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Introduction

Introduction: algae (Graham and Wilcox, 1999)

When talking about algae, we all think of these green, slimy plants attached to
the surface of a swimming pool; or of the brown seaweeds covering rocks and
beaches across the shoreline of the sea. Asian people see algae as an important
source of food as they harbour many essential vitamins and irons. Finally,
especially women get in touch with algae when they follow a therapy using
algae to clean and heal the skin of their body, because algae contain many
minerals which feed our skin. So everybody has been in touch with these plants,

but not many people are aware of the variety that is present among these algae.

Figure 1. Morphological differences among algae: a) unicellular green alga containing
two flagella; b) unbranched, single celled filament; c¢) spherical colony; d,e) branched
filament; f) plant like structure; g) brown kelp
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Chapter 1

Algae can range in size from tiny single-celled organisms of only 1 micron in
diameter to the 65 meter long giant brown kelps, forming underwater forests
(fig. 1). In between these two extreme life forms lies a huge morphological
diversity. Many algae occur as a unicellular organism, having a simple body
plan, while other individual cells aggregate, forming a colony of non-specialized
cells. These colonies can consist of a bunch of loosely packed cells, while
others are formed in a highly organized fashion, thereby containing a fixed
number and arrangement of cells throughout their life cycle. Some of these
unicellular algae possess a flagellum which enables them to move around.
Besides these unicellular algae, a common growth form among algae is the
filament, where a chain of cells is formed after cell division, thereby sharing
their cell wall. Filaments can form simple, unbranched structures, composed of
a single series of cells; or they can grow into complex structures with many
branches and containing multiple rows of cells next to each other. However,
parenchymatous algae have the most complex body plan: they possess plant
tissue (thallus) composed of undifferentiated cells, providing them with analogous
structures as seen in vascular plants (roots, leaves and stems). Although these
thalli are undifferentiated, visible differences and functions can be noticed. A
nice example within the world of the algae is the kelp, which is a large brown
seaweed which can form underwater forests. Their thallus can be divided into
three parts: the holdfast, which serves as an anchor; a stipe which supports the
blades; and the blades itself, providing them with a vascular leaf-like structure.
The huge morphological differences found between algae can be linked to their
presence in virtually every ecosystem in the biosphere. Depending on the
environment (marine water, fresh water or even terrestrial), the algae have
adapted themselves to survive in every circumstance. Algae capture light energy
to convert inorganic substances into organic matter through oxygenic
photosynthesis. Therefore, the green pigment chlorophyll a, which is the only
pigment able to convert light energy into the high energy bonds of organic
molecules, is universally present among algae. However, despite the presence
of chlorophyll a, not all algae have a green colour. This is caused by the presence
of accessory pigments, which are essential for the survival of photosynthetic
organisms in both low- and high irradiance habitats: in low-irradiance habitats

(the depth record for algae lies around 250 meters, where the light intensity is
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Introduction

only 0.0005% of the surface light) these accessory pigments help in the collection
of light which is not completely absorbed by chlorophyll a; in high-irradiance
places they help in protecting the algae against photodamage. Depending on
the amount and composition of these pigments, eukaryotic algae can be roughly
subdivided into different groups: the red algae (Rhodophyta), the brown algae
(Phaeophyta) and the green algae (Ben Ali et al, 2001).

Rhodophyta: the 4,000-6,000 members of the red algae can occur as
unicells, simple filaments, or complex filamentous aggregations. Besides
chlorophyll a, they harbour accessory phycobilins and carotenoids (for protection
against photodamage). Members of the light-harvesting phycobili-protein family
are extremely efficient in harvesting blue and green lights in subtidal habitats.
This explains the abundance of red algae in the greater depths of the oceans.
Another unique characteristic among all red algae is the absence of a flagellum,
making them immobile. The oldest fossil record was found in arctic Canada
and is estimated to be around 750-1,250 million years old. Molecular
measurements estimated the split of the red and green algae to have occurred
1,474 million years ago (Yoon et al, 2004)

Phaeophyta: over 1,500 different species are known, which range in
structure from microscopic filaments to the giant kelps described above. Both
marine and fresh water forms exist, both playing an important role in support of
other species: they serve as food, and they create, due to their specific structures,
habitats which are used by other species. They possess, besides chlorophyll a,
also chlorophyll ¢ and fucoxanthin, a carotenoid which gives them there specific

brown colour.

Green algae: the green algae are the largest group of algae, consisting
of more than 17,000 different species, living in a variety of habitats. They contain
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Chapter 1

both chlorophyll a and b but only few accessory pigments. The most famous
green alga is Chlamydomonas reinhardtii, a fresh water alga which has become
amodel system for molecular studies. The distribution and classification of the

green algae will be discussed in more detail below.

Chromalveolata
Plantae

Red algae
glaucophyte algae
Green algae

Amoebozoa Rhizaria
Entamoebae Radiolaria
Amoebae Cercozoa
Slime molds

Animals

Choanozoa
Fungi Euglenids
Microsporidia Parabasalids
. Diplomonads
Ophistokonta Rionids
Excavata

Figure 2. Schematic view of the eukaryotic tree of life showing the putative six
supergroups. The broken lines denote uncertainty of branch positions in the tree.

Besides all being classified as algae, red, brown and green algae are located at
different nodes within the tree of life. Today multigene phylogenetics. subdivides
the eukaryotic tree of Life into 6 “supergroups” (fig. 2), defined as Ophistokonta,
Amoebozoa, Plantae, Chromalveolata, Rhizaria and Excavata. Red and green
algae are placed within the monophyletic group called Plantae, while brown
algae are classified within the Chromalveolata. All members of the Plantae
carry a photosynthetic plastid, derived after a free-living photosynthetic
cyanobacterial capture and enslavement by a single celled protist. This primary
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endosymbiotic event happened once in the common ancestor of all members of
the Plantae. Soon after the split of red and green algae within the Plantae, a
secondary endosymbiosis event took place, where a eukaryotic red alga, already
containing a primary plastid, was engulfed by another host eukaryote, giving
rise to the members of the Chromalveolata (containing the brown algae). Once
these endosymbiotic events were well established and the new structural
composition of the different organisms was inherited by their offspring, red,
green and brown algae evolved each separately to the many different life forms
we know today. Within this thesis, we only studied members of the green algae

and only these will be discussed in more detail.

Green algae

The green algae have always drawn the attention of biologists thanks to the
evolutionary relationship between the green algae and land plants. In this respect,
the green algae are considered to be “primitive” plants that somewhere in time
gave rise to the huge amount of land plants known to date. Most green algae
are rather small, ranging from bacterial size to rarely more than one meter in
their greatest dimension. Despite the small size, a wide variety of morphological
types are present, going from unicellular non-flagellates, over motile colonies to
multinucleate coenocytes (multinucleate cytoplasmic mass enclosed by a single

cell wall).

Chlorophyceae

Trebouxiophyceae

Ulvophyceae

‘Ii Prasinophyceae

Charophyceae

Chlorophyta

Streptophyta

Embryophytes —
Figure 3. Phylogenetic classification of the green lineage
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Classification of these algae was initially based on their growth habitat, as these
small organisms could not be easily detected. With the development of new
tools, a more in depth classification could be performed, based on their shape
and morphology. However, as many vegetative features evolved numerous times,
certain characters defining certain groups became unreliable. In this respect,
the new data that became available through sequencing of different markers
and genomes of different algae, led to a new area of classification, based on
phylogeny. Today, the more data that arises from these studies, the more accurate
one can produce images of how the world of the green algae really looks like.
Molecular data indicates that the green algae originated around 1,500 million
years ago (Yoon et al, 2001) and that they diverged from the land plants around
425-490 million years ago (Sanderson, 2003), thereby supporting the age
suggested by the fossil record. The complete group of green algae have long
been accepted to be the ancestors of land plants (McCourt et al, 1995), but with
recent available molecular and morphological data, this doesn’t hold true anymore
(McCourt et al, 2004; Lewis and McCourt, 2004; and Kapraun 2007). The
Chlorophyta have now been split up into two lineages: one known as the
chlorophyte green algae (Chlorophyta), which includes the majority of what
have been called green algae, and a second lineage entitled Charophyta,
containing a smaller number of green taxa. Finally, a third phylogenetic green
plant lineage, the Prasinophyceae, constitute a particularly interesting algal class,
holding a basal position in the evolution of the extant green lineage (Fawley and
Qin, 2000; and Guillou et al, 2004) As a result, today the green lineage can be
subdivided into two monophyletic lineages: Streptophyta (land plants and the
charophyte green algae) and Chlorophyta (the rest of the green algae) (fig.3)
(Karol et al, 2001).

Chlorophyta: this clade, which consists of hundreds of genera and up to
more than 10,000 species, contains three major groups: chlorophytes,
trebouxiophytes and ulvophytes. Molecular work indicates the monophyly of
this group of green algae, whereas the ulvophytes are a sister group of a branch
containing both chlorophytes and trebouxiophytes (fig. 3). Ulvophyceans primarily
occupy marine waters; Trebouxiophyceans are freshwater and terrestrial algae;

while most Chlorophyceans can also be found back in fresh waters. Model
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organisms like Chlamydomonas reinhardtii and Volvox carteri belong to this

group of algae.

Charophyta: containing around 65 genera and a few thousand species,
they represent the lineage that is ancestral to the land plants. Because of
biochemical and structural characteristics unique to both land plants and
charophyte green algae and being absent in chlorophyte green algae, both land
plants and charophyte green algae were included in the same division, called
Streptophyta (fig. 3). When including both the charophyte green algae and the
embryophytes (land plants) in one lineage, the Charophyta can be considered

as a monophyletic group.

Prasinophyta: members of the class Prasinophyceae have long been
identified as being scaly green flagellates, but recent work has profoundly changed
the taxonomical view of this class. Today, species with or without flagella and/
or scales and even coccoids (Fawley and Qin, 2000) have been added to this
class. This leads to a huge diversity in cell shape, organization of the flagellar
apparatus and extremely complex assemblages of accessory pigments. These
morphological heterogeneities combined with phylogenetic evidence based on
SSU rDNA sequences led to the conclusion that the Prasinophyceae are a
paraphyletic group.

Numerous prasinophyte algae are amongst the smallest eukaryotic picoplanktonic
fraction, having a cell size of less than 3 pm (Stockner 1988; Zignone et al,
2002; and Derelle et al, 2006). Eukaryotic picoplankton plays worldwide an
important role in microbial food webs and contribute significantly to microbial
biomass and total primary productivity, both in coastal and oligotrophic waters
(Johnson and Sieburth, 1979; Joint at al, 1986; and Li 1994). The abundance of
the prasinophyte green algae as the major component of the Chlorophyta within
the picoplanktonic fraction has been demonstrated by electron microscopy (Joint
and Pipe, 1984; Silver et al, 1986), pigment analyses (Everitt et al, 1990; Peeken,
1997; and Rodriguez et al, 2003) and recently by direct gene sequencing (Diez
et al, 2001; Moon-van der Staay et al, 2001; and Zeidner et al, 2003). The
discovery, the widespread distribution and the large genetic diversity of

picoeukaryotes like Ostreococcus tauri shows their huge biological importance.
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Besides their environmental importance, members of the Prasinophyceae occupy
a critical position at the base of the Chlorophyta and even at the base of the
entire green lineage. This basal position combined with their primitive
morphological make-up, makes them a highly interesting group for further
evolutionary and comparative analyses. In this respect, the genome of the two
members of the Prasinophyceae, Ostreococcus tauri and Ostreococcus

lucimarinus, was sequenced (chapter 4 and 7).

Ostreococcus tauri

-

Figure 4. Ostreococcus tauri (pictures from Chrétiennot-Dinet et al, 1995; JGI website;
and Henderson et al 2007)

The first scientific close encounter with an Ostreococcus species happened in
the mid-nineties around the following geographical position: 43°24° north and
3°36’ east, located in the south of France. Claude Courties and Marie-Joséphe

Chrétiennot-Dinet discovered a new photosynthetic picoeukaryote in the marine
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Mediterranean Thau lagoon in France, using flow cytometry (Courties et al,
1994 and Chrétiennot-Dinet et al, 1995). This tiny organism measured less than
1 um, making it the smallest free living eukaryotic organism known to date and
was, as a result, barely visible by light microscopy. A bimonthly count and a
chlorophyll a biomass measurement indicated that this small organism, which
they called Ostreococcus tauri, was the main component of the phytoplankton
present in the lagoon. These pigment analyses also revealed, besides the presence
of an a- and b-type chlorophyll, a c-like pigment indicating its affinity with
members of the Prasinophyceae.

Morphologically, O. tauri showed a very simple and reduced cellular organisation
(fig. 4). Analyses performed by transmission electron microscopy showed a
relatively large nucleus with only one nuclear pore, one mitochondrion, a single
chloroplast harbouring a starch granule, one Golgi body, and a highly reduced
cytoplasm compartment (Chrétiennot-Dinet et al, 1995). A membrane surrounds
the cells, but no cell wall can be observed. No flagellum and/or scales are
present. Recently, Henderson and co-workers (2007) produced a three
dimensional ultrastructure of O. tauri, using electron cryotomography. This
intact reconstruction confirmed its simple body plan, consisting mainly of two
large organelles, the chloroplast and the nucleus, together occupying around
64% of its volume (47% and 17% respectively) and the other organelles situated
between them. The cell shape is flattened instead of spherical, having an average
cell volume and surface area of 0.91+0.07 pm?® and 8.3 um?, respectively. Besides
these known features, some surprising characteristics were discovered. i) Only
one (or sometimes two) microtubule(s) of 24+1 nm wide and 200-700 nm long
was (were) observed in individual cells. This limited amount of microtubules
could indicate that O. fauri segregates its twenty pairs of chromosomes one at
a time. ii) The nuclear envelope seems to be open throughout the entire cell
cycle, while higher eukaryotes have a partial breakdown of the nuclear envelope
and in lower eukaryotes the nuclear envelope remains intact. iii) The endoplasmic
reticulum of O. tauri has two unseen features: it is not always connected to the
nuclear envelope and it lacks a ribosome-decorated part (rough ER). iv) Finally,
the nucleus contains not only one, but up to three nuclear pore complexes,
having a diameter of around 80 nm.

Since its discovery in the Thau lagoon in France, many groups have identified
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Ostreococcus isolates at numerous sites around the world (fig. 5): near the
French coastal site of the English Channel (Roscoff) (Romari and Vaulot, 2004;
and Guillou et al, 2004), Long Island Bay in New York (O’Kelly et al, 2003), the
Mediterranean Sea (Diez et al, 2001; and Zhu et al, 2005), Pacific Ocean coastal
site in the Southern California Bight (Worden et al, 2004), the Arabian Sea
(Brown et al, 2002), and the San Pedro Channel in California (Countway and
Caron, 2006). At the same time, attention has focused on the tremendous diversity
of picoeukaryotes (Lopez-Garcia et al 2001 and Moon-van der Staay et al,

2001), which holds true for Ostreococcus as well.

Figure 5. Widespread distribution of Ostreococcus (picture made with
www.maps.google.be)

Phylogenetic analyses based on several 18S rDNA gene sequences showed
that O. fauri belongs to the Mamiellales, a subgroup of the Prasinophyceae
(Courties et al, 1998), closely related to Micromonas-, Mantoniella- and
Bathycoccus species (Not et al, 2004). Rodriguez and co-workers (2005)
isolated 12 Ostreococcus strains from different marine ecosystems, taken from
different depths. Phylogenetic analyses supported previously known existence
of four different Ostreococcus clades (Guillou et al, 2004). Interestingly, these
four different clades could now be linked to the different depths, representing

different life conditions of the samples, and not to their geographical origin.
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Strains grouped into the different clades showed different karyotypes,
hybridization patterns to certain probes, pigment composition, and growth
behaviour under a range of light intensities. Within one clade, the same
characteristics could be traced back. All this led to the conclusion that light and
nutrient conditions, which are changing with depth, are the driving force behind
their genetic divergence.

In this respect, besides the genome of O. tauri (chapter 4 and 5), the genome
of another Ostreococcus, namely Ostreococcus lucimarinus, has been
sequenced (chapter 7). O. lucimarinus strains were collected in the upper,
illuminated water column of the ocean and, like O. tauri, its most striking feature
is its minimal cellular organization: a naked, nearly 1-micron cell, lacking flagella,
with a single chloroplast and mitochondrion. Comparative analysis of
Ostreococcus species will help to understand niche differentiation (O. tauri
was isolated from a coastal lagoon and can be considered light-polyvalent, while
O. lucimarinus is a representative of high-light surface ocean) and evolution

of genome size in eukaryotes.

Genome sequencing

Once the decision has been taken and the necessary money has been found to
sequence a new genome, there is still a long way to go before any paper can be
written or any conclusion can be drawn regarding the newly obtained data.
After isolating the species of interest and extracting its DNA content, the genome
needs to be sequenced. There are essentially two ways to sequence a complete
genome (Green, 2001; and Meyers et al, 2004): the BAC-by-BAC method
(also called hierarchical shotgun or map-based sequencing method), used to
sequence yeast and Caenorhabditis elegans (Gardner et al, 1981; Smith et al,
1986; Burke et al, 1987; Shizuya et al, 1992; The yeast sequencing consortium,
1997; and The C. elegans sequencing consortium, 1998) and the whole genome
shotgun sequencing method (Venter et al, 1996), used for both Ostreococcus

species.

BAC-by-BAC: This method follows a ‘map first, sequence second’

progression: before actually sequencing the genome or smaller genomic region,
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a physical map of the whole genome or genomic region is made. Therefore,
each chromosome is randomly cut into large pieces (around 150,000 bp), each
fragment is than inserted into a Bacterial Artificial Chromosome (BAC). A
BAC, which is a man made piece of DNA, combined with external chromosomal
DNA is then introduced into bacterial cells where they replicate each time the
cell divides. The whole collection of BACs containing an entire genome is called
a BAC library, with each BAC being a book that can be read and copied. Next,
the fragments of the original chromosome are fingerprinted to give each piece
aunique internal identification tag. These tags, which appear every 100,000 bp,
will allow creating a map of each chromosome. Once the physical map is made,
the actual sequencing can start. Each BAC is then broken at random places
into fragments of around 1,500 bp, which are then placed into another vector
called M13. Finally, the sequence of each of the 1,500 bp pieces is determined,
creating millions of sequence reads, which will be computationally assembled
based on sequence overlaps. For reproducing sequence drafts of high quality, a
8-10 fold sequence coverage (the average number of times a segment is present,

also known as redundancy) is obtained.

Whole Genome Shotgun: The main difference with the method

described above is that no physical map is created. Many copies of the genome
are randomly broken into pieces of 2,000 and 10,000 bp long, which are then
inserted into small, circular, bacterial molecules known as plasmids. The sequence
of all 2,000 and 10,000 bp fragments are determined, thereby generating
sequence reads from both ends of the clones. The sequence of both ends is
very important for the reassembly of each chromosome. This last step is done
by computer algorithms which try to find overlaps between the millions of created
fragments: overlapping sequence reads are assembled into contigs, which are
than organized into scaffolds, each consisting of a group of sequence contigs
held together by read pairs. Scaffolds are than aligned to regenerate the initial
genome. This entire procedure is repeated several times to increase the total
coverage and to minimize the numbers of errors. The main problem lies in the

presence of repetitive sequences which can cause gaps and misassemblies.
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Genome annotation

Once the raw sequence data has been generated, bioinformatics comes into
play. The genome sequence itself can already provide some useful information
about the organisms, but one is of course interested in the number, localisation,
structure and ultimately function of the different genes. Gene annotation, and
more particular structural annotation, tries to answer the question “where are
the genes” and “what do they look like”, whereas people performing functional

annotation try to get information on what their task is within the organism.

Structural annotation

The first step towards biological knowledge lies in identifying stretches of
sequence, usually genomic DNA, that are biologically functional. These include
protein-coding genes and other functional genetic elements such as RNA genes
and regulatory regions. One can think of creating an algorithm which can be
used for every genome, because a gene is a gene and once you know what it
looks like, you can easily trace it back. This is unfortunately not true because
although all eukaryotic genomes use the same DNA language, each organism
has its own dialect. In this respect, for each new project, the known tools and
algorithms need to be adjusted and remodelled, taking into account the organism’s
new dialect.

Essentially, two different types of information are used to locate genes in genomic
sequences (Borodovsky et al, 1994; Fickett, 1996; Rouz¢ et al, 1999; Mathé et
al, 2002; and Do and Choi, 2006). i) Content sensors. DNA regions can be
classified into different categories (coding versus non-coding, exons versus
introns). When obtaining this information using similarity based approaches,
making use of sequences already available in protein and nucleic acid databases,
one measures extrinsic content sensors. In general, different types of sequence
data are used to provide information about the location of the gene: protein
sequences, CoDing Sequences (CDS), transcripts (cDNA or EST) and genomic
DNA. The weakness of similarity-based approaches is that or the databases
do not contain a sufficiently similar sequence or when good similarity is found,

the borders of the detected regions are not always precisely indicated, thereby
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not providing enough signals to accurate identify the complete structure of the
gene. As a result small genes and exons are quite often missed.

On the other hand, intrinsic properties extract information from the genome
sequence itself: nucleotide composition (G+C content), codon composition,
hexamer frequency, base occurrence periodicity, etc. Frequency tables and
models are built that describe the specific features of the organisms as precise
as possible, thereby limiting its use to one organism. Prior to creating these
specific feature models, a training set of manual annotated genes needs to be
built. The more different genes that are manually annotated, the more information
will be gained for creating these models. As these models will then be used to
annotate the complete genome and finally to test the outcome of the automatic
annotation, the quality of the training set needs to be optimal: only experimental
validated sequences should be included. As this experimental validation is often
unfeasible, annotators with expertise in certain genes and/or gene families are
recruited. In this respect, a set of Ostreococcus tauri cell cycle genes was
created (chapter 2 and 3) and included in the training set, used for the whole
genome annotation (chapter 4).

ii) Signal sensors are measures that try to detect the presence of functional
sites specific to a gene such as splice sites, start and stop codons, promotors
and terminators of transcription, poly A sites, ribosomal binding sites, cleavage
sites and various transcription factor binding sites. The basic approach used to
find a signal that could represent the presence of a functional site is to search
for a match with a consensus sequence. A less strict but more sensitive approach
is the use of position weight matrices, in which each position in the signal allows
a match to any residue, but different costs are associated with matching each
residue in each position. The score returned by a weight matrix sensor for a
candidate site is the sum of the costs of the individual residue matches over that
site. If the score exceeds a given threshold, the candidate site is predicted to be
atrue site. Today, more sophisticated types of signal finders are based on artificial
intelligence such as Linear Support Vector Machines (Degroeve et al, 2004),
Hidden Markov Models (HMM) and neural networks (Do and Choi, 2006).
For the complete genome annotation of both Ostreococcus genome sequences,
a software called EuGeéne (Schiex et al, 2001) was used to detect the genes.

The two main advantages of working with EuGeéne are that it combines both

24



Introduction

extrinsic and intrinsic properties prior to prediction and that it has been designed
to exploit information of external tools and provided resources (fig. 6). Extrinsic
information, created by performing a blast (Altschul et al, 1990) of transcripts,
expressed sequence tags (ESTs), protein homologs and related genomes to the
genomic data will be fed to EuGene. Intrinsic data will be gained by training the
different models, representing different characteristics of the gene (intron versus
exon, coding versus intergenic, start site, etc.). For splice site prediction, a new
software tool, SpliceMachine (Degroeve et al, 2004), was developed in our
team and used as an external information source (plugin). After masking
transposable elements, EuGene will use all the provided information to predict
the structure and localization of the different genes. Once the prediction is
finished, the accuracy should be tested by comparing the prediction with an
independent training set (one which was not used to train the models). This

whole procedure should be repeated until a proper structural annotation is

provided.
Intrinsic
approaches
Predicted
Genes
(structural
annotation)
Extrinsic
approaches
Related Swissprot
genomes nr_prot
ESTprot

Figure 6. Eugene gene prediction platform

Functional annotation / comparative genomics

Once the different parameters are optimized and EuGéne was able to deliver a
proper structural annotation, some kind of order is created in the chaos of A, C,
G and T’s. The genes are now predicted, but their function is still unknown. The

most reliable way to pinpoint a function to a certain gene is by doing experimental
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work on that gene. As most researchers are interested in the genes involved in
a particular pathway, they can perform some case studies and investigate their
gene/pathway of interest. By doing a homology search with their gene(s) of
interest against the newly obtained gene set of the target species, one can get
already an idea whether the genes are present or not. In this respect, chapter 6
describes the function and distribution of three genes involved in the regulation
of'the Calvin cycle in O. tauri. However, as it is impossible to perform a functional
assay for every single gene, a complete fully automated functional prediction is
needed. A function can be assigned to a protein based on domain occurrences,
available in different databases. InterPro is a collection of various databases,
representing protein families, domains and functional sites, in which identifiable
features found in known proteins can be applied to unknown protein sequences
(Apweiler etal, 2001 and Mulder et al, 2007). The Gene Ontology project (GO)
provides a controlled vocabulary to describe gene and gene product attributes
in any organism (Ashburner et al, 2000 and Harris et al, 2004). Go consist of
three parts: molecular function, biological process and cellular component. The
ontologies are structured as directed acyclic graphs, which are similar to
hierarchies but differ in that a child, or more specialized, term can have many
parents, or less specialized, terms. By scanning these databases, the predicted
genes can be labelled with a putative function, based on similarity with the

available data.

Next Chapters

The following two chapters will describe the manual annotation of the core cell
cycle genes in O. tauri, which were used as a part of the training set for the
complete genome annotation. Chapter 2 describes the first green lineage Cdc25,
while chapter 3 provides a complete overview of the core cell cycle genes
present in O. tauri. Once the different training sets were created, EuGéne was
used for the complete genome annotation, which is described in Chapter 4. As
a result of the sequencing of its nuclear genome, both the genomes of the
chloroplast and mitochondrion were also sequenced. Chapter 5 describes the
manual annotation of both organelle genomes and sheds light on the comparison

of Ostreococcus with other green algae. Once the structure and localisation of

26



Introduction

the genes were determined, comparative genomics could provide some insight
into the function of certain genes. In this respect, Chapter 6 described the
regulation of the Calvin Cycle in O. tauri compared to other members of the
green lineage. With the availability of a second Ostreococcus genome and the
knowledge gained by annotating O. tauri, our team was involved in the annotation
of the O. lucimarinus genome and the comparison of both species (chapter 7).
Finally, chapter 8 describes a rather strange detection of an in human obesity-

linked gene, FTO, in Ostreococcus and some other marine organisms.
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Chapter 2 Cdc25

Abstract

The Cdc25 protein phosphatase is a key enzyme involved in the regulation of
the G2/M transition in metazoans and yeast. However, no Cdc25 ortholog has
so far been identified in plants, although functional studies have shown that an
activating dephosphorylation of the CDK-cyclin complex regulates the G2/M
transition. In this paper, the first green lineage Cdc25 ortholog is described in
the unicellular alga Ostreococcus tauri. It encodes a protein which is able to
rescue the yeast S. pombe cdc25-22 conditional mutant. Furthermore,
microinjection of GST-tagged O. tauri Cdc25 specifically activates prophase-
arrested starfish oocytes. In vitro histone H1 kinase assays and anti-
phosphotyrosine Western Blotting confirmed the in vivo activating
dephosphorylation of starfish CDK1-cyclinB by recombinant O. fauri Cdc25.
We propose that there has been coevolution of the regulatory proteins involved

in the control of M-phase entry in the metazoan, yeast and green lineages.

33



Chapter 2

INTRODUCTION

Cell cycle regulation is highly conserved throughout evolution and is basically
ensured by the kinase activity of the family of cyclin dependent kinases (CDKs)
and their regulatory cyclin subunits (Stals and Inze, 2001 and Mironov et al,
1999). Regulatory mechanisms present in some lineages have somehow evolved
differently in other species; for example, the Rb/E2F/DP pathway which is
present in animals and plants is nevertheless absent in yeast (Rubin et al, 2000).
Therefore, comparative studies of the cell cycle among models belonging to
different lineages can provide crucial information in distinguishing between
the core cell cycle common to all phyla and adaptations specific to a lineage,
clade or organism (Vandepoele et al, 2002).

Cdc25 is the key enzyme involved in the regulation of the G2/M transition
(Nilsson and Hoffmann, 2000). Its phosphatase activity activates the CDK-
cyclin complex which is inhibited by the kinase activity of Weel (Berry and
Gould, 1996). This regulation pathway is essential for M-phase entry and a
deletion of both Weel and Mik1 or of Cdec25 in Schizosaccharomyces pombe
is lethal (Lundgren et al, 1991). The high degree of conservation of the G2/M
transition regulation pathway implies that coevolution of the CDK-cyclin
complex, Weel and Cdc25 has occurred (Goh et al, 2000). This hypothesis
predicts that orthologs of all the genes, which were present early during
evolution, must be found in the different lineages whose G2/M transition is
regulated by the well-conserved CDK-cyclin complexes (Pellegrini et al, 1999).
As predicted, CDKs, cyclins and weel orthologs are found in all currently
sequenced eukaryotic genomes, including metazoans, fungi and plants (Rubin
etal, 2000 and Sorrell et al, 2002). Also, orthologs of Cdc25 have been isolated
in both vertebrate and invertebrate animals and in fungi, but no Cdc25 ortholog
has so far been identified in plants, even though the genomes of Arabidopsis
thaliana and rice have been completely sequenced. (Smits and Medema, 2001;
Russell and Nurse, 1986; Criqui and Genschik, 2002; and Dewitte and Murray,
2003)

Though higher plants lack the cdc25 gene, the inhibitory kinase weel gene is
well conserved: overexpression of A. thaliana Weel in fission yeast causes

cell cycle arrest—the cells grow but do not divide, thus providing evidence for
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a functional Weel protein in A. thaliana (Sorrell et al, 2002 and Sun et al,
1999). In addition, various studies have shown that

1. The Thr14-Tyr15 CDK site which is dephosphorylated by Cdc25 in
animals is conserved in plant CDKs,

2. the in vitro dephosphorylation by S. pombe Cdc25 is correlated with
the activation of the CDK-cyclin complex in tobacco stem cells, and

3. the in vivo overexpression of S. pombe Cdc25 phosphatase in to-
bacco BY2 cells yields smaller cells reminiscent of the wee phenotype (Zhang
et al, 1996 and McKibbin et al, 1998).
Interestingly, CDK activity is also inhibited by tyrosine-phosphorylation in
the Fucus spiralis zygote (Corellou et al, 2001). These arguments suggest that
the plant G2/M transition is switched on by an unknown activating dual-
specificity phosphatase and switched off by the inhibitory kinase, Weel; this
unknown green lineage activating phosphatase being very weakly related or
unrelated to the Cdc25 phosphatase family (Dewitte and Murray, 2003; and
Kraft, 2003).
Ostreococcus tauri is a unicellular alga which diverged very early in the green
lineage (Bhattacharya and Medlin, 2004). It is the smallest free-living eukaryotic
cell described to date (diameter 1 um) and has a minimal cellular organization
with a nucleus, only one chloroplast and one mitochondrion, and a nude plasma
membrane (Courties et al, 1994 and Chrétiennot-Dinet et al, 1995). Its 12.56
Mb" genome which is distributed among 20 chromosomes® is currently being
fully sequenced (Derelle et al, 2006)".
In this chapter, we describe a functional cdc25 gene in O. fauri which is the
first cde25 ortholog found in the green lineage. The O. tauri cdc25 gene codes
for a protein having a dual specificity phosphatase activity which is able to
rescue the S. pombe Cdc25 conditional mutant and which specifically activates
the CDK1-cyclin B complex in prophase-arrested starfish oocytes in vitro and

in vivo.
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EXPERIMENTAL PROCEDURES

Materials.

The Ostreococcus tauri culture used in this study is the strain OTTHO0595
(Courties et al, 1998). Cultures were grown in Keller’s medium (Sigma-Aldrich,
Saint-Quentin Fallavier, France) dissolved in 0.2 um filtered sea water (NaCl
38 g.I'"). Growth conditions were a temperature of 18°C, a permanent irradiance
of 60 umol quanta.m™.s"' and mild agitation (Derelle et al, 2002). Cell population
growth was followed by flow cytometric analysis. The starfishes were collected
in the Banyuls bay during the breeding season (November to March for
Marthasterias glacialis, December to May for Astropecten aranciacus) and
kept in running sea water (Vee et al, 2001). Pieces of ovaries were taken by
incising the starfish dorsal wall. The temperature sensitive S. pombe h+ cdc25-
22 leul-32 ura4-218 ade6-M210 mutant strain and the pREP41 vector were
kindly provided by Dr. G. Lenaers (Université Paul Sabatier, Toulouse, France)
(Jimenez et al, 1990 and Forsburg, 1993).

Cloning the Ostreococcus tauri cde25 Gene.
The complete open reading frame (ORF) of O. tauri Cdc25 gene was obtained

by the combined use of the SMART RACE™ cDNA Amplification kit
(Clontech, Palo Alto, CA) and the Universal GenomeWalker™ kit (Clontech).

