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Molekulare Charakterisierung von
Kieselalgen-Plastiden
Kieselalgen (Diatomeen) sind photoautotrophe, einzellige Organismen die in vielen aquatischen Habitaten zu finden sind. Kieselalgen-Plastiden sind vermutlich durch sekundäre
Endocytobiose entstanden, also durch die Aufnahme einer eukaryotischen Alge in eine
eukaryotische Zelle mit anschließender evolutionärer Reduzierung und Spezialisierung des
Endosymbionten zum Zellorganell. Kieselalgen-Plastiden weisen daher einige Besonderheiten gegenüber Plastiden höherer Pflanzen auf, beispielsweise sind sie von vier (statt zwei)
Hüllmembranen umgeben.
Plastiden und Mitochondrien enthalten eigene Genome, die auf die Genome ihrer freilebenden Vorfahren, Cyanobakterien bzw. α-Proteobakterien, zurückgehen. Das Verhältnis der von Plastiden- und Mitochiondriengenom-Kopien zu Kerngenom-Kopien in der
Diatomee Phaeodactylum tricornutum konnte mittels quantitativer Echtzeit-PolymeraseKettenreaktion (quantitative real-time PCR, qPCR) bestimmt werden. Fusion einer plastidären Rekombinase (RecA) mit dem grünen fluoreszierenden Protein (green fluorescent
protein, GFP) führt zur selektiven Markierung plastidärer Nucleoide der Diatomee Phaeodactylum tricornutum.
Viele essentielle Enzyme der Photosynthese sind im Kerngenom codiert, die Genprodukte
müssen daher in die Plastiden importiert werden. Besonders wichtig ist dabei ein konserviertes Sequenz-Motiv unbekannter Funktion („ASAFAP“-Motiv) innerhalb der N-terminalen
Präsequenz von Plastiden-Präproteinen. Durch die molekulare Charakterisierung des konservierten Präsequenz-Motivs sind Rückschlüsse auf den Import Mechanismus und eine
bessere Vorhersage plastidär lokalisierter Proteinen im genomischen Maßstab möglich.
Die Genome der Kieselalgen Modellorganismen P. tricornutum und Thalassiosira pseudonana sind vollständig sequenziert. Durch Analyse der wahrscheinlichen intrazellulären
Lokalisationen von Enzymen aufgrund ihrer identifizierten Präsequenzen konnten Hinweise auf eine C4-artige Photosynthese in P. tricornutum gefunden werden, sowie Modelle
für Kohlenstoff-Konzentrierungs-Mechanismen und CO2 -Fixierung in P. tricornutum und
T. pseudonana entworfen werden. Auffällig ist auch das Auftreten mehrfacher Isoformen
von Enzymen des Calvin Zyklus und der Glykolyse in den untersuchten Kieselalgen. Die
Isoformen unterscheiden sich in ihren Präsequenzen und sind vermutlich in Plastiden, Mitochondrien und dem Cytosol aktiv.
Der Austausch von Stoffwechselprodukten zwischen Stroma, Cytosol und anderen Organellen ist entscheidend für die Funktion von Plastiden. Acht bzw. sechs putative plastidäre
Nukleotid Transporter sind in den Genomen von T. pseudonana und P. tricornutum codiert.
Fusionsproteine der Präsequenzen oder ganzer Nukleotidtransporter mit GFP zeigen, dass
die untersuchten Nukleotidtransporter Plastiden-assoziiert sind.
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Molecular Characterisation of Diatom
Plastids
Diatoms are photoautotrophic, unicellular organisms, found in many aquatic habitats. Diatom plastids most likely evolved by secondary endocytobiosis, the uptake of a eukaryotic
alga into another eukaryotic host cell and the subsequent evolutionary reduction and specialisation of this endosymbiont to a cell organelle. Diatom plastids differ from plastids
of higher plants in many characteristics, e.g. they are surrounded by four (instead of two)
membranes.
Plastids and mitochondria contain independent genomes that trace back to the genomes
of their free living ancestors, cyanobacteria and α-proteobacteria, respectively. The ratio
of plastid and mitochondrial genome copies to nuclear genome copies was determined
via quantitative real-time polymerase chain reaction (qPCR). Fusion of a plastid targeted
recombinase (RecA) to the green fluorescent protein (GFP) leads to selective labelling of
plastid nucleoids in the diatom Phaeodactylum tricornutum.
Many essential photosynthesis enzymes are encoded in the nuclear genome, the gene
products thus have to be imported into the plastids. A conserved sequence motif of unknown function (“ASAFAP”-motif) within the N-terminal presequence of plastid preproteins
is particularly important for the import reaction. The molecular characterisation of the
conserved presequence motif allows conclusions on the targeting mechanisms involved and
facilitates the prediction of plastid localised proteins on a genomic scale.
The genomes of the model diatoms P. tricornutum and Thalassiosira pseudonana have
been sequenced completely. By analysis of the putative intracellular localisations of enzymes based on identified presequences, indications for a C4-like photosynthesis in P. tricornutum were found, and models for carbon concentrating mechanisms and CO2 fixation
in P. tricornutum and T. pseudonana have been inferred. Peculiarly, multiple isoforms of
enzymes of the Calvin cycle and glycolysis are present in the investigated diatoms. The isoforms differ in their presequences and are putatively active in the plastids, the mitochondria
and the cytosol.
The exchange of metabolites between stroma, cytosol and other organelles is crucial for
plastid function. Eight and six putative plastidic nucleotide transporters are encoded in the
genomes of T. pseudonana and P. tricornutum respectively. Fusion proteins of nucleotide
transporter presequences or full length fusions to GFP show that the investigated nucleotide
transporters are plastid associated.
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1. General Introduction
Diatoms are widespread and abundant organisms, found in most aquatic and some
terrestrial habitats [134,275] . Especially by dominating the ocean phytoplankton [84] , photoautotrophic diatoms contribute a big proportion of the world’s carbon fixation [83,293] .
They account for about 40 % of the organic carbon produced in the sea [68,229] . Since
approximately half of the worlds primary production occurs in the oceans [87] , diatoms
are roughly estimated to be responsible for about 20 % of the global carbon fixation,
which is comparable to the productivity of the tropical rain forests [87] .
Diatoms are unicellular or colonial members of the heterokonts (stramenopiles) [3,42,204] .
One of the distinctive characteristics of diatom cells is the presence of silicified cell
walls (frustules), that surround the cells in two parts (epitheca and hypotheca), comparable to dish and lid of a petri dish. Other diatom characteristics are e.g. the absence
of flagellated cells (except male gametes of centric diatoms), the presence of fucoxanthin as an accessory pigment, plastids that contain girdle lamellae and plastid DNA
organised in ring shaped nucleoids [134,275] . Another significant trait of diatom plastids
is that diatom plastids are surrounded by four (rather than two in higher plants)
membranes, the outermost of which is studded with ribosomes and continuous with
the endoplasmic reticulum (ER), therefore called chloroplast ER (CER) [99] .
The complex ultrastructure of diatom plastids can be explained with the endosymbiotic origin of plastids. Plastids in general most likely evolved by a process called
endocytobiosis, the uptake of a free living cyanobacterium into a heterotrophic eukaryotic cell, followed by the reduction of the endosymbiont to an organelle (Figure 1.1).
The resulting primary plastids are monophyletic and found in the recent glaucophytes,
rhodophytes, chlorophytes and land vascular plants [198,223,273] . Diatoms and other
groups of algae possess secondary plastids which originated from a secondary endocytobiosis, which means the uptake of a eukaryotic alga possessing primary plastids
into another eukaryotic host cell. This endosymbiotic alga again was subsequently
reduced, now functioning as a photosynthetic cell organelle within the host cell. Secondary plastids are surrounded by either three or four membranes and thus are also
known as complex plastids [40,41,44,203] . Secondary endocytobiosis was a key process
during the evolution of a variety of organisms and was found to have occurred at least
twice, as some complex plastids have a green algal origin while others are related to
red algae [40,41] . There is increasing support from molecular phylogenetic studies that
the secondary plastids of the red algal lineage originate from a single endosymbiotic
event and that the resulting chromalveolates (including the chromists stramenopiles,
cryptophytes and haptophytes; as well as the alveolates ciliates, apicomplexa and
dinoflagellates) might be monophyletic [128,253] .
Despite the ubiquitous abundance and taxonomical diversity of diatoms (2 × 105
species are estimated worldwide, [193] ), diatoms are comparatively young in an evolutionary context [84,207] . The earliest fossil records of diatoms date 190 million years
ago [291] , while the putative single red algal secondary endosymbiosis that gave rise to
chromist plastids occurred about 1,300 million years ago [24,360] .
Most diatoms are photoautotrophic, only few mixotrophic and heterotrophic species
exist [275] . The evolutionary and ecological success of diatoms is therefore closely related to their photosynthetic capacity. Compared to higher plants, there are significant

