV.1). In an attempt to distinguish
phylogenetic signal from noise, a broad range of analyses were performed, with
bootstrapping and AU tests to assess confidence in the results.

I observed that combining a high number of plastid-associated genes with
dissimilar evolutionary rates affects the inference of evolutionary relationships, as
does inclusion of taxa with biased amino acid and nucleotide frequency distribution.
Analyses based on more consistent datasets (see below) suggest that secondary
plastids from chl ¢ containing algae were acquired from red algae after the divergence
of Cyanidiales from the other red algae, and that chl ¢ containing plastids form a
monophyletic group. Novel findings include the position of the cryptophyte plastid
basal to the chl c plastid clade, and the peridinin-containing dinoflagellate plastid
sister to the haptophyte plastid. Overall, to the best of my knowledge, these results
represent the largest presently available dataset able to examine the relationships

among all chl ¢ containing plastids.



Individual gene analyses

In general, single gene phylogenies are not strongly supported, presumably
because of the small number of characters included in each analysis. In most cases the
best tree showed cyanobacteria, green plastids, and red-lineage plastids to be
monophyletic with moderate to strong support, while relationships within those
clades were typically unresolved. In general, I did not find significant incongruence
between single-gene phylogenies.

Morphological and ultrastructural data lead most investigators to infer that the
peridinin-containing dinoflagellate plastid is derived from the red algae (Gibbs 1978;
Cavalier-Smith 1999; Fast et al. 2001). However, in single gene analyses the
dinoflagellate plastid often grouped with green plastids, the glaucophyte plastid, or
cyanobacteria. This could be explained by lateral gene transfer from a green alga,
glaucophyte, or cyanobacteria to the dinoflagellate (Hackett et al. 2004), or it could
be an artifact of the data or the analytical method. To distinguish between these
possibilities, I further analyzed the genes that found unexpected relationships. First, I
observed that most of these relationships (11 out of 18) are found in only one type of
analysis (i.e. nucleotide but not amino acid analyses of the same gene, or vice versa).
In addition, in five cases the taxa involved in the unexpected relationship violated the
underlying assumption of symmetric substitution. For example, rpl5, rps9, and atpH
showed the dinoflagellate plastid sister to the green or glaucophyte plastid with
moderate support, and in those cases, the dinoflagellate sequence failed the amino

acid frequency distribution chi square test. AU tests were performed on these genes,



and none of them rejected a clade associating the dinoflagellate plastid with red-
lineage plastids. Similarly, the cIpC tree showed a dinoflagellate + Synechocystis
clade, with Synechocystis falling among the red plastids, and the Synechocystis clpC
sequence failed the chi square test. That is also true with Chaetosphaeridium in the
tufA analysis, with Chaetosphaeridium lying among the red plastids, sister to the
dinoflagellate plastid, and failed the homogeneity test. Therefore, the apparent close
association of some dinoflagellate plastid genes with green or glaucophyte genes can
be explained by analytical artifacts, and may not be the result of horizontal gene

transfer.

Reliability of different datasets and analytical methods

A number of concatenated datasets were constructed and analyzed in this
study, using both amino acid and nucleotide data. Substantial contradictory
relationships were observed to be a function of analytical methods and type of data.
For example, the 24-gene dataset showed a moderately supported red algal plastid
clade in the nucleotide analysis, while protein analysis found a strongly supported
plastid clade formed by two red algal plastids from Porphyra, Gracilaria, and the chl
c plastids (Figure I'V.3). This was also true when Cyanidium was excluded from the
analyses (data not shown).

To understand organismal phylogeny, it is essential to understand the basis for
such apparent conflict from different data types and analytical methods. One

explanation for differences in the trees found by amino acid vs. nucleotide data could



be compositional bias. Synonymous substitutions in nucleotide data lead to higher
evolutionary rates, and the affected positions can saturate rapidly with a consequent
risk of showing a misleading phylogenetic signal. A common approach to this
problem, particularly if the sequences also display some compositional bias, is to
exclude the third codon position from nucleotide analyses, but synonymous
substitutions can also occur in first codon positions with the same frequency, and
these could have an important effect on the phylogenetic analysis (Inagaki et al.
2004a). Therefore, I performed ML analysis including only the second codon
position, which is less susceptible to multiple substitutions than the other two, but
reduces the total information available by roughly two thirds. In this analysis, the tree
did not show a red algal plastid clade, in agreement with the amino acid based tree.
Another way to compensate for compositional bias is to use LogDet distance
analyses. LogDet/Paralinear distance analyses are known to be robust to
heterogeneous base composition (Lake 1994). However, the 24-gene LogDet tree
showed a monophyletic red algal clade when first and second codon positions were
included (Figure IV.3). It seems that LogDet could not deal correctly with the
compositional heterogeneity under these particular conditions. The reasons why
LogDet sometimes fails to recover the expected tree topology from compositionally
heterogeneous alignments are still unclear (Jermiin et al. 2004). I also examined the
codon usage of the amino acids that are susceptible to synonymous substitutions in
the first codon position: leucine, serine and arginine. Inagaki et al (2004a) showed
that codon usage heterogeneity affected the inference of evolution using pshA4 gene

because of an unusual pattern in the first codon position shared by two unrelated



lineages. I performed similar tests to characterize the bias in the 24-gene dataset.
Analyses of compositional bias showed that Porphyra, Gracilaria, and the
Cyanidiales share a common codon usage pattern for arginine (Figure I'V.5). This bias
could explain the strongly supported monophyly of the red algal plastids found by the
nucleotide based analysis and not shown in the amino acid based analysis.
Phylogenetic methods assume a symmetric substitution model, and are not
particularly robust to an asymmetric (biased) substitution processes (Lockhart et al.
1999; Phillips et al. 2004; Martin et al. 2005). The program TreePuzzle performs a
chi-square test on the data and compares the amino acid or nucleotide composition of
each sequence to the frequency distribution assumed in the model (Schmidt et al.
2002). Analyses of compositional bias of nucleotide data (including or excluding the
third codon position) showed that at least five taxa from each dataset rejected the
homogeneity test. Compositional bias can also affect protein data and is known to
have a strong influence on phylogenetic inference (Phillips et al. 2004). Thus, a
dataset where this assumption is not violated would be preferable to one with known
compositional bias. In most of the datasets investigated, the amino acid composition
of the proteins from Nostoc, Synechocystis, Gracilaria, Cyanidioschyzon, Cyanidium,
and Nephroselmis differed at p = 0.05 from the expected frequency distribution
(Table IV.5). In two of the datasets presented here (24-gene and 15-gene dataset),
none of the sequences violate this assumption (except Cyanidium in the 24-gene
dataset; however, analyses excluding this taxon found similar trees); and thus, the
trees found by the analyses based on these datasets might be expected to be more

reliable than the others.



Relationships among glaucophyte, red, and green plastids and their host

cells

Relationships among the three primary plastids and their host cells have been
widely investigated, with multiple nuclear or mitochondrial gene analyses showing
contradictory results. One hypothesis states that multiple independent primary
endosymbiotic events took place in evolution, and glaucophytes, red, and green algae
are not closely related to each other (Bhattacharya et al. 1995; Nozaki et al. 2003b;
Stiller et al. 2003). Alternative associations of these three lineages with other
eukaryotic groups have been recovered but in all cases they were poorly supported
(Bhattacharya et al. 1995; Van de Peer and De Watcher 1997; Baldauf et al. 2000).
Another hypothesis states that only one primary endosymbiosis gave rise to the
Plantae, comprising glaucophytes, red, and green algae (Keeling 2004). In support of
this hypothesis, a number of studies based on multiple nuclear or mitochondrial genes
showed that green and red algae form a monophyletic clade called Plantae or
Archaeplastida (Delwiche et al. 1995; Burger et al. 1999; Moreira et al. 2000;
Philippe et al. 2004; Sanchez-Puerta et al. 2004), with the placement of the
glaucophytes less certain. A recent study based on 143 nuclear genes from 34
eukaryotes recovered a strongly supported Plantae clade (Rodriguez-Ezpeleta et al.
2005), but the taxon sampling was poor and did not include most of the conflicting
lineages.

If we assume a single primary endosymbiotic event prior to the divergence of

glaucophytes, red, and green algae, analyses of plastid genes would not only describe



the evolution of primary plastids, but also host cell phylogenetic relationships. In the
present study, most amino acid analyses, including the 24 and 15-gene datasets, found
trees with high support for a clade formed by green and red-lineage plastids, with the
glaucophyte plastid at the base. Therefore, the results presented here are consistent
with a single endosymbiotic event before the divergence of these three algal lineages
where glaucophytes branched before the green and red algae evolved (Figure IV.6).
However, these data test only plastid relationships, and analyses including a wider
range of cyanobacteria might show that primary plastids from these three lineages
were acquired in independent primary endosymbioses from different cyanobacteria.
And even if the three primary plastid lineages are all monophyletic, that doesn’t

guarantee that they are the result of a single endosymbiotic event.