Phylogenetic Analysis of Ostreococcus tauri cdc25 Gene.

Sequences were aligned with cLustaLw and the alignments were manually
improved using BIOEDIT (Thompson et al, 1994 and Hall, 1999). Three different
methods were used for the construction of the phylogenetic trees. Maximum
likelihood phylogenetic analyses (quartet puzzling, using 25,000 puzzling steps
and a VT+y substitution model) were performed using TREE-PUZZLE.(Muller and
Vingron, 2000; Uzzel and Corbin, 1971 and Schmidt et al, 2002) Neighbor-
joining trees were constructed using TREECON, based on Poisson corrected
distances (Van de Peer and De Wachter, 1997). MrBayes was used for Bayesian
inference of phylogenetic trees, using a JTT+y substitution model (Huelsenbeck
etal, 2001 and Jones et al, 1992). Only unambiguously aligned positions were

taken into account and in the NJ approach, bootstrap analyses with 500 replicates
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were performed to test the significance of the nodes.

Production of Recombinant Cdc25 Protein in Bacteria.

The ORF of cdc25 was PCR amplified using the Advantage2 Taq DNA
polymerase (Clontech) with specific primers containing restriction sites for
directional cloning by BamHI and Xhol (forward primer FpgexBam : 5'-
gtggatcc ATGGAGGTGCGGGAGGCGAACAAGCGCGCG-3' and reverse
primer RpgexXho 5'-tagattatactcgagTCATTCGTTGTCCATGTCGGCCAC-
3"). The PCR program used was an initial denaturation step at 95°C for 1 min
to hotstart the enzyme, followed by 35 cycles at 94°C for 40 sec, 60°C for 1
min and 68°C for 1.5 min, and a final extension at 68°C for 5 min. The PCR
product was gel purified using the Nucleospin® Extract 2 in 1 (Macherey-
Nagel, Diiren, Germany), and then cloned into the pGEM®-T Easy Vector
(Promega, Madison, WI) for sequencing and subcloning. By restriction digesting
the recombinant vector with BamHI (Promega) and Xhol (Promega), the cdc25
gene was directionally subcloned into the BamHI-Xhol digested pGex4T1
vector (Amersham Biosciences, Piscataway, NJ) and electroporated in E. coli
DHS5-alpha strain. For production, the recombinant pGex4T1-Cdc25 vector
was electroporated in E. coli BL21 cells. The bacteria were grown to an A of
0.5 at RT in LB medium containing 100 pg.mL"' ampicillin. Recombinant
protein expression was induced by addition of Isopropyl-beta-D-thiogalactoside
(IPTG) to the cells for 6 hours at a final concentration of 0.2 mM. The GST-
fused protein was affinity purified on glutathione sepharose using a GStrap FF

column with an Aktaprime system (Amersham Biosciences, Orsay, France).

In vitro Phosphatase Assays.

One arm of Marthasterias glacialis starfish was sectioned and the gonads were
separated from their follicle cells by artificial calcium-free sea water treatment
(Vee et al, 2001). Prophase-arrested oocytes were rinsed in normal sea water,
aliquoted in IPNP medium (50 mmol.l"' Tris pH 7.5, 150 mmol.I"! NaCl, 50
mmol.I"! NaF, 10 mmol.I"! Na pyrophosphate, 1 mmol.l"' Na3VO4, 10 mmol.I
! Phenylphosphate, 0.1 mg.ml" soybean Trypsin Inhibitor, 0.1 % (V/V) Triton
X100), were flash frozen in liquid nitrogen and stored at -80°C for further use.

Aliquots of oocytes were thawed and centrifuged at 15,000 x g for 10 minutes
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at 4°C. The extract was incubated at 4°C for 1h with sepharose beads grafted
with p13**°! which specifically bind the CDK-cyclin complex. The beads were
rinsed three times with TBS/T buffer and then washed with 1X PBS. They
were further incubated for different time-lapses with recombinant O. tauri
GST::Cdc25 at RT and washed three times with TBS/T.

a. Kinase Activity. Histone H1 kinase activity was measured using 5
ul of kinase buffer (8 mM Hepes, 10 mM MgCl,, 0.1 mM ATP, 10 pg.ul"
histone H1, 1 % (V/V) gamma P ATP). The reaction was stopped by adding
20 pl of 1X Laemmli sample buffer and boiled for 3 minutes. After
autoradiography of the SDS-PAGE, the histone H1 bands were excised and
counted by liquid scintillation (Picard and Peaucellier, 1998).

b. Anti-phosphotyrosine (Anti-Ptyr)Western Blotting. Immunoblotting
using the anti-Ptyr antibody (Picard et al, 1996) was revealed by alkaline
phosphatase detection method (Picard and Peaucellier, 1998).

Starfish Oocyte Microinjection.

Prophase-arrested Astropecten aranciacus oocytes were separated from their
surrounding follicle cells by calcium-free sea water treatment, and kept in natural
filtered sea water until microinjection following the Hiramoto method
(Hiramoto, 1974).

Rescue of the S. pombe cdc25-22 Conditional Mutant. Cloning into the Ndel-
BamHI digested pREP41 yeast expression vector was carried out as for the
pGEXA4T1 construction, except that:

a. pREP41 specific primers (forward primer: FprepNde : 5'-
gtggattcat ATGGAGGTGCGGGAGGCGAA-CAAGCGCGCG-3"and reverse
primer RrepBam : 5'-actcgaggatccTCATTCGTTGTCCATGTCGGCC-
ACTTCGTC-3") were used, and

b. the Ndel (Promega) and BamHI (Promega) restriction enzymes were
used (Maundrell, 1990).

The recombinant pREP41 vector was then electroporated into E. coli DHS5-
alpha cells. The resulting construct which contains the O. tauri cdc25 gene
under control of thiamine-repressible nmt promoter, was transformed into the
S. pombe h+ cdc25-22 leul-32 ura4-218 ade6-M210 strain by electroporation

and selected on leucine- and thiamine-deficient minimal medium (Prentice and
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Kingston, 1992). Positive clones growing on leucine-deficient medium at the
permissive temperature (30°C) were tested at the restrictive temperature (37°C).
Expression of the O. tauri Cdc25 was repressed by the addition of 25 uM

thiamine.

RESULTS

An Ortholog of cdc25 is Present in Ostreococcus tauri.

During the sequencing of the complete genome of O. tauri, a clone showing
significant similarity to the C-terminal part of the cdc25 gene family was
identified. The complete gene was obtained by using a RACE-PCR approach
and was later confirmed by the contig assembly of the genome sequencing
project. This yielded a complete open reading frame (ORF) of 1,188 bp without
any intron (accession number AY330645) encoding a 395 residue protein. O.
tauri cdc25 ORF has a GC content of 62% which is much higher than the GC
content range of 40-45% found in animal and yeast cdc25 orthologs. Blast
search analysis of the O. fauri Cdc25 protein sequence revealed a typical Cdc25
signature encompassing the 180 amino acids of the C-terminal domain con-
taining the conserved active site, a rhodanese fold with the CE[Y-F][SXXR
motif and the aspartate residue of the essential DCR acceptor motif (fig. 1)
(Altschul et al, 1997 and Bordo, 2002). No domain homology could be found
in the databases for the N-terminal part of the protein, as is usually observed in
animal and yeast Cdc25 N-terminal moieties. O. tauri cdc25 hosts a consensus
14-3-3 binding site, 2 destruction box (RXXL) motifs but no KEN motif
(Tzivion and Avruch, 2002; Zur et al, 2002 and Pfleger and Kirschner, 2000).
Finally, 15-serine, 8-threonine and 6-tyrosine potent phosphorylation sites are
also counted, among which one putative MAP kinase phosphorylation site on
threonine-183 and more importantly 4 putative CDK A phosphorylation sites
(Blom et al, 1999).

The expression of O. tauri cdc25 was analysed by northern blotting of O. tauri
total RNA isolated from non synchronized cultures. A band corresponding to
approximately 1.6 kb was obtained (data not shown), indicating that the O.

tauri cdc25 gene is expressed. This size is compatible with the estimated size
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of the gene obtained from the complete genome sequencing project. This
expression has also been confirmed by specific PCR amplification of a fragment
of O. tauri cdc25 using a cDNA library and lastly from total RNA by the Titan
one step RT-PCR kit (data not shown).

Cdc25A Mm HIKL LHMEEEVEDFLLENF IVETD===-~ GERVIVVFHEFE =BRGP RIC Ry VIR R --LGNEEDKL (65)
Cdc25B_Mm H KN P LEPDAETFLLORE TN CSL---DERI I LT FHMFIES EECPRMCRF IEER ——u.l\mupsr.. (65)
Cde25C Mm GEHILCRALYLHE QKE LHEFFLREI VY P LD I - -~ QKRVIIVF L3 FE = EiEc B RMC RS LIEE: LLHOWBAL  (69)
Cdc25 Dm CEHIRCHRAL Y TRGOIQELF - -~ P TLTEH] - -~ ENRRI YV FHBHFE e G PEL LRV LES HTHH@BLL  (78)
Cde25_Sp GEHT S T LN THOATVDAFLEKF LT ———————- HRVALVF. HiE PHL A LHF N PFL  (86)
Cde25_Pe HIMGAT TN SFD A LD ALLLE NPT ————— ==~ KRCLIIF TESHEAPRLASTLENE pLL  (77)
Cde25_Sc HT TN FE=HECE S LASHLENChd pEL  (124)
Cde25 Ce HTERT PR QARG PRIA T AL iskd rEC (935)
Cde25 Ot Fb(= CIERARGEL s EjRn PRI REHVEN L PDHI ANP= L (154)
Ej3=H]

CEHI

Consensus

Figure 1. Alignment of Cdc25 amino acid sequences. Comparison of the C-terminal end of
the Ostreococcus tauri (Ot) Cdc25 protein sequence with other Cdc25s from different
organisms (M. musculus [Mm], D. melanogaster [Dm], S. pombe [Sp], P. carinii [Pc], S.
cerevisiae [Sc] and C. elegans [Ce]). Identical amino acids are boxed, gaps introduced
during the alignment process are indicated with dashes. A consensus sequence was made
showing the conserved residues among the Cdc25-family. The two bars indicate the CE[Y-
F]SXXR motif and the conserved aspartate residue upstream from the (H)CX5R motif, the
typical signature for the Dual-Specificity Phosphatases (DSP) (Shi et al, 1998), to which
Cdc25 belongs. The number of amino acid residues encompassing the regions beyond the
conserved domains are given in parentheses.

A True cdc25 Dual-specificity Phosphatase in Ostreococcus tauri.

Alignments of the superfamily of protein phosphatases dataset, including the
divergent family of low molecular weight phosphatases, showed unambiguously
that the O. fauri sequence belongs to the cdc25 dual-specificity phosphatase
subfamily (fig. 2). Within this cdc25 subfamily, O. fauri branched off first,
being clearly different from metazoan and yeast sequences (fig. 2). Since the
systematic and careful searches for orthologs of cdc25 genes in plants by using
animal or yeast sequences have been unsuccessful, the availability of O. fauri
cdc25 sequence originating from the green lineage prompted us to look again
for any homology with its conserved C-terminal part. Again, no clear ortholog
could be found in the two completely sequenced streptophyta genomes
Arabidopsis thaliana and rice. Furthermore, no ortholog was found in the very
large unpublished EST dataset of the moss Physcomitrella patens (Ralf Reski,
Freiburg University, Germany, personal communication). Interestingly, a
putative Cdc25-like phosphatase sequence containing the HCX R motif but a
divergent DVR acceptor motif was identified in Chlamydomonas reinhardtii
(ChlamyDB?$ Accession No. 833010A05.y1; http://www.biology.duke.edu/
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Figure 2. Phylogenetic analysis of Cdc25 genes. Classification of the Ostreococcus tauri
Cdc25 within the phosphatase superfamily. For each family, representative protein sequences
were taken from different organisms (Saccharomyces cerevisiae [Sacce], Homo sapiens
[Homsa], Arabidopsis thaliana [ Arath], Caenorhabditis elegans [Caeel], Ostreococcus tauri
[Ostta], Oryza sativa [Orysal)), in order to perform phylogenetic analyses. Because of their
short alignable region compared with the other members of the phosphatase superfamily,
the Low Molecular Weight Phosphatases (low-Mr) were not included in the analysis. All
tree construction methods (pairwise distance, maximum likelihood and Bayesian inference)
gave the same topology. Here, the maximum likelihood tree constructed with TREE-PUZZLE
is shown. Dots on the branches indicate a Quartet Puzzling Support Value higher than
70%.

chlamy_ genome). This new cdc25-like candidate sequence is highly divergent
and only functional characterization will ensure that it is an ortholog of the
Cdc25 phosphatase. These results indicate that a true cdc25 gene was present

at the base of the green lineage as an ortholog is found in O. fauri and a putative

one in C. reinhardtii. However, no ortholog has been identified in higher plants.
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Ostreococcus tauri Cdc25 Rescues S. pombe cdc25-22 Temperature Sensitive

Mutants.

Since there are no genetic systems yet available in O. tauri, the rescuing of a
Schizosaccharomyces pombe cdc25-22 conditional mutant by recombinant O.
tauri Cdc25 was tested. This strain which grows normally at the permissive
temperature of 30°C arrests at the G2/M transition at the restrictive temperature
of 37°C due to inactivation of the thermo-labile endogenous cdc25. The
complete ORF of the O. tauri gene was subcloned in the S. pombe expression
vector pREP41 and transformed in the S. pombe cdc25-22 mutant. After
selection on leucine-deficient minimal medium plates, only colonies transformed
by the pREP41 containing O. fauri cdc25 gene grew at restrictive temperature
(37°C), whereas the colonies transfected with the vector alone (control) grew
very poorly (fig. 3A and 3B). Furthermore, microscopic examination showed
that the colonies transfected with O. fauri cdc25 have a similar morphology
(small rod-shaped cells) to the wild type strains or to the colonies growing at
permissive temperature (fig. 3D). Small and round cells corresponding to the
wee phenotype are also observed. In contrast, the cells in the few colonies
obtained at restrictive temperature and not rescued by O. tauri cdc25 appeared
elongated with a phenotype typical of cdc25 cell cycle-arrested mutant cells
(fig. 30).

Figure 3. Rescue of S. pombe cdc25-22
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Ostreococcus tauri Cde25 is an Active Phosphatase.
To investigate further the phosphatase activity of O. fauri cdc25 on the CDK-

cyclin complex, starfish oocytes were microinjected with purified recombinant
O. tauri GST::Cdc25 protein (Picard et al, 1987). These oocytes are arrested in
the prophase of the first meiotic division (germinal vesicle {GV} stage) and
contain an inactive Thr-14 Tyr-15 phosphorylated CDK (Borgne et al, 1999).
Oocytes microinjected with recombinant O. tauri Cdc25 phosphatase underwent
M-phase entry as shown by germinal vesicle breakdown (GVBD) (Fig. 4). We
moreover checked that the GVBD oocytes contained active histone H1 kinase
activity showing that the microinjected recombinant O. tauri GST::Cdc25
readily activated endogenous CDK-cyclin complex (data not shown). On the
other hand, GVBD was not observed in control oocytes microinjected with
bufter alone (fig. 4).

Figure 4. Microinjection of O. tauri Cdc25 in prophase arrested starfish oocyte. The
recombinant O. fauri GST::Cdc25 was microinjected in starfish oocytes. (I) Control oocyte
microinjected with buffer solution 1X PBS. The small sphere above the germinal vesicle is
a mineral oil drop microinjected together with the solution. (II) Oocyte microinjected with
O. tauri Cdc25 phosphatase: the oocyte matures into a Germinal Vesicle BreakDown
(GVBD) state; the nuclear envelope fades and eventually disappears. The maturation of the
oocyte observed shows that the CDK-cyclin complex has been activated by the O. tauri
Cdc25

We also tested the in vitro activity of O. tauri Cdc25 phosphatase. For this, the
histone H1 kinase activity of the CDK1-cyclin B complex was measured after
addition of recombinant O. tauri GST::Cdc25 phosphatase to GV-stage inactive
CDK which were affinity-purified from the oocyte protein crude extract by
pl13%<! grafted sepharose beads. This activity increased by a factor of 2.6
following the addition of recombinant O. tauri GST::Cdc25 (fig. SA) for 1
hour as compared to the control and this was proportional to the time-lapse of
O. tauri Cdc25 addition to the extracts. To ensure that the O. fauri Cdc25
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phosphatase specifically activated the CDK1-cyclin B complex, a western-
blot revealed by anti-phosphotyrosine antibody was carried out on the purified
starfish CDK 1-cyclin B complex and incubated with O. fauri Cdc25 for various
times. The resulting blot clearly shows that the band corresponding to the tyro-
sine-phosphorylated form of CDK1 decreased significantly on addition of O.
tauri Cdc25 (fig. 5B). More precisely, the tyrosine-phosphorylated band showed
an intermediate band shift before a more than 5-fold decrease in intensity
indicating a more rapid threonine than tyrosine dephosphorylation. This
dephosphorylation was dose and time dependent and confirmed the activation
of the CDK1-cyclin B complex by dual-specificity dephosphorylation. These
results clearly show that the recombinant O. fauri Cdc25 protein is functional
and has a dual specificity phosphatase activity assayed both in vitro and in

vivo.

05 1
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Figure 5. In vitro Phosphatase activity of O. tauri Cdc25 in starfish oocyte extracts. After
purification of the starfish oocyte inactive CDK-cyclin complex by the use of sepharose
beads grafted with p13**!, recombinant O. tauri GST::Cdc25 was incubated at RT for
different time-lapses. (A) Shows the normalized radioactivity count of the resulting kinase
assay of the CDK 1cyclin B complex on its specific substrate histone H1. The kinase activity
increases in O. tauri Cdc25 incubated samples as compared to the control which is incubated
in PBS 1X buffer solution. Therefore in vitro O. tauri Cdc25 dephosphorylation activates
the CDK1-cyclin B complex. (B) Western Blotting using anti-Ptyr antibody shows that
there is a band shift followed by a uniform decrease in tyrosine phosphorylation of the
starfish CDK1; O. tauri Cdc25 is a dual specificity phosphatase which dephosphorylates
the Thr residue before the Tyr residue. These results confirm the in vitro dephosphorylating
activity of O. tauri Cdc25. C: 60' PBS1X; 10: 10" otCdc25; 20: 20" otCdc25; 30: 30" otCdc25;
40: 40' otCdc25; 50: 50" otCdc25; 60: 60" otCdc25.
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DISCUSSION

Once a cell is committed to division, the proper succession of the different
phases is regulated by checkpoints which block the cell cycle progression until
the previous phase is successfully completed (Smits and Medema, 2001). These
checkpoints seem to be present in all eukaryotes and the increasing amount of
available genomic data from organisms belonging to different phyla shows
that most of the proteins involved in these regulations are conserved. In turn,
this conservation led to the concept of an ancestral core cell division machinery,
at least common to metazoans, fungi and plants (Dewitte and Murray, 2003).
Despite this in silico global similarity, the plant cell cycle is nevertheless poorly
functionally characterized. Little is known about the plant cell cycle in planta
and only an extensive functional analysis will clearly discriminate the core
cell cycle machinery from the important specific adaptations in the models.
Among these putative specific adaptations was the persistent absence of a cdc25
ortholog in plants although this essential regulation pathway seems to be
functionally conserved. This absence is puzzling because orthologs of other
regulation partners of the G2/M transition such as CDKs, cyclins and Weel
are present in plants. This is all the more surprising as most of the proteins
known to interact with Cdc25 in metazoans and yeast have also been found in
plants. Among these proteins are Pinl and 14-3-3 and their presence indicates
that the DNA damage and DNA replication checkpoints may also be
evolutionarily conserved from the ancestral machinery.

The absence of Cdc25 in plants raises the evolutionary question of the presence
or absence of this key enzyme at the base of the green lineage and its possible
subsequent evolution as a weakly conserved sequence or its loss and substitution
by a yet uncharacterised dual specificity phosphatase which mimics the activity
of Cdc25. The ongoing sequencing project of the genome of the unicellular
alga Ostreococcus tauri revealed for the first time the presence of a cdc25
gene at the base of the green lineage. We have shown that this gene encodes a
functional Cdc25 protein. O. tauri Cdc25 phosphatase is active in the
heterologous models starfish and yeast, thereby confirming its functional
conservation across evolution, as can be observed with Cdc25 phosphatases

from other organisms (Gustafson et al, 2001). By using the O. tauri cdc25
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sequence, a putative candidate was found in C. reinhardtii, whose genome
sequencing has recently been completed. This Cdc25 candidate contains the
conserved HCX R and the essential aspartic acid of the DCR acceptor motif
but does not have neither the consensus Cdc25 motif CE[Y-F]SXXR, nor the
cysteine of the DCR motif which is necessary for reversing deleterious oxidation
(Sohn and Rudolph, 2003). We, therefore, propose to annotate this C. reinhardtii
sequence as a cdc25-like gene based on its partial sequence similarity to the O.
tauri cdc25 gene. We further looked for orthologs of this new C. reinhardtii
cdc25-like gene and found putative orthologs in the terrestrial plants A. thaliana
and O. sativa. However, these cdc25-like sequences are highly divergent from
the known cdc25 family and their identification as a putative Cdc25 phosphatase
remains to be functionally confirmed. Further characterisation of such Cdc25
phosphatase orthologs in streptophyta will require a comparative approach
including evolutionarily intermediate organisms such as the charophyta, but
genomic data for these organisms are not yet available.

In conclusion, the conservation of the actors of the cell cycle regulation pathway
suggests that the interacting partners must have coevolved so that any divergent
change in one partner is adapted by the other (Goh et al, 2000). However, to
confirm this hypothesis orthologs of all the genes present early during evolution
must be found in the different lineages having conserved this regulatory pathway
(Pellegrini et al, 1999). The absence of cdc25 in plants, in contrast to CDKs,
cyclins and weel, is contradictory to the hypothesis of coevolution and would
imply that cdc25 phosphatase activity is a more recent evolutionary acquisition,
occurring only in ophistokonts (metazoans and fungi) after their separation
from the green lineage. But the formal identification of a functional Cdc25
ortholog at the base of the green lineage strengthens the hypothesis of the
coevolution of the regulatory pathway of the M-phase entry and rules out the
hypothesis of the cdc25 gene as being a recent evolutionary acquisition specific
to the ophistokont lineage. It is now clear that Cdc25 phosphatase appeared
earlier in evolution before the divergence between the ophistokont (metazoan
and yeast) and the green lineages and was probably present in the ancestral

eukaryotic cell.
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NOTE
Supplemental data can be found online at

http://www.landesbioscience.com/journals/cc/khadarooCC3-4-sup.pdf
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Chapter 3 Cell Cycle

Abstract

The cell cycle has been extensively studied in various organisms, and the recent
access to an overwhelming amount of genomic data has given birth to a new
integrated approach called comparative genomics. Comparing the cell cycle
across species shows that its regulation is evolutionarily conserved; the best-
known example is the pivotal role of cyclin dependent kinases in all the
eukaryotic lineages hitherto investigated. Interestingly, the molecular network
associated with the activity of the CDK-cyclin complexes is also evolutionarily
conserved, thus, defining a core cell cycle set of genes together with lineage-
specific adaptations. In this paper, we describe the core cell cycle genes of
Ostreococcus tauri, the smallest free-living eukaryotic cell having a minimal
cellular organization with a nucleus, a single chloroplast, and only one
mitochondrion. This unicellular marine green alga, which has diverged at the
base of the green lineage, shows the minimal yet complete set of core cell
cycle genes described to date. It has only one homolog of CDKA, CDKB,
CDKD, cyclin A, cyclin B, cyclin D*, cyclin H, Cks, Rb, E2F, DP, DEL, Cdc25,
and Weel®. We have also added the APC and SCF E3 ligases to the core cell
cycle gene set. We discuss the potential of genome-wide analysis in the
identification of divergent orthologs of cell cycle genes in different lineages

by mining the genomes of evolutionarily important and strategic organisms.

* Updated version: 2 copies of CycD and Weel/Mytl present 53



Chapter 3

INTRODUCTION

All living organisms undergo cell division, of which the regulation is highly
conserved throughout evolution (Stals and Inz¢, 2001). The eukaryotic cell
cycle is regulated at multiple points, and cell division is ensured by cyclin-
dependent kinase-cyclin (CDK-cyclin) complexes, heterodimers composed of
a CDK subunit that binds a regulatory cyclin subunit. CDK-cyclin complexes
are present in all eukaryotic lineages hitherto studied (Joubés et al, 2000).
Their activity is, furthermore, controlled by evolutionarily conserved regulatory
mechanisms: phosphorylation/dephosphorylation of the CDK subunit, binding
of CDK inhibitors (CKI), cytoplasmic sequestration of the cyclin subunit, and
specific ubiquitylation targeting of the cyclin subunit and CKI to proteasome-
mediated proteolysis (Deshaies and Ferrell, 2001 and Obaya and Sedivy, 2002).
Cell cycle control genes have been found in the different lineages investigated,
including the animal, yeast, and plant lineages. Even though specific regulatory
mechanisms are present in all lineages, some have evolved differently, such as
the retinoblastoma (Rb/E2F/DP) pathway, which is present in animals and plants
but absent in yeast (Rubin et al, 2000). Comparative studies of the cell cycle
among model organisms belonging to different eukaryotic lineages can, thus,
provide crucial information in distinguishing between the core cell cycle
common to all phyla and lineage-specific adaptations. Most of the comparative
analysis on the cell cycle regulation in ophistokonts (metazoans and fungi) has
already yielded the identification of several evolutionarily conserved cell cycle
control genes. Although many of these genes are also known in higher plants,
their precise role is hard to grasp because of the high complexity of the plant
model genomes; namely, the presence of multiple copies of key genes such as
CDKs and cyclins. For example, genome-wide analysis shows that cell division
control might involve nine CDKs (one of CDKA, four of CDKB, three of
CDKD, and one of CDKF) and 30 cyclins (10 of cyclin A, nine of cyclin B, 10
of cyclin D, and one of cyclin H) in Arabidopsis thaliana (Vandepoele et al,
2002). The function of each copy is very difficult to investigate because their
independent roles are blurred: silencing one copy does not necessarily yield
the complete phenotype associated with the gene, as part or all of the function

of the silenced copy can be rescued by the other copies. Thus, there is a need
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for a simpler green lineage- specific model organism that can be used to unravel
the cell cycle specificities of this phylum. Furthermore, studies in the major
“classical”” model organisms are not sufficient to account for the common
features and the particularities of each model. It is, for instance, difficult to
determine whether the presence of only one CDK in yeast is a primeval feature
inherited from the ancestral eukaryotic cell or a more recent simplification
after the separation between the ophistokonts and the green lineage. These
questions can only be answered by the study of new model organisms that
occupy key phylogenetic positions. Undoubtedly the genome-wide analysis of
their cellular functions, such as the core cell cycle genes, will help in the
understanding of the complex green lineage-specific adaptations.

Ostreococcus tauri is a marine unicellular green alga of the Prasinophyceae
clade that belongs to the Chlorophyta group of the Planta kingdom (Courties et
al, 1998). Because Prasinophyceae have diverged early at the base of the
Chlorophyta and consequently of the green lineage (Bhattacharya and Medlin,
1998), O. tauri holds a key phylogenetic position in the eukaryotic tree of life.
It is, therefore, a potentially powerful model to differentiate between the
processes that are common to all eukaryotes (i.e., inherited from the “ancestral
eukaryotic cell”) and specific adaptations that have occurred after the separation
of the different lineages. O. tauri is the smallest free-living eukaryotic cell
described to date (Courties et al, 1994), with a diameter of no more than 1 im.
Furthermore, O. tauri has a minimal cellular organization, with a nucleus, a
single chloroplast, and only one mitochondrion (ChrétiennotDinet et al, 1995).
It has a nude plasma membrane without scales or flagella, a reduced cytoplasm
(Chrétiennot-Dinet et al, 1995), and a small 12.5-MB to 13-Mb genome, which
is currently being sequenced (Derelle et al, 2002). The high-throughput
sequencing step of its complete genome is now finished (data not shown), and
first analyses indicate that most of the genes have high similarities with genes
belonging to the higher plant lineage and can, thus, be easily annotated by
sequence similarity. Here, we compare the core cell cycle genes of O. fauri

with those of 4. thaliana and discuss new features of their evolution.
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MATERIALS AND METHODS

Ostreococcus tauri Cultures.
The O. tauri culture used in this study is the strain OTTH0595 (Courties et al,
1998). Cultures were grown in Keller medium (Sigma), diluted in 0.2 um filtered

Banyuls bay-sampled sea water (NaCl 38 g/L), at a temperature of 18°C, with
a permanent irradiance of 60 umol quanta/m?/s, and under mild agitation.

Growth was followed by flow cytometer analysis.

Annotation of the Ostreococcus tauri Cell Cycle Genes.

All the genes were annotated based on their similarity with other cell cycle
genes available in the public databases. These sequences were aligned using
Blast (Altschul et al, 1990) against the O. fauri database, and the best hits were
further manually annotated using Artemis (Rutherford et al, 2000). The mRNA
expression of all the genes described in this study has been confirmed either by
their presence among the ESTs sequenced from a cDNA library or from Northern
blots or RT-PCR. All the sequences reported in this paper have been submitted
to GenBank under the following accession numbers: AY675093 (CDKA),
AY 675094 (CDKB), AY675095 (CDKC), AY675096 (CDKD/CAK),
AY 675097 (CycA), AY675098 (CycB), AY675099 (CycD), AY675100 (CycH),
AY330645 (Cdc25), AY675101 (Weel), AY675102 (Rb), AY675103 (E2F),
AY 675104 (Del), AY675105 (Dp), AY675106 (Cks), AY675107 (Cdc20),
AY675108 (CDH1/CCS52),AY675109 (Skp1), AY675110 (Apcl), AY675111
(Apc2), AY675112 (ApcS), AY675113 (Apc6/Cdcl6), AY675114 (Apcl0),
AY 675115 (Cdc26p), AY675116 (Apc7), AY675 117 (Apc8/Cdc23),AY675118
(Apcll), AY675119 (Apcd), and AY675120 (Apc3).

Phylogenetic Analysis.

Sequences were aligned with cLustaLw (Thompson et al, 1994). The sequence
alignments were manually improved using BIOEDIT (Hall 1999). TREECON (Van
de Peer and De Wachter 1997) was used for constructing the neighbor-joining
(Saitou and Nei 1987) trees based on Poisson-corrected distances, only taking
into account unambiguously aligned positions. Bootstrap analysis with 500

replicates was performed to test the significance of the nodes.

56



Cell Cycle

RESULTS AND DISCUSSION

Ostreococcus tauri Genome Status.

The genome of the O. fauri strain OTH95 has been sequenced using the random
sequencing method completed by an oriented walking strategy (data not shown).
Approximately 120,000 reads corresponding to the extremities of 60,000
shotgun clones and 5,500 reads of the extremities of a BAC library have been
assembled using the Phred-Phrap package. A total of 1,989 contigs longer than
2 kbp were obtained for an overall sevenfold depth of coverage. At this stage,
specific oligonucleotides were designed at the extremities of the biggest contigs
and used to specifically sequence the shotgun clones flanking these contigs.
All the contigs obtained were physically located on chromosomes by using a
direct hybridization approach on pulse field electrophoresis gels. A total of
5,441 nuclear protein-coding genes were identified using the EuGene gene
prediction software version 1.64 (Schiex et al, 2001), which includes both
intrinsic and extrinsic approaches for better performance. The mitochondria
and chloroplast genomes have also been determined.

The nuclear genome size of O. fauri has been estimated at approximately 12.6
Mbp by pulsed-field electrophoresis (PFGE), whereas the total size obtained
from the contigs is 12.4 Mbp. A total of 1,850 unique O. tauri expressed
sequence tags (ESTs) have been sequenced, and around 99% of these sequences
mapped with identity greater than 95% onto the genome by using Blast. This is
further evidence of the completeness of the genome sequence. and this genome
draft has then been used for the complete analysis of the O. tauri core cell
cycle genes.

CDK-Cyclin Complexes.

CDKs are universally conserved cell cycle regulators. Six classes of CDKs
have been described in the plant model 4. thaliana (Vandepoele et al, 2002).
CDKA has a PSTAIRE cyclin-binding motif and is the plant ortholog of the
universal eukaryotic cell cycle regulator CDK 1 (Dorée and Hunt, 2002). CDKB,
whose expression is cell cycle regulated, belongs to a plant-specific CDK clade
and plays a role at the G2/M-phase transition. CDKD and CDKF are CDK
activating kinases (CAK), which activate the CDK by phosphorylating the
threonine residue in the T-loop (Jeffrey et al, 1995). CDKC and CDKE are not
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Figure 1. The CDK gene family. Unrooted neighbor-joining tree inferred from Poisson-
corrected evolutionary distances for the CDK gene family involved in the cell cycle. The
black dots indicate bootstrap values above 70 out of 500 samples. Arath: Arabidopsis
thaliana; Medsa: Medicago sativa; Nicta: Nicotiana tabacum; Orysa: Oryza sativa; Dunte:
Dunaliella tertiolecta; Sacce: Saccharomyces cerevisiae;, Schpo: Schizosaccharomyces
pombe; Musmu: Mus musculus; Homsa: Homo sapiens; Xenla: Xenopus laevis; Caeel:
Caenorhabditis elegans; Drome: Drosophila melanogaster; Ostta: Ostreococcus tauri.

directly involved in the cell cycle control. According to this plant nomenclature
(Joubes et al, 2000), four CDKs belonging to the A to D classes have been
found in the genome of O. fauri (fig. 1 and table 1), but only three (CDKA,

CDKB, and CDKD) are involved in cell division control.