2

Primary endocytobiosis:
Gene transfer
Metabolite exchange
Protein targeting

Secondary endocytobiosis:
Endoplasmic reticulum

Nuclei

Plastid

Mitochondrion

Figure 1.1.: Plastid evolution by endocytobiosis. Primary endocytobiosis: a photoautotrophic prokaryote was engulfed by a heterotrophic eukaryotic cell and subsequently reduced to a primary plastid
surrounded by two envelope membranes; secondary endocytobiosis: a eukaryotic primary alga was
taken up by another eukaryotic cell and subsequently evolved into a secondary plastid surrounded by
four (or three) membranes; protein targeting (blue arrow) and gene transfer (orange arrow) co-evolved,
metabolite exchange (red and yellow arrows) takes place across the membranes surrounding the plastid.
Modified after Kroth [169] .

differences in the subcellular distribution, physiology and regulation of photosynthetic
pathways [180,350] , some prominent examples are:
• The presence of four membranes surrounding the plastids. This implies that
plastid protein import and the exchange of all metabolites between the plastids, the cytoplasm and other organelles must at least be facilitated across four
membranes (plastid membranes plus potentially mitochondrial, vacuolar, peroxisomal or other membranes), instead of at least two membranes like in primary
plastids [169] .
• Primary plastids co-evolved with mitochondria that were already present in the
primary host cell before the development of primary endocytobiosis [204] . These
mitochondria of the endosymbiont are not found in diatoms anymore. Diatom
plastids thus have to cooperate with a different set of mitochondria (and other
organelles) than their ancestors in the primary alga [270,350] .
• Unlike plants, diatoms do not accumulate starch within the plastids, but store
energy either as lipids or as chrysolaminaran (a β-1,3-glucan) outside of the
plastids [134] .
• Calvin cycle enzymes in plants are regulated by light-dependent redox regulation
via the ferredoxin/thioredoxin-system [224] . Thioredoxin based light-regulation is
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Figure 1.2.: Cellular structure of Phaeodactylum tricornutum. (A) Pleomorphism of P. tricornutum
cells: oval, triradiate or fusiform morphotypes can be observed; (B) habitus of fusiform P. tricornutum
cell, scanning electron microscopy; (C) ultrastructure of P. tricornutum cell in transverse section,
plastid (P), mitochondria (M) and nucleus (N) are labelled, transmission electron microscopy; Images
by A. Gruber and J. Hentschel.

functional in diatom plastids [213] , but far fewer plastid enzymes in diatoms than
in plants are actual thioredoxin targets [213,350] .
• In contrast to higher plants, there is apparently no complete oxidative pentose
phosphate pathway in the plastids of several diatoms [7,213] .
Research on diatom physiology greatly profited from the advances in molecular
techniques and the continuously increasing amount of sequence data. Especially for
two diatom model organisms, the pennate Phaeodactylum tricornutum Bohlin (Figures 1.2–1.3) and the centric Thalassiosira pseudonana Hasle & Heimdal (Figure 1.3),
a variety of molecular tools and extensive sequence information are available.
The whole genome of T. pseudonana was sequenced and the genomic data is complemented with a database of 13,000 expressed sequence tags (ESTs)1 [7] . The plastid genomes of P. tricornutum and T. pseudonana have also been sequenced and
analysed2 [241] . 90,000 ESTs were generated from P. tricornutum cells grown at different conditions3 [192,220,221] , and recently, the whole genome of P. tricornutum was
1