Other observations: green plastid phylogeny

The placement of the green alga Mesostigma remains unknown.
Ultrastructural characteristics place it with the charophytes; however, molecular data
supported conflicting phylogenetic relationships. Previous phylogenetic analyses
showed support for different affiliations: either Mesostigma emerged before the
divergence of chlorophytes and streptophytes (Lemieux et al. 2000; Hagopian et al.
2004), or it was sister to the charophyte algae and embryophytes (Karol et al. 2001;
Martin et al. 2002). The latter hypothesis is consistent with the results presented here.
In this study, the position of Mesostigma varied depending on the analyses and the
dataset used (Figures IV.3, IV.4), but most analyses displayed strong support for a

clade formed by Arabidopsis, Chaetosphaeridium and Mesostigma, with



Nephroselmis basal to the green plastid clade. Also, the 62- and 15-gene datasets
based on nucleotides rejected a basal placement of Mesostigma within the green

plastid clade.

Red algal plastids are monophyletic or paraphyletic?

It is an open question whether the chl ¢ containing algae acquired their
plastids before or after the divergence of the Cyanidiales from the rest of the
rhodophytes (Yoon et al. 2002b; Nozaki et al. 2004; Yoon et al. 2005). If the
secondary endosymbiotic event(s) between chl ¢ containing algae and rhodophytes
occurred before the diversification of extant groups of red algae, then, the red algal
plastids known today should form a monophyletic clade. Previous analyses based on
a concatenated plastid-encoded or nuclear-encoded plastid-targeted genes found
contradictory results (Yoon et al. 2002b; Nozaki et al. 2004; Yoon et al. 2005). In the
present study, amino acid based analyses did not find red algal plastids to be
monophyletic and showed moderate to strong support for a clade formed by chl ¢
plastids and Porphyra + Gracilaria. In the nucleotide based analyses I detected
artificial results due to compositional bias (see above). Overall, these results suggest
that the chl ¢ containing algae acquired their plastids after the divergence of
Cyanidiales from other red algae and before the divergence of members of the class
Bangiophyceae (Porphyra) and those of the class Florideophyceae (Gracilaria,
Figure IV.6). Additional analyses including wider taxon sampling of red algae would

describe more accurately the source of the chl ¢ containing plastids.



Are chl ¢ containing plastids monophyletic?

The monophyly of the chl ¢ containing plastids has been evaluated using both
single and multi-gene phylogenies, and also by correlation analyses of complete
plastid genomes with results that were often times contradictory. Analyses of a few
concatenated plastid genes showed support for monophyly of the chl ¢ plastids (Yoon
et al. 2002b; Bachvaroff et al. 2005; Yoon et al. 2005). In contrast, analyses based on
much larger datasets of plastid genes, but including two chl c plastid lineages, did not
find a chl ¢ plastid clade (Martin et al. 2002; Hagopian et al. 2004). Nuclear-encoded,
plastid-targeted gene analyses argued in favor of a single origin of chl ¢ containing
plastids (Fast et al. 2001; Ishida and Green 2002; Harper and Keeling 2003; Patron et
al. 2004). In the present study, monophyly of chl ¢ containing plastids was highly
supported by the most conservative datasets, 24 and 15-gene analyses using both
nucleotide and amino acid data. In the analyses where these plastids were not found
to be monophyletic, the support for other relationships was low and none of the AU
tests based on these data rejected their monophyly. Therefore, the results shown here
suggest monophyly of the chl ¢ containing plastids derived from the red algae (Figure
IV.6A). However, this information does not directly address the number of

endosymbiotic events that took place in the evolution of these lineages.

Are chl ¢ containing host cells monophyletic?

A monophyletic chl ¢ plastid clade (Figure IV.6A) is congruent with at least
two different host cell evolutionary hypotheses (Figure IV.6B, C). One possibility is

that chl ¢ containing host cells are also monophyletic (“chromalveolate hypothesis”,



Figure IV.6B), and only a single secondary endosymbiosis with a red alga had
occurred prior to the divergence of the four chl ¢ containing lineages (Cavalier-Smith
1986; Cavalier-Smith 1999). Under this assumption, several heterotrophic lineages
that diverged early in the evolution of cryptophytes, heterokonts, and alveolates lost
their plastids and are considered secondarily heterotrophic (e.g., ciliates). Many
scientists remain skeptical about the chromalveolate hypothesis, in part because
molecular data do not support the monophyly of the host cells (Medlin et al. 1997;
Sanchez-Puerta et al. 2004; Harper et al. 2005), and also because analyses of the
nuclear genome of the heterotrophic oomycete Phytophthora infestans and the ciliate
Tetrahymena thermophila did not find any plastid-derived genes (but see (Andersson
and Roger 2002) as predicted by this hypothesis.

Alternative hypotheses can also be postulated, describing independent
endosymbiotic events among chl ¢ containing organisms (Cavalier-Smith et al. 1994;
Delwiche 1999; Bachvaroff et al. 2005). For example, the “serial hypothesis” states
that the host cells are not closely related, and that the plastids that derived from the
red algae were passed on among the chl ¢ containing lineages in 2-4 separate
endosymbiotic events. This hypothesis is also consistent with the plastid evolution
described in Figure IV.6A, where chl ¢ containing plastids share a common ancestor
from the red algae. A specific case of this hypothesis is shown in Figure IV.6C
(several variants of this hypothesis could also be proposed), where a cryptophyte
engulfed a red alga and kept it as a permanent endosymbiont. In this hypothesis, a
heterokont subsequently acquired the plastid from a cryptophyte in a tertiary

endosymbiotic event, and even later, a haptophyte engulfed a heterokont. The



dinoflagellate plastid is also assumed to have been derived from a haptophyte. This
hypothesis is quite complex because it invokes several independent endosymbiotic
events, but it is not necessarily less parsimonious than a single endosymbiotic event
given current data on host and plastid relationships. A permanent establishment of the
endosymbiont in the host cell environment requires a number of processes to occur,
such as developing a mechanism for importing proteins into the plastid, and
acquisition of signal and transit peptides by the nuclear-encoded plastid-targeted
genes (Cavalier-Smith 1999). Because the mechanisms by which such adaptations
occur are poorly understood, it is impossible to model expectations for their

probability at this time.

Relationships among chl ¢ containing plastids

Relationships within the chl ¢ containing plastid clade are still uncertain,
especially when the rapidly evolving peridinin-containing dinoflagellate sequences
are included. Previous analyses based on 5 or 9 plastid genes showed the cryptophyte
plastid basal to the chl ¢ plastid clade and a sisterhood of Emiliania + Odontella
(Yoon et al. 2002b; Bachvaroff et al. 2005). In contrast, other analyses based on
plastid-encoded or nuclear-encoded plastid-targeted genes showed the haptophyte
plastid as sister to other chl ¢ plastids (Daugbjerg and Andersen 1997; Harper and
Keeling 2003; Patron et al. 2004). Here, when the dinoflagellate is not included, the
62-gene dataset supports the sisterhood of Emiliania + Odontella, and the 24-gene

analysis, which may be more reliable (see above), supports the relationship Emiliania



+ Odontella, with Guillardia sister to that clade, and rejects the clade formed by
Emiliania + Guillardia.

Phylogenetic relationships of the peridinin-containing dinoflagellate plastid
are difficult to resolve due to the high rate of evolution observed in many plastid-
associated genes in this group (Zhang et al. 1999; Zhang et al. 2000; Bachvaroff et al.
2006). Previous multigene analyses based on plastid-encoded genes showed
Guillardia at the base of the chl ¢ clade, but the relationships among heterokont,
haptophyte and dinoflagellate plastids were not well supported (Durnford et al. 1999;
Ishida and Green 2002; Bachvaroff et al. 2005; Yoon et al. 2005). One analysis
showed strong support for haptophyte + dinoflagellate plastids (Yoon et al. 2002a),
but this result was based on the gene psbA which was later shown to have a
misleading phylogenetic signal when using current analytical methods (Inagaki et al.
2004a; Bachvaroff et al. 2005). Phylogenetic analyses based on nuclear-encoded
plastid-targeted genes, where the dinoflagellate sequences have a rate of evolution
similar to the other taxa, found the haptophyte plastid at the base of the chl ¢
containing plastid clade with moderate support (Harper and Keeling 2003; Patron et
al. 2004). In the present study, the 15-gene protein analysis showed a strong
association of the dinoflagellate with Emiliania (93), this clade sister to Odontella

with high support (92) and Guillardia basal to the clade (Figures IV.4, IV.6A).