Table 1. Comparison of CDK Genes of Metazoans, Yeasts, Plants, and Ostreococcus tauri

Genes Ostta  Aarath  Sacce  Homsa Ostta Aarath Sacce Homsa
CDKA 1 1 1 3 PSTAIRE PSTAIRE PSTAIRE PSTAIRE
CDKB 4 0 0 PSTALRE P[S/P]T[A/T]LRE -- --

CDKC 1 2 1 1 PITAIRE PITAIRE PITAIRE PITALRE
CDKD 1 3 0 1 NFTAIRE N[I/F/V]TALRE  -- NRTALRE
CDKF -- 1 1 1 -- YQSAFRE PHNAKFE PNQALRE

Arath: Arabidopsis thaliana; Sacce: Saccharomyces cerevisiae; Homsa: Homo sapiens; Ostta:

Ostreococcus tauri.
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O. tauri CDKA contains the canonical PSTAIRE motif that is the hallmark of
the central cell cycle regulator whose orthologs are Cdc2 in S. pombe, Cdc28
in S. cerevisiae, CDK1 in vertebrates, and CDKA in plants. This intronless
gene is well conserved when compared with the PSTAIRE CDKs of other
organisms and shows 66% sequence identity with the CDKA of 4. thaliana.
Moreover, the latter has four copies of the plant-specific B-class CDKs, whereas
O. tauri has only one copy of a B-class-like CDK. O. tauri CDKB is intronless
and contains a novel PSTALRE motif that is midway between the PSTAIRE
CDKA and the P[S/P]T[A/T]LRE CDKB motifs. However, its overall sequence
similarity and phylogenetic position confirms that this O. tauri gene is
orthologous to higher plant CDKBs and is clearly not a divergent CDKA (fig.
1). Both O. tauri CDKA and CDKB have diverged early in their respective
clade, confirming the phylogenetic position of O. fauri at the base of the green
lineage (Courties et al, 1998). Furthermore, O. tauri has only one copy of
CDKD bearing an NFTAIRE motif, homologous to the CDK-activating kinase
(CAK), which positively regulates the activity of CDKA by phosphorylation
of'the threonine-161 residue. It is orthologous to the three CDKDs of A. thaliana
(fig. 1 and table 1).

Finally, only one PITAIRE motif O. tauri CDKC has been identified, as
compared with the two CDKCs described in 4. thaliana (fig. 1 and table 1).
PITAIRE CDKs have been reported to phosphorylate the carboxyl terminal
domain (CTD) of the RNA polymerase 11, and they do not participate directly
in the cell cycle control (Barroco et al, 2003). No E-class or F-class CDKs

have been found in the genome of O. fauri.

Table 2. Comparison of Green Lineage Cyclin Genes

Number of Copies Protein Motifs
Genes O. tauri A. thaliana O. tauri A. thaliana
LxCxE
CycA 1 10 MIEVXEEY No LxCxE
MRNILVDW
HxKf
CycB 1 9 MRAILIDW Hx[R/K]F
CycD 2% 10 No LxCxE LxCxE except
D4 and D6
CycH 1 1 IVRHEAK MRAFYEAK
* updated

Cyclins are the regulatory binding partners of the CDKs, which confer the
timing and substrate specificity to the activity of the CDK-cyclin complexes

(Futcher 1996). O. tauri has the minimum set of cyclins described to date in
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any organism. More importantly, it has only one copy of each of the A-class,
B-class, D-class®, and H-class cyclins (Renaudin et al, 1996), thus, presenting
even fewer cyclin gene copies than yeasts because S. cerevisiae has three G1
cyclins (CLN) and six S/G2/M cyclins (CLB) (fig. 2 and table 2). The activities
of the different cyclins in S. cerevisiae are redundant. In G1-phase, threshold
ClIn3 kinase activity is necessary for going through the START point, at which
time it switches on the other two G1 cyclins, Clnl and CIn2. The peak activity
of these two cyclins induces the activity of the S-phase specific CDK-cyclin
complexes by releasing the Clb5-associated and Clb6-associated kinases from
the inhibitory CKI Sicl (Schwob et al, 1994). The CIb5 and CIlb6 kinase
activities are necessary for progression from the G1 to the end of the S-phases.
Finally, the cyclins Clb1-4 are turned on at the G2/M-phase transition, thus,
leading the cell into M-phase (Mendenhall and Hodge 1998).

0.1 substitutions/site

e
Figure 2. The cyclin gene family. Unrooted neighbor-joining tree inferred from Poisson-
corrected evolutionary distances for the cyclin gene family involved in the cell cycle. The
black dots indicate bootstrap values above 70 out of 500 samples. Arath: Arabidopsis
thaliana; Orysa: Oryza sativa; Poptre: Populus tremula; Ostta: Ostreococcus tauri.
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In O. tauri, there is only one putative G1 cyclin, the cyclin D*, which contains
one intron (fig 2. and table 2). Surprisingly, the LxCxE retinoblastoma (Rb)
binding motif that is normally present on cyclin D of animals and higher plants
is not found on the putative O. fauri cyclin D but has been identified in the C-
terminal part of the O. tauri cyclin A. O. tauri cyclin A also contains the well-
conserved cyclin box motif MRNILVDW and a MIEVAEEY cyclin A-specific
motif similar to the 4. thaliana MRX[I/V]L[I/V]DW and LVEVXEEY cyclin A
motifs. This gene has one intron, and it shares the highest homology of 26%
sequence identity with the A. thaliana cyclin A2 (accession number PIR:
D96505). The putative M-phase cyclin B has two introns, and it contains the
well-conserved cyclin box motif MRAILVDW and the cyclin B-specific HxKF
motif. Hence, this in silico analysis suggests that only one cyclin would be
sufficient for each specific phase of the cell cycle, whereas two or more cyclins
are present in S. cerevisiae, and even more genes are present in the multicellu-
lar organisms. Last, the cyclin H, which is the regulatory subunit of the CDKD,
does not have an intron, and its sequence analysis yields a cyclin domain similar
to homologs of cyclin H from A. thaliana with no particular feature (fig 2. and
table 2).

Therefore, O. tauri presents a minimal, yet complete, set of cell division control
genes necessary to drive a eukaryotic cell through the complete division cycle:
one of CDKA, one of CDKB, one of cyclin A, one of cyclin B, and one of
cyclin D*. Furthermore, the presence in this organism of two CDKs (the
universal regulator CDKA and the green lineage-specific CDKB) supports the
hypothesis that having one CDK would be a primeval feature that has been
conserved in yeast but not a more recent simplification specifically acquired in
this lineage. Furthermore, the simplification to only one copy for each cyclin
type, in contrast to the usual high copy number of these genes in the other
organisms, makes O. fauri a potentially powerful model for functional plant
core cell cycle studies.

CDK subunits (CKS) are proteins that bind to the CDK protein, and their
function is important in the transcriptional activation of Cdc20, the activating
protein of the APC complex (see below) (Morris et al, 2003). Only one putative
Cks has been found in the genome of O. fauri (table 3). This gene has four

introns, and the encoded protein has a well-conserved N-terminus sharing an
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overall 78% and 82% similarity with A. thaliana Cks1 and Cks2, respectively.
CDK inhibitor (CKI) Kip-related proteins (KRPs) are inhibitors of CDK
activities, and seven KRP genes have been found in 4. thaliana (De Veylder et
al, 2001). Despite many efforts, no such genes and no other related CDK
inhibitors could be found in O. tauri by sequence similarity searches. Only a
highly divergent sequence, sharing low sequence similarity to the KRP3 of A4.
thaliana has been found as a putative candidate (table 3). However, KRP genes
are usually very divergent; for example, only few key amino acids are conserved
between A. thaliana and animal inhibitors (De Veylder et al, 2001), and likewise
for the CKI between the S. cerevisiae Sicl and S. pombe Ruml inhibitors
(Sanchez-Diaz et al, 1998). Furthermore, no sequence conservation was found
between the CKI from yeast and other lineages. This absence or very low se-
quence similarity means that the only possibility of identifying the O. fauri
cell cycle inhibitors will be by using functional genetic and/or biochemical
approaches.

Table 3. Comparison of Several Core Cell Cycle Genes

Number of Copies

Genes O. tauri A. thaliana S. cerevisiae  H. sapiens
Cdc25 1 1# 1 3
Weel/Myt1/Mik 2% 1 2 2
Rb/p107/p130 1 1 0 3
E2F 1 3 0 6
DEL 1 3 0 1
DP 1 2 0 2
Cks 1 2 1 2
CKI 1? 7 1 8
# Very poorly conserved.

* updated

Retinoblastoma (Rb/E2F/DP) Pathway.

At the G1/S transition, the Rb pathway is conserved among the animal and

plant kingdoms but is absent in yeasts. An Rb homolog has also been described
in the unicellular green alga Chlamydomonas reinhardtii (Umen and
Goodenough 2001). However, this alga has a peculiar cell division, and the
question of whether this Rb pathway is characteristic for multicellular organisms
has remained unclear (Cross and Roberts 2001). In algae, plants, and metazoans,
the retinoblastoma pathway induces the expression of S-phase-specific genes.
The Rb protein sequesters and inactivates the DNA-bound heterodimer
transcription factor comprising the E2F protein and its dimerization partner

(DP) protein (Weinberg 1995). It also recruits the chromatin remodeling
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machinery for silencing the target genes (Shen 2002) and is responsible for
maintenance of quiescence (Sage et al, 2003). At the G1/S transition, the CDK-
cyclin complex phosphorylates Rb. Once phosphorylated, the Rb protein frees
the E2F/DP complex, which is able to induce the transcription of its target

genes. In contrast to vertebrates, which have three copies of pocket proteins
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Figure 3. Schematic representation of the E2F family and Rb genes. Structural organization
of the DEL, DP, E2F, and Rb proteins of Ostreococcus tauri (Ostta) compared with
Arabidopsis thaliana (Arath) and Homo sapiens (Homsa). The DNA-binding, dimerization,
Marked, and Rb- binding domains are indicated with colored boxes.
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(Rb, p107, and p130), O. tauri, similar to A. thaliana and C. reinhardtii, has
only one homolog of Rb gene (fig. 3 and table 3).

The E2F family of transcription factors comprise the subfamilies of activating
E2Fs, inhibitory E2Fs, dimerization partner proteins (DPs), and DP-like and
E2F-like proteins (DELs) (Shen 2002). The three E2F, two DP, and three DEL
genes identified in A. thaliana have approximately 22% overall sequence
similarity (Vandepoele et al, 2002). E2FA and E2FB have four binding domains,
a DNA-binding, a DP-binding, an Rb-binding, and a transactivation-binging
domain. When bound to DPA or DPB proteins, they are transcriptional activators
that are repressed by Rb protein. E2FC lacks the transactivation-binding domain
and is a homolog of animal inhibitory E2Fs E2F4-6. Also, the three 4. thaliana
DEL proteins, of which E2F7 is the recently described animal homolog (Di
Stefano, Jensen, and Helin 2003), each have two DNA-binding domains but
do not have either DP-binding, Rb-binding, or transactivation-binding domains.
Hence, DEL proteins contribute to the class of E2F inhibitory subfamilies.
Only one E2F, one DP, and one DEL gene have been identified in the genome
of O. tauri by alignments of their sequences with their orthologs from A. thaliana
(figs. 3 and 4). The phylogenetic analysis of the E2F family confirms the early
divergence of O. fauri genes with respect to the higher plants (fig. 4). The O.

tauri E2F is a homolog of activating E2Fs and has a conserved binding domain

0.1 substitutions/site

Phypa;E2F
Thica:E2F Or_\'sa:E%F
Arath:E2Fc
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Arath;Del3 ©  Arath:DEL2

Figure 4. The E2F gene family. Unrooted neighbor-joining tree inferred from Poisson-
corrected evolutionary distances for the E2F, Dp, and DEL families. The black dots indicate
bootstrap values above 70. Arath: Arabidopsis thaliana; Nicta: Nicotiana tabacum; Orysa:
Oryza sativa;, Cheru: Chenopodium rubrum; Dauca: Daucus carota; Thlca: Thlaspi
caerulescens; Trisp: Triticum sp.; Phypa: Physcomitrella patens; Poptre: Populus tremula,
Ostta: Ostreococcus tauri.
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to the DP-binding and Rb-binding domains and DNA-binding and
transactivation-binding domains, whereas DEL has only two DNA-binding
domains but no other domain (fig. 3).

Furthermore, the three O. fauri genes have diverged very early in each group,
as observed for the CDK and cyclin genes. As for the CDKs and cyclins, O.
tauri has the minimal but complete set of genes for the Rb pathway comprising
one Rb gene, one E2F gene, one DP gene, and one DEL gene. Finding the Rb
pathway in O. fauri confirms that its presence in C. reinhardtii is evolutionarily
conserved, and the more parsimonious explanation is that Rb was present in
the ancestral eukaryotic cell and has been subsequently lost in the yeast phylum.
Recently, an unrelated gene called Whi5, which substitutes the role of Rb in
yeast at the G1/S transition by inhibiting the transactivation activity of the
SBF and MBF transcription factors, reinforces the hypothesis of the loss of the
Rb gene family (Costanzo et al, 2004).

Cdc25/Weel Control of CDK-Cyclin Activity.
The kinase Weel and the phosphatase Cdc25 regulate the G2/M transition in

metazoans and yeasts by posttranslational regulation of the CDK-cyclin
complex. In plants, an ortholog of the weel gene has been found, but the cdc25
gene has never been identified either in the fully sequenced genomes of higher
plants such as A. thaliana and rice or in that of the unicellular green alga C.
reinhardtii. The absence of the M-phase inducer Cdc25 phosphatase in plants
is puzzling because the other actors of this regulation pathway, namely the
CDK-cyclin B complex and the Weel kinase, are evolutionarily conserved.
Furthermore, the activating dephosphorylation at the M-phase entry is conserved
in plants (Zhang, Letham, and John 1996; McKibbin, Halford, and Franci 1998).
An intronless putative weel” gene has been identified in the genome of O.
tauri (table 3). It is similar to the Weel kinase of A. thaliana, maize, and C.
reinhardtii and potentially inhibits the activity of the CDK-cyclin complex by
its inhibitory phosphorylation. Surprisingly, the ortholog of the activating
phosphatase cdc25 gene has been identified in O. tauri (table 3). It is the first
time that cdc25 is described in the green lineage, and it shows that the cdc25
gene is present at the base of this lineage. The O. tauri cdc25 gene codes for a

protein that is able to rescue the S. pombe cdc25-22 conditional mutant.

* Updated version: Weel and Myt present

65



Chapter 3

Furthermore, microinjected O. tauri Cdc25 specifically activates starfish oocytes
arrested in the prophase of the first meiotic division, thus, causing germinal
vesicle breakdown. In vitro phosphatase assays, namely antiphosphotyrosine
Western blotting and the histone H1 kinase assay confirmed the in vivo activity
of O. tauri Cdc25 (Khadaroo et al, 2004) (chapter 2).

The presence of the first functional green-lineage Cdc25 dual-specificity
phosphatase discovered in O. tauri indicates that this gene was probably present
in the ancestor of the eukaryotic cell. In this respect, it should be noted that a
putative Cdc25-like gene has also been identified in the complete genome of
C. reinhardtii. Furthermore, because its activity is necessary in higher plants,
the most parsimonious hypothesis is that the sequence of Cdc25 in higher plants
has diverged so much that it can no longer be recognized by sequence homology
analysis (Khadaroo et al, 2004). This has been very recently confirmed by the
identification in 4. thaliana of a poorly conserved Cdc25-related protein having

a tyrosine-phosphatase activity stimulating the kinase activity of A. thaliana
CDKs (Landrieu et al, 2004).

Ubiquitin Ligases APC and SCF.
Both the anaphase promoting complex (APC) and Skp1/Cdc53/F box protein

(SCF) complex, which are the key enzymes for tagging proteins in the ubiquitin
pathway, are the E3 ligases responsible for the specificity of protein degradation
by the 26S proteasome (Irniger 2002; Cope and Deshaies 2003). The two
evolutionarily conserved functions of the APC is the cell cycle-specific targeting
of securin and the mitotic cyclin B for proteasome-mediated destruction. The
APC is composed of at least 13 protein subunits initially identified in yeast
and animals (Schwickart et al, 2004). All vertebrate APC subunits have their
homologs in plants (Capron, Okresz, and Genschik 2003; Tarayre et al, 2004).
Interestingly, although many genes (and notably cell cycle genes [see above])
are present as multiple copies in 4. thaliana, its APC genes are present as
single copies, except for APC3, which is represented by two slightly different
genes (table 4, modified from Capron, Okresz, and Genschik [2003]). In O.
tauri, putative orthologs of most of these genes have also been found as single
copies, including only one copy of APC3. They show very high similarity scores
with the 4. thaliana APC genes. Furthermore, putative orthologs of the two
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activators (Cdc20 and Cdh1) regulating the activity of the APC complex have
also been found in the O. fauri genome. In contrast with the many putative
orthologs of Cdc20 and Cdhl in 4. thaliana (Capron, Okresz, and Genschik
2003), there seems to be only one Cdc20 and one Cdhl gene in O. tauri (table
4). Thus, O. tauri has a complete set of APC genes, with a minimal number of
activators.

The Skp1/Cullin/F (SCF) box protein is the other evolutionarily conserved E3
ligase that is responsible for cell cycle control; namely, targeting the CKI for
proteasome-mediated proteolysis, which is essential for the cell to progress in
late G1-phase (Deshaies and Ferrell 2001). The annotation of SCF genes of O.
tauri has shown only one Skp1 gene and four cullin-domain proteins, of which
two are putative Cdc53 genes and one is the Skp2 putative gene. Skp2 has been
identified by using the 4. thaliana Skp2 gene (Del Pozo, Boniotti, and Gutierez
2002), which contained both an F-box and a leucine-rich domain. These putative
genes need to be functionally assayed to confirm this annotation.

Once more, O. tauri presents a conserved set of APC and SCF genes with a

lower copy number of genes than in A. thaliana.

Table 4. Evolutionary Conservation of the Subunits of the APC E3 ligase

Number of Copies
APC subunits O. tauri A. thaliana S. cerevisiae  H. sapiens Protein Motifs
APCl1 1 1 1 1 Rpn 1 and 2 proteasome

repeats

APC2 1 1 1 1 Cullin domain
APC3 1 2 1 1 TPR repeats
APC4 1 1 1 1
APC5 1 1 1 1
APC6/Cdcl6 1 1 1 1 TPR repeats
APC7 1 1 Unclear 1 TPR repeats
APC8/Cdc23 1 1 1 1 TPR repeats
APC9 Unclear Unclear 1 Unclear
APC10/Doclp 1 1 1 1 Doc domains
APCI11 1 1 1 1 Ring-H2 domain
Mnd2p Unclear 1 1 1
Swmlp 1 1 1 1
Cdc26p 1 1 1 1
Activators APC
Cdc20 1 5 1 1
CDH1/Ccs52 1 3 1
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CONCLUSION

The data above reveal that the cell cycle control in the unicellular marine green
alga Ostreococcus tauri is the simplest described to date (and one of the most
complete across the different lineages). It has the minimum set of cyclins for
driving the cell cycle and has indeed conserved the Rb pathway, which has
been lost in the yeast phylum. It has also retained the plant-specific B-class
CDK, and it presents the first green-lineage Cdc25 phosphatase, which has
only been identified as a very poorly related gene in higher plants. O. tauri
displays the minimum, yet complete, set of core cell cycle, and its functional
analysis will undoubtedly yield valuable information providing a clear picture
not blurred by the activity of other functionally redundant members of the

gene family.
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Chapter 4 Ostreococcus tauri

Abstract

The green lineage is reportedly 1,500 million years old, evolving shortly after
the endosymbiosis event that gave rise to early photosynthetic eukaryotes. In
this study, we unveil the complete genome sequence of an ancient member of
this lineage, the unicellular green alga Ostreococcus tauri (Prasinophyceae).
This cosmopolitan marine primary producer is the world’s smallest free-living
eukaryote known to date. Features likely reflecting optimization of
environmentally relevant pathways, including resource acquisition, unusual
photosynthesis apparatus, and genes potentially involved in C, photosynthesis,
were observed, as was downsizing of many gene families. Overall, the 12.56-
Mb nuclear genome has an extremely high gene density, in part because of
extensive reduction of intergenic regions and other forms of compaction such
as gene fusion. However, the genome is structurally complex. It exhibits
previously unobserved levels of heterogeneity for a eukaryote. Two
chromosomes differ structurally from the other eighteen. Both have a significantly
biased G+C content, and, remarkably, they contain the majority of transposable
elements. Many chromosome 2 genes also have unique codon usage and splicing,
but phylogenetic analysis and composition do not support alien gene origin. In
contrast, most chromosome 19 genes show no similarity to green lineage genes
and a large number of them are specialized in cell surface processes. Taken
together, the complete genome sequence, unusual features, and downsized gene
families, make O. tauri an ideal model system for research on eukaryotic genome

evolution, including chromosome specialization and green lineage ancestry.
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INTRODUCTION

The smallest free-living eukaryote known so far is Ostreococcus tauri (Courties
etal, 1994). This tiny unicellular green alga belongs to the Prasinophyceae, one
of'the most ancient groups (Courties et al, 1998) within the lineage giving rise to
the green plants currently dominating terrestrial photosynthesis (the green lineage)
(Baldauf, 2003 and Yoon et al, 2004). Consequently, since its discovery, there
has been great interest in O. tauri, which, because of its apparent overall
simplicity, a naked, nonflagellated cell possessing a single mitochondrion and
chloroplast, in addition to its small size and ease in culturing, renders it an excellent
model organism (Chrétiennot-Dinet et al, 1995). Furthermore, it has been
hypothesized, based on its small cellular and genome sizes (Courties et al, 1998
and Derelle et al, 2002), that it may reveal the “bare limits” of life as a free-
living photosynthetic eukaryote, presumably having disposed of redundancies
and presenting a simple organization and very little noncoding sequence.

Since its identification in 1994, Ostreococcus has been recognized as a common
member of the natural marine phytoplankton assemblage. It is cosmopolitan in
distribution, having been found from coastal to oligotrophic waters, including
the English Channel, the Mediterranean and Sargasso Seas, and the North
Atlantic, Indian, and Pacific Oceans (Diéz et al, 2001; Guillou et al, 2004; Worden
et al, 2004; Zhu et al, 2005 Countway and Caron, 2006; and Worden, 2006).
Eukaryotes within the picosize fraction ( 2- to 3 um diameter) have been shown
to contribute significantly to marine primary production (Worden et al, 2004 and
Li, 1994). Ostreococcus itself is notable for its rapid growth rates and potential
grazer susceptibility (Worden, 2004 and Fouilland et al, 2004). Furthermore,
dramatic blooms of this organism have been recorded off the coasts of Long
Island (O’Kelly et al, 2003) and California (Countway and Caron, 2006). At the
same time, attention has focused on the tremendous diversity of picoeukaryotes
(Lopez-Garcia et al, 2001 and Moon-van der Staay et al, 2001), which holds
true for Ostreococcus as well. Recently, Ostreococcus strains isolated from
surface waters were shown to represent genetically and physiologically distinct
ecotypes, with light-regulated growth optima different from those isolated from
the deep chlorophyll maximum (Rodriguez et al, 2005). These findings are simi-

lar to the niche adaptations documented in different ecotypes of the abundant
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marine cyanobacteria Prochlorococcus (Moore et al, 1998 and Rocap et al,
2003).

Overall, marine picophytoplankton play a significant role in primary productivity
and food webs, especially in oligotrophic environments where they account for
up to 90% of the autotrophic biomass (Worden et al, 2004; Li, 1994; Campbell
et al, 1994; and Rocap et al, 2002). Several recent studies have undertaken a
genome sequencing approach to understand the ocean ecology of phytoplankton.
To date, these studies have focused on the bacterial component of the plankton,
particularly on the picocyanobacteria Prochlorococcus (Rocap et al, 2003)
and Synechococcus (Palenik et al, 2003), for which 9 complete genome
sequences are already publicly available and 13 others on the way. Much less is
known about eukaryotic phytoplankton, because only one, the diatom
Thalassiosira pseudonana, has a complete genome sequenced (Armbrust et
al, 2004). Picoeukaryotes are especially interesting in the context of marine
primary production, given the combination of their broad environmental
distribution and the fact that their surface area to volume ratio, a critical factor
in resource acquisition and success in oligotrophic environments (Raven and
Kiibler, 2002), is similar to that of prokaryotic counterparts generally considered
superior in uptake and transport of nutrients.

In this article, we describe the complete genome sequence of O. tauri OTH9S,
a strain isolated in the Thau lagoon (France) in which this species makes
recurrent, quasimonospecific blooms in summer (Courties et al, 1994). This
genome is particularly significant in that it represents a complete genome
sequence of a member of the Prasinophyceae, which diverged at the base of
the green lineage (Courties et al, 1998). It is also the complete genome sequence
of'a picoeukaryote thought to be of ecological importance to primary production.
Analysis of the O. tauri genome and comparison with other genomes available
to date, including algal, plant, and fungal genomes, allowed delineation of both

specific gene features and identification of unique aspects of this genome.

77



Chapter 4

RESULTS AND DISCUSSIONS

Global Genome Structure.

Whole genome shotgun sequencing and an oriented walking strategy were used
to sequence the genome of O. tauri strain OTH9S5 (tables 2 and 3, which are
published as supporting information on the PNAS web site). A genome size of
12.56 Mb distributed in 20 superscaffolds corresponding to 20 chromosomes
was determined by means of sequence assembly (fig. 1; and figs. 4 and 5,
which are published as supporting information on the PNAS web site), fully
consistent with pulsed-field gel electrophoresis results indicating a total size of
12.5 to 13 Mb (fig. 4 and Supporting Text, which are published as supporting
information on the PNAS web site). This genome size is similar to that of the
yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, despite
their larger cell size, but smaller than any other oxyphototrophic eukaryote known
so far, including the red alga Cyanidioschyzon merolae (Matsuzaki et al, 2004)
(fig. 2 and table 1). The G+C content of O. tauri is more akin to that of C.
merolae than to that of plants, fungi, or even 7. pseudonana (table 1). As
shown in Fig. 2 and Table 1, 8,166 protein-coding genes were predicted in the
nuclear genome, making O. fauri the most gene dense free-living eukaryote
known to date. Only the chromosomes of the nucleomorphs within
chlorachniophyte and cryptophyte algae are more gene-dense bodies (Gilson,

2001), which are internally contained and not capable of independent propagation.
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Figure 1. General characteristics of the 20 O. tauri chromosomes. TEs, transposon
frequency. Size is indicated to the left of each chromosome (Mb). Colored bars indicate
the percentage G+C content (upper bar) and of transposons (lower bar).
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We found that 6,265 genes are supported by homology with known genes in
public databases (e-value 10%), of which the majority (46%) were most similar
to plant orthologs (fig. 3). Very few repeated sequences have been found in this
genome, except for a long internal duplication of 146,028 kb on chromosome
19. Because the duplicated sequence is 99% identical, it is probably of recent

origin.
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Figure 2. Genome size and gene density for various eukaryote genomes. Cp,
Cryptosporidium parvum; Ag, Ashbya gossypii, Sp, Schizosaccharomyces pombe; Sc,
Saccharomyces cerevisiae; Ot, Ostreococcus tauri; Cm, Cyanydioschyzon merolae;
Eh, Entamoeba hemolytica;, Af, Aspergillus fumigatu; An, Aspergillus niger; Dd,
Dictyostelium discoidum; Tp, Thalassiosira pseudonana; Ao, Aspergillus oryzae; Nc,
Neurospora crassa; Ce, Caenorhabditis elegans; At, Arabidopsis thaliana; Dm,
Drosophila melanogaster; Hs, Homo sapiens.

Genome Heterogeneity.

In view of what is currently known about eukaryotic nuclear genomes, one of
the most striking features of the O. tauri genome is its heterogeneity, a feature
which is not only unusual but also perplexing from an evolutionary perspective.
Two chromosomes (2 and 19) are different from the other 18, in terms of
organization for chromosome 2 and function for chromosome 19 (fig. 1; and
fig. 6, which is published as supporting information on the PNAS web site).
Both of these chromosomes have lower G+C content than the 59% G+C of the
other 18 chromosomes (fig. 1). Chromosome 2 is composed primarily of two
blocks, one with a G+C content similar to that of the other chromosomes and
the other with a markedly lower G+C content (52%). The average G+C content
of the entire chromosome 2 amounts to 55%. Likewise, the G+C content of
chromosome 19 (54%) is similar to the atypical region of chromosome 2. Taken

together, these two aberrant chromosomes contain 77% of the 417 transposable
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Table 1. General feature of the O. fauri genome

Feature Ostta Thaps Cyame Arath Ashgo Sacce Schpo Crypa
Size, Mbp 12.56 3450 16.52 140.12 9.20 12.07 12.46 9.10
No. of chromosomes 20 24 20 5 7 16 3 8
G+C content, % 58.0 (59.0%) 47 55 36 52 383 36 30
Gene number 8,166 11,242 5,331 26,207 4,718 6,563 4,824 9,807
Gene density, kb per gene 1.3 35 3.1 45 1.9 1.6 25 24
Mean gene size, bp per genef 1,257 992 1,552 2,232 N.A. N.A. 1,426 1,795
Mean inter-ORF distance 197 N.A. 1,543 2,213 341 N.A. 952 566
Genes with introns, % 39 N.A. 0.5 79 5 5 43 5
Mean length of introns, bp 103 (187%) N.A. 248 164 N.A. N.A. 81 N.A.
Coding sequences, % 81.6 N.A. 449 33 79.5 N.A. 57.5 753
No. of ribosomal RNA units 4 N.A. 3 700-800 50 100-150 200-400 5

N.A., not available.
* Data that exclude chromosomes 2 and 19.
T Data that exclude introns.

elements (TEs), or relics thereof, which are identified in the genome (57% in
chromosome 2 and 20% in chromosome 19) (fig. 1 and table 4, which is published
as supporting information on the PNAS web site). Other chromosomes therefore
contain very few or no TEs. TEs have a G+C content similar to the rest of the
genome and cannot explain the global lower G+C content observed in these
two chromosomal regions. Moreover, almost all of the known TE types can be
found in the O. tauri genome: fifteen class I TE families [i.e., 3 TY 1 Copia-like
LTR-retrotransposons and 12 terminal-repeat retrotransposons in miniature
(TRIMs)], nine transposon families, [4 Mariner-like elements, 2 P instability
factors (PIFs), 1 homology and transposition (hAT), 1 foldback, and 1 unclassified
(Feschotte and Wessler, 2002)], and three miniature inverted repeat transposable
element (MITE) families were identified. Only long interspersed nuclear elements
(LINEs), short interspersed nuclear elements (SINEs), and helitrons were not
detected. In the case of O. tauri, the distribution bias could have two origins:
either the species originated from an allopolyploidization event between two
donor parents with a genome contrasting for their TE content or there is a
strong insertion bias for the TEs on both chromosomes 2 and 19. For most of
the TE families, several partial copies or relics can be found throughout the 20
chromosomes, indicating their ancient origin in the genome, therefore not
supporting the first hypothesis. Nevertheless, further analyses are needed to
conclude on this matter.

Chromosome 2 has additional unique features aside from differences in G+C
content and the occurrence of many transposons. In particular, codon usage for
genes in the low G+C region of this chromosome is different from that of all
other chromosomes (table 5, which is published as supporting information on

the PNAS web site). Many of the genes in this low G+C region also contain
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multiple small introns with specific features (fig. 4 a and b). These two differences
make gene modeling more complicated for this region, although at least 61
predicted peptides were supported by ESTs (see table 6, which is published as
supporting information on the PNAS web site). Chromosome 2 small introns
differ in many respects from the other introns, such as their size (40-65 bp),
composition (they are AT rich and richer by 10% than the neighboring exons),
and splice sites and branch points that are less conserved than for other introns
(fig. 4b).
0.7

0.6

0.5

04 3
033"

0.2

0.1

Figure 3. Taxon distribution of best hits for genes from each of the O. tauri chromosomes.
Green, viridiplantae; blue, no hit; yellow, bacteria; red, metazoa; pink, fungi; gray,
mycetozoa; orange, alveolates; purple, others. Annotation of genes on the low G+C
part of chromosome 2 is difficult, and the percentage of genes having no hit on
chromosome 2 can be slightly overestimated. See Genome Heterogeneity for details.