publicly available at: http://genome.jgi-psf.org//Thaps3/Thaps3.home.html
T. pseudonana: GenBank EF067921, P. tricornutum: GenBank EF067920
3
publicly available at: http://www.biologie.ens.fr/diatomics/EST
2
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Figure 1.3.: Phaeodactylum tricornutum and Thalassiosira pseudonana, model organisms for pennate and centric diatoms. (A) P. tricornutum cells showing the fusiform phenotype, Nomarski’s differential interference contrast (DIC) illumination; (B) T. pseudonana, valve view, DIC; (C) T. pseudonana, girdle view, DIC; (D) T. pseudonana, dividing cell, DIC; (E) nucleic acids in P. tricornutum,
DNA was stained with Hoechst 33342 dye (Bisbenzimide H 33342 Fluorochrome, Behring Diagnostics,
La Jolla, CA, USA, 10 µg · ml−1 final concentration of the dye, directly added to the cells suspended in
culture medium prior to microscopical observation), DIC, Chlorophyll autofluorescence (Chl), Hoechst
33342 fluorescence (Hoe) and merged images showing the respective channels in the indicated colours
are shown from left to right, maximum intensity projection obtained from 8 optical slices of a 2.4 µm
z-stack; (F) nucleic acids in T. pseudonana, DNA staining and image specifications as in (E), except
the projection, maximum intensity projection obtained from 10 optical slices of a 3 µm z-stack; (G) in
vivo expression of green fluorescent protein (GFP) in a genetically transformed P. tricornutum cell line,
the presequence of an endoplasmic reticulum (ER) localised chaperone (BiP, Protein ID 54246) was
fused to the GFP gene, see Apt et al. [6] and Kilian and Kroth [156] , DNA staining as in (E), DIC, Chl,
Hoe, GFP fluorescence and a merged image showing the respective channels in the indicated colours
are shown from left to right, maximum intensity projection obtained from 5 optical slices of a 1.5 µm
z-stack; all scale bars represent 10 µm; images by A. Gruber, (E)–(G) printed from Kroth [168] with
kind permission.

5

1. General Introduction
sequenced4 (Bowler et al., in preparation).
An important aspect of whole genome sequences (especially if backed by extensive
EST collections) is information on intracellular protein targeting. Protein targeting
into organelles (see [57] for a general overview) often depends on N-terminal presequences that allow prediction of the intracellular localisation [75,77] . Diatom whole
genome sequences thus allow to analyse the intracellular distribution of enzymes and
whole pathways via deduced amino acid sequences. In comparison to land plants,
presequence recognition in diatoms is further facilitated due to an essential targeting
motif with a characteristic signature at the signal peptide cleavage site [156,169] .
Among the experimental molecular tools that are available for diatoms to date
(see [81,157,168,170,191,284,290,339] ), genetic transformation is a particularly important experimental resource, as it allows the expression of marker and reporter genes such as the
green fluorescent protein (GFP) [6] (Figure 1.3). Several diatom species can be transformed genetically, including P. tricornutum [5,82,171,362] and T. pseudonana [257,258] .
Combinations of molecular tools with sequence information and bioinformatics have
been applied for instance for the genetic and phenotypic characterisation of several
P. tricornutum isolates [199] , the detection of a stress surveillance system based on calcium and nitric oxide [331] or the identification of genes involved in silicon bioprocesses
via whole-genome expression profiling [217] .
Here, experimental molecular tools and bioinformatic analysis of sequence information were combined for the molecular characterisation of diatom plastids: Sequencing
not only of the nuclear genome, but also of the plastid and mitochondrial genomes allowed an assessment of the abundance of organellar genome copies in a cell (Chapter 2).
Genetic transformation and expression of reporter genes allows to confine presequence
recognition and to test predicted localisations (Chapter 3). The diatom whole genome
sequences allow comprehensive analyses of the intracellular distributions of enzymes
and pathways involved in Carbohydrate metabolism as an application of the presequence characterisation (Chapter 4). Sequencing of the diatom genomes also unveiled
the existence of several metabolite transporters with varying presequence structures,
which might explain how metabolites are transported across the multiple plastid membranes of diatoms (Chapter 5). Taken together, these molecular characterisations help
to better understand diatom plastid physiology, a key aspect of diatom biology.
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2.1. Abstract
In contrast to nuclear genomes, which are consistent in size, content and abundance,
various studies debate a certain flexibility of these parameters for the genomes and segregating units of plastids and mitochondria. It has been suggested that organellar genome
copy numbers might change during cell cycle, organellar development, or in response to
environmental conditions. The effects of fluctuating ploidy levels are potentially drastic,
ranging from the modulation of organellar gene expression to altered probabilities for the
fixation of mutations. Although essential for the fundamental understanding of function
and evolution of cell organelles, the determination of ploidy levels and the intraorganellar
localization of nucleoids are often hard to address by experimental means.
We introduce a new quantitative real-time PCR based approach that allows the simultaneous determination of organellar ploidies in a reliable and cost-efficient manner. Combining the presented algorithm for relative quantification of genes or genomes (GenQ) with
the analysis of bootstrap data enabled a biologically meaningful evaluation of the method’s
accuracy. Per diploid nuclear genome, plastids of the diatom Phaeodactylum tricornutum
contain 137 genome copies, while the mitochondrial network harbors 620 genome copies,
43% of the cell’s total DNA content. We demonstrated that organellar ploidies indeed
change due to culture conditions. Furthermore, in vivo imaging of nucleoids was achieved
for the first time in an alga revealing the spatial distribution and abundance frequency of
nucleoids in plastids. Two different plastid phenotypes were identified, containing either
one or several (on average 4) nucleoids. Our findings will help to resolve an ongoing
scientific debate. The presented techniques will contribute to a better understanding of
physiology and evolution of cell organelles by providing access to the monitoring of organellar ploidies and spatial distributions of nucleoids. Furthermore DNA contents can be
determined for whole cells, individual compartments and organellar nucleoids when genome
sizes are given.