Conclusions

Phylogenetic inference based on sequence data intends to recover the genuine

evolutionary history given the assumptions implicit in the alignment and in the



analytical method. However, signals other than the historical one can mislead
analytical methods particularly when there are violations of the assumptions of the
method. Under most common analytic methods in use todays, it is difficult, for
example, to accommodate highly compositionally biased datasets. (Martin et al.
2005). Covarion (for proteins, covariotide for nucleotides) evolutionary patterns, as
well as heterogeneous evolution (asymmetrical substitutions leading to compositional
heterogeneity among lineages) have been shown for other plastid gene datasets
(Lockhart et al. 1999; Ane et al. 2005; Martin et al. 2005). Models that are flexible
enough to accommodate deviations from traditional assumptions are often parameter-
rich, and therefore computationally difficult and often lacking in power. It is therefore
desirable to use the simplest method that is consistent with the characteristics of the
data (Edwards 1972). In this paper, I tested the data for compositional bias, applied
different methods to compensate for it (LogDet distance estimates, recodification of
the data, use of amino acids), and reduced the number of useable genes from 62 to 24
to analyze a more homogeneous dataset. These analyses indicate that chlorophyll ¢
containing plastids are monophyletic, and were acquired from the red algae after the
divergence of the Cyanidiales; that Guillardia is basal to this clade; and that the
haptophyte plastid seems to be sister to the dinoflagellate plastid. These data also
indicate that any conclusions using current data and phylogenetic analyses should be
considered provisional pending substantially more thorough taxon sampling,
assembly of large, multi-gene datasets, and application of analytical methods that can

accommodate heterogeneity in the data.



Chapter V — The Heterotrophic Dinoflagellate
Crypthecodinium cohnii Descends from a Plastid-bearing

Ancestor, Suggesting an Earlier Acquisition of Plastids

Abstract

Dinoflagellates are a diverse group of protists, comprising photosynthetic and
heterotrophic free-living species, as well as parasitic ones. About half of them are
photosynthetic with peridinin-containing plastids being most common. The peridinin-
type plastid has been lost and replaced many times by other plastid types. Among
dinoflagellates, photosynthetic species form a derived monophyletic clade while basal
lineages are heterotrophic. It has been suggested that plastid acquisition occurred in
the common ancestor of all photosynthetic dinoflagellates after the divergence of
basal heterotrophic ones. An alternative hypothesis proposes an earlier plastid
acquisition before the divergence of dinoflagellates and three other algal groups,
namely cryptophytes, haptophytes, and heterokonts. Both hypotheses are consistent
with the data available today. Studies of heterotrophic species from these lineages
may increase our understanding of plastid evolution. I analyzed an EST project on the
early-divergent heterotrophic dinoflagellate Crypthecodinium cohnii looking for
evidence of past endosymbiosis. A significant number of genes of cyanobacterial or
algal origin were identified using the BLAST tool from NCBI. Proteins known to be
involved in plastid functions were used to directly search the C. cohnii database.

Phylogenetic analyses suggest that several proteins could have been acquired from a



photosynthetic endosymbiont, arguing for an earlier plastid acquisition event. In
addition, a putative N-terminal targeting signal was detected, indicating that C. cohnii
may contain a reduced plastid and that some of these proteins are imported into this
organelle. A number of metabolic pathways, such as heme and isoprenoid
biosynthesis, and iron-sulfur cluster assembly, seem to take place in the plastid. This

represents the first extensive genomic analysis of a heterotrophic dinoflagellate.

Introduction

Dinoflagellates are biflagellate, unicellular eukaryotes that live in marine and
freshwater environments. Although about half of all dinoflagellates are heterotrophic,
previous genome scale analyses of dinoflagellates have been limited to photosynthetic
members. Apicomplexans (e.g., Plasmodium, the causative agent of malaria) and
ciliates are dinoflagellates’ closest known relatives and they are collectively called
Alveolates, based on the cortical alveoli shared by these three lineages (Cavalier-
Smith 1991). Alveolates themselves may be sibling taxon to the Chromists sensu
Cavalier-Smith (1991), constituting a major eukaryotic lineage termed
Chromalveolates (Cavalier-Smith 1999). Dinoflagellates form an ecologically diverse
group, including photosynthetic, heterotrophic, and mixotrophic free-living species,
as well as parasitic ones (Schnepf and Elbréachter 1992). Different dinoflagellate
species host a variety of plastid types, and are photosynthetic. The most common
plastid contains peridinin as the main accessory pigment. Plastids from peridinin-
containing dinoflagellates, heterokonts, haptophytes, and cryptophytes (collectively
called “chl ¢ plastids”) are derived from the red algal lineage, contain chlorophyll c,

and form a monophyletic clade (Yoon et al. 2002b; Bachvaroff et al. 2005). Other



lineages of dinoflagellates replaced the peridinin-type plastid with another one
acquired from a green alga, a cryptophyte, a haptophyte, or a diatom (Cavalier-Smith
1999; Delwiche 1999; Bhattacharya et al. 2003). Molecular studies have shown that
photosynthetic dinoflagellates descend from a common ancestor while several
heterotrophic dinoflagellate lineages are basal to this clade (Gunderson et al. 1999;
Saldarriaga et al. 2001; Leander and Keeling 2004). In addition, presumably
heterotrophic lineages sister to the photosynthetic dinoflagellate clade have been
identified through environmental sampling (Lopez-Garcia et al. 2001). The
monophyletic origin of all photosynthetic dinoflagellates led to the idea that plastid
acquisition in this group occurred in the common ancestor of all photosynthetic
dinoflagellate species after the divergence of the basal heterotrophic lineages
(Saunders et al. 1997; Saldarriaga et al. 2001). Under this hypothesis, early-divergent
heterotrophic dinoflagellates would never have contained a plastid. Apicomplexans,
sister taxa to the dinoflagellates, possess a non-photosynthetic plastid (apicoplast)
with a remnant plastid genome (Foth and McFadden 2003). It is still controversial
whether the source of this organelle is derived from a green or red algal
endosymbiont (Funes et al. 2004). Strong evidence for a red ancestry of the apicoplast
comes from studies of the gene GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) (Fast et al. 2001).

Acquisition of organelles is a complex process that involves the integration of
both endosymbiont and host genomes. The endosymbiont could be a cyanobacterium,
or a photosynthetic eukaryote engulfed by a heterotrophic eukaryote in a primary or

secondary endosymbiotic event, respectively (Delwiche 1999; Bhattacharya et al.



2003). Upon endosymbiosis, a number of genes from the endosymbiont are
transferred to the nuclear genome of the host cell (Martin et al. 1998). In general,
protein products of the genes transferred to the nucleus are targeted back to the plastid
aided by an N-terminal targeting signal (Kroth 2002). Considering the complexity of
this process, a minimum number of endosymbiotic events giving rise to all plastids
has been postulated; however, many of theses lineages, including dinoflagellates,
have nonphotosynthetic members (Cavalier-Smith 1981; Cavalier-Smith 2002). A
single plastid acquisition for all chl ¢ containing algae would indicate that
nonphotosynthetic lineages had once contained a plastid. To the best of my
knowledge, no evidence of past endosymbiosis has been found in the nucleus of
ciliates, or in basal heterotrophic dinoflagellates. Genome analysis of those
heterotrophic organisms would be beneficial to elucidate the evolution of the group
and the estimated time of plastid acquisition.

Crypthecodinium cohnii is an early divergent, non-photosynthetic marine
dinoflagellate. As an osmotroph it can be easily cultivated by adding glucose and
acetate as primary carbon sources (Javornicky 1962; Tuttle and Loeblich 1975). This
species is important for its production of docosahexaenoic acid (DHA), which is
being used in commercial processes (Sijtsma and Swaaf 2004). Evolutionary
relationships of C. cohnii are currently under study. Phylogenetic analyses show C.
cohnii sister to the photosynthetic dinoflagellate clade (Saunders et al. 1997; Litaker
et al. 1999; Saldarriaga et al. 2003; Leander and Keeling 2004; Zhang et al. 2005), or
embedded in a clade with photosynthetic dinoflagellates (Saldarriaga et al. 2001;

Saldarriaga et al. 2003; Murray et al. 2005), but in most cases the phylogenetic



position is essentially unresolved. Some authors believe, based on morphological
data, that C. cohnii is a member of the Gonyaucales (Fensome et al. 1999; Saldarriaga
et al. 2001; Murray et al. 2005), and that it is secondarily heterotrophic (Saldarriaga et
al. 2001). In contrast, recent phylogenetic analyses based on the mitochondrial gene
cytochrome b (cob) show C. cohnii outside the clade of plastid-containing
dinoflagellates with moderate to strong support (Zhang et al. 2005).