Interestingly, phylogenetic analysis (see Materials and Methods) shows that
43% of the genes on this chromosome, including the small intron-containing
genes, have green lineage ancestry (fig. 3). Of those, 44% cluster specifically
(with bootstrap values 70%) with genes of Chlamydomonas reinhardtii (data
not shown but available on request). Together with the fact that the genes
encoded in this region are essential housekeeping genes not duplicated elsewhere
in the genome, this observation argues against an alien (horizontal transfer)
origin for the low G+C region of chromosome 2. Thus, the origin of the
chromosome 2 peculiarities remains elusive. One possibility is that it represents
a sexual chromosome. It has been shown before that such chromosomes possess

distinctive features for avoiding recombination and are characterized by an
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unusual richness in transposable elements (Fraser and Heitman, 2004). Meiosis
has not been observed in culture, and no equivalent of a mating-type locus has
been found akin to that in C. reinhardtii. Nevertheless, the presence of most of
the core meiotic genes homologous to those identified in other organisms found
in O. tauri (table 7, which is published as supporting information on the PNAS
web site) is at least a strong indication that O. fauri may be a sexual organism
(Ramesh et al, 2005). Indeed other marine algae known to undergo sexual
reproduction commonly suppress this capability in culture (Chepurnov et al,
2004).

With respect to chromosome 19, phylogenetic analysis shows that only 18% of
the peptide-encoding genes are related to the green lineage, a significantly lower
percentage than that for the 19 other chromosomes. Others resemble proteins
from various origins, mainly bacterial, although generally poorly conserved (fig.
3; and table 8, which is published as supporting information on the PNAS web
site). Interestingly, most (84%) of the ones having a documented function belong
to a few functional categories, primarily encoding surface membrane proteins
or proteins involved in the building of glycoconjugates. Based on these features,
we hypothesize that chromosome 19 is of a different origin than the rest of the
genome. This putatively alien material could have yielded some selective
advantages in cell surface processes, potentially related, for example, to defense

against pathogens or other environmental interactions.

Genome Compaction.

A second remarkable feature of the O. fauri genome is the intense degree of
genome compaction, which appears to be the result of several processes.
Shortening of intergenic regions is clearly a major factor. The average intergenic
size is only 196 bp, which is shorter than that of other eukaryotes having a
similar genome size (table 1). Two other important factors are gene fusion, for
which several cases are observed (fig. 8, which is published as supporting
information on the PNAS web site), and reduction of the size of gene families.
For example, the gene complement involved in cell division control is one of the
most complete across eukaryotes, although there is only one copy of each gene
(Robbens et al, 2005). Although this type of reduction is often the case in O.

tauri, there are some exceptions. For example, the full set of partially redundant
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enzymes required for polysaccharide metabolism in land plants is present. Here,
the maintenance of 27 genes, including multicopy genes, related to synthesis
and breakdown of only two types of chemical linkages in the chloroplast, seems
excessive for building the semicrystalline starch granule of O. fauri (Ral et al,
2004). Indeed, apicomplexa parasites or even red algae require only 10 genes
to build and degrade simple polymers in their cytoplasm (Coppin et al, 2005). O.
tauri appears to be quite similar to other unicellular organisms in terms of numbers
of transcription factors, with no further reduction than what has commonly
been reported. Approximately 2.5-3.8% of predicted proteins of unicellular

organisms fall within the category for transcription factors (table 9, which is
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Figure 4. Intron heterogeneity of the Ostreococcus tauri genome. Comparison of
chromosome 2 intron structure with that of other chromosomes. (a) Size distribution
(bp) of documented small-type (A, red), "normal"-type (B, blue) introns in chromosome
2, and documented introns from other chromosomes (C, green). (b) Intron composition
and splicing motifs (donor, acceptor, and branch site) of the three intron types. Different
font sizes indicate the probability of a particular nucleotide at the respective motif
position. The %G+C and mean size for each of the intron types are also indicated.
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published as supporting information on the PNAS web site). This finding is in
contrast to multicellular organisms, for which 12-15% of the predicted proteins
generally fall within the transcription factor category. With respect to pigment
biosynthesis and photosynthesis, many genes involved in these pathways are
found in multiple copies in other photosynthetic eukaryotes. In O. tauri, they
also form multigene families, but the copy number is generally lower (e.g., table
10, which is published as supporting information on the PNAS web site). As
expected, O. tauri maintains all essential enzymes for carbon fixation, and,
based on available data for other algae and land plants, homologs are generally
present at half the copy number (Six et al, 2005). Double sets of several carbon
metabolism-related genes, including phosphoglycerate kinase, ribulose-
bisphosphate carboxylase, and triosephosphate isomerase, can be found in the
O. tauri genome. Based on both best hit and subsequent phylogenetic analyses
these “doubles” each appear to have different origins (bacterial versus

eukaryotic).

O. tauri Metabolic Pathways.

O. tauri displays some other characteristics unusual for land plants and algae.
For instance, the typical genes encoding the major light-harvestinG+Complex
proteins associated with photosystem Il (LHCII) are lacking. Instead, paralogs
encoding prasinophyte-specific chlorophyll-binding proteins are present, making
a special antenna as previously observed in Mantoniella squamata (Six et al,
2005). Interestingly, O. tauri also possesses a small set of five lhcA genes,
encoding an LHCI antenna. Combined with the absence of major LHCII protein-
encoding genes, this finding supports the hypothesis that the LHCI antenna
type is more ancestral than is LHCII (Six et al, 2005). Unique features are also
seen in the carbon assimilation machinery. Only one carbonic anhydrase (CA),
most similar to bacterial B-CA, was identified. No carbonconcentrating
mechanism (CCM) genes (Giordano et al, 2005) comparable with those of C.
reinhardtii or common to organisms that actively or passively enhance inorganic
carbon influx were found. However, genes putatively encoding all of the enzymes
required for C, photosynthesis were identified. Whereas C, photosynthesis has
yet to be unequivocally shown in unicellular organisms (Armbrust et al, 2004;
Raven and Kiibler, 2002; Reinfelder et al, 2004; and Sage, 2004), C, in the
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absence of Kranz anatomy is now well documented, especially in Hydrilla
verticillata, a facultative C, aquatic monocot (Rao et al, 2002). Unlike T.
pseudonana, which appears to lack plastid-localized NADP-dependent malic
enzymes (NADP-ME), O. fauri has two NADP-ME orthologs most similar to
H. verticillata (Bowes et al, 2002) with at least one apparently targeted to the
chloroplast based on ChloroP and TargetP predictions. O. tauri also has
phosphoenolpyruvate (PEP) carboxylase, NADP malate dehydrogenase, and
pyruvate-orthophosphate dikinase, with predicted chloroplast targeting transit
peptides in the latter two. C, photosynthesis is thought to have evolved multiple
times from C, ancestors. Although timing is uncertain, it is currently thought to
have first evolved 24-35 million years ago in relation to environmental pressures
(e.g., declining atmospheric CO,) (Giordano et al, 2005 and Sage 2004).
Interestingly, only one member of the Chlorophyta, the macroalga Udotea, has
been shown to perform C, photosynthesis. Udotea utilizes PEP carboxykinase
(PEPCK) (NADP-ME being absent) (Quesada et al, 1993), a C, photosynthesis
form variant to that suggested here, although not yet confirmed experimentally,
for O. tauri. Despite its energetic cost, if O. fauri is capable of C, photosyn-
thesis, it could constitute a critical ecological advantage in the CO,-limiting
conditions of phytoplankton blooms, especially in circumstances where
competitors have lower CCM efficiencies (or no CCM at all).

Resource acquisition is critical to survival in the frequently limiting marine
environment, and here O. fauri seems to have developed competitive strategies
currently thought uncommon amongst eukaryotic algae. Nitrogen is typically a
major limiting nutrient of marine phytoplankton growth. O. tauri is known to
grow on nitrate, ammonium, and urea (Worden et al, 2004), and complete sets
of genes allowing transport and assimilation of these substrates have been
identified (fig. 5; and table 11 which is published as supporting information on
the PNAS web site). Interestingly, four genes encoding ammonium transporters
were identified, two being green lineage-related and the other two prokaryote-
like. Eukaryotic algae are generally considered ineffective competitors for
ammonium; however, the high number of ammonium transporters in O. tauri
(unlike e.g., T. pseudonana) indicates it may be a strong competitor for this
resource. All other genes related to nitrogen acquisition and assimilation are

found in a single copy, including those for nitrate, again in contrast to 7.
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pseudonana. It is notable that eight of the genes involved in nitrate uptake and
assimilation are found next to each other on chromosome 10 (fig. 5A), as well
as four genes for urea assimilation genes on chromosome 15 (fig. 5B). A
comparable clustering of nitrate assimilation genes was also observed in C.
reinhardtii (Quesada et al, 1993) but grouping fewer genes. This organization
is reminiscent of prokaryotes, especially cyanobacteria (Rocap et al, 2003), and
indicates a possible selective pressure for optimization of nitrate and urea uptake
and assimilation, although experimental evidence for the regulation of expression
of these genes is currently lacking. The nitrite reductase (NIR) apoenzyme has
a unique structure, with two additional redox domains at the C terminus of
canonical ferredoxin-NIR, rubredoxin and cytochrome b5 reductase. This
structure should allow this enzyme to use NAD(P)H directly as reducing
substrate, which may also contribute to optimization of the pathway. Within this
cluster, Snt encodes a protein with weak similarity to sulfate transporters. None-
theless, its specific position in the cluster suggests that Snt probably encodes a
molybdate transporter, a gene predicted to exist but so far unidentified in any
species. Taken together with the possibility that O. fauri may be capable of C,
photosynthesis and the relatively high surface area to volume ratio of this tiny
phytoplankter, these various ways to optimize nitrogen assimilation could yield a
major competitive advantage over other unicellular phytoplankton. This
adaptation would be particularly important to its relative success under
environmental scenarios, such as intense bloom conditions, where limitation of
multiple resources can be encountered.

Finally, O. tauri displays a few traits seemingly more characteristic of land
plants than green algae. These traits include the absence of genes encoding the
three subunits of the light-independent protochlorophyllide reductase. Thus, like
angiosperms, chlorophyll can only be synthesized during the day, owing to the
light-dependent protochlorophyllide oxido-reductase gene, present in two copies
in the genome. In contrast, the large number of kinase-encoding and calcium-
binding domains (table 12, which is published as supporting information on the
PNAS web site) suggests that, as in Arabidopsis and Chlamydomonas,
phosphorelay-based calciumdependent signal transduction systems are
commonly used. However, tyrosine kinases appear to be more highly represented

in O. tauri than in plants, as is also the case in Chlamydomonas.
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Figure 5. (A) Comparison of nitrate assimilation clusters in Ostreococcus tauri
(chromosome 10) and Chlamydomonas reinhardtii (V3.Scaffold 30). Nar, plastid nitrite
transporter; Nia, nitrate reductase apoenzyme. [The functional NIA protein reduces
nitrate to nitrite using NAD(P)H through the contribution of three redox cofactors:
FAD, Heme, and MoCo (molybdenum cofactor).] Nii, plastid-targeted nitrite reductase
apoenzyme. (The functional NII reduces nitrite to ammonium using ferredoxin through
of a siroheme-iron sulfur cofactor.) In Ostreococcus, NII comprises two additional redox
domains, rubredoxin-like and its corresponding reductase, suggested to allow reduction
of nitrite directly from NAD(P)H); Nar2, nitrate high-affinity transporter accessory protein;
Ntr2, nitrate high-affinity transporter; Snt, putative molybdate transporter; Cnx2,
molybdenum cofactor biosynthesis protein (CNX2 performs the first step of MoCo
synthesis together with CNX3, forming molybdopterin precursor Z); Maf4, Maf4-related
hypothetical protein (although Maf4 is a MADS-box protein in higher plants, OtMaf4
has not the features of a MADs-box protein); Cnx5, molybdenum cofactor biosynthesis
protein (molybdopterin synthase sulfurylase); Cb5f, Cytochrome b5 reductase (closer
to nitrate reductase FAD/heme reductase domain than to stand alone cytochrome b5
reductase). (B) Urea assimilation cluster in O. tauri (chromosome 15). UreABC, Ni-
dependant urease apoenzyme. The A, B, and C subunits are encoded by three separate
genes in bacteria but form a single gene here, as in higher plants. UreGD, urease accessory
proteins G and D are fused together, whereas, in other organisms, they are encoded by
two separate genes; UreF, urease accessory protein F, which forms a complex with G
and D and with apourease to allow nickel insertion, resulting in activation of urease;
Dur3, urea high-affinity symporter.

In conclusion, the genome structure of O. tauri generally follows predictions of
compaction and streamlining that might be driven by its specific lifestyle and
ecology. However, the heterogeneity we reveal here concerning two
chromosomes raises the challenge of elucidating its origin, which could either
be a reminiscence of this alga’s ancient nature or on the contrary more recent
adaptations to its environmental niche. It also raises the question of whether

this type of heterogeneity is in fact not unique to O. tauri, but rather a common
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feature of some eukaryotes, given that current understanding of eukaryotic
genomes relies on a genome database so far dominated by “higher organisms™.
Understanding features specific to success in the marine environment as well
as of evolutionary processes within the green lineage relies on new hypotheses
and further experimentation for which this complete genome sequence provides
a powerful resource. The exceptional features unveiled in the genome of this
ubiquitous, ancient, autonomous unicell high-light the fundamental level at which

we might reconsider current paradigms.

MATERIALS AND METHODS

BAC Library.
Genomic DNA was prepared by embedding O. tauri cells in agarose strings,

subsequently lysed with proteinase K and partially digested by HindIIl. DNA
fragments were separated according to size by using pulsed-field gel
electrophoresis and electroeluted from the gel. DNA fragments were then ligated
to pINDIGO BACS5-HindlIII cloning ready (Epicentre Technologies) at a molar
ratio insert/vector of 10/1. The ligation product was mixed with EC100
electrocompetent cells (Epicentre Technologies) and electroporated. After 20
h at 37°C on LB chloramphenicol (12.5 pg/ml) plates, recombinant colonies
were picked into 384-well microtitre plates containing 60 pl of 2YT medium
plus 5% glycerol and 12.5 pg/ml chloramphenicol, grown for 18 h at 37°C,
duplicated and stored at -80°C. Two BAC libraries having inserts of ~ 50 kb
and 130 kb, were prepared, representing a 7-fold coverage of the genome.
Clones of both libraries were spotted on high-density filters for further

hybridizations, and their ends were sequenced.

Shotgun Libraries.
Purified DNA was broken by sonication, and, after filling ends, DNA frag-

ments ranging from 1 to 5 kb were separated in an agarose gel. Blunt-end
fragments were inserted into pBluescript I KS (Stratagene) digested with EcoRV
and dephosphorylated. About 60,000 clones were isolated from four independent
O. tauri shotgun libraries. Plasmid DNA from recombinant Escherichia coli

strains was extracted according to the TempliPhi method (GE Healthcare), and
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inserts were sequenced on both strands by using universal forward and reverse
M13 primers and the ET DY Enamic terminator kit (GE Healthcare). Sequences
were obtained with MegaBace 1,000 automated sequencers (GE Healthcare).
Data were analyzed, and contigs were assembled by using Phred-Phrap (Ewing
et al, 1998) and Consed software packages. Gaps were filled through primer-

directed sequencing by using custom made primers.

cDNA Library.
Two cDNA libraries were generated from cultures grown under different

conditions to improve the representation of the expressed sequences.
Exponentially growing cells sampled at various stages of the cell cycle of cultures
synchronized by light/dark cycles were mixed with a stationary stage culture.
Poly(A) mRNAs from the different cultures were isolated and then mixed
together. One cDNA library was created in the A ZAP vector (Stratagene) and
the second in the Gateway system according to the manufacturer’s instructions
(Invitrogen). The average insert size analyzed on agarose gels was 1.5 kb for
both libraries. Sequences were obtained by using the forward primer, and single

reads were assembled in contigs by using Phred-Phrap (Ewing et al, 1998).

Genome Annotation.

The genomic sequence of O. tauri was annotated by using the EuGéne (Schiex
et al, 2001) gene finding system with SpliceMachine (Degroeve et al, 2005)
signal sensor components trained specifically on O. tauri datasets. A set of 152
GT donor and 152 AG acceptor sites was constructed to optimize the
SpliceMachine context representations and to train the splice site sensors that
were used to recognize O. tauri splice sites. We found GT donor sites to be
highly conserved, which resulted in a highly accurate donor site signal sensor.
For acceptor sites, the AG consensus pattern was less conserved, whereas the
branch point motif was again highly conserved. SpliceMachine was able to
extract this branch point pattern and to use it to recognize AG acceptor sets,
again resulting in a highly accurate acceptor site sensor. The content sensor
used by EuGéne to recognize coding sequences is an interpolated Markov model
that was computed from 145 O. tauri ORFs and 167 intron sequences (used as

background). Training EuGene requires the estimation of scaling parameters
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from known O. tauri genes within their genomic context. As such, 17 genomic
O. tauri sequences that each contained abutting genes were constructed and
used to train EuGene. Peptides for two deviant chromosomes, numbers 2 and
19, were modeled by using EuGeéne and SpliceMachine trained specifically on
low GC chromosome 2 special genes. A set of 253 GT donor and 253 AG
acceptor sites was constructed to optimize the SpliceMachine context
representations and to train the sensors used to recognize the splice sites on
these two deviant chromosomes. In contrast to the splice sites of the normal O.
tauri genes, these GT-AG splice sites were less conserved, resulting in less
accurate splice site sensors. However, splice site recognition accuracy was
boosted by incorporating intron length constraints (introns in these genes are
shorter than in so-called normal genes, with lengths typically between 40 and
60 bp, compared with 170-190 bp for the 18 other chromosomes) at the level of
gene recognition. The interpolated Markov model used by EuGene to recognize
the special coding sequences was computed from 43 O. tauri ORFs and 209
intron sequences (used as background). Ten genes within their genomic context
were used to optimize the scaling parameters within EuGeéne. The data sources
used to complement the ab initio part of EuGéne were composed of O. tauri
expressed sequence tags (ESTs), proteins, and genomic sequences. ESTs
sequenced over the course of the project were aligned on the genome and used
as the most reliable source of extrinsic information. For BlastX, the Swissprot
protein dataset (v. 42), C. merolae proteins (Matsuzaki et al, 2004), publicly
available C. reinhardtii proteins, and predicted proteins from Sargasso Sea
environmental sequences (Venter et al, 2004) were used in a decreasing order
of priority to avoid error propagation, because the latter dataset is the least
reliable. The functional annotation resulted from the synthesis of InterPro and
Gene Ontogeny (GO) assignments based on domain occurrences in the predicted
proteins by using the InterPro scripts, BlastP against the clusters of eukaryotic
orthologous groups (KOG) database, and a top four of BlastP hits (e-value <10-
3 ) against the nonredundant UniProt database. Throughout this process, genes
and pathways of particular importance were curated manually by specialists
and integrated into the genome annotation. The resulting database is publicly
available at http://bioinformatics.psb.ugent.be/genomes/Ostreococcus_tauri/in

a format that includes browse and query options.
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Phylogenetic Analyses.

Homologous genes of O. tauri were searched for in public databases by using
BlastP. All top hits were retrieved (up to a significant rise in e-value), and the
amino acid sequences were aligned by using cLustaLw. Alignment columns
containing gaps were removed when a gap was present in >10% of the
sequences. To reduce the chance of including misaligned amino acids, all positions
in the alignment left or right from the gap were also removed until a column in
the sequence alignment was found where the residues were conserved in all
genes included in our analyses. Column conservation was determined as follows:
For every pair of residues in the column, the BLOSUMG62 value was retrieved.
If at least half of the pairs had a BLOSUM®62 value = 0, the column was
considered as conserved. Neighbor-joining trees were constructed by using
TREECON (Van de Peer and De Wachter, 1997), based on Poisson- and Kimura-
corrected distances. Bootstrap analyses with 500 replicates were performed to
test the significance of the nodes. Genes were only ascribed to a certain taxon
if supported at a bootstrap level >70%.
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Abstract

The complete nucleotide sequence of the mt (mitochondrial) and cp (chloroplast)
genomes of the unicellular green alga Ostreococcus tauri has been determined.
The mt genome assembles as a circle of 44,237 bp and contains 65 genes. With
an overall average length of only 42 bp for the intergenic regions, this is the
most gene-dense mt genome of all Chlorophyta. Furthermore, it is characterized
by a unique segmental duplication, encompassing 22 genes and covering 44%
of the genome. Such a duplication has not been observed before in green algae,
although it is also present in the mt genomes of higher plants. The quadripartite
cp genome forms a circle of 71,666 bp, containing 86 genes divided over a
larger and a smaller single-copy region, separated by 2 inverted repeat
sequences. Based on genome size and number of genes, the Ostreococcus cp
genome is the smallest known among the green algae. Phylogenetic analyses
based on a concatenated alignment of cp, mt, and nuclear genes confirm the
position of O. tauri within the Prasinophyceae, an early branch of the
Chlorophyta.
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INTRODUCTION

The so-called green lineage (Viridiplantae) is divided into 2 major divisions,
namely, Streptophyta and Chlorophyta. Streptophyta contain all known land
plants and their immediate ancestors, a group of algae known as “charophyte
green algae” (e.g., Chaetosphaeridium globosum), whereas Chlorophyta contain
the other green algae (e.g., Chlamydomonas reinhardtii) that form a
monophyletic assemblage and are a sister group to the Streptophyta (Graham
and Wilcox, 2000). So far, only 25 (27") complete mt (mitochondrial) genomes
have been sequenced for representatives of the green lineage, 17 (18%) from
Streptophyta and 8 (9%) from Chlorophyta. Regarding plastid genomes, 68 (96%)
genome sequences are available in public databases, of which 60 (86%) are
from Streptophyta and 8 (10%) from Chlorophyta.

The mt genomes of chlorophytes are usually small (25-90 kb), whereas in general
a bigger genome size is observed for the streptophytes (from 68 kb for Chara
vulgaris to around 400 kb for higher plants). The great majority of these genomes
are circular, except for some species of Chlamydomonales that have a linear
genome (Vahrenholz et al, 1993). The increase of the genome size observed
within Streptophyta does not necessarily reflect an increase in coding capacity.
Indeed, the transfer of mt genes to the nucleus over evolutionary time (Brennicke
etal, 1993), the enlargement and incorporation of new sequences within the mt
intergenic spacers, the loss of genes, the increase of intron size, and the resulting
decrease of the coding density are all characteristic for the mt genomes of
higher land plants. In angiosperms, the most striking feature is the presence of
amultipartite genome structure, which results in high-frequency recombination
via repeated sequences in the genome (Fauron et al, 1995), altering the genome
copy number, which can result in different phenotypes (Kanazawa et al, 1994
and Janska et al, 1998).

All cp (chloroplast) genomes that have been described for land plants have a
very conserved genome size, usually around 150 kb covering about 70-80 genes.
In contrast, the cp genomes of green algae, although having a rather similar
genome size between 150 and 200 kb, show a tremendous variation in gene
content, due to massive gene loss, genome erosion, and gene transfer to the

nucleus (Grzebyk and Schofield, 2003). All cp genomes described so far are
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circular. Previous studies have shown that, although in green algae (e.g., C.
reinhardtii) more genes have been transferred to the nucleus compared with
land plants (e.g.,tobacco), the rate of gene flow has subsequently slowed down
dramatically and the transfer of DNA from cp to the nucleus is now very rare
(Lister et al, 2003). However, until very recently (Derelle et al, 2006 and this
study), there was no chlorophyte that had both its nuclear, cp, and mt genome
published, and it therefore remained difficult to quantify precisely the extent
of gene transfer from the organelles to the nucleus.

Ostreococcus tauri is a unicellular green alga that was discovered in the
Mediterranean Thau lagoon (France) in 1994. With a size less than 1 um,
comparable to that of a bacterium, it is the smallest eukaryotic organism
currently described (Courties et al, 1994). Its cellular organization is rather
simple with a relatively large nucleus with 1 up to 3 nuclear pore(s), a single
chloroplast 1 mitochondrion, 1 Golgi body, and a highly reduced cytoplasm
compartment (Chrétiennot-Dinet et al, 1995). A membrane surrounds the cells,
but no cell wall can be observed. Apart from this simple cellular structure, the
O. tauri nuclear genome is small (12.56 Mb) and is fragmented into 20
chromosomes (Derelle et al, 2006). Phylogenetically, O. tauri belongs to the
Prasinophyceae, an early branch of the Chlorophyta (Courties et al, 1998). The
presence of only 1 chloroplast and 1 mitochondrion and its basal position in
the green lineage makes this alga interesting for studying the structure and
evolution of both genomes, whereas comparison with other members of the

green lineage sheds light on the evolution of organelle genomes.

MATERIALS AND METHODS

Sequencing.
For the sequencing of the nuclear genome, cellular DNA was used for the

preparation of the shotgun libraries (Derelle et al, 2006). Consequently, mt and
cp sequences were also obtained and identified by their high similarity with
genes of other green algae or green plants. Purified DNA was broken by
sonication, and after filling ends, DNA fragments ranging from 1 kb to 5 kb

were separated in an agarose gel. Blunt-end fragments were inserted into
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pBluescript I KS (Stratagene, The Netherlands), digested with EcoRV, and
dephosphorylated. Plasmid DNA from recombinant Escherichia coli strains
was extracted according to the TempliPhi method (Amersham, GE Healthcare,
France), and inserts were sequenced on both strands using universal forward
and reverse M13 primers and the ET DY Enamic terminator kit (Amersham).
Sequences were obtained with MegaBace 1,000 automated sequencers
(Amersham). Data were analyzed and contigs were assembled using
Phred-Phrap (Ewing et al, 1998) and Consed software packages (http://
bozeman.mbt.washington.edu/ consed/consed.html). Gaps were filled through

primerdirected sequencing using custom made primers.

Gene Prediction and Annotation.

All genes were annotated based on their similarity with cp and mt genes that
were available in public databases and if necessary manually corrected using
Artemis (Rutherford et al, 2000). Homologous relationships between publicly
available genes and the O. tauri genes were identified through Blast (Altschul
etal, 1990). Also small and large ribosomal subunit RNA genes were identified
by Blast. Alignment and secondary structure annotation was done using the
pcsk alignment editor (De Rijk and De Wachter, 1993). The secondary structure
drawings were made using rNAviz (De Rijk et al, 2003). tRNA genes were
identified by TRNASCAN-SE (Lowe and Eddy, 1997) using the option “search for
organellar tRNAs (-O)”. The 5S rRNA gene of the cp genome was identified
using the cMSEARCH program from the INFERNAL package (Eddy 2002) with the
5S rRNA covariance model (RF00001) from the Rram database (Griffiths-Jones
et al, 2005).

Sequence Analyses.

Pairwise comparison of gene permutations by inversions between different mt
and cp genomes was obtained using the Grimm web server (Tesler, 2002). The
data sets used contained, respectively, 54 conserved mt and 82 conserved cp
genes. As this tool cannot deal with duplicated genes, genes located in the
inverted repeats (IRs) were counted only once.

Duplicated sequences within both genomes were identified using DOTTER

(Sonnhammer and Durbin, 1995). For both genomes (but including only one
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of the IR sequences), short repeated sequences were identified with REPUTER
3.1 (Kurtz et al, 2001), using the -p (palindromic), -f (forward), -1 (minimum
length), and -allmax parameters; and MumMER 3.0 (Kurtz et al, 2004), using the
-1 (minimum length) and -b (forward and reverse complement matches) options.
PIPMAKER (Schwartz et al, 2000) was used to visualize the location of the re-

peated sequences.

Phylogenetic Analysis.

Homologous genes of O. tauri cp and mt genes were searched for in the public
databases (GenBank/EMBL/ DDBJ) (Benson et al, 2002; Stoesser et al, 2002;
and Tateno et al, 2002) using BLASTP (Altschul et al, 1997). Protein sequences
were aligned with cLustaLw (Thompson et al, 1994). Two different data sets
were built:

1. Forty-seven cp protein sequences (atpA, atpB, atpE, atpF, atpH, clpP, petB,
petG, psaA, psaB, psaC, psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH,
psbl, psbJ, psbK, psbL, psbN, psbT, psbZ, rbcL, rpll4, rpll6, rpl2, rpl20, rpl36,
1poA, rpoB, rpoCl, rpoC2, rpsil, rpsi2, rpsi4, rpsi8, rpsl9, rps3, rps4, rps7,
rps8, ycf3, and ycf4) from 14 different organisms (Chlorella vulgaris [ Wakasugi
et al, 1997] [AB001684], Nephroselmis olivacea [Turmel et al, 1999a]
[AF137379], Pseudendoclonium akinetum [Pombert et al, 2005] [AY835431],
Stigeoclonium helveticum [Bélanger et al, 2006] [DQ630521], Scenedesmus
obliquus [de Cambiaire et al, 2006] [DQ396875], Oltmannsiellopsis viridis
[Pombert et al, 2006a] [DQ291132], C. reinhardtii [Maul et al, 2002]
[BK000554], Mesostigma viride [Lemieux et al, 2000] [AF166114], C.
globosum [Turmel et al, 2002a] [AF494278], Marchantia polymorpha [Ohyama
et al, 1986] [M68929], Nicotiana tabacum [Shinozaki et al, 1986] [Z00044],
Pinus thunbergii [Wakasugi et al, 1994] [D17510], Cyanophora paradoxa
[Stirewalt et al, 1995] [U30821], and O. tauri) were independently aligned and
concatenated into a data set of 9,553 amino acids.

2. A nuclear gene (small subunit [SSU] rRNA), 1 mt gene (nad5), and 2 cp
genes (rbcL and atpB), encompassing 44 organisms, were combined into a
data set of 5,053 nucleotides (based on Karol et al, 2001)

pHYML 2.4.4 (Guindon and Gascuel, 2003) was used to compute maximum

likelihood trees, using the cpREV45 model for cp sequences and the Hasegawa,
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Kishino and Yano (1985) model for the combined nucleic acid data set. Pairwise
distance trees were obtained using TREECON (Van de Peer and De Wachter, 1994),
based on Poisson (Zuckerkandl and Pauling, 1965 and Dickerson, 1971) and
Kimura (1983) corrected distances for the protein alignment and Jukes and
Cantor (1969) corrections for nucleic acid sequences. puyLIP (the Phylogeny
Inference Package; Felsenstein, 1989) was used for 1) computing pairwise
distance trees using the Dayhoff PAM matrix (1979) for protein alignment and
Jukes and Cantor (1969) for nucleic acid sequences and 2) obtaining maximum
parsimony trees for both data sets. For each method, bootstrap analyses with
500 replicates were performed to test the significance of the nodes. Finally,
MrBayes (500.000 generations and 4 chains) was used for Bayesian inference
of phylogenetic trees (Huelsenbeck et al, 2001), using a JTT+y substitution
model (Jones et al, 1992).

After manual improvement of the alignments using BioepiT (Hall, 1999), only
unambiguously aligned positions were taken into account for tree construction.

TREEVIEW was used to visualize the trees (Page, 1996).

RESULTS AND DISCUSSION

Phylogenetic Analyses.