Abbreviations
qPCR, quantitative real-time PCR; Ct, threshold cycle value; norga , organellar genome
copy number; SD, standard deviation; boot, parameter obtained via analysis of bootstrap data; CV, coefficient of variation; GFP, green fluorescent protein.
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It is well established that plastids and mitochondria are derived from prokaryotic
ancestors, which were engulfed by (or invaded) a eukaryotic host cell [39,111,195] . As a
consequence of this endocytobiotic relationship, genome and structure of the endosymbiont were reduced during co-evolution of host and organelle. Genes of the prokaryote
have either been deleted or predominantly transferred into the nucleus to be further
controlled by the host. Hence, recent organelles harbor reduced but still functional
genomes ranging in size from 120 to 160 kb for plastid genomes of higher plants [310]
and up to 190 kb for those of photosynthetic protists such as rhodophytes [120,267] . In
contrast, the sizes of mitochondrial genomes vary widely. While higher plants feature the largest mitochondrial genomes (200–2,400 kb), those of animals (14–42 kb),
protists (5.7–76 kb) and of fungi (18–176 kb) are comparatively small [8,111] . Plastid
genomes usually encode 120–130 proteins [310,338] while mitochondrial genomes have
a lower coding capacity, containing only up to around 60 genes [160,329] . Organelles
tend to be highly polyploid. For instance, a single leaf cell can contain up to 10,000
copies of the chloroplast genome [17,176,318] . Due to their prokaryotic origin, organelles
are lacking nuclei as compartments for the genetic information. Instead, organellar
genomes are attached to each other, forming clusters of DNA called nucleoids. Analogous to chromosomes, nucleoids segregate to daughter cells during division. Unlike
in eukaryotic nuclei, their DNA content can vary by several genome equivalents [19] .
Ever since the existence of organellar genomes replicating and segregating independently from the nuclear chromosomes was reported [96,97] , the apparently high ploidy
levels of these genomes have been subject to controversy and answers to major questions still remain elusive:
(i) Do changes in plastid genome copy numbers occur during development and
aging of plastids? Several studies focusing on chloroplasts in higher plants are
currently debating this issue [185,240,276,364] .
(ii) Can variable copy numbers of organellar genomes regulate gene expression? The
enormous genome copy numbers in organelles represent an attractive opportunity to regulate whole sets of genes, which are essential for key metabolic processes simply by altering organellar ploidies. Support for this hypothesis was
provided by the finding of changing genome copy numbers in plastids and mitochondria under different growth conditions in microalgae [70,175] .
(iii) Can growth phase dependent changes in copy numbers influence the evolution of
organellar genomes [26,50,164] ? In general, periods of high copy numbers accompanied by stochastic replication and partitioning might dilute effects of mutations
whereas periods of low copy numbers could represent bottlenecks for the fixation
of mutations.
(iv) Finally, what is the structure of genomes and segregating units of organelles?
The invariant chromosomes of the eukaryotic nucleus are consistent in number,
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structure, and content during segregation. In contrast, the structure of genomes
and segregating units in organelles and even in bacteria might be more variable
(reviewed by A. J. Bendich [18,19] ).
The debate on these questions is yet ongoing, partially because precise quantifications of organellar genomes or the structural appearance and spatial organization of
segregating units is not easy to elucidate experimentally. When approaching the consequences of changing environmental conditions or the cell cycle on organellar ploidies
the need for high throughput applicability further complicates the design of appropriate tools. We developed a method that allows the simultaneous determination of
ploidy levels, i.e. genome copy numbers, in plastids and mitochondria via quantitative real-time PCR (qPCR). Analogous to the mathematical model by Pfaffl et al. [254]
we derived a new algorithm, termed GenQ, that computes relative quantities of genes
or genomes taking into account PCR efficiencies. The introduction of bootstrapping
to the data analysis further revealed the sampling distribution and the standard deviation in genome copy units, thus providing a meaningful measure of accuracy of
the method and the experimental design. Furthermore we achieved in vivo imaging
of plastid nucleoids for the first time in a microalgae. We labelled nucleoids using a
fusion protein of the plastidic recombinase RecA and GFP. Other than DNA staining
surveys this method exclusively labels plastid nucleoids, hence their number, structure
and distribution can be investigated by all means of modern fluorescence microscopy.
This study focuses on the planktonic brackish water alga Phaeodactylum tricornutum Bohlin. The diatom is an ideal model for studying organellar genome distribution
since it harbors only one large chloroplast (up to 10 µm in length) and generally one
continuous mitochondrial network, which includes two to three major protuberances.
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2.3.1. Strains and media
Phaeodactylum tricornutum Bohlin (University of Texas Culture Collection, strain
646) was grown at 22 ◦ C with continuous illumination at 35 µmol · photons · m−2 ·
s−1 in in f/2 culture medium [116] using “Tropic Marin” artificial seawater at a final
concentration of 10–50 %, compared to natural seawater. Solid media contained 1.2 %
Bacto Agar (Difco). Escherichia coli strain XL-1 Blue (Stratagene, La Jolla, CA,
USA) was grown over night at 37 ◦ C in Luria Broth medium, using a shaker for
liquid cultures [279] . Solid media contained 1.5 % Bacto Agar (Difco).

2.3.2. Sequence analysis and prediction programs
To identify putatively plastid targeted proteins, we searched the current Phaeodactylum tricornutum genome sequencing project (http://genome.jgi-psf.org/Phatr2/
Phatr2.home.html) for sequences with homology to recombinases using the BLAST
algorithm [2] . Resulting hits were screened for signal peptides via the program SignalP [20] . For cleavage site predictions SignalP’s Hidden Markov Models [234] were
used. Chloroplast or mitochondrial transit peptides were predicted using the programs ChloroP [79] and TargetP [78] . The prediction servers are located at http:
//www.cbs.dtu.dk/services/.

2.3.3. PCR and construction of plasmids
Standard cloning procedures were used [279] . PCR was performed in a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant Pfu polymerase
(Fermentas, Ontario, Canada) according to the manufacturer’s instructions. The
eGFP-fusion construct was ligated into the Phaeodactylum tricornutum transformation vector pPha-T1 (GenBank AF219942, [362] ), thus enabling transformation of the
diatom with subsequent selection on zeocin. In a first step eGFP was amplified
using the primers Fw (5’-CGGTCAGGCCTATGGTGAGCAAGGGCGAGGAG-3’) and Rev (5’-CGCTTTACTTGTACAGCTCGTCCATGCCGAGAGTGATC-3’) thus adding a recognition site for the
restriction enzyme StuI upstream of the start codon ATG to allow in frame cutting.
pPha-T1 was linearized using the restriction enzyme EcoRV and the modified eGFP
fragment was ligated into the plasmid in the same orientation like the fcpA promoter resulting in the plasmid pPha-T1-eGFP. The plastid-targeted recA without
stop codon TAG was amplified using the primers Fw (5’-TGTATGATGCATCGAAAGATTGCG-3’) and Rev (5’-GACGAGCAGATATTTTTGGAA-3’). After digesting pPha-T1-eGFP
with StuI the recA amplicon was ligated into the plasmid upstream of and in frame
with eGFP resulting in the vector RecA:GFP. The presequence of recA was amplified
using the primers Fw (5’-TGTATGATGCATCGAAAGATTGCG-3’) and Rev (5’-CTTTCATGTTGTCCGCGTCACCGAG-3’) and the amplicon ligated into pPha-T1-eGFP as described
above, resulting in preRecA:eGFP.
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2.3.4. Nuclear transformation
Nuclear transformation of Phaeodactylum tricornutum has been performed using a Bio
Rad Biolistic PDS-1000/He Particle Delivery System (Bio-Rad, Hercules, CA, USA)
fitted with 1350 psi rupture disks as described previously [5,171] . For the selection and
cultivation of P. tricornutum transformants 75 µg · ml-1 Zeocin (Invitrogen, Carlsbad,
CA, USA) was added to the solid medium. The plates were incubated at 20 ◦ C under
constant illumination (35 µmol · photons · m−2 · s−1 ) for three weeks.