In the present study, I analyzed an EST (expressed sequence tag) library from
C. cohnii to look for evidence of past endosymbiosis. The first goal was to search for
putative plastid-associated genes in the nuclear genome of C. cohnii. Plastid-
associated genes are defined here as genes that are plastid-encoded, plastid-targeted
nuclear-encoded, or nuclear-encoded genes that originated in a photosynthetic
endosymbiont that may or may not be plastid-targeted. I identified a significant
number of genes of cyanobacterial or algal origin by comparing the sequences with
GenBank database using BLAST. Phylogenetic analyses indicate that some of these
proteins could have been acquired from a photosynthetic endosymbiont. In addition, a
putative N-terminal targeting signal has been detected in some of the proteins,
suggesting that C. cohnii contains a plastid and that these proteins are imported into
this organelle. Putative metabolic pathways that may take place in the plastid are
described and compared to other plastid-containing organisms. This represents the

first extensive genomic analysis of a heterotrophic dinoflagellate.



Materials and Methods

Strain and cultivation

The strain of Crypthecodinium cohnii Seligo under study was isolated from
the non-clonal ATCC #30340 culture. C. cohnii was grown in 50 g/L glucose, 6 g/L

yeast extract, and 10% artificial seawater at 27°C and pH 6.7.

Library construction, sequence and analysis

The cDNA sequences analyzed here were identified in an EST survey of C.
cohnii, from which all genes associated with fatty acid biosynthesis have been culled.
The cDNA library construction and sequencing was described elsewhere (Lippmeier
et al. 2002). The sequences were assembled and the unique sequence reads or contigs
were compared to the nonredundant and EST NCBI sequence databases using the

BLAST tool. Only blast hits with an E-score < 10™* were considered further.

Identification of plastid-associated genes

A C. cohnii database with blast results was searched for genes whose top blast
hit corresponded to plants, algae, or cyanobacteria. In addition, the function of the
gene and the metabolic pathway were assessed using KEGG

(http://www.genome.jp/kegg/). Proteins known to be involved in plastid functions

were also used to directly search the C. cohnii database. Twenty-nine EST sequences

have been deposited in GenBank under the accession numbers EB086306-EB086334.



Phylogenetic analyses

I further analyzed the putative plastid-associated genes to infer their
phylogenetic origin. Potential homologs of those genes were obtained from GenBank
database and aligned manually using MacClade (Maddison and Maddison 2000).
Single-gene datasets based on amino acids were analyzed with TreePuzzle 5.2
(Schmidt et al. 2002), under the JTT model of amino acid substitution (Jones et al.
1992), with eight rate categories and invariant sites estimated from the dataset. ML
protein analyses were done using PhyML (Guindon and Gascuel 2003) with four
gamma-distributed rate categories and invariant sites estimated from the dataset.

Support for branches was obtained by bootstrapping with 100 replicates.

Targeting prediction

The correct translation frame of each protein was inferred from blast results
and alignment of the proteins was useful for detecting an N-terminal presequence in
some of C. cohnii genes. Targeting signals were predicted using SignalP

(http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al. 2004), and ChloroP

(http://www.cbs.dtu.dk/services/ChloroP/) (Emanuelsson et al. 1999). The program

ChloroP predicts the presence of a chloroplast transit peptide (¢TP) and peptidase
cleavage site. This program has been trained with green algal sequences
(Emanuelsson and Heije 2001), and thus, it may not be particularly helpful to detect
transit peptides in other photosynthetic lineages, such as dinoflagellates. The program
SignalP detects signal peptides, as well as signal peptidase cleavage site
(Emanuelsson and Heije 2001) and it may be the most useful to detect targeting

signals for secondary plastids (Obornik and Green 2005).



Results

Putative plastid-associated genes in C. cohnii

A total of 18,399 clones have been sequenced from an EST project of the
dinoflagellate C. cohnii, representing 5,505 unique sequences. Figure V.1 indicates
the steps leading to the detection of putative plastid-associated genes in C. cohnii.
First, genes were considered likely to be plastid-associated when the top blast hit
corresponded to cyanobacterial or plant gene sequences. A significant number of
unique sequences (415) had their most significant similarity (based on blastx results
against nr NCBI database) to Arabidopsis, Oryza, Synechococcus, Nostoc, or
Synechocystis. From this list of genes, I identified those in which the blast results
included plastid-targeted proteins in other organisms, such as plants, and I recorded
the metabolic pathway to which they belong. Phylogenetic analyses of putative
plastid-associated genes were performed whenever possible depending on availability
of homologous sequences from other organisms. In some cases, too few homologs
were available to enable meaningful phylogenetic analysis. The proteins encoded by
putative plastid-associated genes in C. cohnii were also analyzed using two target
prediction programs: ChloroP and SignalP. For some proteins, only a partial sequence
was present and did not include the targeting signal; in such cases, it was not possible
to predict where the sequence would be targeted. A protein was considered to be a
candidate plastid-associated gene when the trees showed a close relationship with
plants, algae, or cyanobacteria (see below). For those proteins with a predicted

plastid-targeted signal, hydropathy plots were obtained. Overall, 18 genes are strong



candidates for plastid-associated genes, and ten are predicted to be localized to the

plastid (Table V.1).

Phylogenetic analyses

A gene encoding rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase)
was identified in C. cohnii. Phylogenetic analyses show a close relationship to
peridinin-containing dinoflagellate form II rubisco, which shares a common ancestor
with alpha-proteobacteria (Figure V.2). Two other well-supported clades correspond
to form I rubisco, including green algal and cyanobacterial form Ia and red algal (plus
organisms with red algal-derived plastids) form Ib rubisco. A plastid-targeting signal
consisting of a signal peptide and a transit peptide was predicted for C. cohnii rubisco
(Table V.1).

Individual phylogenetic analyses are, in general, not fully resolved due to the
small alignment size (Table V.1). Eight genes from C. cohnii show moderate to
strong support for a relationship with other algae (red or green algae, including
plants) and/or cyanobacteria (Figures V.2-V.4). Phylogenetic analyses of the genes
hemB, hemG, glutathione reductase, and monodehydroascorbate reductase from C.
cohnii show a relationship to green algal (or plant) genes (Figures V.2, V.3). Other
genes (FPPS, ascorbate peroxidase, branched-chain aa aminotransferase 5,
glutathione peroxidase) are related to red or chl ¢ containing algae with variable
support (Figures V.4, V.5). Genes encoding nitrate transporter and two hypothetical
proteins (EB086328-9), as well as the genes IspC, IspD, IspG, sufB, and sufC, cluster
with algal and cyanobacterial sequences but do not show a strong affinity for either

green or red algae (Figures V.3-V.5). In the case of branched-chain aa



aminotransferase-like protein 3 and adenylate kinase, no red or chl ¢ containing algae
other than dinoflagellates were present in the analysis; C. cohnii clusters with green

algae and land plants (Figure V.5).

Targeting signal prediction

Putative plastid-targeting signals are detected in several genes: rbcL, hemB,
IspC, IspD, IspG, sufC, FPPS, nitrate transporter, and branched-chain aa
aminotransferase 5 (Table V.1). For some genes (IspD, FPPS, and branched-chain aa
aminotransferase 5) a chloroplast target peptide is predicted by ChloroP and SignalP
does not detect a signal peptide. Only a partial N-terminal sequence is available for
those genes, and thus, the signal peptide could be missing from the library but present
in the full-length protein. In contrast, the gene encoding for a nitrate transporter
presents a signal peptide, but no transit peptide is detected. It is possible that this
protein is localized to the plastid outer membrane and in this case a transit peptide
would not be required (Li and Chen 1996), although a particular domain may be
present for integration in the membrane. A number of genes from C. cohnii show a
close relationship to genes in photosynthetic eukaryotes, including genes encoding
plastid-targeted proteins in plants, but the EST sequence is not complete and thus, the
presence of a targeting signal could not be tested (Table V.1). Both a signal and a
transit peptide are predicted for six genes (Table V.1). Hydropathy plots from genes
with complete N-terminal sequences (HemB, IspC, IspG) and from the partial
presequence from sufC are shown in Figure V.6. The signal peptide is characterized
by a high content of hydrophobic amino acids. Signal peptidase cleavage site is in

some cases followed by a phenylalanine-containing motif, including three other



hydrophobic residues. The remainder of the transit peptide is often enriched in
hydroxylated amino acids, such as serine and threonine. These four proteins (HemB,
IspC, IspG, sufC) contain a second hydrophobic region towards the C-terminal end of
the transit peptide. This region is sometimes followed by an arginine-rich region

(Figure V.6).

Discussion

The generation of a cDNA library from the heterotrophic dinoflagellate
Crypthecodinium cohnii is a powerful source for functional and phylogenetic
comparisons of expressed genes with other organisms, as well as for increasing our
understanding of dinoflagellate evolution. This is the first extensive genomic study
done on a heterotrophic dinoflagellate and the first detailed analysis of the plastid-
related metabolic pathways investigating this lineage. I identified a significant
number of plastid-associated genes expressed in C. cohnii by blasting the sequences
to GenBank nonredundant database, performing phylogenetic analyses to infer the
evolutionary relationships, and finally detecting plastid-targeting signals. The data
presented here suggest that C. cohnii evolved from a plastid-bearing ancestor, and

may possess a reduced plastid where a number of metabolic pathways still take place.