Previous phylogenetic analyses based on the 18S rDNA sequence of different
Chlorophyta suggested that O. fauri belongs to the Prasinophyceae, an early
diverging group within the green plant lineage (Courties et al, 1998). Now,
with the availability of the cp, mt, and even nuclear (Derelle et al, 2006) genomes
of O. tauri, a more extensive phylogenetic analysis could be performed. To
this end, we prepared 2 different data sets, that is, 1 consisting of concatenated
cp genes and 1 consisting of a mix of concatenated cp, mt, and nuclear genes
(see Materials and Methods). Using these different data sets and different
methods of phylogenetic tree construction, O. tauri always clustered with other
members of the Chlorophyta, clearly confirming its Chlorophycean heritage
(fig. 1; see appendix fig. Al). Furthermore, the different classes within the
Chlorophyta, namely, Chlorophyceae, Trebouxiophyceae, Ulvophyceae, and
Prasinophyceae formed monophyletic groups, well supported by bootstrap

analyses. O. tauri and N. olivacea were always grouped together within an
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early diverging group referred to as the Prasinophyceae, thereby confirming
the previous analyses done by Courties (1998).
In our phylogenetic analyses, we have also included the unicellular freshwater

>

0.1 substitutions/site Chlamydomonas reinhardtii

— 100 Scenedesmus obliquus Chlorophyceae
Stigeoclonium helveticum
Chlorella vulgaris Trebouxiophyceae

Oltmannsiellopsis viridis
Pseudendoclonium akinetum

Nephroselmis olivacea

Ulvophyceae

Chlorophyta

87 Prasinophyceae

Ostreococcus tauri
g Chaetosphaeridium globosum Charophyceae
z 100 L M i
5 100 archantia 'polymorpha .
g 100 Pinus thunbergii Land Plants
& Nicotiana tabacum
Mesostigma viride Mesostigmatophyceae
Cyanophora paradoxa Glaucocystophyceae

B . 0.1 substitutions/site s
I = i i‘

100 — Mesostigma viride NIES

L Mesostigma viride

Nephroselmis olivacea
Ostreococcus tauri

elfydoydang

Pseudendoclonium akinetum
Oltmannsiellopsis viridis
Scenedesmus obliquus

elAydoiojyd

Pteromonas angulos
Paulschulzia pseudovolvox

83 Chlamydomonas reinhardtii

Volvox carteri
Cyanophora paradoxa Glaucocystophyceae

Figure 1. Phylogenetic position of Ostreococcus tauri. (A) Tree was made based on 47
concatenated sequences of ¢p genes, using the pairwise distance method. As each method
gave the same topology, the lowest bootstrap values are shown at the branches of the nodes.
(B) Tree inferred by pairwise distance methods of a combined data set of a mt, nuclear, and
2 cp genes, based on the Karol et al, (2001) data set. All members of the Streptophyta
except Mesostigma viride are replaced by a triangle. The complete tree can be found in
appendix fig. A1 . Lowest bootstrap values, using different methods, are shown at the
nodes. For both trees, the branch lengths are drawn to scale.

alga, M. viride, whose phylogenetic position is still being discussed (previously
referred to as the “enigma of Mesostigma” [McCourt et al, 2004]). After being
classified as an primitive chlorophyte (Mattox and Stewart, 1984; Grzebyk
and Schofield, 2003; and Nozaki et al, 2003), a charophyte (Melkonian, 1989;
Bhattacharya et al, 1998; Karol et al, 2001; and Martin et al, 2002), or as a
species branching off prior to the divergence of the Streptophyta and
Chlorophyta (Lemieux et al, 2000 and Turmel et al, 2002b), Petersen et al,
(2006) provided unequivocal support for its Streptophycean affiliation, based
on the presence of a land plant-specific gapB gene and the absence of this gene
in the different orders of chlorophyte green algae. However, our tree based on

concatenated cp genes (fig. 1a) clearly support M. viride branching off before
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the divergence of Chlorophyta and Streptophyta. On the other hand, trees bases
on a combination of concatenated plastid, mt, and nuclear genes did group M.
viride with the other streptophytes (fig. 1b, see appendix fig. A1). In addition,
we recently showed (Robbens et al, 2007) that 2 Ostreococcus strains (O. tauri
and Ostreococcus lucimarinus) also contain the gapB gene (DQ649078 and
DQ649079), making this gene no longer land plant specific as postulated by
Petersen et al, (2006). As a matter of fact, all this adds some more mystery to

the phylogenetic position of M. viride.

Structure and Gene Content of the mt Genome.

The O. tauri mt genome assembles as a circle of 44,237 bp (fig. 2), with an
overall GC content of 38%. This size is similar to the mt genome of another
early branching chlorophyte N. olivacea (45,223 bp) (Turmel et al, 1999b).
However, in contrast to the N. olivacea genome, the O. fauri mt sequence
contains a duplicated region, containing 22 genes and covering 44% (19,542
bp) of the genome (see further). Sixty-five genes (unique open reading frames
[ORFs] were not taken into account, and duplicated genes were counted only
once) are encoded on both strands, encompassing 93% of the genome, which
makes the mt genome of O. fauri the most gene dense among the Chlorophyta.
For comparison, both M. viride (Turmel et al, 2002b) and N. olivacea also
have sixty-five genes, but only covering 87% and 81% of their genome,
respectively (table 1). Among the 65 genes, 36 are protein-encoding genes, 26
are transfer RNAs, and 3 are rRNAs (table 2). Two predicted proteins (orf129
and orf153) coding for 129 and 153 amino acids, respectively, did not show
any clear similarity to other known genes. The compactness of the O. fauri mt
genome is further illustrated by the shortness of the intergenic regions, ranging
from 1 to 475 bp, with an average of 42 bp. Only 5 intergenic regions exceed
100 bp, and these are all located in the duplicated region. In addition, there are
3 cases of overlapping genes (trnR1-rnpB, rps14-rpl5, and orf153-trnH). Lastly,
in contrast to other members of the green lineage, neither group I nor group II
type introns are present in any of the genes.

All 26 tRNAs fold into the conventional cloverleaf secondary structure and
are able to decode all codons. The small subunit rRNA (SSU rRNA, rns in fig.

2) gene is fragmented into 2 parts, but retains its ability to fold into the normal
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secondary structure model (see appendix fig. A2). The fragmentation site is
located near the hairpin loop of helix 29 (indicated by gray area) of the secondary
structure model (Wuyts et al, 2004), and the location of the 2 fragments has
been rearranged in the genome such that both fragments are located on the
forward strand but their order is reversed. However, this fragmentation site
does not correspond to one of the several fragmentation sites that have been
previously identified in the small subunit rRNA genes of chlorophyte mt
genomes (Nedelcu et al, 2000) (other known fragmentation sites are indicated
by gray areas on appendix fig. A2). The SSU rRNA, LSU rRNA (large subunit
rRNA, rnl in fig.2), and 5S rRNA gene (rrn5 in fig. 2) are all located in the
duplicated region. Like other known members of the green lineage, the O.
tauri mitochondrion uses the standard genetic code, and all the 61 codons are
used. As in M. viride, there is a strong bias in favor of codons that end in A or
U. The 3 types of stop codons are present with UAA being the one most often
used (81.4%) (see appendix table A3).

Table 1. General features of mt-genomes of different green organisms

Feature Ot No Cr Mv Cg Mp At
Size (bp) 44,237 45,223 15,758 42,424 56,574 186,609 366,924
GC (%) 38.0 32.8 452 322 34.4 422 44.8
Gene number” 65 65 13 65 67 69 50
Gene density (%) 93.0 80.6 83.1 86.6 76.3 65.0 455
Intron number - 40 - 40,3700 9(),2dn 7d),25dDn 23 (IN)
Repeated seq (bp)h 9,771 - 500 - - 11,372
Map circular circular linear circular circular circular circular

Ot: Ostreococcus tauri, No: Nephroselmis olivacea, Cr: Chlamydomonas reinhardtii, Mv: Mesostigma viride,
Cg: Chaetosphaeridium globosum, Mp: Marchantia polymorpha, At: Arabidopsis thaliana

- not present

# Unique ORFs were not taken into account and duplicated genes were counted only once

® minimum 500 bp long and 100% identical

The most striking feature of the O. tauri mt genome is the presence of a large
duplicated segment (19,542 bp; shaded box in fig. 2). This duplication is also
observed in the partially sequenced mt genome of another Ostreococcus strain
(O. lucimarinus; Palenik B, personal communication), thereby excluding
erroneous genome assembly. The presence of such a duplicated sequence has
not been observed in any other member of the Chlorophyta, except for C.
reinhardtii, wherein its mt genome, which is linear instead of circular, terminal
IRs of approximately 500 bp have been described (Vahrenholz et al, 1993;
table 1). No duplication is present in the mt genome of the charophyte Chara
vulgaris (Turmel et al, 2003). The only large repeated sequences previously

reported are present in higher land plants (e.g., Arabidopsis thaliana: 366,924
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bp, containing repeat sequences of 6.5 and 4.5 kb and Beta vulgaris: 368,799
bp, containing a repeat sequence of 6.2 kb) (Unseld et al, 1997 and Kubo et al,
2000). These repeated regions in the mt genome of angiosperms gave rise to a
multipartite genome structure (Fauron et al, 1995) and lead to high-frequency
intramolecular recombination. Indeed, a master circle, containing the complete
genetic information, can lead to different subgenomic circles by homologous
recombination via a repeated sequence motif (e.g., the tobacco mt genome can
provide 6 different subgenomic circles by homologous recombination between
the different repeated sequences) (Knoop 2004 and Sugiyama et al, 2005). The
presence of this multipartite genome structure enables them to change their
gene and genome copy number, resulting in an altered plant phenotype
(Kanazawa et al, 1994 and Janska et al, 1998).

The unique repeated segment in the mt genome of O. tauri contains 5 protein-
coding genes (cob, coxl, atp4, atp8, and nad4L), 2 tRNAs (trnMe and trnY),
the SSU rRNA (rns), LSU rRNA (rnl), and 5S rRNA (rrn5) genes and the
orf129. The duplicated nucleotide sequences are 100% identical over a length
of 9,771 bp, covering 44% of the genome (see supplementary fig. S3,
Supplementary Material online). Repeats that are a 100% identical in mt
genomes are not exceptional. For instance, Brassica napus has 2 repeats with
1 mismatch over 2,427 bp (Handa, 2003), B. vulgaris has 2 repeats (Kubo et al,
2000), and A. thaliana has 3 repeats that are 100% identical (Unseld et al,
1997).

Short dispersed repeats (SDR) are also thought to play an important role in mt
genome rearrangements, thereby altering the gene content and genome size.
This is not only true for members of the Chlorophyta, but also in land plants,
yeasts, and even animals, where they serve as hot spots for recombination
(Pombert et al, 2004). Short dispersed repeats have been described in all known
members of the Chlorophyta, although their abundance is highly variable. All
Chlorophyta members hold SDRs of at least 15 bp in their genome. This number
is reduced to 52 repeats in N. olivacea (Pombert et al, 2006b) and to only 11 in
O. tauri. The largest repeats found in O. tauri and N. olivacea are rather short,
being 34 bp and 42 bp, respectively. The GC content of the SDRs present in O.
tauri does not differ much from the overall GC content of the mt genome (36%

for the SDRs vs. 38% for the complete genome). In general, more derived
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lineages show an increase of the number of SDRs: O. viridis contains 1,206
(Pombert et al, 2006b), Scenedesmus obliquus 4,086 (Nedelcu et al, 2000),
and P, akinetum 8,002 (Pombert et al, 2004) SDRs of at least 15 bp long. It
seems that after the split of the Prasinophyceae, an increase of SDRs took
place (with the exception of the Chlamydomonadales), and it is tempting to

correlate this increase with the gene rearrangements that took place within the
other members of the Chlorophyta (see further).

cox1

Ostreococcus tauri
Mitochondrial DNA v
44,237 bp o

Figure 2. Ostreococcus tauri mt genome. Genes located in the unique duplicated region
are colored in gray; single-copy genes are in black. The length of the boxes is proportional
to their amino acid length. tRNA genes are represented by the 1-letter amino acid code, and
the unique ORFs are indicated by orf followed by their amino acid length.
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Table 2. Gene list of Ostreococcus tauri mitochondrial DNA

Gene Products Genes

Small subunit ribosomal proteins (11) rps 2,3,4,7,8,10,11,12,13,14,19

Large subunit ribosomal proteins (4) rpl 5,6,14,16

NADH dehydrogenase (10) nad 1,2,3,4,4L*,5,6,7,9,10

ATP synthase (5) atp 1,4%, 6,8*%,9

Cytochrome ¢ oxidase (3) cox 1*%2.3

Ubiquinol: cytochrome ¢ oxidoreductase (1) cob*

Sec-independent protein translocation pathway (1) mtt2

Ribosomal RNAs (3) rns*,rnl*, rrn5*

Transfer RNAs (26) Y(gua)*, P(ugg), R1(ucu), Gl(ucc), L1(uaa), S1(uga),

Mel(cau), K(uuu), L2(uag), L3(gag), T(ggu), A(uge),
S2(gew), D(guc), V(uac), H(gug), C(gea), Q(uug),
Mf(gau)*, E(uuc), W(cca), R2(acg), I(gau), G2(gcc),
N(guu), F(gaa)

Rnase P RNA (1) rnpB

unknown ORF (2) orf129*, orf153

* Jocated in duplicated block

Numbers within parentheses indicate the number of genes in this class (duplicated genes were counted only once)

Comparison with Other mt Genomes.

Comparison of the O. tauri mt genome with 9 other species of the Viridiplantae
lineage (Cr: C. reinhardtii, No: N. olivacea, Ov: O. viridis, Pa: P. akinetum,
So: S. obliquus, At: A. thaliana, Mp: M. polymorpha, Cg: C. globosum, and
Mv: M. viride) unveiled only 9 genes (not including tRNAs), which are common
to all these species (table 3). However, when removing C.reinhardtii (Michaelis
et al, 1990) and S. obliquus, 2 members of the Chlorophyceae, from this
comparison, this number increases to 25 shared genes. When further removing
the 2 ulvophyte green algae (O. viridis and P. akinetum), the number of conserved
genes increases to 30, thus, representing the gene content conservation be-
tween the 2 prasinophytes and the land plants. However, when only considering
the protein-coding genes of O. fauri, N. olivacea, and M. viride, 36 genes are
shared, which represents 95% of the O. tauri and 92% of the M. viride protein-
coding gene content. Apparently, the gene content conservation between these
genomes, which are assumed to represent a more ancestral state, is still very
high. One of the 7 protein-coding genes that are absent in the O. tauri mt
genome, namely 7pl/2, could be uncovered in the nuclear genome (see
supplementary table S3, Supplementary Material online).

Disregarding the unique ORFs and tRNAs (trnG[gcc] and trnL[gag] seem to
have been lost in N. olivacea compared with O. tauri, whereas trnR[ucg] is

lost in O. tauri compared with N. olivacea), the gene repertoires of O. tauri
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and M. olivacea are identical (table 3). Furthermore, there is a high degree of
synteny between these 2 algae, with 5 gene clusters of at least 5 genes and 1 of
2 genes, which are almost identical in both mt genomes (genes denoted in
black in fig. 3). However, when one considers gene polarities, synteny is limited
to only 2 gene clusters (12 genes extending from rps// to rpsi0 and 5 genes
extending from a#p6 to cox3). The major difference between both mt genomes
is the duplication in O. tauri and the presence of 4 group I introns in N. olivacea
(3 within the rnl and 1 in the cob gene) (Turmel et al, 1999b).

A certain degree of synteny can still be detected when adding C. globosum
(charophyte) (Turmel et al, 2002a) and Marchantia polymorpha (streptophyte)
(Oda et al, 1992) to the 2 previous species (genes in black and gray in fig. 3),
except for cluster 3 where no clear synteny could be detected among the 4
organisms and; for cluster 2 (fig. 3), where the genes of M. polymorpha are
divided into 2 parts ([atp6, nad6, and trnN] and [cox2 and cox3]). In contrast,
synteny conservation still exists in cluster 5 where 9 genes are present in the 4
organisms, all oriented in the same direction, indicating that although the genome
size increases from green algae to higher land plants, the gene organization of
some clusters are extremely well conserved in evolution.

Additionally, we estimated the number of gene inversions needed to transform
the gene organization of one genome into another, thereby providing quantitative
measurement of their evolutionary distances. Fifty-four conserved genes
(duplicated genes were used only once) of 3 Chlorophyta (O. tauri, N. olivacea,
and P. akinetum) and M. viride were used, showing that a minimum of 29
inversions are needed to transform the gene organization of O. tauri into that
of N. olivacea. When comparing O. tauri with the other mt genomes, almost
twice as many inversions are needed (50 for both P. akinetum and M. viride),

again indicating the close relationship between the 2 Prasinophyceae.

Structure and Gene Content of the cp Genome.

With a circular cp genome of 71,666 bp long (fig. 4), O. tauri contains the
smallest cp genome known so far within the Viridiplantae (except for the parasite
Helicosporidium sp. [de Koning and Keeling, 2006]). Cp genome size in green
algae ranges from 118,360 bp in M. viride (Lemieux et al, 2000) to 203,395 bp
in C. reinhardtii (Maul et al, 2002; table 4). The GC content (39.9%) of the O.
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Table 3. Comparison of gene Content in Green Algal and Land Plant Mitochondrial genomes
Ov Pa So Cr No Ot Mv Cg At Mp

NADH dehydrogenase

nadl * * * * * * * * * *
nad2 * * * *® * * * * * *
nad3 * * * * * * * * *
nad4 * * * * * * * * * *
nad4lL * * * * * * * * *
nad5 * * * * * * * * * *
nadé6 * * * * * * * * * *
nad7 * * * * * * * *4
nad9 * * * * * * *
nadl(0 * %

Cob-complex

cob * * * * * * * * * *

Cytochrome ¢ oxidase

coxl * * * * * * * * * *
cox2 * * * * * * * * *
cox3 * * * * * * * * *
ATP synthase

atpl * * * 0 ok % * %k %
atp4 * 0k * ok % ok % ok
atp6 ® ok ok * % ok ok ok %
atp8 * * * ok ok * ok %
atp9 * ok % * ok % ok % ok
Conserved protein

mitt2 * * *® * * * * *
LSU ribosomal proteins

rpl2 * ok %
pl5 * * ok ok ok sk ok
rpl6 * % ok ok *
rpll4 ® ook Ok

rpll6 * % * ok ok ok ok ok
SSU ribosomal proteins

rpsl * 0k *
rps2 * % * ok % % *
rps3 * % * ok ok ok ok ok
rpsd * * ok ok ok sk ok
rps7 * ok ok ok % %
rps8 * % *
rps10 * * ok ok % *
rpsll * 0k * ok ok ok *
rpsl2 * ok * ok ok ok ok ok
rp513 * * * * * * *
}"pS14 * * * * * * * 4 *
rpsl9 * 0k ® ok ok ok owp %
Ribosomal RNAs

rns * * * *® *® * * * * *
rnl * * * *® *® * * * * *
rrns * * * * * * *
Rnase P RNA

rnpB * Ok

Transfer RNAs 24 25 27 3 26 26 26 28 17 27

Cr: Chlamydomonas, No: Nephroselmis , Ot: Ostreococcus ,

Mv: Mesostigma , Ov: Oltmannsiellopsis ,

Pa: Pseudendoclonium , So: Scenedesmus ,

Cg: Chaetosphaeridium , Mp: Marchantia, At: Arabidopsis
*+ pseudogene

* present

Bold gene names indicate conserved genes
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tauri cp genome is close to that of N. olivacea (42.1%) (Turmel et al, 1999a)
and O. viridis (40.5%) (Pombert et al, 2006a), but higher than that of other
chlorophytes, such as Chlorella vulgaris (31.6%) (Wakasugi et al, 1997), C.
reinhardtii (34.6%), and M. viride (30.1%). Like all known members of the
Chlorophyta, except C. vulgaris, the cp genome of O. fauri has a quadripartite
structure containing 2 large IRs of 6,825 bp (covering 9.5% of the genome)
separating a large single-copy (LSC) region (35,684 bp, covering 49.8%) and
a small single-copy (SSC) region (22,332 bp, covering 31.2%) (fig. 4 and
supplementary fig S4, Supplementary Material online). Despite the difference
in size, both the LSC and the SSC contain 41 genes, whereas the IR sequences
contain, next to psbA4, the rRNA operon (rrs, trnl[gau], trnA[ugc], rrl, and rrf).
Besides its ultrasmall cp genome, the gene content is reduced to a minimum:
86 genes (unique ORFs were not taken into account, and duplicated genes
were counted only once) were identified, including 25 tRNAs and the rRNA
gene cluster (rrf, rrl, and rrs). Two predicted proteins (orf537 and orf1260)
coding for 537 and 1,260 amino acids, respectively, show little similarity with
known genes: ycf1 and ycf2. These genes will be indicated as orf537/ycf1 and
orf1260/ycf2 (table 5). This gene repertoire is the smallest known to date among
the green algae: C. reinhardtii has a slightly higher number of genes (94 genes,
not including the duplicated genes and unique ORFs), but this number is also
much lower than the number of genes present in other Chlorophyta (e.g., V.
olivacea contains 127 genes and M. viride contains 135 genes) (table 4). Twenty-
five tRNAs could be detected, a number that is low compared with that of
other members of the green lineage (e.g., N. olivacea: 32, M. viride: 37, and A.
thaliana: 37 [Sato et al, 1999]), but enables the O. fauri cp genome to decode
all 61 codons. Two of the 3 types of stop codons are present with UAA being
the one most often used (95%) and with UGA being absent (see appendix table
A4). The average length of intergenic regions is 116 bp, varying from 1 to 476
bp. There are 3 cases of overlapping genes (psbC-psbD, rpoCIl-rpoC2, and
rps3-rpl16), resulting in an average coding density (including conserved genes,
unique ORFs, and introns) of 84.7%. One group II intron, present in a#pB,
could be detected.
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Table 4. General features of cp-genomes of different green organisms

Feature Ot No Cr Mv Cg Mp At
Size (bp) 71,666 200,799 203,827 118,360 131,183 121,024 154,478
GC (%) 39.9 42.1 34.5 30.1 29.6 28.2 36.3
Gene number* 86 128 94 136 125 120 87
Gene density (%) 84.7 68.7 50.1 ? ? ? ?
Intron number 1 (I1) - 5(D), 2 1) - 1), 17 AN 1 (1), 19 (A1) 1 (I), 20 (II)
IR (bp) 6,825 46,137 22,211 6,057 12,430 10,058 26,264
SSC (bp) 22,332 16,399 78,088 22,619 17,640 19,813 17,780
LSC (bp) 35,684 92,126 81,307 83,627 88,683 81,095 84,170

Ot: Ostreococcus tauri, No: Nephroselmis olivacea, Cr: Chlamydomonas reinhardtii, Mv: Mesostigma viride,
Cg: Chaetosphaeridium globosum, Mp: Marchantia polymorpha, At: Arabidopsis thaliana

- not present

? Not known

* Unique ORFs were not taken into account and duplicated genes were counted only once

Comparison with Other cp Genomes

The gene repertoire of the cp genomes of 7 Chlorophyta (Cr: C. reinhardtii,
Cv: C. vulgaris, No: N. olivacea, Ov: O. viridis, Pa: P. akinetum, So: S. obliquus,
and Ot: O. tauri), 2 Streptophyta (At: A. thaliana and Nt: N. tabacum), and M.
viride (Mv) were compared and the results shown in table 6. Fifty-three core
genes are shared between both Chlorophyta and Streptophyta (bold gene names),
whereas 4 additional core genes (vcf12, tufA, rpl5, and rps9) are present when
only considering the Chlorophyta lineage. The 53 core cp genes are involved
either in photosynthesis, energy metabolism, or some housekeeping functions.
Gene loss and gene transfer to the nucleus is a common feature of cp genomes
(Stegemann et al, (2003)), and (Grzebyk and Schofield, 2003) reported the
loss of 7 genes (rpl21, rpl22, rpl33, rpsl5, rpsl6, odpB, and ndhJ) at the base
of the Chlorophyta lineage. These genes were also not detected in the O. fauri
cp genome, but 5 of them are present in the nuclear genome (see supplementary
table S3, Supplementary Material online).

In O. tauri, 34 genes are lost in the cp genome compared with other Chlorophyta:
1) the 10 homologs of the mt ndh genes, subunits of the NADH:ubiquinone
oxidoreductase. None of these genes were present in the nuclear genome; 2)
the genes chiB, chll, chlL, and chIN involved in the chlorophyl synthesis in
dark. In almost all known green algal cp genomes, these 4 genes are present,
but not in O. fauri where only chll was found in the nuclear genome (on
chromosome 2). The absence of chlB, chlL, and chIN in the cp or nuclear genome
of O. tauri confirms the inability of this organism to produce chlorophyl in
dark (Derelle et al, 2006); 3) both the perL and petD genes are absent in O.
tauri, whereas they are present in all other studied organisms where they encode

a small subunit of the cytochrome b6f complex. The petL has not been
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Figure 3. Overview of gene clusters conserved between O. tauri (Ostta), Nephroselmis
olivacea (Nepol), Chaetosphaeridium globosum (Chagl), and Marchantia polymorpha
(Marpo). Black boxes represent the genes of O. tauri and N. olivacea, and gray boxes
represent the genes of both Streptophyta. White dots in the upper-left or upper-right corner
indicate the orientation of the genes. Gaps represent the loss of genes. tRNA genes are
represented by the one-letter amino acid code followed by the anticodon in parentheses.
Light gray background boxes indicate inversions of gene order.

transferred to the nucleus, whereas petD could be located on chromosome 7.
However, it has been shown in C. reinhardtii that a free petL. N-terminus is not
required for the b6f complex function (Zito et al, 2002); 4) psbM, a part of the
photosystem Il reaction center, is absent in the cp genome, but is present in the
nucleus (chromosome 12); and 5) at least 13 additional genes (petN, minkE,
minD, ftsl, fisW, ftsH, rpl12, rpl19, accD, cemA, ccsA, cysA, and cysT) and 3
unknown conserved genes (ycf4, ycf6, and ycf10) have been lost in O. tauri.
However, 5 of them are present in the nuclear genome (ycf4, minD, rpll2,
rpl19, and cemA/ycf10) (see supplementary table S3, Supplementary Material

online).
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Figure 4. Ostreococcus tauri plastid genome. Genes located in the inverted repeat sequences
are colored in gray; genes in the single copy regions are black. The single intron, located in
atpB, is shown as a white box. The length of the boxes is proportional to their amino acid
length. tRNA genes are represented by the 1-letter amino acid code and the unique ORFs
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Despite these differences in gene content, 10 conserved blocks, ranging from 2
to 12 genes are shared between O. tauri and N. olivacea, 11 between O. tauri
and C. vulgaris, and 12 between O. tauri and M. viride. When aligning the 4
genomes together, 9 conserved blocks of at least 2 genes can be unveiled.
However, when adding the cp genome of C. reinhardtii, whose genome is
structurally the most comparable to that of O. tauri (see below), almost no
conserved blocks shared by all species, can be detected. Comparison of the cp
genome of O. tauri with the one of O. viridis, a member of the Ulvophyceae,

also showed shared gene clusters. So in general, without considering C.
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Table 5. Gene list of Ostreococcus tauri chloroplast DNA

Gene Products Genes

Photosystem I (6) psa A,B,C,LI,M

Photosystem II (14) psb A,B*,C,D.E,F.H,IJLK,L,N,T,Z
Cytochrome b6/f (3) pet A,B,G

ATP synthase (6) atp A,B*E,F,H,I

Rubisco (1) rbcL

Large subunit ribosomal proteins (8)
Small subunit ribosomal proteins (11)
RNA polymerase (4)

Translation factors (2)

Miscellaneous proteins (1)

Proteins of unknown functions (2)

Ribosomal RNAs (3)
Transfer RNAs (25)

rpl 2,5,14,16,20,23,32,36

rps 2,3,4,7,8,9,11,12,14,18,19

rpo A,B,C1,C2

infA, tufA

ClpP

yef 3,12

5S*,16S*, 23S*

A(uge)*, I(gau)*, R(acg), V(uac), H(gug), G(ucc),

M(cau), K(uuu), N(guu), T(ggu), R(ucu), L(uag), E(uuc),
C(gca), tM(cau), L(gag), Y(gua), L(uaa), Q(uug),
D(guc), P(ugg), W(cca), S(geu), S(uga), F(gaa)
unknown ORF (2) orf537/ycfl, orf1260/ycf2
* Located in duplicated block

# Genes containing intron

Numbers within parentheses indicate the number of genes in this class (duplicated genes were counted only once)

reinhardtii, 9 conserved blocks of at least 2 genes can be unveiled between
different members of the Chlorophyta, representing 33 genes (for O. tauri 37%
of its gene content), indicating the importance of maintaining certain gene
clusters throughout evolution. However, if we compare the gene order of O.
tauri cp genome with the 24 “ancestral” gene clusters present in N. olivacea
and M. viride (de Cambiaire et al, 2006), only 7 of them are completely present
in O. tauri, indicating the loss of its ancestral characteristics.

The number of gene inversions necessary to transform the gene organization
of one genome into another has been estimated for 4 Chlorophyta (O. tauri, N.
olivacea, O. viridis, and C. vulgaris) and for M. viride. An average of 50
inversions is needed to transform the gene organization of O. tauri into that of
any other of these cp genomes.

Although some genes and gene clusters are well conserved among green algae,
the overall structure of the cp genomes can show remarkable differences. First,
both the LSC and the SSC region of O. tauri cp genome contain 41 genes, in
contrast to the cp genomes of other green algae (N. olivacea, M. viride, O.
viridis, and P. akinetum), where most of the genes are located in the LSC region
(Pombert et al, 2006a). Second, the difference in length between the 2 SSCs is
much smaller than in other Chlorophyta (e.g., in N. olivacea, the LSC region is
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5.6 times larger than its SSC region) or even Streptophyta (e.g., in A. thaliana,
the LSC region is 4.7 times larger than its SSC region) (table 4). In this respect,
the cp genome of O. tauri is more similar to the cp genome of C. reinhardtii
(Maul et al, 2002) for 2 reasons: 1) the SSCs have almost identical lengths and
both contain an almost identical number of genes (81 and 78, respectively) and
2) the IRs, which in both cases cover almost 20% of the genome, contain exactly
the same genes, orientated in the same direction.

The distribution of different genes over the LSC and SSC regions is highly
conserved, not only in the entire streptophyte lineage (M. viride and land plant
genomes share essentially the same gene partitioning), but also in the early
diverging N. olivacea, indicating that the last common ancestor of all
chlorophytes featured a gene partitioning very similar to that observed in land
plants. In this respect, Pombert et al, (2006a) created an ancestral cp genome
based on the genomes of O. viridis and P. akinetum (both Chlorophyta, belonging
to the Ulvophyceae) and compared that with the genome of N. olivacea, which
is a prasinophyte and can be considered as ancestral to the 2 ulvophyte. They
concluded that the LSC region of the ancestral genome of both Ulvophyceae
contained only genes characteristic of the LSC region of N. olivacea and that
the SSC region contained genes usually found in the SSC and LSC region of V.
olivacea. However, in the O. fauri cp genome, the genes are scattered across
the LSC and SSC region, and the previous assumption made by Pombert (2006a)
holds no longer true for O. tauri. Because the Prasinophyceae are not a
monophyletic group, it is not surprising that the O. tauri cp genome differs
significantly from the N. olivacea cp genome and that changes in gene
partitioning have occurred independently in O. fauri from those observed in
ulvophycean and chlorophycean algae. With the availability of more cp genomes
it will become clearer whether O. tauri is an exception to the rule and has
undergone specific genome reshuffling or whether different species all have
their own independent evolutionary history regarding their cp genome structure.
Also in the cp genome, we looked for the presence of SDRs. Sixty-four repeats
larger than 15 bp are present, but none of the detected repeats exceed the length
of 25 bp. Almost all these SDRs are located in the coding region of 5 protein-
coding genes (rpl23, psbD, psaB, psaA4, and psbA) and 5 tRNAs (fig. 5). The
GC content of the SDRs is comparable to the overall GC content of the cp
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Table 6. Comparison of gene content in green algal and land plant chloroplast genomes

Ov Pa So Cr Cv No Ot Mv_At Nt Ov Pa So Cr Cv No Ot Mv_At Nt
Photosystem I NADH oxidoreductase
psaA * * * * * * * * * * ﬂdhA -1 * * * *
psaB * * * * * * * * * * nd]L] * * *
psac * * * * * * * * * * ndhK * * *
psal ok *ook kxR ok LSU ribosomal proteins
psaJ * * * * * * * * * * rplz * * * * * * * * * *
pSaM * * * * * * rp15 * * * * * * * *
Photosystem II pll2 ook X ook
pshA * k% k& k %k ok k% pll4 * ok ok k & k& k% %
psbB * * * * * * * * * * rp116 * * * * * * * * * *
pst * * * * * * * * * * rpljg * * * * *
prD * * * * * * * * * * rp120 * * * * * * * * * *
pst * * * * * * * * * * rplzz * * *
pst * * * * * * * * * * rp123 * * * * * * * * *
PSbG * rp132 * * * * * * * *
pS‘bH * * * * * * * * * * rp133 * * *
psbI * * * * * * * * * * rpl36 * * * * * * * * * *
psbJ T T . SSU ribosomal proteins
psbK * * * * * * * * * * rpsz * * * * * * * * * *
ps‘bL * * * * * * * * * * rpsj * * * * * * * * * *
prM * * * * * * * * * rps4 * * * * * * * * * *
psbN * * * * * * * * * * rps7 * * * * * * * * * *
pswa * * * * * * * * * * rpss * * * * * * * * * *
PSbZ (ycf9) * ok ok ox % %k ok x K ps9 * % % * ok ok x %
Cytochromeb6/F rpsll ook L R
petA * * * * * * * * * * rpslz * * * * * * * * * *
petB ® ok ok ow & %k ok ok * psl4 I ok ok ok % o® %
petD ® % ok ox % % £k ok psl5 * % %
petG * * * * * * * * * * rpS]6 * * *
petL * * * * * * * * * rp518 * * * * * * * * * *
petN * * * * rpsl 9 * * * * * * * * * *
ATP synthase Translation factors
atpA * * * * * * * * * * l'n/‘A * * * * * * * *
ath * * * * * * * * * * tl{fA * * * * * * * *
a’pE * * * * * * * * * * DlVlSlOn
atpF ® ok ok ox & &k ok k% fisl * *
atpH * * * * * * * * * * /ZSW * *
atpl * * * * * * * * * * mlnD * * * * *
Chlorophyl biosynthesis minE *
chiB * ook A * Miscellaneous proteins
Ch[] * * * * * * aL‘CD * * * * * *
chiL * * ok %k * cemA * ok ok ok x % * k%
thN * * * * * * ClpP * * * * * * * * * *
Rubisco cesA ook ok xRk * *
rbeL * * * * * * * * * * cysA * * *
RNA polymerase cysT ok *
rpaA * * * * * * * * * * I-CVuI *
rpoB ook ok kb ok kR Conserved proteins
rpoCla * yefl * %k * ok ok ok k%
rpoCIb * yef2 * * * * * *
rpaCI * * * * * * * * * y(—ﬁ * * * * * * * * * *
rpncz * * * * * * * * * * y(.‘/4 * * * * * * * * *
Ribosomal RNAs yefs * *
238 ® ok ok ox & % ok ok ok % yeft/petN * R
168 ® ok ok ox & &k ok ok * yefYpsbZ & & ox & &k ok k%
55 * * * * * * * * * * ny] ()/cemA * *
TRNAs 25 28 27 31 33 32 27 37 37 30 ycfl2 L
rnpB *
Cr: Chlamydomonas, Cv: Chlorella ,No: Nephroselmis , Ot: Ostreococcus , Ov: Ol iellopsis , So: S s
Pa: Pseudendoclonium, Mv: M i , At: Arabidopsis , Nt: Nicotiana
names indicate
* present

genome (38% for the SDRs vs. 39.9% for the cp genome). The number of
SDRs in N. olivacea is similar, but substantially differs from C. reinhardtii,

which c¢p genome is more similar to the O. tauri cp genome regarding its
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structure (see above). In the O. fauri cp genome, no direct link can be made
between the major reshuffling that took place and the abundance of SDRs,
whereas for C. reinhardtii the major rearrangements could be explained by the
huge collection of SDRs present in its cp genome. Consequently, another
mechanism is probably responsible for the large number of rearrangements

present in the cp genome of O. tauri.
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Figure 5. Location of the SDRs in the Ostreococcus tauri cp genome. PIPMAKER was
used to align the O. tauri cp genome against itself, thereby visualising regions containing
SDRs by clusters of dots. Genes and their polarities are indicated by horizontal arrows,
while their coding sequences are black boxes. Only genes containing SDRs are indicated.
Similarities between aligned regions are shown as an average percent identity.
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CONCLUSION

Ostreococcus tauri is the smallest eukaryotic organism known to date, and
recently, its small (12.56 Mb), but gene dense nuclear genome has been
described (Derelle et al, 2006). Here, we present its mt and cp genome, which
makes O. tauri one of the very few green lineage organisms for which the 3
genome sequences are available. The 2 O. tauri organellar genomes are small
and display both common and special features compared with their closest
relatives.