2.3.5. Microscopy
Transformants were screened for the expression of GFP using an Olympus BX51
epifluorescence microscope equipped with a Nikon DXM1200 digital camera system
(Olympus Europe, Hamburg, Germany). Nomarski’s differential interference contrast
illumination was used to view transmitted light images. Chlorophyll autofluorescence
and green GFP fluorescence of the transformants were dissected using the mirror unit
U-MWSG2 (Olympus) and the filter set 41020 (Chroma Technology Corp, Rockingham, VT, USA) respectively. Six transformant lines expressing GFP in a detectable
amount were selected. All lines were analyzed by counting fluorescing nucleoids via
focusing through the chloroplast at 40× magnification (UplanFL objective, Olympus).
A total of 313 cells randomly chosen from the transformant lines in equal amounts
were analyzed. All cells displayed varying numbers of nucleoids in the plastids.
To stain DNA in living P. tricornutum cells, Hoechst 33342 dye (Bisbenzimide H
33342 Fluorochrome, Behring Diagnostics, La Jolla, CA, USA) was directly added to
the cells suspended in culture medium (10 µg · ml−1 end concentration of the dye)
prior to microscopical observation.
Analysis of GFP localization in P. tricornutum transformants was performed with a
confocal laser scanning microscope LSM 510 META (Carl Zeiss MicroImaging GmbH,
Göttingen, Germany) using a Plan-Apochromat 63×/1.4 Oil DIC objective. GFP and
chlorophyll fluorescence was excited at 488 nm, filtered with a beam splitter (HFT
488/543), and detected by two different photomultiplier tubes with a bandpass filter
(BP 505–530) for GFP fluorescence and a low pass filter (LP 650) for chlorophyll
(Chl) auto fluorescence. Transmitted light was detected at 488 nm excitation light.
Hoechst 33342 (Hoe) was excited in a second track at 405 nm, filtered with a beam
splitter (HFT 405/488) and detected by a photomultiplier tube with a bandpass filter
(BP 420–480). Maximum intensity z-projections were calculated from slices of image
stacks to ensure complete detection of Fluorochromes within a cell.

2.3.6. Quantitative real-time PCR (qPCR)
Isolation of nucleic acids
Total nucleic acids were isolated from cells via a cetyltrimethylammoniumbromide
(CTAB)-based method [65] . In addition to the standard protocol, the cell pellet result-
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ing from the initial centrifugation was mechanically homogenized using a pistil fitting
into 1.5 ml reaction tubes while slowly adding the CTAB buffer.

Oligonucleotide primer design
In order to keep amplification-based variations low all qPCR primers were designed to
provide equal conditions regarding annealing temperature (60 ◦ C), amplicon length
(100 ± 1 basepairs) and amplicon melting temperatures (TM), further formation of
hetero-dimers or self-dimers was avoided. The desired primer characteristics were
verified by two independent software tools, Primer express (Applied Biosystems, Lincoln, CA, USA) and DNASTAR primer select software, version 4.0 (DNASTAR Inc.,
Madison, WI 53705, USA). Prior to application all primer characteristics were also experimentally verified via horizontal gel-electrophoresis of amplicons using 2 % agarose
TAE gels and via melting curve analysis under qPCR conditions. Primers pairs producing detectable amounts of dimers or unspecific amplicons after 40 cycles were
discarded while only primer pairs leading to effective and specific amplification were
used for subsequent qPCR experiments.

Real-time PCR assays
qPCR was performed using the real-time PCR System 7500 (Applied Biosystems,
Lincoln, CA,USA) with applying the following program: 10 minutes of pre-incubation
at 95 ◦ C followed by 40 cycles for 15 seconds at 95 ◦ C and one minute at 60 ◦ C.
Individual qPCR reactions were carried out in 20 µl volumes in 96-well plates using
Power SYBR Green PCR Master Mix and optical covers by Applied Biosystems. Via
the system’s automatic threshold setting functionality the Cycle threshold (Ct) was
set at the level that reflected the best kinetic PCR parameters before melting curves
were acquired and analyzed. In order to cover errors introduced by either manual
handling or the PCR reactions themselves all reactions were performed in at least six
replicates.

Determination of PCR efficiencies
Prior to quantification experiments the respective PCR efficiencies were determined
for each amplicon. Total genomic DNA of Phaeodactylum tricornutum was diluted
in five serial 10-fold ranges and the Ct value at each dilution was measured. When
plotting the Ct values in dependency of the dilution the PCR efficiency (E) can
be calculated from the slope of the resulting logarithmic function according to the
following equation:
−1

E = e−slope
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2.3.7. Preparation of artificial templates
Fragments of the Phaeodactylum tricornutum dde gene (Protein ID 44635), the fbaC2
gene (a fructose bis-phosphate aldolase; class II, Protein ID 22993) and the psbA gene
(GenBank AY864816) were ligated in to pCR Script (Stratagene, La Jolla, CA, USA)
or pGEM-T (Promega, Madison, WI, USA) resulting in pCR-Script dde, pGEM-T fba,
and pCR-Script psbA. After calculating the molecular weight for each plasmid, the
DNA concentration was measured for each plasmid stock solution using an Ultrospec
UV/Visible Spectrophotometer (GE Healthcare, Chalfont St Giles, UK). Subsequently
all stock solutions were adjusted to contain the same amount of plasmid molecules
(0.8 µM ). The artificial templates were prepared from mixing the equimolar stock
solutions of pCR Script dde, pCR Script psbA and pGEM-T fba in the ratios 1 : 100 :
30, 30 : 1 : 20 and 1 : 1 : 1.