Evidence for past endosymbiosis

The presence of eighteen genes with a cyanobacterial origin in the nuclear
genome of C. cohnii argues for an earlier endosymbiotic event, in which those genes
were transferred from the endosymbiont to the host nucleus. An alternative scenario

would be a lateral gene transfer of these plastid-associated genes from a



cyanobacterium or a photosynthetic eukaryote to C. cohnii. However, this hypothesis
seems unlikely given the number of horizontal gene transfers that would be required.
The mevalonate-independent pathway, DXP or MEP pathway, for terpenoid
biosynthesis is only known for bacteria and plastid-containing eukaryotes. The
identification in C. cohnii of three enzymes involved exclusively in this pathway
represents strong evidence for a cyanobacterial origin of those genes and early
acquisition of plastids in dinoflagellates. Horizontal gene transfer is not particularly
well demonstrated in eukaryotes; thus, the most likely origin for genes involved in the
DXP pathway is through endosymbiosis. Furthermore, the gene sufB, which is
plastid-associated in all known eukaryotes, is present in C. cohnii. In addition, genes
encoding enzymes involved in plastid-related metabolism in plants and algae, such as
heme biosynthesis and iron-sulfur cluster assembly, are present in C. cohnii and

probably acquired from a photosynthetic endosymbiont.

Rubisco

Genes related to photosynthesis are usually lost or become nonfunctional
pseudogenes in heterotrophic or parasitic organisms, even if the organelle is
maintained (Gockel and Hachtel 2000; Cai et al. 2003; Foth and McFadden 2003).
The gene rbcL is an exception because it is retained intact in the plastid genome of
various organisms that lost their photosynthetic ability (Wolfe and dePamphilis 1998;
Sekiguchi et al. 2002). C. cohnii has maintained the gene rbcL in its nuclear genome
and it is transcribed. The enzyme Rubisco exists in two different forms: form I
consists of 8 large and 8 small subunits; form II consists of only two large subunits

(Watson and Tabita 1997). Different types of form I Rubisco are present in green



algae, red algae, chl ¢ algae, cyanobacteria, and some alpha, beta or gamma
proteobacteria, while form II Rubisco has been found in alpha, beta and gamma
purple bacteria, and peridinin-containing dinoflagellates (Morse et al. 1995). The
gene rbeL from C. cohnii shares an evolutionary history with form II Rubisco genes
from peridinin-containing dinoflagellates. The evolutionary origin of this protein in
dinoflagellates is not related to the plastid endosymbiont, but laterally transferred
from an alpha-proteobacterium (Morse et al. 1995; Delwiche and Palmer 1996). The
presence of this gene in C. cohnii suggests that this horizontal gene transfer occurred
early in the evolution of dinoflagellates. Non-photosynthetic organisms (e.g.
euglenoids, hemi- and holoparasitic plants) often contain the gene rbcL as a
pseudogene or intact open reading frame, but whether the protein is functional or not
remains unclear. An almost complete sequence from this gene in C. cohnii suggests
that the gene is conserved but it is unknown whether the protein is translated and
functional or not. In photosynthetic eukaryotes, the gene rbcL is involved mainly in
carbon fixation; but it is not clear why this gene is conserved in non-photosynthetic
lineages, such as C. cohnii. Possible explanations include that it may act as
oxygenase, be involved in glycine and serine biosynthesis, perform limited carbon
fixation, or have a yet unidentified function (Wolfe and dePamphilis 1998; Sekiguchi

et al. 2002).

Models of evolution

Dinoflagellates, together with cryptophytes, haptophytes, and heterokonts,
contain secondary plastids with chlorophyll ¢ as a main photosynthetic pigment. Chl ¢

containing plastids descend from a common red algal ancestor (Yoon et al. 2002b;



Bachvaroff et al. 2005), but the relationships among the host cells are not well
understood. At least two models of host cell evolution have been postulated that are
consistent with the monophyly of the chl ¢ containing plastids. One model states that
the chl ¢ containing host cells (collectively called chromalveolates) descend from a
common ancestor and that they acquired the plastid from a red alga before the
divergence of the four lineages (Cavalier-Smith 1981; Cavalier-Smith 2002). Under
this model, the non-photosynthetic organisms that belong to these lineages are
secondarily heterotrophic and plastid-associated genes are expected to exist in their
nuclear genome. An alternative model suggests that chl ¢ containing host cells are not
closely related and that these lineages acquired their plastids in independent
endosymbiotic events (from each other or the red algae) (Cavalier-Smith et al. 1994;
Bachvaroff et al. 2005). In this case, basal heterotrophic members of these groups
may have never contained a plastid and no plastid-associated genes are expected in
the nuclear genome. If we focus on the alveolates, which include dinoflagellates,
apicomplexans, and ciliates, we could list three different patterns of plastid
acquisition (Figure V.7): a- plastids were acquired before the divergence of ciliates,
apicomplexans, and dinoflagellates; b- plastids were acquired after the divergence of
ciliates and before the split of apicomplexans and dinoflagellates; c- plastids were
acquired independently in apicomplexans and dinoflagellates. Under hypotheses a
and b, all dinoflagellates (including heterotrophic and aplastidic ones) may have
plastid-associated genes in their nuclear genome remnant of an earlier endosymbiotic
event, and apicoplasts and peridinin-containing dinoflagellate plastids could be

closely related. Under hypothesis c, basal heterotrophic dinoflagellates (such as C.



cohnii) may have never contained a plastid (Figure V.7, cl), and apicoplasts and
peridinin-plastids may not be related. Analysis of nuclear genomes of basal
heterotrophic chromalveolates would be useful to distinguish among these hypotheses
and elucidate the evolutionary history of these important groups of algae. In the
present study, I show that the dinoflagellate C. cohnii contains genes likely derived
from a photosynthetic endosymbiont, suggesting an earlier plastid acquisition in
dinoflagellates. The endosymbiotic event could have occurred as early as the
chromalveolate hypothesis postulates, before the divergence of alveolates,
heterokonts, haptophytes, and cryptophytes.

Surprisingly, I also identified some genes (monodehydroascorbate reductase,
glutathione reductase, glutathione peroxidase, adenylate kinase, branched-chain aa
aminotransferase 3) from a heterotrophic heterokont (the oomycete Phytophthora)
that show a close relationship with genes from photosynthetic eukaryotes (Figures
V.4, V.5). These genes may have been acquired from a photosynthetic endosymbiont,
pushing back the estimated event of plastid acquisition in chromalveolates. However,

more detailed studies are necessary to eliminate other possible scenarios.

Origin of plastid-derived genes in C. cohnii

The plastids from peridinin-containing dinoflagellates are derived from red
algae and thus, phylogenetic analyses of plastid genes show a close relationship to red
algae or lineages with red algal-derived plastids (Yoon et al. 2002a; Bachvaroff et al.
2005). A red algal ancestry is expected for plastid-associated genes in C. cohnii;
however not all plastid gene trees show this. In most cases, the relationships of C.

cohnii genes are not resolved and the best tree shows a close relationship with green



algae (including plants), red algae, or chl ¢ containing algae. One reason for the lack
of support for a red algal origin in some gene trees could be the reduced taxon
sampling; in most cases, analyses include one red alga (Cyanidioschyzon merolae), or
only a few chl ¢ containing algae. Sequences from the red alga C. merolae are very
divergent compared to other organisms, probably due to the extreme conditions in
which it lives (45°C and ph 1.5) (Matsuzaki et al. 2004). A special case is the gene
hemB, which may be the result of a lateral gene transfer from a green alga to
dinoflagellates (Hackett et al. 2004). Because of its independent origin, hemB, like

rbcL, does not represent evidence of past endosymbiosis.

Predicting protein targeting

With strong evidence for genes derived from a photosynthetic endosymbiont
in C. cohnii, I was intrigued by the localization of the encoded proteins in the cell.
Proteins formed in the cytosol that function in other cellular compartments need to be
recognized and transported across membranes by specific translocators. In the case of
plastid-targeted proteins, the N-terminal targeting signals are recognized based on
characteristics of the amino acids: hydrophobicity and secondary structure (Kroth
2002). Plastid-targeted proteins in organisms with primary plastids (surrounded by
only 2 membranes), such as green algae, land plants and red algae, contain a
chloroplast transit peptide, which is low in acidic residues but with high content of
hydroxylated residues (Emanuelsson et al. 2000; Kroth 2002). In organisms with
secondary plastids, which are surrounded by 3 or 4 membranes and located in the
endomembrane system of the host, the targeting presequence consists of two parts: a

signal and a transit peptide, indicating that proteins are first transported into the



secretory pathway, and then directed to the plastid (van Dooren et al. 2001; Kroth
2002). In peridinin-containing dinoflagellates, the N-terminus of the transit peptide
contains a short motif that consists of a phenylalanine residue followed by three
hydrophobic ones (Patron et al. 2005). A similar conserved motif has been described
for heterokonts (Kilian and Kroth 2005), but has only been recognized in a small
number of plastid-targeted proteins in haptophytes and fucoxanthin-containing
dinoflagellates (Patron et al. 2006).