The main difference between the O. tauri and the other Chlorophyta mt genomes
is the presence of a unique duplication, previously unobserved in the
Chlorophytae. On the other hand, the mt genome of O. tauri, which is the most
gene dense among all known green algae, closely resembles the one of
Nephroselmis olivacea, another member of the Prasinophyceae. This is
illustrated by a number of common characteristics: 1) the gene content is almost
identical in both genomes; 2) there is a high degree of synteny between the 2
genomes, which is illustrated by the presence of a number of conserved gene
blocks and by a low number of gene inversions necessary to transform the O.
tauri gene structure into the one of V. olivacea; and finally 3) Pombert (2006b)
showed that there is an increase in the number of Short Dispersed Repeats
(SDR) when moving in the tree from N. o/ivacea to the more derived lineages
within the Chlorophyta. These analyses were confirmed by O. fauri, which
contains even fewer SDRs than N. olivacea. All these data clearly show that
the mt genome of O. tauri shares the “ancestral” pattern of evolution typified
by the N. olivacea genome. This conclusion for N. olivacea representing an
ancestral state (Turmel et al, 1999b) was based on its basal phylogenetic position
in the chlorophyte lineage, on the presence of 3 genes (nad10, rpl14, and rnpB)
that had not been identified at that time in any other mt genome (today, rp/14 is
also identified in P. akinetum), and on its ancestral organizational pattern. These
arguments also hold for the O. fauri mt genome, and most likely, both the O.
tauri and N. olivacea mt genome represent the most ancestral form known to
date for the green lineage. Whether the unique duplication seen in Ostreococcus
is restricted to this organism will hopefully become clear with the availability

of more mt genomes of basal green algae (e.g., the one of Micromonas pusilla,
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another prasinophyte which is currently being sequenced; Worden A, personal
communication).

The O. tauri cp genome is very compact, and both the genome size and the
gene number are the smallest known among the green plants and green algae.
Looking at the gene content, the O. fauri cp genome lost many genes compared
with other prasinophyte green algae or to M. viride. This is well illustrated by
the small number of ancestral gene clusters still present in the O. tauri cp
genome where only 7 of the 24 Mesostigma/Nephroselmis gene clusters (de
Cambiaire et al, 2006) could be uncovered. Finally, although gene partitioning
among LSC and SSC regions is well conserved in all Streptophyta and early-
diverging Chlorophyta, the genes in the O. tauri cp genome are randomly dis-
tributed between both regions. All these data strongly suggest that, in contrast
to its mt genome, the O. fauri cp genome seems to have lost most of the ancestral

features observed in the M. viride and N. olivacea genomes.

SUPPLEMENTARY MATERIALS

The genome data have been submitted to the European Molecular Biology
Laboratory, www.embl.org (accession numbers CR954200 [mt genome] and
CR954199 [cp genome]) or can be found at http://bioinformatics.psb.ugent.be/
Supplementary tables and figures are available at Molecular Biology and

Evolution online (http://www.mbe.oxfordjournals.org/).
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Chapter 6 Calvin Cycle

Abstract

Glyceraldehyde-3-phosphate dehydrogenase (GapAB) and CP12 are two major
players in controlling the inactivation of the Calvin cycle in land plants at night.
GapB originated from a GapA gene duplication and differs from GapA by the
presence of a specific C-terminal extension that was recruited from CP12.
While GapA and CP12 are assumed to be generally present in the Plantae
(glaucophytes, red and green algae, and plants), up to now GapB was exclusively
found in Streptophyta, including the enigmatic green alga Mesostigma viride.
However, here we show that two closely related prasinophycean green algae,
Ostreococcus tauri and Ostreococcus lucimarinus, also possess a GapB
gene, while CP]2 is missing. This remarkable finding either antedates the GapA4/
B gene duplication or indicates a lateral recruitment. Moreover, Ostreococcus
is the first case where the crucial CP12 function may be completely replaced
by GapB-mediated GapA/B aggregation.
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Short Communication

During photosynthesis, plastids of land plants and algae transform light energy
into ATP and NADPH. This chemical energy fuels the Calvin cycle, where
carbon dioxide gets fixed to produce sugar compounds that are used for fatty
acid, isoprenoid, and amino acid synthesis (Bassham, 2003). Following the
circadian light/dark rhythm, chloroplasts switch between anabolic and catabolic
metabolism exemplified by starch production and degradation. A general
metabolic transition in green plants is the inactivation of the reductive Calvin
cycle and the activation of the oxidative pentose phosphate pathway (OPPP)
for NADPH generation at night (Klein, 1986; Schnarrenberger et al, 1995;
Martin and Herrmann, 1998; and Michels et al, 2005). Especially the thioredoxin
system is responsible for the reversible redox regulation of the Calvin cycle and
itis mediated by a small regulator named CP12 (Wedel et al, 1997). The nuclear-
encoded CP12 protein is 75 amino acids long, contains at least two crucial
cysteine residues (Pohlmeyer et al, 1996 and Petersen et al, 2006), and, together
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GapA) and
phosphoribulokinase (PRK), oligomerizes into a stable protein complex (Cerff,
1979 and Wedel et al, 1997). This mechanism completely blocks the whole
cycle at night and is assumed to be generally conserved in cyanobacteria and
Plantae, comprising glaucophytes, rhodophytes, chlorophytes, and land plants
(Wedel and Soll, 1998 and Petersen et al, 2006). However, land plants contain
an additional inactivation complex. Ordinary GapA is redox-insensitive, but a
duplicate named GapB recruited the regulatory redox domain, a characteristic
C-terminal extension, from CP2 by a gene fusion (Pohlmeyer et al, 1996). As
aconsequence, the Calvin cycle inactivation is tightened by a second mechanism
that is exclusively based on GAPDH association (Scheibe et al, 2002).

Recently, Petersen et al. (2006) determined the sequence for GapA, GapB,
and CP12 of different green plants. Their analyses revealed that GapB
sequences can be unequivocally identified by the CTE as well as a specific
sequence pattern including two insertions. Petersen and coworkers identified
GapA and GapB sequences from several charophytes, but especially the
presence of GapB within the unicellular green alga Mesostigma viride dates
the GapA/B gene duplication at least to the common ancestor of all Streptophyta,
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about 700 to 1150 million years ago (mya) (Yoon et al, 2004). Comprehensive
analyses of all orders of Chlorophyta, representing prasino-, trebouxio-, ulvo-,
and chlorophycean species, including the most prominent and completely
sequenced green alga, Chlamydomonas reinhardtii, exclusively uncovered
GapA sequences. Phylogenetic analyses showed GapA4 sequences of
Chlorophyta to form a weakly supported group diverging prior to the distinct
GapA and GapB subtrees of streptophytes, hence allocating the GapA/B gene
duplication to an early stage of streptophycean evolution.

Here we present the distribution of nuclear-encoded plastid GAPDH and CP12
genes from the first completely sequenced prasinophycean green alga,
Ostreococcus tauri (Derelle et al, 2006), and the closely related strain,
Ostreococcus lucimarinus (Brian Palenik, personal communication). This
unicellular green alga is the smallest free-living eukaryote known to date (Courties
et al, 1994 and 1998) and has a genome size of 12.56 Mb, distributed over 20
chromosomes (Derelle et al, 2006). Two genes with high sequence similarity to
known GapA/B genes could be detected in both Ostreococcus species. A typical
GapA sequence is located on chromosome 10, shows 72% amino acid identity
to the GapA sequence of Chlamydomonas reinhardtii, another member of
the Chlorophyta, and clusters within the GapA subtree of Chlorophyta (fig. 1).
Unexpectedly, the second GAPDH homologue, which is located on chromo-
some 1, seems to be a genuine GapB. It contains the typical C-terminal extension
(CTE) with two regulatory cysteine residues (fig. 2) and exhibits the GapB
specific sequence pattern including two characteristic insertions (fig. 3). Even
if the statistic support is weak (fig. 1), in particular, the latter observation au-
thenticates the common origin of GapB and rules out CTE recruitment via a
second independent gene fusion between GapA and CP12 duplicates. How-
ever, the presence of GapB in a prasinophyte is surprising, because this gene
could previously not be identified in any chlorophyte (prasino-, trebouxio-, ulvo-
or chlorophyceae [Petersen et al, 2006]), and it is definitely absent from the
completely sequenced chlorophycean genomes of Chlamydomonas and Volvox
(http://www.jgi.doe. gov/).

At least two scenarios can explain the presence of GapB in Ostreococcus.
First, the GapA/B gene duplication may have occurred much earlier in green

plant evolution than previously assumed (Petersen et al, 2006). Since Chlorophyta
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Figure 1. The best maximum likelihood tree based on 71 plastid GAPDH sequences of
Plantae and 326 amino acid positions inferred by the program Treefinder under a WAG+
G4 model. Numbers given at internal nodes correspond to nonparametric bootstrap
values (100 replicates). Bootstrap values lower than 30% are not indicated. The new
GapA and GapB sequences from the two Ostreococcus strains are shown in boldface.

130



Calvin Cycle

310 320 340 350 360
Ostreococcus tauri TQRVVDLTLIVANSLINE----GSVTLDPLDQLESDDPSADEMKVEDS

Ostreococcus lucimarinus . ... ... S..... G....--—-.VASA..M...BA.......H.... W
Cg_ Mesostigma viride s...... AD....NWPGM---VQETGS...ET. TN.D...HR.YND
© Chlorokybus atmophyticus S...... AH....NWPGQKADSEEESG....KYNATN.E...BR.Y.E
© Marchantia polymorpha s......AHL..AQWPGV----AKPSG...EEFVTN.DT. .§RLH.V
Oryza sativa S...... AHL. .SKWPGA---AVQGSG. . .EDFK.N.ET. .. . YEN
Arabidopsis thaliana s...... AHL. . SKWPGA---EAVGSG. . . EDFJJKTN.ADE.jj. . Y.~
Ostreococcus tauri SQRVVDLAELCAANWE
Ostreococcus lucimarinus .. ..............
Chlamydomonas reinhardtii . ........ VT.KK.VA
Spermatozopsis similis . ......... A.SK.A
<c. Cyanidioschyzon merolae
('; Cyanophora paradoxa

Mesostigma viride . . .
Chlorokybus atmophyticus . . .
Marchantia polymorpha . . .
Oryza sativa

Arabidopsis thaliana

Figure 2. Multiple sequence alignment of the C-terminal end of GapA and GapB proteins
from plants. Black shaded boxes indicate the regulatory cysteine residues while the
gray shaded box indicate the GapB specific CTE; dashes (-) indicate gaps; dots (.)
indicate conserved amino acid positions. Numbering is based on the protein sequence
of Geobacillus stearothermophilus.

and Streptophyta form two deep and distinct green lineages, and prasinophytes
represent the most ancient lineage of the former clade (Rodriguez-Ezpeleta et
al, 2007), the GapA/B gene duplication would have occurred in a common
ancestor of present-day chloro- and streptophytes (Viridiplantae). This premise
would imply secondary losses of GapB in chlorophyceae (e.g., Chlamydomonas,
Volvox), but also in ulvo- and trebouxiouphyceae, where this gene has not been
detected so far (Petersen et al, 2006). In addition, in its simpliest version (one
duplication event) it would demand the monophyly of all green plant GapA
sequences, thus suggesting a phylogenetic artifact in the current tree. Second,
it cannot be excluded that an ancestor of Ostreococcus recruited the GapB via
horizontal gene transfer (HGT), for instance, from a charophycean green alga.
Mixotrophy has been reported for some prasinophytes (Graham and Wilcox,
1999) and a certain proportion of Ostreococcus genes is closely related to
marine algae and not to green plants as one would expect. A striking example is
the nuclear-encoded Calvin cycle sedoheptulose-1,7-bisphosphatase (SBP; O.
tauri, chromosome 3; accession no. CAL53197 [wrongly annotated FBP]),
which is closely related to the SBP of the diatom Phaeodactylum tricornutum
(data not shown). Moreover, a unique finding is the replacement of the cytosolic
GAPDH (GapC), one of the most prominent housekeeping genes that is
otherwise universally present in Plantae, Metaozoa, and Fungi, by a gap3 gene

(O. tauri, chromosome 2; accession no. CAL52398), which was previously
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exclusively identified from bacteria and diplonemids (Figge and Cerff, 2001 and
Qian and Keeling 2001). If the assumption of HGT were also true for GapB,
the evolutionary rate of the Ostreococcus GapB sequences might have been
accelerated in the context of recruitment (fig. 1), resulting in an artifactual
basal position (Brinkmann et al, 2005). Taken together, the discovery of additional
GapB genes within more distantly related chlorophytes would substantiate the
former scenario, whereas a sporadic occurrence in Ostreococcus would support
the HGT explanation in accordance with a mixotrophic lifestyle.
GapB specific

Insertions Positions
143 252 103 245 250

Ostreococcus tauri N T

Ostreococcus lucimarinus N T

m Mesostigma viride N T
2 Chlorokybus atmophyticus AT
(V] Marchantia polymorpha N T
Oryza sativa N T

N T

Arabidopsis thaliana

Ostreococcus tauri
Ostreococcus lucimarinus
Chlamydomonas reinhardtii
Spermatozopsis similis
Cyanidioschyzon merolae
Cyanophora paradoxa
Mesostigma viride
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Marchantia polymorpha
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Figure 3. GapB specific insertions and positions compared to GapA sequences from
different green algae and land plants. The numbering of the conserved positions and
insertions is performed with respect to the sequence of Bacillus stearothermophilus.
Dashes (-) indicate gaps. Both Ostreococcus strains are highlighted with light shaded
boxes.

Apart from the presence of GapB, the investigation of both Ostreococcus
species also revealed that the CP12 genes are absent from their genomes.
Comprehensive BLAST analyses yielded two weak hits with the N- and C-
terminal domain of CP12, located on chromosomes 17 and 11, respectively.
Thus, it can be ruled out that these sequences belong to one CP/2 gene that is
separated by introns. Since CP12 was previously assumed to be generally
present in cyanobacteria and Plantae (Pohlmeyer et al, 1996 and Petersen et al,
2006), its absence from both Ostreococcus genomes might have drastic

consequences for GAPDH inactivation as well as plastid metabolism.
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Cyanobacterial CP/2 knockout mutants accordingly show significantly reduced
growth rates (Tamoi et al, 2005). The lack of CP/2 in complex algae such as
diatoms (Armbrust et al, 2004), which obtained their plastids through secondary
endosymbiosis, correlates with the absence of the plastid oxidative pentose
phosphate pathway (OPPP), probably due to the missing inactivation of the
Calvin cycle at night, which would result in futile cycling (Michels et al, 2005
and Petersen et al, 2006). We analyzed the distribution of glucose-6-phosphate
dehydrogenase (G6PDH), a key enzyme of the OPPP (Martin and Herrmann
1998), in Ostreococcus and identified a single gene for the respective plastid
protein (in both species; data not shown). If OPPP and Calvin cycle are present
in the chloroplasts of these ultrasmall algae, the presence of GapB is probably
essential to ensure GAPDH aggregation at night. Thus, in contrast to
streptophytes that harbor two regulatory complexes based on CP12 and GapB,
the prasinophyte Ostreococcus would be the first example where the Calvin

cycle is exclusively inactivated by the formation of GapAB complexes.

METHODS.

Homologous Ostreococcus sequences were identified using BLAST (Altschul
et al, 1990) and added to the dataset of Petersen et al, (2006). The candidate
gene products were manually added to the existing dataset using the EDIT
option of the MmusT package (Philippe, 1993). Manual annotation was performed
with arTEMIS (Rutherford et al, 2000). In the final alignments, HMMer (Eddy,
1998) was used to generate specific profiles for each gene family with hidden

Markov models.

Phylogenetic analyses.

All new sequences reported in this letter have been submitted to GenBank
under the following accession numbers: Ostreococcus tauri GapA and GapB
(DQ649076 and DQ649078) and Ostreococcus lucimarinus GapA and GapB
(DQ649077 and DQ649079). The final alignment consists of 71 sequences that
all belong to the Plantae with the red algae sequences as outgroup. G-blocks
was used to eliminate all ambigiously aligned positions resulting in a dataset

with 326 amino acid positons (Castresana, 2000). The best maximum likelihood
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(ML) tree was obtained using TREEFINDER under a WAG+1'4 model (Jobb et al,
2004). In order to estimate the statistical support of the internal nodes,
nonparametric bootstrapping (Felsenstein, 1985) on 100 replicates was performed

in Treefinder using the same model.
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Chapter 7 Ostreococcus lucimarinus

Abstract

The smallest known eukaryotes, at 1um diameter, are Ostreococcus tauri and
related species of marine phytoplankton. The genome of Ostreococcus
lucimarinus has been completed and compared with that of O. tauri. This
comparison reveals surprising differences across orthologous chromosomes in
the two species from highly syntenic chromosomes in most cases to chromosomes
with almost no similarity. Species divergence in these phytoplankton is occurring
through multiple mechanisms acting differently on different chromosomes and
likely including acquisition of new genes through horizontal gene transfer. We
speculate that this latter process may be involved in altering the cell-surface
characteristics of each species. In addition, the genome of O. lucimarinus
provides insights into the unique metal metabolism of these organisms, which
are predicted to have a large number of selenocysteine-containing proteins.
Selenoenzymes are more catalytically active than similar enzymes lacking
selenium, and thus the cell may require less of that protein. As reported here,
selenoenzymes, novel fusion proteins, and loss of some major protein families
including ones associated with chromatin are likely important adaptations for

achieving a small cell size.
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INTRODUCTION

Phytoplankton living in the oceans perform nearly half of total global photosyn-
thesis (Behrenfeld and Falkowski, 1997). Eukaryotic phytoplankton exhibit great
diversity that contrasts with the lower apparent diversity of ecological niches
available to them in aquatic ecosystems. This observation, know as the “paradox
ofthe plankton”, has long puzzled biologists (Hutchinson, 1961). By providing
molecular level information on related species, genomics is poised to provide
new insights into this paradox. Picophytoplankton, with cell diameters <2 pm,
play a significant role in major biogeochemical processes, primary productivity,
and food webs, especially in oligotrophic waters. Within this size class, the
smallest known eukaryotes are Ostreococcus tauri and related species.
Although more similar to flattened spheres in shape, these organisms are ~1
um in diameter (Courties et al, 1994 and Chrétiennot-Dinet et al, 1995) and
have been isolated or detected from samples of diverse geographical origins
(Diez et al, 2001; Guillou et al, 2004; Worden et al, 2004; and Countway and
Caron, 2006). They belong to the Prasinophyceae, an early diverging class
within the green plant lineage, and have a strikingly simple cellular organization,
with no cell wall or flagella, and with a single chloroplast and mitochondrion
(Chrétiennot-Dinet et al, 1995). Recent work has shown that small-subunit rDNA
sequences of Ostreococcus from cultures and environmental samples cluster
into four different clades that are likely distinct enough to represent different
species (Guillou et al, 2004 and Rodriguez et al, 2005). Here we report on the
gene content, genome organization, and deduced metabolic capacity of the
complete genome of Ostreococcus sp. strain CCE9901 (Worden et al, 2004), a
representative of surface-ocean adapted Ostreococcus, referred to here as
Ostreococcus lucimarinus. We compare it to the analogous features of the
related species O. tauri strain OTH95 (Derelle et al, 2006). Our results show
that many processes have been involved in the evolution and speciation of even
these sister organisms, from dramatic changes in genome structure to signifi-

cant differences in metabolic capabilities.
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RESULTS

Gene Content.

O. lucimarinus is the first closed and finished genome of a green alga and as
such will provide a great resource for in-depth analysis of genome organization
and the processes of eukaryotic genome evolution. O. lucimarinus has a nuclear
genome size of 13.2 million base pairs found in 21 chromosomes, as compared
with a genome size for O. tauri of 12.6 million base pairs found in 20
chromosomes (Derelle et al, 2006) (table 1). For comparison here, both genomes

were annotated by using the same tools, as described in Methods.

Table 1. Summary of predicted genes in Ostreococcus sp. genomes

Properties O. lucimarinus  O. tauri
Genome size, Mbp 13.2 12.6
Chromosomes 21 20
No. of genes 8,166 7,892
Multiexon genes, % 20 25
Supported by, %

Multiple methods 28 19
Genome conservation 65 73
Homology to another strain 93 92
Homology to SwissProt 84 79
ESTs 28 21
Peptides 13 N/D

Average gene size, bp 1,284 1,245

Transcript size, bp 1,234 1,175

No. of exons per gene 1.27 1.57

Exon size, bp 970 750

Intron size, bp 187 126

N/D, not determined.

We predicted and annotated 7,651 genes in the genome of O. lucimarinus, and
7,892 genes are found in the genome of O. fauri. Overall gene content is similar
between the genomes (table 1). Approximately one-fifth of all genes in both
genomes have multiexon structure, most of which belong to chromosome 2
(Chr 2), and have the introns of unusual size and structure that were reported
earlier for O. tauri (Derelle et al, 20006). A total of 6,753 pairs of orthologs have
been identified between genes in the two Ostreococcus species with an average
coverage of 93% and an average amino acid identity of 70%. A comparison of
the amino acid identity between other sister taxa shows that they are more
divergent than characterized species of Saccharomyces with similar levels of

overall synteny [supporting information (SI) table 2].
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Approximately 5-6% of gene models are genome-specific and do not display
homology to the other species (SI table 3). These are mostly due to lincage-
specific gene loss or acquisition or remaining gaps in the O. tauri sequence.
The number of lineage-specific duplications is also low, 9% for O. lucimarinus

and 4% for O. tauri, mostly because of several segmental duplications.

Genome Structure.

Based on analysis of gene content, orthology, and DNA alignments, 20
chromosomes in each genome have a counterpart in the other species. Eighteen
of these 20 are highly syntenic (fig. 1) and formed the core of the ancestral
Ostreococcus genome. The remaining two chromosomes of O. tauri (Chr 2
and Chr 19) and three chromosomes of O. lucimarinus (Chr 2, Chr 18, and
Chr 21) (figs. 1 and 2) are very distinct, not only from the core genome but also
between the species.
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Figure 1. Synteny between the chromosomes of O. tauri (Ot) and O. lucimarinus (Ol).
Depicted areas in red show collinear regions (conserved gene order and content) as
described in Methods. Blocks of different colors denote different sorts of duplications:
blue, an internally duplicated segment; green, a duplicated segment that is collinear
with a segment on a different chromosome in both Ot and OI; yellow, a duplicated
segment that is collinear with a segment on a different chromosome in Ol; orange, a
duplicated segment that is collinear with a segment on a different chromosome in Ot.
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Chr 2.

In contrast to most other chromosomes, genes on Chr 2 are greatly rearranged
between the two species as indicated by the absence of synteny (fig. 1, synteny
coded in red). These rearrangements are largely localized to regions of Chr 2
with distinctly lower guanine plus cytosine (GC) content, ~15% less than coding
sequence in the rest of the genome (SI fig. 4). The genes found in the low-GC
region of both species are still very closely related. This suggests that, although
the rate of intrachromosomal rearrangement has been greatly increased in this
part of the genome, the mutation rate remains the same. Small differences in
rates of intrachromosomal rearrangement have been noted, for example in
Drosophila (Gonzalez et al, 2002), but not as dramatically as shown here.
Transposons, which were found in higher abundance in Chr 2, may play an
important role in these rearrangements. Interestingly, there are more types and
absolute numbers of transposons in O. tauri than in O. lucimarinus.
Remarkably, pairs of converging genes, i.e., on opposite strand and sharing
their 3’ side, are conserved in the low-GC region. Of the 174 genes found in
both species, 122 are in such a “convergent pair’ situation. When there are
ESTs representing one or both transcripts in such pairs, they always show a
large overlap of the transcripts on their 3’ side, not only 3 UTRs but often
significant parts of the coding sequences (e.g., Apm1/Cugl, Senl/Pwp2, Coq4/
Cup62, HecR/Cup201, and SufE/Spt4). This may indicate an interaction between
the genes at the expression level, such as a RNAi-like down-regulation of one
gene by the expression of the other. Some of these pairs may be recent ad hoc
interactions recruited in Ostreococcus and nearby lineages, but others may be
more ancient, and these will help in understanding gene networks in organisms
such as land plants.

Contrary to the rest of the genome, most of the genes in Chr 2 are split by many
introns (up to 15). Of'the 180 genes in O. lucimarinus, 108 are split with a total
of 419 introns. Most of the introns (395) form a special class, which differs
from the “canonical introns” found in the rest of the genome (see also Derelle
etal, 20006), being smaller (40-65 bp), with poorly conserved splice-site motifs
and no clear branch-point motif. A few canonical introns (24 of 419) occur in
some genes, sometimes in combination with small introns. In most cases, positions

of introns are conserved between the orthologs. However, a few genes have
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many small introns in one strain but either none or far fewer introns in another.
The comparative analysis of the two species of Ostreococcus is casting some
light on “raison d’étre’” of the low-GC region of Chr 2. The striking correlation
between low GC content, high transposon density, and increased shuffling rate
suggests a mechanism by which a local compositional bias is responsible for an
enhanced activity of transposons and faster loss of synteny. A direct effect of
this is to forbid interstrain crossing, because pairing of Chr 2 would not be
possible, and eventual aneuploid offspring of such crossing would not be viable.
The genes for meiosis have been noted in O. tauri (Derelle et al, 2006) and are
present in O. lucimarinus as well. In this view, Chr 2 would be a speciation

chromosome, maintaining the strain in genetic isolation from its relatives.

Chr 9 1 32286 6TOR33

Link between Chr 9 & 13: additional 24 nucleotides

s21m99 | 1

Chr 21 | » ¢ v
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Figure 2. Origin of the new O. lucimarinus chromosome, Chr 21. This chromosome was
recently formed from pieces of Chr 9 and Chr 13. (A) Map of Chr 21. (B) Pulsed-field gel
electrophoresis analysis of the Ostreococcus sp. genome migration for 72 h. Lane 1, O.
tauri genome; lane 2, O. lucimarinus genome. (C) Results of hybridization with a probe
from Chr 9. (D) Results of hybridization with a probe from Chr 13.
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Chr 18 of O. lucimarinus (Chr 19 of O. tauri).

Chr 18 and Chr 19 are the smallest chromosomes of O. lucimarinus and O.

tauri, with 83 and 131 predicted genes, respectively. Only 30 genes in O.
lucimarinus Chr 18 have an ortholog in the O. tauri genome, including eight in
Chr 19. Using vista (Frazer et al, 2004) only 15% of the O. lucimarinus Chr 18
nucleotide sequence can be aligned with O. tauri genome including 5% aligned
with Chr 19. For comparison, 80-90% of other O. lucimarinus chromosomes
including Chr 2 can be aligned with their counterparts in O. tauri (SI fig. 5).
Functions of two-thirds of Chr 18 genes are unknown while more than a half of
them are supported by either ESTs or DNA conservation with the O. tauri
genome. Many of the functionally annotated genes on Chr 18 of O. lucimarinus
are related to sugar biosynthesis, modification, or transport, which suggests that
Chr 18 may take part in a specific process.

Several of the Chr 18 genes are O. lucimarinus-specific, which suggests ongoing
adaptation. One interesting example is gene OSTLU 28425. This is predicted
to be similar to a UDP-N-acetylglucosamine 2-epimerase, which would produce
UDP-N-acetylmannosamine. It is phylogenetically related to similar enzymes
in bacteria only, and one of the top BLASTp hits is to the marine bacterium
Microscilla marina ATCC 23134 (e-*?). This seems a likely candidate for
recent horizontal gene transfer into O. lucimarinus, as well as the majority of
genes on Chr 18 that do not show homology to any other known proteins.
Similar sugar-related differences have been seen in the genomes of marine
cyanobacterial species that coexist with Ostreococcus. It has been shown that
apparently horizontally transferred genes in cyanobacteria are often
glycosyltransferases (Palenik et al, 2003). It was hypothesized that horizontal
gene transfer makes available genes for the constant alteration of cell-surface
glycosylation that would help the phytoplankton “disguise” itself from phages
or grazers (Palenik et al, 2003), and the results reported here suggest that this is
an emerging theme in phytoplankton speciation.

Chr 18 and Chr 2 in O. lucimarinus have lower GC content than the rest of the
genome as reported earlier for O. tauri (Derelle et al, 2006). Principal component
analysis of codon usage in both genomes shows that most of the chromosomes
in each of the genomes are clustered together (fig. 3). Within each genome,

significant differences in codon usage have been observed between the core
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genome, Chr 2 (in particular, low-GC regions), and Chr 18 of O. lucimarinus
(Chr 19 of O. tauri). The pattern of the segregation of chromosomes along the
first principal component on fig. 3 correlates with their GC content. A parallel
shift along the first two components for all chromosomes except Chr 18 of O.
lucimarinus and Chr 19 of O. tauri can describe differences in codon usage
between the genomes and may reflect a general adaptation process. It is
impossible to explain both the low similarity on the DNA and protein level between
Chr 18 and Chr 19 and the differences in codon usage bias by classical
evolutionary paradigms. Rather, they can best be explained by acquisition of
genetic material for these two chromosomes from external sources after the
divergence of the two species. With the exception of some examples as noted
above, however, weak or undetected similarities between genes on these chro-
mosomes and other known genes make it difficult to prove this with phylogenetic

analysis.

Chr 21.

Chr 21 is present only in O. lucimarinus and corresponds to a fusion between
asmall fragment of Chr 9 and a bigger fragment of Chr 13, with a short intervening
sequence of 24 nt (fig. 2). The recent origin is indicated by the fact that duplicated
regions are almost 100% identical, with only 5 nt differing from the original
chromosome. The existence of this chromosome has been experimentally
confirmed (fig. 2 B-D).

Intrachromosomal rearrangements.

There are several internal duplications on Chr 2, 3, 4, and 8 of O. tauri and a
large block of 142 kbp duplicated on Chr 14 of O. lucimarinus (fig. 1).
Spontaneous duplication of large chromosomal segments has been observed in
yeast (Koszul et al, 2004), and a similar process appears to be occurring at a
significant rate during speciation of Ostreococcus. Surprisingly, almost all of
these duplications are recent changes because none are observed on the
corresponding chromosomes of the counterpart species (except Chr 8 and 12).
Because gene sequence and order are so well conserved in the genus, this
suggests that large chromosomal duplications were infrequent in the period

preceding separation of the two species. It is unfortunately not possible yet to
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understand whether these duplications could have helped cause the speciation
or occurred much later.

As seen in these three major chromosomal differences between the O. fauri
and O. lucimarinus genomes, as well as some smaller intrachromosomal
duplications, the speciation of these sister organisms is not accompanied by a
single type of genome structural divergence, but multiple types, likely occurring
at different time scales.

Environmental Adaptations.