2.3.8. Fluorometric DNA detection
Phaeodactylum tricornutum was grown in liquid culture, cell concentrations were determined using a haemocytometer (Thoma chamber, 0.1 mm depth). To stain nucleic
acids in the cells, 0.5 µl of the SYBR Green I stock solution (Cambrex Bio Science
Rockland, Inc. Rockland, ME, USA) were added to 1.5 ml of the liquid culture.
After 45 minutes incubation the stained cells were observed directly in the staining
medium using a Axiovert 200 M epifluorescence microscope (Carl Zeiss MicroImaging
GmbH, Göttingen, Germany) and a 63× oil immersion objective. (Plan-Apochromat
63×/1.40 Oil DIC M27, Zeiss). Autofluorescence of the cells was minimized via narrow banded excitation of the cells, For this purpose the Zeiss Filter Set 44 (Excitation:
455-495 nm, Beam Splitter: 500 nm, Emission: 505-555) and the excitation system
Lambda DG-4 (Sutter Instrument Company, Novato, CA, USA) containing an additional bandpass filter (485–502 nm) were used. 12 bit grey level images were acquired
using a AxioCamMR3 (Zeiss) controlled by the software AxioVision (Zeiss). In order
to determine background fluorescence caused by light scattering and autofluorescence
of the cells control images of unstained cells were taken immediately after acquisition
of the measurement images using the same setup and settings. Silhouette outlines
of the cells (transmitted light channel) and the nuclei (fluorescence channel) were
drawn into the images using AxioVision’s outline spline function. The total number of pixels (densitometric area, DensArea), the sum of grey values (densitometric
sum, DensSum) and the average grey value of these outlines (densitometric mean,
DensM ean) were then determined using the fluorescence channel. To correct the
data for background fluorescence, DensM ean was determined for a circle nearby the
cells with 10 µm radius and the fluorescence (F luor) of any outline was calculated by
subtracting the background fluorescence from the outline’s DensSum:
F luoroutline = DensSumoutline − DensAreaoutline · DensM eanbackground
Cells were excluded from further analysis if their DensM ean did not exceed the
DensM ean of the background at least fourfold.
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2.4.1. Relative quantification of genes and genomes
In order to quantify organellar ploidies relative to the amount of nuclear genomes,
short fragments of the individual genomes were amplified from the same template via
quantitative real-time PCR (qPCR). The two organelle specific sequence fragments, as
well as the nucleus encoded calibrator sequence amplify with different efficiencies. Potential errors in the final result can then be minimized by correcting for PCR efficiency
differences. Hence instead of relying on commonly used relative quantification methods, such as the 2−∆∆Ct algorithm [188] we computed genome copy numbers from the
obtained qPCR raw data with taking into account PCR efficiencies as recommended
for the relative quantification of transcript levels by Pfaffl et al. [254,255] .
A = n · EC

(2.1)

Equation 2.1 describes the principle of PCR amplification. The number of amplicons
(A) detected as SYBR Green fluorescence, increases exponentially depending on the
amount of template molecules present in the beginning of the reaction (n), the PCR
efficiency (E) and the number of amplification cycles (C). We want to compare the
relative amounts of nuclear genomes and organellar genomes in the total DNA extract
used as template. Therefore we define a certain common threshold and determine
the number of cycles after which the detected SYBR Green fluorescence crosses this
threshold (Ct = Cyclethreshold). The number of nuclear (nuc) and organellar (orga)
amplicons then equates:
nnuc · Enuc Ctnuc = norga · Eorga Ctorga

(2.2)

The copy numbers of the organellar genes or genomes can then be determined
relative to the ploidy of the nucleus by resolving equation 2.2 as follows:
norga =

nnuc · Enuc Ctnuc
Eorga Ctorga

(2.3)

Equation 2.3 represents a mathematical model (GenQ) for the relative quantification of gene or genome copy numbers. Commonly, PCR efficiency corrected algorithms
for qPCR data analysis allow the computation of statistical parameters like mean and
standard deviation solely for the obtained raw data (Ct values). The translation of
these standard deviations into relative quantities is generally missing, thus complicating to rate the accuracy of a relative quantification. To overcome such limitations
we performed bootstrapping to estimate the sampling distribution. The original samples of Ct values from replicate measurements were sampled with replacement 10,000
times. For every obtained data constellation the relative organellar ploidy norga was
calculated according to equation 2.3, thus leading to the expected mean of norga and
the standard deviation.
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2.4.2. Determination of PCR efficiencies
Prior to the quantification of organellar ploidies, PCR efficiencies were determined
for the respective qPCR primer pairs as described in Materials and Methods. The
three genome specific amplicons amplified with similar efficiencies of 2.29 (dde), 2.27
(psbA) and 2.04 (cox1 ) (Figure SA.1, page 122). The PCR efficiencies for the artificial
template experiments were determined in an independent approach. For this purpose
the utilized artificial templates were equally pooled and diluted in four serial 10-fold
ranges. Subsequently the Ct value for each dilution was measured via qPCR. From the
slopes of Ct/log dilution plots the PCR efficiencies were calculated for each amplicon
(Table SA.1, page 122). The dde amplicon amplified with an efficiency of 2.1, the
efficiencies for psbA and fba were 2.08 and 2.14 respectively.