Alignments of some proteins from C. cohnii revealed the presence of an N-
terminal presequence (in comparison to bacterial or cytosolic homologs) predicted to
contain a signal peptide and a transit peptide adjacent to each other, suggesting that
these proteins were targeted to a secondary plastid rather than staying in the cytosol.
A number of plastid-associated proteins from C. cohnii share characteristics described
for peridinin-containing dinoflagellates, including a phenylalanine-containing motif
following the signal peptidase cleavage site. It has been noted that some proteins from
peridinin-containing dinoflagellates contain a second hydrophobic region, thought to
be important in the processing of the protein, towards the C-terminal end of the transit
peptide followed by an arginine-rich region (Patron et al. 2005). This pattern was
observed in targeting signals from hemB, IspC, IspG, and sufC in C. cohnii.

Prediction of plastid-targeting signals in C. cohnii proteins, as well as the
presence of proteins that are either plastid-encoded or plastid-targeted in all plastid-
containing eukaryotes (IspC, IspD, IspG, sufB), lead me to think that a reduced
plastid could be physically present in C. cohnii. An early ultrastructural study done on

this species described the presence of atypical plastids (Kubai and Ris 1969). Using



transmission electron microscopy from another isolate of C. cohnii (ATCC #30340), I
could not identify a structure that clearly resembles a plastid, although unknown
membrane structures were observed (data not shown). Non-photosynthetic plastids
are not easy to recognize and they have at times first been identified by the presence
of plastid-associated genes (Gardner et al. 1991; de Koning and Keeling 2004).
Conservation of plastid targeting signals is also good evidence for the
presence of a plastid and proteins transport into the organelle. If plastids were lost,
maintenance of plastid targeting signals would affect the localization and function of
these proteins, and therefore either the targeting signals (or the protein altogether)
would be expected to be lost or degenerated. Assuming that C. cohnii contains a
reduced plastid, it remains unknown whether it maintains a plastid genome. The gene
sufB is plastid-encoded in all eukaryotes containing red algal-derived plastids,
including red algae. The C. cohnii sufB sequence is missing the N-terminal portion,
but evidence from the higher GC% content (51%) compared to minicircle genes in
other dinoflagellates, and the presence of a poly-A tail suggests that sufB is nuclear-

encoded in C. cohnii.

Plastid-related metabolism in C. cohnii and comparison to other algae

The metabolism of nonphotosynthetic plastids has been only recently studied
in two achlorophyllic green algae (de Koning and Keeling 2004; Borza et al. 2005)
and the apicomplexan parasites (Ralph et al. 2004; Wilson 2005). Much is known
about plastid-related pathways of the sister taxa to dinoflagellates; however, we are
just starting to learn about the genetics and biochemistry of these fascinating

organisms. No genomic studies have been performed on the metabolism of



nonphotosynthetic dinoflagellates, and very little has been done in photosynthetic
ones (Bachvaroff et al. 2004; Tanikawa et al. 2004; Hackett et al. 2005; Lidie et al.
2005). Here, I present a description of the main metabolic pathways related to plastid
functions and localization in the heterotrophic dinoflagellate C. cohnii (Figure V.8) as
inferred from genes identified in this EST project.

Heme biosynthesis is performed by prokaryotes and eukaryotes
(photosynthetic or not) and is required for both cytochrome and chlorophyll
biosynthesis (Figure V.8). This pathway takes place in the plastid of photosynthetic
eukaryotes (Cornah et al. 2003) and is catalyzed by enzymes of mosaic origin:
proteins derived from the plastid and host cell (Obornik and Green 2005). Two genes
have been identified in the EST survey in C. cohnii involved in this metabolic
pathway: d-aminolevulinic acid dehydratase (ALADH, or hemB), and
protoporphyrinogen oxidase (hemG). The enzyme hemB converts ALA to
porphobilinogen. Reactions starting with ALA through the formation of
coproporphyrinogen III occur in the plastid of photosynthetic eukaryotes (Cornah et
al. 2003), and in the apicoplast of the apicomplexan P. falciparum (Ralph et al. 2004).
Later, coproporphyrinogen III is converted to protoporphyrinogen IX and then, into
protoporphyrin IX by hemG. The last two reactions take place in the plastids of
photosynthetic eukaryotes, and in the cytosol or mitochondria of P. falciparum
(Ralph et al. 2004). Both genes identified in C. cohnii (hemB, hemG) are derived from
a photosynthetic endosymbiont and putatively plastid-targeted, suggesting that heme
biosynthesis occurs in the organelle, probably followed by the transport of

protoporphyrin IX to the mitochondria for cytochrome synthesis.



Terpenoids are naturally occurring organic products, composed of a number
of isopentenyl diphosphate (IPP) units. The precursor IPP and its isomer DMAP
(dimethylallyl diphosphate) can be produced by two different pathways: the classical
acetate/mevalonate (MVA) pathway and the alternative non-mevalonate (DXP/MEP)
pathway (Buchanan et al. 2000; Lange et al. 2000). The latter pathway has only been
described in bacteria and plastids of eukaryotes (Rohmer et al. 1993; Lichtenthaler et
al. 1997), while the MV A pathway takes place in the cytosol of animals and fungi.
Some plants, and algae contain genes for both pathways; MV A pathway takes place
in cytosol and the alternative one occurs in the plastid (Disch et al. 1998;
Cunningham et al. 2000). Other algae synthesize all isoprenoids using only one
pathway (Disch et al. 1998). Three enzymes involved in terpenoid biosynthesis have
been identified from the EST library of C. cohnii: DXP reductoisomerase (IspC), 4-
diphosphocytidyl-2C-methyl-D-erythritol synthase (IspD), and 2-hydroxy-2-methyl-
2-(E)-butenyl-4-diphosphate synthase (IspG), indicating the presence of the non-
mevalonate pathway (Figure V.8). All of these enzymes seem to be targeted to the
apicoplast in apicomplexans (Ralph et al. 2004). In the dinoflagellate C. cohnii, the
three enzymes are probably plastid-localized, as indicated by the presence of an N-
terminal targeting signal. Enzymes from the cytosolic mevalonate pathway were not
found in the C. cohnii library.

One enzyme, farnesyl diphosphate synthase (FPPS), involved in the synthesis
of isoprenoid-end products, has been identified in C. cohnii. This enzyme is the
starting point of a number of different pathways leading to a variety of products, such

as carotenoids, quinines, prenylated proteins, etc. The C. cohnii gene that encodes a



putative FPPS has a close relationship to plants and a transit peptide is predicted.
Homologs from plants (FPPS2) and the red alga C. merolae do not have an N-
terminal extension, although another gene encoding FPPS (FPPS1) is plastid-targeted
in plants (Cunillera et al. 2000). Carotenoid biosynthesis begins with the formation of
geranyl diphosphate (GPP) from isoprenoid units and synthesis of farnesyl
diphosphate (FPP) from GPP and IPP catalyzed by FPPS (Cunningham and Gantt
1998). Enzymes involved in the synthesis of carotenoids are localized to the plastid in
plants and the heterokont Thalassiosira pseudonana (Armbrust et al. 2004) and have
not been identified in the EST project of C. cohnii.

Another metabolic pathway that takes place in plastids is iron-sulphur cluster
assembly. Iron-sulfur (Fe-S) clusters are important cofactors of Fe-S proteins (e.g.
IspG), which are involved in numerous vital biological processes in all organisms
studied. Biogenesis of Fe-S clusters requires the mobilization of sulphur and iron and
it takes place in both plastids and mitochondria (Merchant 2006). Sulphur is probably
derived from cysteine in the plastids through the action of cysteine desulfurase. Genes
homologous to SUF components in bacteria are also found in plastid-containing
eukaryotes (Wilson 2005; Xu et al. 2005; Merchant 2006). In plastids of plants and
bacteria, sufC associates with sufB and sufD to form a complex that is required to
repair labile Fe-S clusters damaged during oxidative stress and sufS constitutes one
subunit of cysteine desulfurase (Xu et al. 2005; Merchant 2006). Two genes involved
in Fe-S cluster assembly were identified in C. cohnii, namely sufB and sufC. Only the

N-terminal sequence of the gene sufC was available. A putative targeting signal was



detected that directs the protein to the plastid, suggesting that this pathway takes place
in the organelle.

Nucleotide biosynthesis takes place in the plastid or cytosol of photosynthetic
eukaryotes. C. cohnii is capable of de novo purine and pyrimidine biosynthesis, as
suggested by the presence of enzymes involved in these pathways. N-terminal
targeting signals were missing from some sequences, including all purine synthesis-
related proteins. The absence of an N-terminal extension in one gene encoding orotate
phosphoribosyltransferase involved in pyrimidine biosynthesis indicates that this
pathway occurs in the cytosol of C. cohnii, as it does in the heterokont Thalassiosira
pseudonana (Armbrust et al. 2004).