NrE s s

Figure 3. Principal component analysis of Ostreococcus genomes.

Most of the characterization of phytoplankton diversity traditionally has focused
on pigment and morphological characteristics, and occasionally the utilization of
nutrients, for example (Peers and Price, 2006). The availability of the predicted
proteomes of two closely related species of photosynthetic eukaryotes from
different ecological niches allows some new insights into the role of
micronutrients (metals and vitamins) in their ecological strategies and speciation

relative to each other and other phytoplankton.

Selenoproteins.
Ostreococcus has genes for a surprising number of selenocysteine-containing

proteins relative to its genome size. Selenoproteins are encoded by coding
sequences in which TGA, instead of being read as a stop codon, is recoded to
selenocysteine if a control element (called SECIS) is encountered downstream
in the 3> UTR of the transcript in eukaryotes. We found 20 candidate
selenocysteine-encoding genes in O. lucimarinus, all containing a putative SECIS
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element at their 3’ end; 19 are shared with O. tauri, and one is a recent duplication
in O. lucimarinus only (SI table 4). O. tauri has an additional selenocysteine-
encoding candidate gene as discussed below. In contrast, Chlamydomonas is
predicted to have 10 selenoproteins (Novoselov et al, 2002) despite having a 10
times larger genome size of ~120 million base pairs (www.jgi.doe.gov/chlamy).
One major category of the selenoproteins in Ostreococcus includes the
glutathione peroxidases, for which five of six gene models are predicted
selenoproteins. These results suggest possibly a functional tuning to the origin
of the stress or subcellular compartment for each member of the glutathione
peroxidise family (Gladyshev and Kryukov, 2001). The greater catalytic
efficiency of a selenocysteine-containing enzyme relative to a cysteine-containing
homolog [e.g., recently reported 10- to 50-fold increase for a Chlamydomonas
selenoprotein (Kim et al, 2006)] allows an organism to “save’ on nutrient
resources like nitrogen for protein production, particularly if the relevant activity
is highly expressed.

Of particular interest to understanding the speciation of phytoplankton, O. tauri
has a predicted gene for a selenoprotein (SelA) that is conserved in O.
lucimarinus, but it is not a selenoprotein, the three selenocysteines being replaced
by Cys (two) or Ser (one). This suggests that selenium availability may be
acting as a force on the speciation of these and other phytoplankton, a hypothesis

that has not been suggested previously.

Iron and other metals.

Iron is also likely to affect phytoplankton diversity and speciation, because it
has been demonstrated to be limiting in some ecosystems (Martin et al, 1994).
In unicellular free-living eukaryotes a common system for iron acquisition has
been proposed involving the coupled activity of a ferric reductase, multicopper
oxidase, and a ferric permease (Askwith at al, 1996; Armbrust et al, 2004; and
La Fontaine et al, 2002). This system is found in marine diatoms and
Chlamydomonas, a relative of Ostreococcus in the green algal lineage.
Ostreococcus in stark contrast appears to lack all of these iron transport
components, with the possible exception of a multicopper oxidase found only in
O. tauri, as well as lacking any genes related to phytosiderophore uptake (Curie
and Briat, 2003 and Kosman, 2003). This implies that Ostreococcus has a
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novel system of Fe acquisition for a eukaryote that is mechanistically different
from those of major competitors such as diatoms. Both strains of Ostreococcus
have genes coding for proteins with significant sequence similarity to prokaryotic
siderophore-iron uptake. Given the lack of any clear system of Fe acquisition in
an organism isolated from an environment typified by low Fe concentrations, it
is tempting to suggest that this organism may be able to acquire Fe-siderophore
complexes. These complexes may be present in solution when bacteria in the
same environment produce and export siderophores. We cannot rule out the
possibility that Ostreococcus may be able to make its own siderophores. We
found the biosynthesis pathway for catecholates in O. lucimarinus only, and
these could be involved in siderophore biosynthesis.

Ostreococcus does appear to have genetic adaptations that reduce Fe
requirements and allow Fe storage. O. tauri has a single copy of ferritin, and
O. lucimarinus has a second copy that may be related to adaptations to
continuous high light stress. Cytochrome ¢, (the iron-containing replacement of
plastocyanin) is missing, and the use of plastocyanin as the sole electron carrier
between the Cyt b /f complex and photosystem I, while reducing Fe quotas,
imposes an absolute requirement for copper in this organism. Additionally, both
genomes contain a copy of a small flavodoxin that may replace ferrodoxin in
the photosynthetic electron transfer chain, further reducing iron requirements.
Finally, both strains have genes for Cu/Zn- and Mn-containing superoxide
dismutases, possibly a Nicontaining SOD, but not a Fe-SOD (Kliebenstein et al,
1998).

Copper concentrations have been shown to affect community composition in
coastal ecosystems (Moffett et al, 1997); therefore, it came as some surprise to
find that Ostreococcus lacks a gene for phytochelatin synthase for ameliorating
copper toxicity (Ahner et al, 1995 and Cobbett, 1999). Instead, this organism
contains tesmin-like metallothionein sequences and several Cu-efflux proteins.
Arguably, the obligate use of Cu in photosynthesis (plastocyanin), respiration
(cytochrome c oxidase), and oxidative defense (Cu/Zn SOD) may necessitate

higher than typical Cu quotas in the organism.
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Vitamins.

The Ostreococcus genomes suggest that the organic and organometallic
micronutrients thiamine and B,, must be acquired from the extracellular
environment for growth. Unlike the Chlamydomonas genome, which encodes
both B, ,-dependent and -independent methionine synthases, the Ostreococcus
genome contains only the B ,-dependent form and hence has a strict dependence
on B . Because the genome does not encode a B, biosynthetic pathway, this
implies that Ostreococcus acquires B, or a precursor from seawater or asso-
ciated bacteria (Croft et al, 2005).

The Ostreococcus genomes also lack a complete pathway for thiamine
biosynthesis. In addition, thiamine pyrophosphate riboswitches, metabolite-sensing
conserved RNA secondary structures, were found in UTRs of genes (Mandal
and Breaker, 2004). Although mostly common to prokaryotes, a few riboswitches
have been documented in eukaryotes. In the O. tauri and O. lucimarinus
genomes these elements were found upstream of coding sequences with
similarity to bacterial sodium:solute symporters. Although there is no indication
for the specificity of a transporter located on Chr 4, PanF located on Chr 12 is
clearly related to pantothenate transporters. The orthologous genes and thiamine
pyrophosphate riboswitch were also found in a Sargasso Sea metagenomics
data set, which is thought to contain Ostreococcus DNA (Venter et al 2004).
Altogether this strongly suggests that thiamine pyrophosphate regulates the

expression of these two genes.

Evolution of the Genus Ostreococcus.

The Ostreococcus genomes provide insights into evolutionary processes other
than speciation including the evolution of a uniquely small cell size and the

evolution of the green plant lineage that includes terrestrial plants.

Gene loss.

In the evolution of its small size, Ostreococcus has lost a number of genes
involved in flagellum biosynthesis and is missing cell wall proteins that are found
in Chlamydomonas. Many characterized transcription factors in Arabidopsis
are rare or absent in O. tauri and O. lucimarinus (e.g., ERF, MADS-box,
basic helix- loop-helix, and NAM) (SI table 5). Like in plants, the ERF and
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basic helix-loop-helix factors are common in Chlamydomonas, suggesting their
loss in Ostreococcus. Chlamydomonas also has two plant-specific classes,
AUX-TAA and SBP, that Ostreococcus does not have.

Peroxisomes have not been described in Ostreococcus, and we therefore
expected to find the loss of peroxisome-specific genes. However, a comparison
of the Ostreococcus proteomes with those of land plants, Chlamydomonas,
and diatoms revealed the presence of sufficient peroxisomal proteins (PEX
genes) needed to create a functioning peroxisome even in an organism of this
small cell size. In some phytoplankton the size of the peroxisome greatly increases
when the organism is grown on purines as a nitrogen source (Oliveira and
Huynh, 1990). The pathways for purine degradation that occur in the peroxisome
were not found in Ostreococcus, which is consistent with selection for a small

cell size.

Unique gene transfer to the nucleus.

The Ostreococcus genome encodes heme-handling components like CcsA and
Ccsl and thiolmetabolizing components like CcdA (Kranz et al, 1998).
Interestingly, CcsA, which is encoded on the organelle genome in all other plant
and algal genomes, is found in the nuclear genome in both Ostreococcus species.
CcsA is a polytopic, hydrophobic protein that is the defining “core” component,
presumably a heme-ligating molecule, of the system II cytochrome biogenesis
pathway (Hamel et al, 2003), and its occurrence in Ostreococcus nuclear
genomes is the first example of the transfer of this gene from the organelle to

the nucleus.

Gene fusions.

Possibly because of evolutionary pressure toward a smaller cell and genome
size where intergenic DNA and intron DNA would be spared, the Ostreococcus
genomes show some unique examples of apparent fusion proteins. We have
identified 330 and 348 potential gene fusions from O. tauri and O. lucimarinus,
respectively, 137 of which were found in both species (SI table 6). Although
some may be chimeric gene predictions, 49 potential gene fusions have single-
exon gene models and combine functions of two metabolic or redox enzymes.

Some fusions involve important metabolic pathways such as pigment biosynthesis
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and nitrate reduction (SI table 6).

Chromatin proteins.

The most striking fact about the complement of chromatin proteins encoded by
the Ostreococcus genome is that it lacks quite a few proteins found widely in
plants, animals, and fungi. We searched the Ostreococcus genome for 104
chromatin proteins that existed in the most recent common ancestor of plants
and animals (www.chromdb.org); 76 of these were found, but 28 were not.
Similarly, budding yeasts (Saccharomyces cerevisiae and Candida glabrata)
retained 70 of these proteins and dispensed with 34 of them. Eighteen of the 28
proteins not found in Ostreococcus were also not found in budding yeasts.
However, both yeasts and Ostreococcus do possess a basic complement of all
types of histone chaperones and histone-modifying enzymes. Ten chromatin
associated genes not found in Ostreococcus that are found in yeasts appear
largely to be involved in the homologous recombination mode of double-strand
break DNA repair.

Although Ostreococcus lacks both major eukaryotic DNA methyltransferase
types (Dnmtl and Dnmt3), it does possess two bacterial 5-cytosine DNA
methyltransferases, both fused to a chromatin domain. Interestingly,
Ostreococcus also possesses a DNA glycosylase that is a member of a clade
of'plant DNA glycosylases that mediate DNA demethylation via a DNA repair-
like process. Thus, Ostreococcus may possess a unique DNA methylation/
demethylation system whose function could be involved in defense against foreign
DNA.

CONCLUSIONS

Comparative analysis of the genomes of two Ostreococcus species has revealed
major differences in genome organization between them. While the core set of
18 chromosomes is conserved between the genomes, the remaining
chromosomes (2, 18, 19, and 21) evolve in a number of different ways and may
reflect ongoing adaptation and speciation processes. Small differences in
proteomes such as the gain or loss of metal using genes not only illustrate the
divergence of these two sister organisms but may be especially important in

defining the ecological niche of each species. In addition, both Ostreococcus
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species employ similar mechanisms for optimization of genome and cell size,
including gene loss, gene fusion, utilization of selenocysteine-containing proteins,
chromatin reduction, and others. As genomes of other phytoplankton species
become available, the relative importance of the processes outlined here in

creating or maintaining phytoplankton diversity will become clearer.

METHODS

Data and Strain Availability.

Gene predictions, annotations, supporting evidence, and analyses are available

through JGI Genome Portals on www.jgi.doe.gov/Olucimarinus and
www.jgi.doe.gov/Otauri. O. lucimarinus genome sequence, predicted genes,
and annotations were deposited in the GenBank database under accession
numbers CP000581-CP000601 for Chr 1 through Chr 21. The O. lucimarinus
strain (CCE9901) used here was isolated by B.P. from 32.9000 N 117.2550 W
(Scripps Institution of Oceanography Pier, La Jolla, CA) and was grown as
reported previously (Worden et al, 2004). This strain has been deposited in the
Provasoli-Guillard Culture Collection of Marine Phytoplankton as CCMP2514.

Genome Sequencing and Finishing.
Whole-genome shotgun sequencing was performed as in Myers (1999) and

Aparicio et al (2002). To perform finishing, initial read layouts from the O.
lucimarinus whole-genome shotgun assembly were converted into our Phred/
Phrap/Consed pipeline (Gordon et al, 1988). After manual inspection of the
assembled sequences, finishing was performed by resequencing plasmid
subclones and by walking on plasmid subclones or fosmids using custom primers.
All finishing reactions were performed with 4:1 BigDye to dGTP BigDye
terminator chemistry (Applied Biosystems, Foster City, CA). Because of the
high GC content of this genome, primer walks failed to resolve a large number
of'the gaps; these were resolved by generating pooled small insert shatter libraries
from 3-kb plasmid clones. Repeats were resolved by transposon-hopping 8-kb
plasmid clones. Fosmid clones were shotgun-sequenced and finished to fill large
gaps, resolve large repeats, or resolve chromosome duplications and extend

into chromosome telomere regions. Finished chromosomes have no gaps, and
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the sequence has less than one error in 100,000 bp.
Pulsed-Field Gel Electrophoresis and Radiolabeled Hybridization.

The two Ostreococcus strains (2-5x107 cells) were agarose-embedded and

analyzed by pulsed-field gel electrophoresis as described previously (Rodriguez
et al, 2005; Mead et al, 1988; and Wohl et al, 1995). The sequences of the
primers specifically designed from the two duplicated parts of the O. lucimarinus
Chr 21 sequence were (i) 5’~AACGCGCGATTAAGTCGTAC-3’ and 5’-
CATCCGTCAACTTGTCTTCG-3’ for Chr 9 duplication and (ii) 5°-
TTCGCCGTTACTATCGGATC-3’ and 5’-GGAGGTCATAGCAACATCGT-
3’ for Chr 13 duplication. Using these primers, DNA fragments of 600 and 820
bp, respectively, were amplified by standard PCR, purified, and radiolabeled
with [ 0-*?P]dCTP by random priming (Prime-a-gene kit; Promega, Madison,
WI).

Genome Annotation.

Gene prediction methods used for annotation of two Ostreococcus genomes
included ab initio Fgenesh (Salamov and Solovyev, 2000), homology-based
Fgenesh (SoftBerry), Genewise (Birney et al, 2004), MAGPIE (Gaasterland
and Sensen, 1996), EST-based estExt (I.V.G., unpublished data), and a combined-
approach EuGene (Schiex et al, 2001). Predicted genes were annotated by
using double-affine Smith-Waterman (TimeLogic) alignments against proteins
from the National Center for Biotechnology Information nonredundant protein
database, protein domain predictions using InterProScan (Mulder et al, 2005),
and their mappings to Gene Ontology (GOC, 2001), eukaryotic clusters of
orthologous groups [KOGs (Koonin et al, 2004)], and KEGG metabolic pathways
(Solovyev et al, 2004). The available functional annotation of O. tauri (GenBank
accession nos. CR954201- CR954220) was also used for annotation of the
genome of O. lucimarinus.

All predicted models were combined into a nonredundant set of models, filtered
models, in which the best model per locus was selected based on homology to
other proteins and EST support. The predicted set of gene models has been
validated by using available experimental data and computational analysis.
Nineteen percent to 28% of genes in the final set are the same models produced

by at least two different methods. Sixty-five percent to 73% of gene models

156



Ostreococcus lucimarinus

are supported by conservation with the related Ostreococcus genome at the
DNA level using vista analysis. Twenty-one percent to 28% of predicted genes
are supported by ESTs mapped to corresponding genomes using BLAT (Kent,
2002). Seventy-nine percent to 84% of Ostreococcus genes have shown
homology to a nonredundant set of proteins from National Center for
Biotechnology Information and 92-93% to each other as detected by BLAST
(Altschul et al, 1990) (e<le®). Less than 5% of the models are not supported
by either of these lines of evidence. Predicted genes and their coordinates and
functional assignments are also being manually curated by the community of

annotators.

Whole-Genome Alignments.
Chromosome-scale synteny between both Ostreococcus species was analyzed

with 1-ApHORE, which identifies runs of collinear predicted proteins between
genomic regions (Simillion et al, 2004). We used gap size of 25 genes, a Q value
0f'0.9, and a minimum of three homologs to define a collinear block. In addition,
we used the vista framework (Frazer et al, 2004) with the constructed

genomewide pairwise alignments accessible from http:/pipeline.Ibl.gov.

Analysis of Codon Usage.

For each chromosome of each species, frequencies for each of the 64 codons
and GC frequency were calculated by using the genomic sequence for the all
predicted protein coding regions on that chromosome as input to the “cusp”
program from the EMBOSS 3.0 bioinformatics suite (Rice et al, 2000).
Codonfrequency principal components, using correlations, were then calculated
with each chromosome as a case and each codon frequency as a variable
(Venables and Ripley, 2002). Similarities between GC content and codon usage
were evaluated by projecting each case onto the first and second principal
components and then calculating the correlation between each principal com-

ponent’s projections and GC frequency.
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Chapter 8 Obesity

Abstract

Obesity is a major societal issue contributing to increased levels of morbidity
and mortality. Recently, several studies have demonstrated an association
between the F'7O gene locus and early onset and severe obesity. To date, the
FTO gene has only been discovered in vertebrates. We identified F70 homologs
in the complete genome sequences of several evolutionary diverse marine
eukaryotic algae, ranging from unicellular photosynthetic picoplankton to a
multicellular seaweed. However, F'TO homologs appear to be absent from all
other completely sequenced genomes of plants, fungi and invertebrate animals.
Although the biological roles of these marine algal FTO homologs are still
unknown, these genes will be useful for exploring basic protein features and
could hence help unravel the function of the F7TO gene in vertebrates and its

inferred link with obesity in humans.
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Obesity is a major societal issue contributing to increased morbidity and mortality,
as well as rising health care costs. In 2003-2004, 66% of human population in
the USA was classified as overweight (body mass index (BMI) >= 25 kg/m?),
and 32% was classified as obese (BMI >= 30 kg/m?) (Ogden et al, 20006).
Excessive weight is often associated with an increased risk of several life
threatening diseases, including cancer, heart diseases and type 2 diabetes mellitus
(Frayling et al, 2007). Unfortunately, the number of obese people continues to
increase every day, probably as a result of a modified lifestyle (more food and
less exercise). An improved understanding of the genetic basis, and the
associated risk factors, is necessary if society is to proactively address this
epidemic. Recently, several studies have demonstrated an association between
the FTO gene locus and early onset and severe obesity in both children and
adults (Dina et al, 2007; Field, 2007; Frayling et al, 2007; Frayling, 2007; Groop,
2007; Scott et al, 2007; and Scuteri et al, 2007). FTO, also known as FATSO,
was originally identified as one of the six genes deleted in the fused toe (Fr)
mutant mouse (van der Hoeven et al, 1994). Heterozygous animals showed
fused toes on their limbs and a thymic hyperplasia, while homozygous mice
exhibited a lethal malformation of the developing brain; the embryos lost genetic
control of left-right asymmetry; and finally the mice died around the tenth day
of their embryonic development (Peters et al, 2002). The Ft deletion spans
several genes, of which quite a few remain of uncharacterized function. Peters
and co-workers (1999) showed that one of these genes, /70 (FATSO), which
is completely deleted in the F¢ mutation, is expressed throughout embryonic
development and at a high level in most organs in wild type mice. In mouse, this
novel gene spans at least 250 kb and encodes a protein of 502 amino acid
residues of unknown function. It is still not known whether loss of F70 is a
causal factor for the phenotype observed in Ff mutant mice. Furthermore, no
deviations in BMI have been reported in ¢ mutant mice. However, in human,
unlike the associations with BMI initially reported for GAD, ENPPI and INSIG?2,
which have not been reproduced consistently, association between the F70
locus and BMI is strongly supported. Frayling and co-workers (2007) studied
almost 40,000 Europeans for variants of the #'7O gene and identified an obesity
risk allele. Depending on the presence of specific single nucleotide

polymorphisms (SNPs) in the first intron of /70, individuals weighed 1.2 to 3
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kg more and had a 1.67 fold higher rate of obesity than those lacking the risk
allele. Similar findings were reported by Dina et al (2007) who studied 2,900
individuals of European ancestry, and potential Type 2 diabetes susceptibility
has been correlated with another FATSO intron 1 SNP (Scott et al, 2007).

Until recently, homology searches using the mouse FATSO gene as a query,
only recovered sequences from vertebrates. However, with the complete
genome sequencing of several marine algae, these results have been dramatically
altered. While no clear homolog is found in invertebrate animals, fungi, plants,
heterotrophic protists, bacteria or archaea, we identified #70 homologs in the
genomes of a diverse array of eukaryotic marine algae, ranging from unicellular
photosynthetic picoplankton to a multicellular seaweed (Fig. 1). Specifically,
FTO homologs were retrieved from three species within the Prasinophyceae
(Micromonas pusilla, Ostreococcus tauri and Ostreococcus lucimarinus)
and two diatom species (Phaeodactylum tricornutum and Thalassiosira
pseudonana), all of which are unicellular, and which represent the only
completely sequenced members of their respective lineages. Two copies of the

FTO homolog were identified in the multicellular brown alga, Ectocarpus

0.1
—
Ectocarpus siliculosus
Thalassiosira pseudonana ﬁr
=y Micromonas pusilla
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Phaeodactylum tricornutum
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Figure. 1. Maximum likelihood tree showing the distribution of the 7O gene. Three
major clades can be discerned: the previously described FTO genes in the vertebrates;
the newly detected genes in diatoms and brown alga; and those of the chlorophytes
and GOS sequences. All nodes are highly bootstrap supported (>70%) except two
(indicated by a black dot, 50% < BS < 70%).
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siliculosus. Furthermore, we scanned the Global Ocean Survey (GOS) dataset
(Rusch et al, 2007), and recovered two additional FTO genes. These two
sequences appear to be derived from the marine prasinophytes, due to high
similarity to /7O homologs in the prasinophyte genomes supported by the
presence of Ostreococcus and Micromonas 18S rRNA gene sequences in the
same GOS sample. Strikingly, all the algae found to harbor #70 homologs live
in marine environments, given that no F70 homologs were recovered from
freshwater algae. We performed additional searches for F70 in freshwater
algae using the Chlamydomonas reinhardtii genome sequence (Merchant et
al, 2007) but to no avail. We also performed additional searches of the finished
genome sequence of the red alga Cyanidioschyzon merolae, which thrives in
acidic hot springs (Matsuzaki et al, 2004 and Nozaki et al, 2007). Moreover, we
performed these searches iteratively, using the newly discovered marine F70
sequences as queries, and still detected no homologs in invertebrate animals,
fungi, plants, heterotrophic protists, bacteria or archaea, confirming our initial
findings.

As mentioned above, the function of 70 is still not known. Dina et al. (2007)
detected F'TO expression in 11 out of 11 human tissue types tested, with the
highest expression levels being in the hypothalamus, pituitary and adrenal glands.
These findings have promoted the hypothesis that /7O plays a role in body
weight regulation through the hypothalamic-pituitary adrenal axis. /70 is also
expressed in rat and mouse. EST data indicates that the marine 70 homologs
in the diatom P. tricornutum and the prasinophyte M. pusilla are expressed
under standard growth conditions. Although the biological roles of the algal
FTO homologs are still unknown, these genes can be used, together with the
vertebrate sequences, to explore basic protein features. Based on primary
sequence characteristics, F7O proteins are unlikely to be targeted to either
membranes or to organelles, but rather are predicted to be globular, cytosolic
proteins with mixed alpha/beta structures. Looking at conserved positions shows
a drop from 195 positions conserved amongst animal sequences to only 44
conserved over all sequences, likely pinpointing the functionally essential residues.
Among the most widely divergent FTO sequences, three amino acid residues
(W, Y and H) are strikingly over-represented amongst the 44 absolutely

conserved positions (see Supplementary Fig. 1). In silico predictions indicate
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that these residues are more likely to be located at an active site than to be ata
protein-protein interface or to be surface interacting residues (Ma et al, 2003).
This suggests that 70 may have an enzymatic function rather than be involved
in protein-protein interactions. Three of the conserved positions have high
prediction scores for phosphorylated residues, indicating a potential role for
phosphorylation in regulation of 7 70.

Our findings do not negate the association between F70O intron 1 SNPs and
obesity. While identification of risk factors has advanced tremendously, for the
most part, the functional ramifications of these genetic variations remain
uncharacterized. In the case of FTO, Frayling and colleagues (2007) raised the
alternative hypothesis that the intron 1 SNP might serve to alter regulation of
another gene, as opposed to having a specific affect on the product encoded by
FTO. While risk factors carry value in preventative medicine it is mechanistic
knowledge that fosters therapeutic innovation. Why marine algae harbour and
express F'TO is unclear, as is the link with obesity in humans. However, previous
studies have demonstrated that algal research can be applied to investigation of
vertebrate gene function. For instance, Chlamydomonas is often referred to
as “the green yeast” because it is an easy to work with eukaryotic model
organism which also performs photosynthesis (see Li et al, 2004). None of the
highly developed but easy to use (i.e. not involving animal work) model organisms
(e.g. Chlamydomonas, Arabidopsis, Yeast, Drosophila and C. elegans)
possesses an F70 gene. Thus, here we identify alternative systems for functional
studies, such as the genetically tractable diatom Phaeodactylum (Siaut et al,
2007). These in turn will shed light on F70 function and, should that function be
relevant to vertebrate homologs, thereby streamline research on genetic factors

contributing to human obesity.

METHODS

We initially scanned all publicly available non-redundant databases, as well as
our in-house data for homologs of the mouse /70 gene, using BLASTP (Altschul
et al, 1997). Because there was a very clear drop-off in E-value between
homologs and non-homologs (significant values from E**to E-’, then dropping

to non-significant E-values of 0.71 or higher), selection of 70 homologs was
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straightforward. No (distantly related) genes homologous (or partially
homologous) to the FTO genes could be identified. Next, HMMer (Eddy, 1998)
was used to generate a specific profile of the FTO gene family with hidden
Markov Models, using all available sequences and we searched NCBI EST
and genome databases using TBLASTN. However, no new candidate F70
genes were detected.

Annotation of the FTO gene sequences was manually checked and corrected
using ARTEMIS (Rutherford et al, 2000) when necessary. Protein sequences
were aligned with CLUSTALW (Thompson et al, 1994) and after manual
improvement of the alignments using BIOEDIT (Hall, 1999), only 266 well-
aligned positions were taken into account for tree construction. Pairwise distance
trees were constructed using TREECON (Van de Peer and Wachter, 1994),
based on Poisson-corrected distances, while PHYML 2.4.4 (Guindon and
Gascuel, 2003) was used to compute the maximum likelihood tree. Bootstrap
analyses with 500 replicates were performed to test the significance of the

nodes. Both methods gave identical tree topologies and similar bootstrap support.
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Ostreococcus lucimarinus: XP_001420808

Ostreococcus tauri: CAL57236
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(http://genome.jgi-psf.org/Thaps3/Thaps3.home.html)

Phaeodactylum tricornutum: jgi|Phatr2|41429|fgeneshl pg.C chr 30000044
(http://genome.jgi-psf.org/Phatr2/Phatr2.home.html)
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FTO sequences from Micromonas pusilla and Ectocarpus siliculosus can

be obtained from the authors upon request.
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Discussion/Future perspectives

The title of my PhD (Barely visible but highly unique: the Ostreococcus genome
unveils its secrets) tries to give us the impression that Ostreococcus is now a
well understood organism, thereby providing us insight into the architecture of
its genome and the function of its genes. This is of course partially true, as the
two genome sequencing projects unravelled the characteristics of both genomes
and (a few) of its special features. However, it also provided us a lot of
unanswered questions. Sequencing new genomes will always deliver some
species-specific or unique/unseen trends, which serve as food for further
discussions and analyses.

Starting this genome project of Ostreococcus tauri immediately provided us a
first unique/unseen characteristic within the green lineage. The presence of an
in silico predicted and experimental validated Cdc25 protein was and still is the
first real green lineage Cdc25 dual-specificity phosphatase described (chapter
2). Why it was only present in O. tauri (Prasinophyceae) and not in other
green algae like Chlamydomonas reinhardtii (Chlorophyceae) or higher land
plants like Arabidopsis thaliana and Oryza sativa could not be explained.
Today however, previous analyses can be extended by the detection of two
other cdc25 orthologs in O. lucimarinus and Micromonas pusilla (Alexandra
Z. Worden, personal communication), two members of the Prasinophyceae.
Still, no Cdc25 could be detected in algae belonging to other classes of green
algae. The detection of cdc25 orthologs in different green algae clearly shows
that Cdc25 appeared before the divergence of the ophistokont (metazoans and
fungi) and the green lineage and that it was not a recent acquisition specific to
the ophistokont lineage. Why only prasinophyte green algae harbour a Cdc25
and other green algae and land plants don’t, is yet not really understood, but
different groups, using the available data, tried to reconstruct the history of
Cdc25. After publication of the cdc25 ortholog in O. tauri, Landrieu and co-
workers (2004) published in the same year two papers describing a “true”
cdc25 ortholog in the land plant 4. thaliana, based on its tertiary structure and
its ability of binding and activating in vitro phosphorylated CDKs. However,
great sequence divergence and the absent of the important N-terminal domain
(Landrieu et al, 2004), its involvement in arsenate reduction (Bleeker at al, 2006
and Dhankher et al, 2006), and its inability to complement cdc25-22 yeast
mutants (Landrieu et al, 2004), made Boudolf and co-workers (2006) argue
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that this isoform might not be a bona fide cdc25. In contrast, they postulated
an evolutionary replacement of Cdc25 by the plant-specific B-type CDKs. This
would implement the speciation of CDKBs (resulted from a gene duplication)
and the consequently loss of the cd25 gene. In this evolutionary model, O. tauri
served as an ideal intermediated organism as it contains both a B-type CDK,
having partially the characteristics of an A- and B-type CDK (chapter 3 and
Corellou et al, 2005), and a true cdc25. This could indicate that within O. tauri
cdc25 is still needed as its B-type CDK doesn’t contain yet all the typical higher
plant B-type CDK characteristics. Whether this evolutionary model is correct
or not (no experimental evidence supports this model) the strength of having
data from organisms located at different nodes on the tree of life already made
an impact.

Above example shows that the choice of which organism’s genome will be
sequenced is not a light step to take. One can ask why sequencing the genome
of a tiny unicellular green alga, which has (at first sight) no economical or
biomedical relevance (to humans). In this respect, sequencing the genomes of
cereal crops, like rice, maize and wheat, and mammalians like human, mouse
and rat, seems more relevant to do. This is of course partially true, because the
knowledge that will be gained by sequencing these ‘relevant’ genomes will
(hopefully) have direct influence on healing certain diseases and reducing the
food shortage problem in certain countries. However, if we want to fully
understand the evolutionary dynamics of these plant (and mammalian) genome
organizations and the functional and evolutionary processes that are fundamental
to plant life and to plant reproduction, a broader taxonomic sampling is needed.
We should not only focus on the economical important plant species, but also
concentrate on species that occupy crucial evolutionary nodes within the green
lineage. Comparing different genomes located at different places in the green
tree can produce vital information needed to fully understand the organization,
function and evolution of the plant genome in general.

Besides their phylogenetic position, the genome size should also be taken into
account when sequencing new species. Comparing genomes of different sizes
can increase our understanding of duplicated and mostly redundant regions
within the bigger genome. Their phylogenetic position combined with its genome

size, are essential criteria for sequencing the genome of new species. In this
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respect, sequencing the genomes of O. tauri and O. lucimarinus (chapter 4
and 7) agrees with above requirements: as members of the Prasinophyceae
they occupy a key position at the base of the green lineage and with a genome
size of less than 13 Mb, they possess a highly dense packed and small genome.
This reduced genome size stands in big contrast to the genome size of another
unicellular green alga, C. reinhardtii, which is estimated around 100 Mbp.
Having such a small genome resulted in a reduction of overall gene family size,
nicely illustrated in chapter 3, where we describe a complete, yet highly reduced
set of genes involved in cell cycle control. Initially we stated that each gene
family contained only one member, but after the completion of its genome, we
had to adjust these numbers: apparently O. tauri harbours two D-type cyclins,
and besides a WEE1 kinase we also found a Myt1 kinase. Missing these genes
was caused by the large amounts of gaps (> 2,000) still present at the time of
the initial analyses. As both genes were located at the border of such a contig,
we were not able to detect the complete sequence of both genes.