2.4.3. Organellar ploidies in Phaeodactylum tricornutum
Total DNA serving as template was extracted during exponential growth from two liquid cultures, grown independently under standard lab conditions (22 ◦ C, continuous
illumination at 35 µmol · photons · m−2 · s−1 . In order to understand and cover potential errors originating from preceding experimental procedures, both DNA extracts
were analyzed in separate qPCR runs (I-1 and I-2) rather than pooling them first
(Table 2.1, page 17). In both qPCR runs the cycle threshold (Ct) values vary only
slightly between replicates, standard deviations were on average below 0.155 cycles,
ranging from 0.08 to maximal 0.221 cycles. All resulting organellar genome copy numbers correspond to a single copy of the nuclear genome. The obtained plastid genome
copy numbers differed by 3.37 copies between run I-1 and I-2, the mitochondrial
genome copy numbers differed by 15.50 copies. On average (norga mean) the plastid of P. tricornutum, when grown under standard conditions contains 68.65 genome
copies, while 310.16 genome copies are found in the mitochondrial network. Since the
three genes dde, psbA, and fbaC2 exist as a single copy only in the respective genomes
of P. tricornutum (http://genome.jgi-psf.org/Phatr2/Phatr2.home.html) [241] , the obtained organellar ploidies correspond to a single (haploid) copy of the nuclear genome.
Analysis of the datasets generated by 10,000 fold bootstrapping revealed a normal
distribution of resulting relative genome quantities. Besides the distribution of results,
bootstrapping further allows to compute an expected genome copy number (boot
norga ) and the standard deviation (boot SD) thereof (Table 2.1). In run I-1 the
observed and expected numbers of plastid genome copies differed by 0.15, in run
I-2 only by 0.08 genome copies. Observed and expected mitochondrial genome copy
numbers differed by 0.94 (run I-2) and 0.32 (run I-2). Bootstrapping revealed standard
deviations of 4.92 (run I-1) and 2.62 (run I-2) plastid genome copies. The standard
deviations from the obtained mitochondrial genome copy numbers were 19.14 (run
I-1) and 17.29 (run I-2).
In order to calculate standard deviations from the obtained average ploidies (norga
mean) all data points from both qPCR runs combined were sampled. Analysis of
bootstrap data revealed expected average genome copy numbers (boot mean) of 68.68
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Table 2.1.: Relative quantification of organellar ploidies. The number of replicates (n), the average
cycle threshold values (Ct mean), the standard deviation (SD (Ct)) thereof and the genome copy
numbers (norga ) computed via GenQ are shown for the individual experiments. The results from
analyzing bootstrap data are highlighted in grey. Bootstrapping revealed an expected value for norga
(boot norga ) and the standard deviation in relative genome copy numbers (boot SD). In run I-1 and
I-2 biological replicates grown under standard conditions were analyzed. Besides the average ploidies
from both runs (norga mean) the results from bootstrapping the data of both runs combined are
shown, revealing an average expected ploidy for both runs (Boot mean) and the standard deviation
thereof (boot SD0 ). From norga mean and boot SD0 the coefficient of variation in % (boot CV [%])
was calculated. To examine if growth conditions can influence organellar ploidies cultures of different
ages grown in various salt concentrations were analyzed in qPCR runs II to V.

qPCR run
I-1

I-2

PCR efficiency
n
Ct mean
SD (Ct)
norga
boot norga
boot SD
n
Ct mean
SD (Ct)
norga
boot norga
boot SD
norga mean
boot mean
boot SD’
boot CV [%]

Nucleus
2.29

Plastid
2.27

Mito
2.04

8
29.447
0.221
1.00

9
24.574
0.144
70.34
70.490
4.916
7
24.084
0.080
66.97
67.051
2.62

9
26.211
0.126
302.40
303.342
19.137
9
25.508
0.170
317.91
318.227
17.29

1.00

68.65
68.68
2.882
4.198

310.16
310.27
12.984
4.186

9
28.903
0.180
1.00

II

n
Ct mean
SD (Ct)
norga
boot norga
boot SD

6
21.480
0.267
1.00

6
17.274
0.346
37.96
38.029
2.778

6
17.494
0.107
205.35
205.780
14.723

III

n
Ct mean
SD (Ct)
norga
boot norga
boot SD

6
24.270
0.236
1.00

6
19.209
0.154
78.40
78.829
7.935

6
20.418
0.256
257.80
258.723
22.142

IV

n
Ct mean
SD (Ct)
norga
boot norga
boot SD

6
29.743
0.117
1.00

6
24.968
0.083
65.09
65.157
3.478

6
26.087
0.369
422.12
424.427
46.822

V

n
Ct mean
SD (Ct)
norga
boot norga
boot SD

6
28.052
0.241
1.00

6
23.560
0.162
50.82
50.890
3.950

6
24.214
0.113
395.26
395.989
18.647
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P. tricornutum

65
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standard conditions

average - all conditions

Figure 2.1.: Relative quantification of organellar ploidies in Phaeodactylum tricornutum. A: Organellar ploidies were determined by relative quantification of the plastid encoded psbA gene and the
mitochondrial cox1 gene in two cultures grown independently under standard conditions (see text for
detail). The averaged ploidy levels (in relative quantities) are shown relative to a haploid nucleus
encoded genome. 10,000x bootstrapping of raw data reveals the sampling distribution and standard
deviations (boot SD’, error bars) in relative quantities rather than in Ct units. The resulting relative
quantities of the chloroplast encoded psbA gene (box framed in dark grey) and the mitochondrial
cox1 gene (box framed in bright grey) both follow a normal distribution. Low standard deviations
and the fact that the expected ploidies (distribution maxima, boot mean) merely differ from the observed average ploidies (bold values) indicate the accuracy of the method and the reproducibility of
technical and biological replicates. B: Average organellar ploidies of cultures grown under standard
conditions are compared to the overall average ploidies of all five analyzed cultures, including four
aging cultures grown in various salt concentrations. The averaged ploidies obtained from all templates
are similar to the observations under standard conditions, however the standard deviations (error bars)
are much higher suggesting direct or indirect effects of environmental conditions on organellar ploidy
levels. The variation in copy numbers as indicated by the coefficient of variation (CV), are very similar
in chloroplast and mitochondrial network.

plastid genomes and 310.27 mitochondrial genomes, merely differing from the observed
norga mean values (Table 2.2, Figure 2.1, page 18). The standard deviations (boot
SD’) from the average organellar ploidies dropped to 2.88 plastid genome copies or
12.98 mitochondrial genome copies, which corresponds to a variation of 4.20 % and
4.19 % respectively. Again, results were normally distributed (Figure 2.1), which, in
combination with the expected values merely differing from the averaged observed
copy numbers demonstrates the high reproducibility of the obtained results.