Synthesis of amino acids takes place in the plastid of two parasitic green algae
(de Koning and Keeling 2004; Borza et al. 2005), but not in the apicoplast of
Plasmodium (Ralph et al. 2004). A few transcripts encoding enzymes involved in
biosynthesis of several amino acids were identified in C. cohnii, but the location of
these pathways could not be assessed due to the limited amount of data. An enzyme
(chorismate synthase) from the shikimate pathway leading to the synthesis of
aromatic amino acids was identified in C. cohnii and it is probably localized to the
cytosol, as indicated by the absence of an N-terminal extension (data not shown).
This pathway occurs in the plastid of plants and in the cytosol of fungi and
apicomplexan parasites. Cytosolic localization of chorismate synthase in C. cohnii is
congruent with a close relationship of dinoflagellate (including C. cohnii) and

apicomplexan sequences with fungal genes (Keeling et al. 1999).



Histones

The nucleus of dinoflagellates has many peculiar features, including
permanently condensed chromosomes, a large quantity of DNA, and the absence of
nucleosome structures and histones (Rizzo 1987). Dinoflagellate nuclear DNA is
associated with bacterial histone-like proteins (Wong et al. 2003). Histones are the
principal structural protein of eukaryotic chromosomes and are known to occur in the
sister groups to dinoflagellates: ciliates and apicomplexans. There are four main
groups of eukaryotic histones: H1, H2, H3, and H4. The H1 histones are larger (ca
220aac) and less conserved (only conserved in the globular central region) than the
other histones. Histone H4 is one of the most conserved proteins across eukaryotes
because this proteins is in contact with the other histone proteins and almost any
amino acid substitution would affect its function (Thatcher and Gorovsky 1994).

Two subtypes of histone H2 are known: H2A and H2B. In addition, variants of
histone H2A include H2A.X and H2A.Z; they are present in nearly all eukaryotes.
Histone H2A.X contains an extended N-terminal and differs from the canonical H2A
in an additional conserved motif SQ(E/D)® (® refers to a hydrophobic residue) in the
C-terminal extension. The conserved motif in histone H2A.X is involved in
chromatin compactation and DNA repair (Malik and Henikoff 2003). Recent genomic
studies identified a putative histone H2A.X in Alexandrium tamarense and histone H3
in Pyrocystis lunula (Okamoto and Hastings 2003; Hackett et al. 2005). In this study,
I identified two histone sequences in the C. cohnii database, increasing the number
and types of histones found in dinoflagellates. The sequences correspond to histones

H4 and H2A.X. Only one clone from histone H4 and four clones from histone H2A.X



were found indicating the low expression level of this gene, as observed in other

dinoflagellate histones (Hackett et al. 2005).

Conclusions

The presence of plastid-associated genes in the early-divergent heterotrophic
dinoflagellate C. cohnii suggests that it descends from a plastid-bearing ancestor and
may retain an intact, but unrecognized, plastid. This is consistent with an early
acquisition of plastids in dinoflagellates, and is compatible with the chromalveolate
hypothesis, which proposes a single endosymbiotic event in the common ancestor of
alveolates, cryptophytes, haptophytes, and heterokonts, although it does not directly
test that hypothesis. C. cohnii provides a model for the genomic content of
dinoflagellates that have lost plastids, and I present here the first analysis of plastid-
related metabolism in a heterotrophic dinoflagellate. The study of other heterotrophic
species, particularly those from early-diverging lineages, may reveal a secondarily
loss of plastids in other organisms. Such data would help determine the timing of
plastid acquisition by chl ¢ containing algae.

If, as molecular analyses indicate, the correct phylogenetic position of C.
cohnii is as an outgroup to photosynthetic dinoflagellates, then C. cohnii properties
such as the presence of form II rubisco, DOXP isoprenoid biosynthesis, and other
plastid-associated genes carry important information concerning overall evolution of
dinoflagellate plastids. A prediction from the early acquisition of form II rubisco in
dinoflagellates would be that anomalously-pigmented (e.g. fucoxanthin-containing)

dinoflagellates may have retained this form of the gene in addition to the plastid-



encoded form I rubisco acquired along with their new plastid. Alternatively, if the
phylogenetic placement of C. cohnii is within the Gonyaucales as suggested by
morphological data, the interpretation would need to be narrowed, but these data still
confirm that heterotrophic dinoflagellates would retain genomic evidence of their

photosynthetic ancestry.



Chapter VI — Conclusions and Future Directions

Conclusions

Understanding the evolutionary history of photosynthetic eukaryotes entails
the study of phylogenetic relationships among both host cell lineages and their
plastids. By comparing phylogenies of eukaryotes and their endosymbionts, an
integrated representation of algal evolution would emerge. However, phylogenetic
inference of both host cells and plastids has proven challenging, to say the least. The
putative rapid radiation of the main eukaryotic lineages may make it difficult to
reconstruct deep relationships, and lead to unresolved phylogenies (Knoll 1992;
Cavalier-Smith 1999; Baldauf et al. 2000). In addition, molecular datasets often
contain spurious, non historical signals arising from compositional bias,
heterogeneous rates among lineages, and other patterns, that interfere with
phylogenetic analyses and the recovery of the true phylogeny (Ho and Jermiin 2004).

Hypotheses of host cell evolution have been tested using nuclear or
mitochondrial molecular data. Nuclear genes are not easily amplified from a wide
range of taxa with a single set of primers, and they are often part of gene families,
which greatly reduces the number of genes useful for phylogenetic analysis.
Phylogenetic studies based on a few concatenated genes were typically able to
identify major eukaryotic groups but could not resolve deep phylogenetic
relationships (Van de Peer and De Watcher 1997; Baldauf et al. 2000; Baldauf 2003;

Cavalier-Smith 2003; Stechmann and Cavalier-Smith 2003).



In contrast, plastid evolution has been studied on the basis of a high number of
genes given the feasibility of sequencing complete plastid genomes, although taxon
sampling has generally been lacking (Martin et al. 1998; Martin et al. 2002;
Bachvaroff et al. 2005 and chapter IV). Some studies, however, have included a
denser taxon sampling and only one or a few plastid genes (Fast et al. 2001; Ishida
and Green 2002; Yoon et al. 2005). Neither approach has been successful in
elucidating all plastid relationships, probably due to heterogeneous evolutionary rates
across genes and taxa, compositional bias, low taxon sampling (even in the largest
studies), and confounding events of lateral gene transfer. Despite these difficulties,
the origin of plastids is today partially understood, while relationships among them
remain quite controversial.

A model describing the evolution of several photosynthetic eukaryotes is
shown in Figure VI.1. Under this model, a single primary endosymbiotic event gave
rise to glaucophytes, green algae (including land plants), and red algae, collectively
called Plantae (Cavalier-Smith 1998) or Archaeplastida (Adl et al. 2005). Two main
innovations occurred in the common ancestor of Plantae, including the origin of a
plastid metabolite translocator necessary for establishment of the organelle (Weber et
al. 2006), and the development of a protein import mechanism required after the
transfer of most cyanobacterial genes to the host nucleus (Cavalier-Smith 2002;
Steiner and Loffelhardt 2002). In congruence with the proposed monophyly of the
Plantae, plastids from glaucophytes, red and green algae descend from a common
ancestor in cyanobacteria (Delwiche et al. 1995). A sister relationship of red and

green algae is strongly supported by molecular data (Burger et al. 1999; Moreira et al.



2000; Sanchez-Puerta et al. 2004; Weber et al. 2006 and chapter I1); however, the
inclusion of glaucophytes within this clade is still debated (Bhattacharya et al. 1995;
Nozaki et al. 2003b; Stiller et al. 2003). Recent studies based on molecular data
support the inclusion of glaucophytes in Plantae, possibly sister to a clade formed by
green and red algae (Moreira et al. 2000; Keeling 2004; Rodriguez-Ezpeleta et al.
2005).

Based on current evidence, including this dissertation work, a model of
chromalveolate evolution can be now outlined (Figure VI.1). This model is derived
from the so-called “chromalveolate hypothesis” (Cavalier-Smith 1999), and it
represents a collection of interrelated hypotheses, each of which can be individually
tested. Overall, no data strongly contradicts the chromalveolate hypothesis, and
supporting evidence is growing, although relationships among chromalveolate
lineages are at best equivocal. Alternative hypotheses (or variations of the current
hypothesis) are still viable and should not be lightly disregarded.