When we compare this updated dataset with the cell cycle genes detected in
the large genome of C. reinhardtii (Bisova et al, 2005), almost an identical
gene set is present. C. reinhardtii also contains a highly reduced set of cell
cycle genes, including different D-type cyclins, but with the absent of a true
Cdc25 ortholog and with only one Weel kinase. In contrast, C. reinhardtii
encodes for six additional genes, which are not present in O. tauri. When
adding the cell cycle genes of land plants, we see that for 4. thaliana a lot of its
core cell cycle genes are duplicated, leading to a much bigger dataset
(Vandepoele et al, 2002). Despite these differences in numbers, the cell cycle
proteins found in both algae are remarkably similar to those found in higher
plants and metazoans. As these genes, and the pathways they are involved in,
are well conserved among all kingdoms, studying them in Ostreococcus, where
we don’t have functional redundancy, will provide the necessary knowledge for
studying the cell cycle in other, commercially more important species.
However, sequencing and annotating genomes of green algae is not only useful
for gaining knowledge in order to better understand other, more “relevant” species,
but they themselves are also becoming more and more important. Understanding
the mechanisms behind controlling the cell cycle within green algae for example

can provide solutions for an increasing problem the world is facing today: huge
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lakes of densely packed algae forming algal blooms. With the ever growing
number of people occupying this world, humans have doubled the natural rate
ofnitrogen input in terrestrial systems, thereby significantly increasing the nitrate
levels in all aquatic systems. The result of an excess of nitrogen (and other
nutrients) into waters cause increased growth of algae and green plants. As
more algae and plants grow, others die. This dead organic matter becomes food
for bacteria that decompose it. With more food available, the bacteria increase
in number and use up the dissolved oxygen in the water. When the dissolved
oxygen content decreases, many fish and aquatic insects cannot survive. This
results in a dead area. As these blooms also produce some toxins which have
severe biological impacts on wildlife and even humans, the better we understand
their genetic make-up, and more specific how these cells multiply, the better we
can find solutions to prevent these problems.

Besides these negative side affects of having too many algae concentrated in
one place, algae do have ecological and economical importance. Ecologically,
seaweeds are essential because they are involved in CO, fixation (Calvin Cycle,
Chapter 8), they act as one of the primary producers in the marine food chain
and they are involved in global cycling of the elements N, O, S, P and C.
Economically, green algae seem to manifest themselves more and more in
different areas. First, with the increasing oil prices and the need for alternative
energy sources, algae can play an important role as deliverers of biofuels (liquid
or gas transportation fuel derived from biomass) (Haag, 2007; and Gordon and
Polle, 2007). One hectare of algae can produce much more litres of biodiesel
(90,000 litres) compared to soya (450 litres), canola (1,200 litres) or oil palm
(6,000 litres). Second, algae are becoming more important in producing
recombinant therapeutic proteins when acting as protein factories (Mayfield et
al, 2003 and 2007; Franklin and Mayfield, 2004; and Mayfield and Franklin,
2005). There are several advantages of using green algae instead of bacteria,
yeast, insect or mammalian cell cultures for creating therapeutic proteins:
chloroplasts of green algae correctly fold and assemble mammalian proteins,
using a minimum length of time; algae can be grown in closed environments
without having the risk of contaminating the environment; and many algae are
save to eat, so oral delivery of the therapeutic proteins is possible. Finally, chapter

8 describes the presence of a potential obesity-linked gene in Ostreococcus
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and other marine organisms. While identification of risk factors has advanced
tremendously, for the most part, the functional ramifications of these genetic
variations remain uncharacterized. Risk factors carry value in preventative
medicine while mechanistic knowledge fosters therapeutic innovation. Why
marine algae harbour and express FTO is unclear, as is the link with obesity in
humans. However, because of the relative ease of work with these algae, future
experiments should shed light on FTO function and thereby streamline research
on genetic factors contributing to human obesity.

All these important (ecological, economical and biomedical) aspects surrounding
green algae should encourage scientists to completely unravel their genomes as
they will become more and more important in different aspects of our society.
Besides these money- or world related advantages, studying these genomes
also provided us some unexpected biological knowledge. With the presence of
different forms of heterogeneity within both Ostreococcus genomes, we were
challenged in two different ways. First we had to be able to overcome the
computational problems we encountered while annotating these genomes.
Creating different methods and models for the different parts of the chromosomes
finally enabled us to map all the structural components present in these genomes.
Second, besides the computational know-how we gained, we also had to broaden
our biological view on how genomes are or can be build up. Till now we were
only able to speculate on the reason why Ostreococcus carries these “odd”
chromosomes, but none of these speculations (sex chromosome related) can
be proved. Hopefully, with the presence of more green genomes, we will be
able to explain and comprehend their odd structure.

Generally we can state that sequencing new genomes provides much new,
sometimes unexpected information which can lead to some nice publications.
The big challenge however lies now in interpreting all this amount of data.
Generating new data is one thing, but answering and explaining certain problems
is the most difficult part. Experimental, wet lab evidence will always be needed
to verify certain hypothesis, but I feel that bioinformatics will become even
more important in handling all the already available and in the future coming
data. A balanced mix between biologists/biotechnologists and mathematics/
physicist will provide the necessary tools to create order in the chaos of A, C, G,
and T’s.
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Future perspectives

As already mentioned, once the sequence is provided and the genes are
annotated, we are only half way: creating is one thing, explaining another. Finding
biological answers in the newly obtained data is not only the most interesting
part, but also the most difficult one. Comparing two genomes already provided
us insight into the genetic toolkit of two different, yet closely related organisms
(chapter 7), but when also including data from other sequenced and annotated
genomes, a much broader picture will be delivered. When we would only focus
on highly similar or closely related species, we will not be able to extrapolate
our findings towards other member of a certain class or lineage. In this respect,
we should not only focus on both Ostreococcus species, but also integrate data
from species located at different places on the tree of live. By doing this, we
will be able to gain insight in the evolution of plant genomes, and more particular
in the evolution of gene families across green plants. Performing these types of
analyses can be done on two different levels: or we try to get an overall view on
gene family evolution/distribution among the green lineage (green algae and
land plants) or we specify a bit more and focus only on members of the
Chlorophyta.

When looking at the general picture, we see that already several green genomes
are completely sequenced and annotated: the green algae Ostreococcus tauri,
Ostreococcus lucimarinus and Chlamydomonas reinhardtii, the moss
Physcomitrella patens (in house data), the monocot Oryza sativa and the
dicots Arabidopsis thaliana and Populus trichocarpa, representing a broad
taxonomic sampling. Creating clusters of gene families, based on similar function,
will enable us to create phylogenetic profiles. These are profiles describing the
presence or absence and number of homologous genes present in the different
genomes. Based on these profiles, trends among the different organisms can
be spotted: which gene families are conserved among all green species and can
be considered as universally important for the green plants. Are these genes
present as single copy genes, or has there been some species- or lineage-specific
duplications? However, when looking at general gene function conservation,
we can expand our dataset and also include representatives of other important

eukaryotic lineages: human for the mammalians, Saccharomyces cerevisae as
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a yeast and Cyanidioschyzon merolae as a red alga. This will give us an idea
of the number and function of the genes that are universally conserved among
eukaryotes. Moreover, as we noticed that Ostreococcus harbours certain genes
that are not present in other plants but do have an ortholog in human and/or
yeast (chapter 2 and 8), this will give us an idea whether these findings were
rather unique or whether there exist more of these types of genes families.
Overall we will get a more in depth view on gene family distribution among
different clades. Besides looking at conservation, trying to identify certain specific
features will provide us data on lineage- or even species-specific characteristics:
which genes are only present within the green algae and have consequently
been lost within the land plants and visa versa. Can we link the presence, absence
or expansion of certain gene families to certain morphological differences (uni-
versus multi-cellular organisms, water versus land plants, etc.) or to big events
that happened in history? Can we draw some conclusions regarding the structure
of certain genes within a family: have there been domain fusions or domain
rearrangements, have certain genes become longer or smaller during evolution
and why did this happen? Finally, classifying the species specific genes (genes
only present in one organisms and absent in all other used organisms) will be
the hardest part because as they are unique, there is no data available to compare
with. One can ask whether these genes are really unique (to more data that will
become available, the better we will be able to answer this) or whether they are
derived from another organism through horizontal gene transfer. Horizontal gene
transfer is well known between prokaryotes and eukaryotes, but recent studies
have shown the existence of transfer between two members of the eukaryotes.
Phylogenetic analyses combined with taxonomic distribution analyses will
probably shed light on the amount and the origin of the transferred genes within
the green lineage. As we see, a lot of questions will pop up, but should be able
to be answered when using above data.

Besides analysing gene family evolution within the entire green lineage, we can
also only focus on the green algae. Today, more than ten new sequencing
projects, focusing on green algae, already have been started: four members of
the Chlorophyceae, three members of the Trebouxiophyceae and finally five

prasinophyte green algae (www.genomesonline.org) are being sequenced.

Asking the same questions as above will enable us to get some insight in the
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gene family architecture and evolution within the green algae and maybe provide
us some answers that we were not able to answer yet: why is there a Cdc25
still present in the prasinophyte Ostreococcus and not in other classes of the
green algae, why does Ostreococcus harbour these heterogeneous
chromosomes, why does the mitochondrial genome of Ostreococcus contain a
duplication, which was only observed in within members of the higher plants,
why does the regulation of the Calvin Cycle differ in Ostreococcus compared
to other green algae and why does the smallest described eukaryotic organisms
contain an obesity-linked gene?

All above future perspectives are highly interesting, but [ will say goodbye to
my green friend, thank him/her for the nice collaboration and focus on a new

organism. Merci et adieu.
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English summary

Algae can range in size from tiny single-celled organisms of only 1 micron in
diameter to the 65 meter long giant brown kelps, forming underwater forests.
In between these two extreme life forms lies a huge morphological diversity:
unicellular organisms, branched or unbranched filaments, colonies of loosely
packed or highly organized cells and finally complex parenchymatous algae.
Depending on the amount and composition of pigments like chlorophyll a, which
is needed for photosynthesis, eukaryotic algae can roughly be subdivided into 3
different groups: the red algae (Rhodophyta), the brown algae (Phacophyta)
and the green algae, whereas the latter group is the largest of all. The green
algae are considered to be “primitive” plants that gave rise to the huge amount
of land plants known to date. They originated around 1,500 million years ago
and they diverged from the land plants around 425-490 million years ago. The
green algae can be split up into two lineages: one known as the chlorophyte
green algae (Chlorophyta), which includes the majority of what have been called
green algae, and a second lineage entitled Charophyta, containing a smaller
number of green taxa. Finally, a third phylogenetic green plant lineage, the
Prasinophyceae constitutes a particularly interesting algal class, holding a basal
position in the evolution of the extant green lineage. As a result, today the green
lineage can be subdivided into two monophyletic lineages: Streptophyta (land
plants and the charophyte green algae) and Chlorophyta (the rest of the green
algae, including the prasinophyte green algae). Members of the class
Prasinophyceae have long been identified as being scaly green flagellates, but
today, species with or without flagella and/or scales and even coccoids have
been added to this class. These morphological heterogeneities combined with
phylogenetic evidence based on SSU rDNA sequences, led to the conclusion
that the Prasinophyceae are a paraphyletic group. In this thesis, we describe
the first sequenced and annotated genomes of two members of the
Prasinophyceae: Ostreococcus tauri and Ostreococcus lucimarinus.

O. tauri is a unicellular green alga that was discovered in the Mediterranean
Thau lagoon (France) in 1994. With a size less than 1 pm, comparable to that of
abacterium, it is the smallest eukaryotic organism currently described. Its cellular

organization is rather simple with a relatively large nucleus, a single chloroplast,
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1 mitochondrion, 1 Golgi body, and a highly reduced cytoplasm compartment. A
membrane surrounds the cells, but no cell wall can be observed.

The main goal of this thesis was to get insight into the genome organization
within the green algae by annotating different genomes of the Chlorophyta and
by comparing the annotated genes among members of the green lineage. Before
annotating the entire genome, a case study was performed to get a first glimp
on how the genes look like within O. tauri. As there is quite some knowledge
about the cell cycle within our lab, this was consequently the pathway we looked
at first. Chapter 2 describes for the first time the presence of a Cdc25 dual
specificity phosphatase in the green lineage. The Cdc25 protein phosphatase is
a key enzyme involved in the regulation of the G2/M transition during the cell
cycle in metazoans and yeast. However, no Cdc25 ortholog has been identified
in plants, although functional studies have shown that an activating
dephosphorylation of the CDK-cyclin complex regulates the G2/M transition.
The Cdc25 detected in O. tauri encodes a protein which is able to rescue the
yeast S. pombe cdc25-22 conditional mutant. Furthermore, microinjection of
GST-tagged O. tauri Cdc25 specifically activates prophase-arrested starfish
oocytes. In vitro histone H1 kinase assays and anti-phosphotyrosine Western
Blotting confirmed the in vivo activating dephosphorylation of starfish CDK1-
cyclinB by recombinant O. tauri Cdc25.

When looking at all the core genes involved in the control of the cell cycle,
chapter 3 highlights the minimal yet complete set of core cell cycle genes
described to date. O. fauri has only one homolog of CDKA, CDKB, CDKD,
cyclin A, cyclin B, cyclin H, Cks, Rb, E F, DP, DEL and Cdc25; and two copies
of cyclin D and Weel/Mytl. Interestingly, the plant specific B-type CDK
contains a motif'that lays between a CDKA and CDKB type motif. Phylogenetic
analyses however still place the O. tauri ortholog together with other B-type
CDKs.

Once enough genes were manually annotated that could serve as a training set
to train gene prediction software, the genome of O. tauri was completely
automatically annotated (chapter 4). Overall, the 12.56-Mb nuclear genome
has an extremely high gene density (8,166 protein-coding genes are spread
over 20 chromosomes), in part because of extensive reduction of intergenic

regions and other forms of compaction such as gene fusion. However, the
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genome is structurally complex. It exhibits previously unobserved levels of
heterogeneity for an eukaryote. Two chromosomes differ structurally from the
other eighteen. Both have a significantly biased G+C content, and, remarkably,
they contain the majority of transposable elements. Many chromosome 2 genes
also have unique codon usage and splicing, but phylogenetic analysis and
composition do not support alien gene origin. In contrast, most chromosome 19
genes show no similarity to green lineage genes and a large number of them are
specialized in cell surface processes.

Besides sequencing its nuclear genome, both the complete nucleotide sequence
of'the chloroplast and mitochondrial genomes have been determined and manually
annotated (chapter 5). The mitochondrial genome assembles as a circle of 44,237
bp and contains 65 genes. With an overall average length of only 42 bp for the
intergenic regions, this is the most gene-dense mitochondrial genome of all
Chlorophyta. Furthermore, it is characterized by a unique segmental duplication,
encompassing 22 genes and covering 44% of the genome. Such a duplication
has not been observed before in green algae, although it is also present in the
mitochondrial genomes of higher plants. The quadripartite chloroplast genome
forms a circle of 71,666 bp, containing 86 genes divided over a larger and a
smaller single-copy region, separated by 2 inverted repeat sequences. Based
on genome size and number of genes, the Ostreococcus chloroplast genome is
the smallest known among the green algae. Phylogenetic analyses based on a
concatenated alignment of chloroplast, mitochondrial, and nuclear genes confirm
the position of O. tauri within the Prasinophyceae, an early branch of the
Chlorophyta.

Once annotation data was provided, specific analysis could be performed. In
this respect and in collaboration with Jorn Petersen, comparison of genes involved
in the regulation of the Calvin Cycle (or carbon fixation cycle) within the green
lineage provided us some unexpected results (chapter 6). Glyceraldehyde-3-
phosphate dehydrogenase (GapAB) and CP12 are two major players in
controlling the inactivation of the Calvin cycle in land plants at night. GapB
originated from a GapA gene duplication and differs from GapA by the presence
of a specific C-terminal extension that was recruited from CP12. While GapA
and CP12 are assumed to be generally present in the Plantae (glaucophytes,

red and green algae, and plants), up to now GapB was exclusively found in
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Streptophyta, including the enigmatic green alga Mesostigma viride. However,
we show that both Ostreococcus species also possess a GapB gene, while
CP12 is missing. This remarkable finding either antedates the GapA/B gene
duplication or indicates a lateral recruitment. Moreover, Ostreococcus is the
first case where the crucial CP12 function may be completely replaced by
GapB-mediated GapA/B aggregation.

In order to get a better insight in the genome organisation within the green algae
and to see whether above findings are O. fauri-specific, the genome of another
strain, Ostreococcus lucimarinus, was sequenced and annotated (chapter 7).
O. lucimarinus has a nuclear genome size of 13.2 million base pairs spread
over 21 chromosomes, including 7,651 annotated genes. The comparison between
both species reveals surprising differences across orthologous chromosomes,
from highly syntenic chromosomes in most cases to chromosomes with almost
no similarity. Species divergence in these phytoplankton is occurring through
multiple mechanisms acting differently on different chromosomes and likely
including acquisition of new genes through horizontal gene transfer. We speculate
that this latter process may be involved in altering the cell-surface characteristics
of each species.

To finalize this thesis, chapter 8 describes a rather peculiar finding within different
marine organisms. Obesity is a major societal issue contributing to increased
morbidity and mortality. Recently, several studies have demonstrated an
association between the /70 gene locus and early onset and severe obesity.
Till recently, the FTO gene has only been discovered in vertebrate organisms.
We have now identified FTO homologs in the genomes of marine eukaryotic
algae, ranging from unicellular photosynthetic picoplankton to a multicellular
seaweed. Although the biological roles of these /70 homologs are still unknown,
these genes are helpful in exploring basic protein features that could potentially
help unravelling the function of the F7O gene in vertebrates and its link with
obesity in humans.

To conclude we can state that sequencing the genomes of two different members
of'the Prasinophyceae led to some unique and unexpected findings, but provided
us also with a lot of unanswered questions. Future genome projects within the
green algae will shed light on these issues and tell us whether these findings are

really unique or can be linked to some group of species or even events in time.
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Nederlandse samenvatting

Algen kunnen variéren in grootte, gaande van zeer kleine ééncellige organismen
met een diameter van slechts 1 micro meter, tot de gigantische bruine wieren,
die met een lengte tot 65 meter in staat zijn om als het ware onderzeese bossen
te vormen. Tussen deze twee extreme levensvormen kan een enorme
morfologische diversiteit onder de algen gedetecteerd worden: ééncellige
organismen, vertakte of onvertakte filamenten, kolonies ontstaan uit een
verzameling van individuele, al dan niet georganiseerde algen, en tenslotte de
complexe parenchymatous algen. Afhankelijk van de hoeveelheid en
samenstelling van hun pigmenten, zoals chlorofyl a dat noodzakelijk is voor
fotosynthese, kunnen de eukaryote algen ruwweg onderverdeeld worden in
drie grote groepen: de rode algen (Rhodophyta), de bruine algen (Phaeophyta)
en de groenen algen. Deze laatste vormen de grootste groep van de drie. De
groene algen worden beschouwd als de primitieve planten, die aan de basis van
het ontstaan van de talrijke landplanten liggen die we vandaag de dag kennen.
Ze zijn ongeveer 1,500 miljoen jaar geleden ontstaan en ze hebben zich ongeveer
425 tot 490 miljoen jaar geleden afgesplitst van de land planten. De groene
algen kunnen onderverdeeld worden in twee groepen: de chlorophyte groene
algen en de charophyte groene algen. Deze laatste zijn het nauwst verwant met
de landplanten. Ten slotte bestaat er een derde groep groene algen, de
Prasinophyceae, die een uitermate interessante groep vormen daar ze, aan de
hand van fylogenetische studies, zich aan de basis van de groene plantenlijn
bevinden. Door het voorkomen van deze verschillende groepen, kan vandaag
de dag de groene plantenlijn onderverdeeld worden in twee grote groepen: de
Streptophyta (landplanten en de charophyte groene algen) en de Chlorophyta
(al de andere groene algen, inclusief de prasinophyte groene algen).

Algen behorend tot de Prasinophyceae zijn gedurende geruime tijd geidentificeerd
op basis van de aanwezigheid van schubben en een flagellum, die hen in staat
stelt om te bewegen. Vandaag de dag echter zien we dat ook algen met of
zonder flagellum en/of schubben tot deze groep behoren. Deze talrijke verschillen
in morfologie, in combinatie met resultaten bekomen door fylogenetische studies
gebaseerd op SSU rDNA sequenties, gaf aanleiding tot het definiéren van de
Prasinophyceae als een parafyletische groep. In deze thesis beschrijven we
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voor het eerst de sequentie en bijhorende annotatie van twee leden van de
Prasinophyceae: Ostreococcus tauri en Ostreococcus lucimarinus.

O. tauri is een ééncellige groene alg die in de Mediterrane Thau lagune (Frankrijk)
in 1994 werd ontdekt. Met een grootte van minder dan 1 micro meter,
vergelijkbaar met dat van een bacterie, is O. fauri het kleinste eukaryote
organisme dat tot op heden beschreven is. Zijn cellulaire opbouw is eerder
eenvoudig met een vrij grote kern, één enkele chloroplast, één mitochondrium,
één Golgi lichaam, en een gereduceerd cytoplasmatisch gedeelte. Een membraan
omringt de cellen, maar geen celwand kan worden waargenomen.

Het belangrijkste doel van deze thesis was om aan de hand van het annoteren
van de genomen van verschillende leden van de Chlorophyta, inzicht te verkrijgen
in de genoomorganisatie van de groene algen. Alvorens echter het volledige
genoom van O. tauri te annoteren en daarbij inzicht te verkrijgen in de
samenstelling en vorm van zijn genen, werd een pilootstudie uitgevoerd. Daar
er reeds heel wat kennis in ons labo aanwezig is over de celcyclus, werd deze
aanvankelijk manueel bestudeerd in O. tauri. Hoofdstuk 2 beschrijft voor het
eerst de aanwezigheid van een Cdc25 dual specificity phosphatase in de
groene plantenlijn. Het Ccd25 fosfatase is een zeer belangrijk enzym in
metazoans en gisten dat betrokken is bij de controle van de G2/M overgang
tijdens de celcyclus. Tot voor kort was er nog in geen enkel lid van de groene
plantenlijn een Cdc25 gen geidentificeerd. Het Cdc25 gen dat in O. tauri ontdekt
werd, codeert voor een proteine dat in staat is om in S. pombe een cdc25-22
mutant te herstellen. Bijkomende experimentele analyses hebben aangetoond
dat het Ccd25 gen, dat gedetecteerd werd in O. tauri, alle eigenschappen bezit
van de reeds gekende Cdc25 genen in andere organismen.

Wanneer we echter naar alle genen gaan kijken die een bepaalde rol spelen in
de regulatie van de celcyclus, zien we dat in O. tauri alle reeds gekende genen
aanwezig zijn (hoofdstuk 3). Opvallend hier is dat voor iedere genfamilie slechts
1 of maximaal 2 vertegenwoordigers aanwezig zijn: O. tauri bezit slechts 1
CDKA, CDKB, CDKD, cycline A, cycline B, cycline H, Cks, Rb, Dp, E,F, DP,
DEL en Cdc25 homoloog en twee cycline D en WEE1/Myt1 homologen. Deze
bevindingen staan in groot contrast met de hoeveelheid celcyclus genen die
eerder beschreven werden in de landplant Arabidopsis thaliana.

Eenmaal er voldoende kennis was opgedaan dankzij bovenvermelde pilootstudies
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summary - samenvatting

en we voldoende genen manueel geannoteerd hadden die gebruikt zouden worden
als trainingsset voor het trainen van de nodige software, werd overgegaan tot
het automatisch annoteren van het volledige genoom van O. tauri (hoofdstuk
4). Het nucleair genoom is 12,56 miljoen basen lang en bezit een enorm grote
densiteit in genen: er werden 8,166 eiwit coderende genen geidentificeerd die
over 20 chromosomen verspreid zitten. Dit komt deels door de beperkte grootte
van de intergenische gebieden en door de aanwezigheid van fusies tussen
verschillende genen. Algemeen kan men echter stellen dat het genoom een
complexe structuur bezit met een heel hoge graad van heterogeniteit, iets dat
op heden nog nooit geobserveerd is binnen de eukaryote organismen. Twee
van de 20 chromosomen verschillen sterk van de anderen. Beide hebben een
afwijkende G+C inhoud en ze bezitten de overgrote meerderheid van de
aanwezige transposons. Tevens hebben de meeste genen die gelokaliseerd
zijn op chromosoom 2 een uniek codon gebruik en hebben ze een verschillend
splicing systeem. Fylogenetische studies tonen echter aan dat deze genen geen
vreemde (niet O. tauri) oorsprong hebben. De genen aanwezig op chromosoom
19 bezitten echter nauwelijks enige vorm van similariteit met de genen aanwezig
in de groene plantenlijn. De meeste van deze genen spelen een rol in processen
die zich afspelen aan de oppervlakte van de cel.

Naast het sequeneren van het nucleaire genoom werden de sequenties van het
chloroplast en mitochondriaal genoom bepaald en manueel geannoteerd
(hoofdstuk 5). Het mitochondriaal genoom komt voor als een cirkel, bestaande
uit 44,237 base paren en bevat 65 genen. Het mitochondriale genoom bezit,
dankzij de aanwezigheid van heel kleine intergenische gebieden van gemiddeld
42 bp lang, het meest compacte genoom van alle Chlorophyta. Voorts wordt het
gekenmerkt door de aanwezigheid van een unieke segmentale duplicatie, die 22
genen bevat en 44% van het genoom uitmaakt. Een dergelijke duplicatie werd
voordien nog niet waargenomen in de groene algen, hoewel het ook aanwezig
is in de mitochondriale genomen van hogere landplanten. Het vierdelige
chloroplast genoom vormt een cirkel van 71.666 bp en bevat 86 genen. Rekening
houdend met de genoom grootte en het aantal aanwezige genen, blijkt dat het
chloroplast genoom van O. fauri het kleinste is binnen de groene algen.
Fylogenetische studies, gebaseerd op genen aanwezig in het chloroplast en/of

mitochondriaal genoom, bevestigen de positie van O. tauri binnen de
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Prasinophyceae.

Eenmaal de verschillende annotatie projecten afgelopen waren, konden meer
specifiekere analyses uitgevoerd worden. In dit opzicht en in samenwerking
met Jorn Petersen, verstrekte de vergelijking van de genen betrokken bij de
regulatie van de Calvin Cyclus binnen de groene plantenlijn, ons enkele
onverwachte resultaten (hoofdstuko6). Glyceraldehyde-3-fosfaat dehydrogenase
(GapAB) en CP12 zijn twee belangrijke genen die betrokken zijn bij de controle
van de inactivatie van de Calvin cyclus gedurende de nacht. GapB is ontstaan
na een gen duplicatie van GapA en onderscheidt zich ervan door de aanwezigheid
van een specifieke extensie, die afkomstig is van CP12. Terwijl algemeen
aangenomen wordt dat GapA en CP12 universeel aanwezig zijn binnen de Plantae
(glaucophyten, rode en groene algen en landplanten), werd GapB tot op heden
enkel geidentificeerd bij leden van de Streptophyta, inclusief de groene alg
Mesostigma viride. Wij kunnen nu echter aantonen dat beide Ostreococcus
species in het bezit zijn van een GapA en een GapB gen, terwijl CP12 niet
gedetecteerd kon worden. Door deze unieke samenstelling moet ofwel het tijdstip
van de GapA/B duplicatie herzien worden ofwel is dit een mooi voorbeeld van
het lateraal verwerven van nieuwe genen. Tevens beschrijven wij hier voor het
eerst de afwezigheid van CP12 en de mogelijke vervanging van de functie van
CP12 door GapB.

Om vervolgens een beter inzicht te verwerven in de genoom organisatie van de
groene algen en om bovenstaande Ostreococcus-specifieke gevallen te
verifi€ren, werd het genoom van Ostreococcus lucimarinus gesequeneerd
(hoofdstuk 7). Het nucleaire genoom van O. lucimarinus bedraagt 13,2 miljoen
bp. 7,651 genen werden geannoteerd, verspreid over 21 chromosomen. De
vergelijkende studie tussen de orthologe chromosomen van beide soorten
openbaart verrassende verschillen, gaande van bijna identicke chromosomen
tot totaal verschillende chromosomen.

Om deze thesis te be€indigen, beschrijft hoofdstuk 8 een eerder bizar verhaal
over een gen dat enkel aanwezig is in vertebraten en marine organismen.
Obesitas of zwaarlijvigheid is een groeiend hedendaags probleem dat de dood
als gevolg kan hebben. Onlangs hebben verscheidene studies een verband
aangetoond tussen het FTO genlocus en het vroege begin van zwaarlijvigheid.

Het FTO gen, dat tot op heden enkel geidentificeerd was in vertebraten, blijkt
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summary - samenvatting

nu ook aanwezig te zijn in verschillende marine organismen, gaande van
ééncellige groene algen tot meercellige bruine wieren. Hoewel de biologische
werking van dit 7O gen tot op heden niet gekend is, kan de aanwezigheid van
FTO binnen deze marine organismen ons menig inzicht verwerven over zijn
algemene opbouw. De kennis die hierdoor verworven wordt, kan dan eventueel
gebruikt worden om de functie van F70 binnen de vertebraten te verklaren en
zijn eventuele link met zwaarlijvigheid bij mensen bloot te leggen.

Finaal kunnen we besluiten dat het sequeneren van de genomen van twee leden
van de Prasinophyceae ons enkele unieke en onverwachte resultaten heeft
opgeleverd, maar dat het ons vooral heeft opgezadeld met een groot aantal
onbeantwoorde vragen. Toekomstige projecten waar meerdere genomen van
groene algen gesequeneerd zullen worden, zullen ons hopelijk kunnen zeggen
of deze feiten echt wel Ostreococcus specifiek zijn of we ze eerder kunnen
toeschrijven aan een grotere groep organismen of zelfs aan een bepaalde

gebeurtenis uit het verleden.
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Figure A2
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Table A3

Codon usage table of the mitochondrial genes

Codon %  Anticodon AA| Codon %  Anticodon AA| Codon %  Anticodon AA| Codon %  Anticodon AA
uuu 733 gaa F ucu  23.7 uga S vau 719 gua Y ugu  84.6 gea C
uuc 26.7 gaa F uce 8.9 uga S uac 28.1 gua Y uge 15.4 gea C
uua 39 uaa L uca 249 uga S uaa 81.4 * uga 13.9 *
uug 9 uaa L ucg 8.9 uga S uag 4.7 * ugg 100 cca w
cuu 265 uag L ccu 282 ugg P cau 57.5 gug H cgu 28 acg R
cuc 139 gag L cce 6.6 ugg P cac 425 gug H cge 7.1 acg R
cua 53 uag L cca 51.9 ugg P caa 82.1 uug Q cga 23 acg R
cug 6.3 uag L ccg 13.3 ugg P cag 17.9 uug Q cgg 1.2 acg R
auu 742 gau 1 acu 213 ggu T aau 63 guu N agu 29 geu S
auc 25.1 gau 1 ace 12.9 ggu T aac 37 guu N age 4.6 geu S
aua 0.7 gau 1 aca 53.1 ggu T aaa 84.7 uuu K aga 35.1 ucu R
aug 100 cau M acg 12.7 ggu T aag 15.3 uuu K agg 5.6 ucu R
guu 363 uac v geu 312 uge A gau 723 guc D ggu 32 gectuce G
guc 19.4 uac v gee 13.6 uge A gac 27.7 guc D ggc 7.1 gectuce G
gua 213 uac v gea  40.7 uge A gaa 79.8 uuc E gga 404 uce G
gug 23 uac v geg 14.5 uge A gag 202 uuc E ggg 205 uce G
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Table A4

Codon usage table of the chloroplast genes

Codon %  Anticodon AA| Codon %  Anticodon AA| Codon %  Anticodon AA| Codon %  Anticodon AA
uuu  50.1 gaa F ucu 234 uga S uau 50 gua Y ugu 85.9 gea C
uuc 499 gaa F ucc 4.6 uga S uac 50 gua Y uge 14.1 gea C
uua  39.6 uaa L uca 38 uga S uaa 95 * uga 0 *
uug 3.6 uaa L ucg 8.6 uga S uag 5 * ugg 100 cca 4
cuu 457 uag L ccu 263 ugg P cau 27 gug H cgu  76.7 acg R
cuc 8.7 gag L cce 42 ugg P cac 73 gug H cge 9.5 acg R
cua 1.1 uag L cca 54.6 ugg P caa 78.7 uug Q cga 11 acg R
cug 13 uag L ccg 14.9 ugg P cag 213 uug Q cgg 0.8 acg R
auu 76.5 gau 1 acu 399 ggu T aau 472 guu N agu 213 geu S
auc 23.1 gau 1 acc 43 ggu T aac 52.8 guu N age 4.1 geu S
aua 0.4 gau 1 aca 43.8 ggu T aaa 71.9 uuu K aga 1.7 ucu R
aug 100 cau M acg 12 ggu T aag 28.1 uuu K agg 0.3 ucu R
guu 348 uac v geu 39 uge A gau 68 gue D ggu 40.9 ucc G
guc 4.4 uac v gce 6 uge A gac 32 guc D gge 3.5 uce G
gua 52.1 uac \% gca 452 uge A gaa 69.6 uuc E gga 433 uce G
gug 8.7 uac \Y% geg 9.8 uge A gag 304 uuc E ggg 12.3 uce G
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Conference
Brussels, 23 April 2004

“Genome analysis of the world’s smallest free-living eukaryote Ostrecococcus
tauriunveils unique genome heterogeneity” - Molecular Biology and Evolution
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