The chromalveolate hypothesis proposes a single origin of all four
chromalveolate lineages: Cryptophyta, Haptophyta, Heterokontophyta, and Alveolata
(Cavalier-Smith 1999). The common ancestor of chromalveolates may have acquired
a plastid in a secondary endosymbiotic event by engulfing a unicellular red alga
(Cavalier-Smith 1999). Thus, all chromalveolates, including heterotrophic ones, may
have evolved from a plastid-bearing ancestor, and may retain a reduced plastid or
plastid-derived genes in the nuclear genome. The red algal endosymbiont evolved
after the divergence of members of the Cyanidiales, and before the split between

Bangiales and Florideophycideae (Yoon et al. 2004 and chapter IV). Better taxon



sampling within the Rhodophyta is needed to establish conclusively the closest living
ancestor of chromalveolate plastids.

The model of evolution presented here is congruent with the monophyletic
origin of chl ¢ plastids found in cryptophytes, haptophytes, heterokonts, and
dinoflagellates (Ishida and Green 2002; Yoon et al. 2004; Bachvaroff et al. 2005),
although other scenarios may also explain chromalveolate plastid monophyly
(Chapter IV). Historically, chromalveolate lineages were grouped together based on
plastid features, such as pigmentation or plastid membranes, and later, based on
plastid molecular data (Cavalier-Smith 1998; Cavalier-Smith 2002; Palmer 2003).
However, it is important to remember that plastid monophyly is congruent with, but
not proof of, a monophyletic chromalveolate clade. Today, some molecular data from
the host cells partially support the chromalveolate hypothesis.

A sister relationship of heterokonts and alveolates is supported by
phylogenetic analyses, and has been recovered using several independent molecular
datasets (Van de Peer and De Watcher 1997; Fast et al. 2002; Harper et al. 2005). On
the other hand, cryptophytes and haptophytes are more difficult to place, being often
associated with different taxa with low support (Bhattacharya et al. 1993; Medlin et
al. 1997; Tengs et al. 2000; Stechmann and Cavalier-Smith 2003 and chapter II).
Recent phylogenetic analyses based on mitochondrial and nuclear genes showed a
weak relationship of haptophytes and cryptophytes (Stechmann and Cavalier-Smith
2003; Harper et al. 2005 and chapter II). In addition, plastids from these two groups
appear to be closely related. The plastid gene rp/36 has been laterally transferred from

a bacterium to cryptophyte and haptophyte plastid genomes (J.D. Palmer, pers.



comm.). Furthermore, these two lineages share an eight-amino acid deletion in the
plastid gene rpl33 (chapter III, data not shown). A single lateral gene transfer (vp/36)
and deletion (in 7p/33) events may be the simplest explanation for the data, indicating
that plastids from cryptophytes and haptophytes are sister taxa. Assuming a sister
relationship of cryptophytes and haptophytes, these events may have occurred once in
their common ancestor before the divergence of the two lineages. Taken together, the
monophyly of alveolates + heterokonts and cryptophytes + haptophytes suggest a
chromalveolate clade. Ultrastructural features, such as the shape of mitochondrial
cristae, have been used as characters to infer phylogenies (Taylor 1999). All
chromalveolates have tubular cristae, except for cryptophytes with flattened cristae,
which could be secondarily so (Cavalier-Smith 1998; Taylor 1999). To the best of my
knowledge, phylogenetic analyses have not recovered the chromalveolate clade as
monophyletic, yet no strong, conflicting relationships have been described either.

The evolutionary model presented here relies partly on the assumption that
complex processes are not likely to originate twice in evolution, indicating that
certain evolutionary innovations arose once at most (Cavalier-Smith 1999). Some of
these innovations include: biosynthesis of chlorophyll ¢, development of a targeting
system for complex plastids (surrounded by more than two membranes), and fusion
of the outermost plastid membrane with the endoplasmic reticulum to form CER
(chloroplast ER). However, the complexity of a process, along with the likelihood of
that process to originate only once, are often arbitrarily determined.

Minimizing the occurrence of an evolutionary innovation increases the

number of times another evolutionary event is required to happen in order to explain



the data. Under the evolutionary model described here, the number of plastid losses in
chromalveolates is large, implying that losing the plastid and its plastid genome (or at
least photosynthesis) may occur readily in evolution. Interestingly, no heterotrophic
organism unquestionably derived from a plastid-bearing ancestor has been shown to
have completely lost its plastid, leaving no traces. The apicomplexan parasite
Cryptosporidium parvum retained at least a few plastid-derived genes in its nuclear
genome (Huang et al. 2004), and the heterotrophic dinoflagellate Crypthecodinium
cohnii contain plastid-derived genes in the its nucleus and probably a reduced plastid
(Chapter V). Parasitic plants, including hemi and holoparasitic species, still retain a
leucoplast with a plastid genome (Wolfe et al. 1992; Bungard 2004; de Koning and
Keeling 2004). Some heterotrophic chromalveolates were found to contain a remnant
plastid when studied in detail (Sekiguchi et al. 2002; Foth and McFadden 2003).
Therefore, the presence of reduced plastids and/or plastid-derived genes in the nuclear
genome of basal heterotrophic cryptophytes, heterokonts, and alveolates is expected,
or complete loss of plastids and evidence of the past presence of one in those lineages
will demand further explanations.

An even more complex evolutionary history is required to explain plastid
diversity in Alveolata. Apicomplexan plastids are surrounded by four membranes not
including a CER (Wilson 2002; Foth and McFadden 2003). The origin of apicoplasts
is contentious (Funes et al. 2004), with stronger support for red algal ancestry (Fast et
al. 2001), although the relationship with peridinin-containing plastids from
dinoflagellates is more controversial. Most photosynthetic dinoflagellates possess

plastids pigmented with peridinin and surrounded by three membranes (Delwiche



1999; Bhattacharya et al. 2003). In addition, peridinin dinoflagellates contain a
nuclear-encoded form II rubisco laterally transferred from proteobacteria (Morse et
al. 1995). Several dinoflagellates replaced the peridinin-containing plastid with other
plastid types, including some acquired from green algae, haptophytes, and diatoms in
independent secondary or tertiary endosymbiotic events (Dodge 1975; Chesnick et al.
1997; Schnepf and Elbréachter 1999; Tengs et al. 2001). Abnormally pigmented
dinoflagellates contain plastid-encoded form I rubisco derived from the latest
endosymbiont, although it is possible they have also retained form II rubisco in their
nuclear genome. It remains unknown whether these “ new plastids” represent true
organelles that evolved protein-import mechanisms, or are obligate endosymbionts
(Cavalier-Smith 1999). The most prominent group of anomalously pigmented
dinoflagellates are those containing haptophyte-derived tertiary plastids. Preliminary
studies of protein trafficking in haptophyte-containing dinoflagellates revealed a
similar protein targeting mechanism as peridinin-containing dinoflagellates (Patron et
al. 2005; Patron et al. 2006). Further work needs to be done on other anomalously
pigmented dinoflagellates to learn whether a protein transport system has been
established and if so, whether a novel system was developed, or the same protein

import mechanism is maintained.

Future Directions

The importance of understanding evolutionary relationships has been
previously stressed (Yates et al. 2004). Most relevant implications include the
development of novel treatments for a particular disease by learning the evolutionary

history of the causative agent. The most notorious example are Plasmodium



falciparum, and other apicomplexan parasites that are responsible for malaria,
toxoplasmosis, coccidiosis, among others. Today, most drug targets to fight malaria
include pathways localized to (or derived from) the endosymbiont (apicoplast)
present in apicomplexans. Of particular importance would be to understand the
evolution of parasitic oomycetes, e.g. Phytophthora infestans, causative agent of the
potato late blight. Finding evidence of an earlier endosymbiosis, may uncover
relevant metabolic pathways that could be useful to manage the parasite.

Studying heterotrophic chromalveolates will also help us understand the
effects of plastid loss or reduction, including retention of plastid-associated genes in
the nuclear genome and maintenance of plastid-derived metabolism. An interesting
aspect to study would be the re-localization of plastid-specific pathways in
secondarily heterotrophic organisms that lack these organelles. As I mentioned
before, most genes from the endosymbiont are transferred to the host nuclear genome
and proteins encoded by those genes are targeted back to the plastid (Martin and
Herrmann 1998; Martin et al. 1998). However, some plastid-derived genes are
relocated and targeted to different cellular compartments, other than the plastid. Only
a few examples of plastid proteins functioning in other compartments are known so
far, and a number of others have been suggested using target prediction programs
(Brinkmann and Martin 1996; Martin and Herrmann 1998). To fully understand the
complexity of the endosymbiotic event and the chimeric origin of photosynthetic
eukaryotes, an extensive study of the localization of all plastid-derived genes that
reside in the host nucleus should be conducted, including detailed phylogenetic

analyses and identification of putative targeting signals complemented with bench



experiments. Last but not least, understanding chromalveolate evolution would be
useful to interpret relative fitness and success of these photosynthetic eukaryotes
living in different environmental conditions, and how they influence the overall

marine ecosystem.
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