2.4.4. Biological effects on organellar ploidies
It has been suggested previously [70,175] , that the amounts of genomes per organelle are
susceptible change as a direct or indirect response to environmental stress. GenQ was
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Table 2.2.: Virtual ploidies of artificial templates. Three different artificial templates were prepared
from plasmid DNA solutions representing a cell’s different genome types. The plasmids were manually
adjusted and analyzed via qPCR in order to verify the quantification protocol. The average cycle
threshold values (Ct mean), the standard deviation (SD (Ct)) thereof and the genome copy numbers
(norga ) computed via GenQ are listed.
Artificial Template Ratios

PCR efficiency

dde
2.10

psbA
2.08

fbaC2
2.14

1:1:1

Ct mean
SD (Ct)
norga

13.229
0.062
1.00

12.658
0.071
1.76

13.077
0.187
0.90

30:1:20

Ct mean
SD (Ct)
norga

12.548
0.045
24.90

17.130
0.045
1.00

13.234
0.138
11.95

1:120:30

Ct mean
SD (Ct)
norga

18.213
0.135
1.00

11.801
0.077
134.35

13.893
0.244
19.62

used to address such effects in Phaeodactylum tricornutum. Our intention was not to
attribute changes in organellar ploidies to a certain set of environmental conditions,
but rather to examine if and to what extend such changes do occur in diatoms.
Total DNA was extracted from four different cultures of aging cells, which were
grown over time frames ranging from three weeks to several months on media containing different concentrations of salts (conditions not shown). The extracts served
as templates for the real-time qPCR analysis. The raw data, the resulting copy numbers and the results from bootstrapping are shown in Table 2.1 for all four cultures
(II to V). Standard deviations resulting from differing Ct values between replicate
measurements ranged from 0.083 to 0.369, with an average of 0.204 Ct units. As
expected, the obtained organellar genome copy numbers (which correspond to a haploid nuclear genome) differed substantially between the four cultures. Plastid ploidies
ranged from 38 to 79 genomes, while the mitochondrial genome content varied from
206 to 424 copies. The average organellar ploidies for the five analyzed cultures were
calculated (including norga mean from run I-1 and I-2) and compared to the ploidies
under standard growth conditions (Figure 2.1). While the resulting averaged ploidies
of 60.18 plastid genomes and 318.14 mitochondrial genomes are similar to the ploidies under standard growth conditions, the standard deviations increase significantly.
Averaging organellar ploidies from cells grown under various (including non-optimal)
environmental conditions caused standard deviations of 15.88 plastid genomes and
91.09 mitochondrial genomes, corresponding to variations of 26.39 % and 28.63 % respectively.
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Figure 2.2.: Relative quantification of virtual ploidies in artificial templates. To verify the protocol
for relative quantification of genes and genomes, three manually prepared artificial templates were
analyzed. Each template was composed of plasmids, which represent in different ratios the three
genome types of a eukaryotic cell. The observed relative quantities reflect the intended plasmid ratios,
however deviate to some extend. The reproducibility of these results among technical replicates was
high suggesting that the observed deviations can be attributed to inaccuracies during the manual
preparation of artificial templates. The error bars represent a hypothetical deviation resulting from a
pipetting error of max. ±0.5 µl during each step of the artificial templates preparation. The horizontal
dividers within the whiskers mark the individual intended values.

2.4.5. Verification of GenQ—artificial templates
In order to verify the detected organellar ploidies, we decided to analyze artificial templates of known composition. Artificial templates were manually prepared by mixing
plasmids, the composition of different genomes in a real DNA extract being virtually represented by the relative amounts of the respective plasmids in the mixture.
The used plasmids contained a dde fragment, a psbA fragment, or a fragment of the
fbaC2 gene. After manually adjusting the plasmids containing dde, psbA and fbaC2
fragments to the approximate ratios 1:1:1, 30:1:20 and 1:100:30 the resulting artificial templates were analyzed via qPCR (Table 2.2). Each reaction was performed
in six replicates. Again relative quantities were calculated via GenQ. The Ct standard deviations between replicates were with one exception below 0.19 cycles, thus
demonstrating the high reproducibility of results. The determined ratios of plasmid
copy numbers reflected the intended plasmid compositions of the respective artificial template. However, the exact obtained ratios (1 : 1.76 : 0.9, 24.9 : 1 : 11.95
1 : 134.35 : 19.62) deviated from the intended values to some extend (Figure 2.2,
page 20). Errors from spectrophotometrical measurements of plasmid-DNA concentrations and pipetting during manually adjusting the artificial templates can lead to
the observed deviations. The error bars in Figure 2.2 only reflect the range of hypothetical results due to a pipetting error of ±0.5 µl during every step of the artificial
template preparation.
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2.4.6. Fluorometric DNA detection
Knowing the copy numbers and sizes of organellar genomes allows us to calculate
the amount of DNA per Phaeodactylum tricornutum cell. The genome of Phaeodactylum tricornutum was sequenced at the United States Department of Energy Joint
Genome Institute (JGI, http://www.jgi.doe.gov/). The current assembly (v2.0)
consists of 26.1 Mega base pairs “finished chromosomes” (http://genome.jgi-psf.
org/Phatr2/) plus another 1.3 Mega base pairs of “unmapped sequence” (soon accessible at http://genome.jgi-psf.org/Phatr2_bd/), adding up to 27.4 Mega base pairs
nuclear genome size (haploid set). Via sequencing, the size of the plastid genome of
P. tricornutum (GenBank Accession NC_008588) was determined to be 117369 base
pairs [241] , the size of the mitochondrial genome was determined to be 83793 base pairs
(M-P. Oudot-Le Secq and B. R. Green, personal communication). These genome sizes
were multiplied with the respective copy numbers determined in this study. Via the
average molecular weight of double stranded DNA (660 g · mol−1 ) the total DNA
amount per haploid cell was calculated to be 0.067 pg · cell−1 (Table 2.2). The ratio of nuclear DNA to organellar DNA was calculated to be on average 45.5 % with
a range from 39 % to 56 % of nuclear DNA. To confirm this ratio, which is based
on our GenQ results, we analyzed fluorescence images of a P. tricornutum liquid
culture (1.39 · 107 cells · ml−1 ) stained with SYBR Green I. Bright fluorescent nuclei
could be observed in most of the cells (Figure 2.3, page 22). After adjustments of
brightness, contrast and gamma correction also extranuclear DNA could be visualized,
mostly associated with the plastids. The original images were used for fluorescence
quantification without further adjustment of the display settings. Nuclear and total
fluorescence was determined as described in Materials and Methods (Figure 2.3 E).
Subsequently the ratio of nuclear to total fluorescence (F luornucleus /F luorcell ) was
calculated for 45 examined cells, ranging from 53.5 % to 75.5 % with an average of
66.3 % and a standard deviation of 4.6 % (Figure 2.4, page 23). In control images of
unstained P. tricornutum cells, equal average grey values (DensMean) were measured
for outlines of cells and backgrounds of the respective images (data not shown), thus
confirming that cellular autofluorescence was efficiently excluded from the measurements.

2.4.7. Labelling of organellar nucleoids
To mediate DNA binding we chose the highly conserved recombinase RecA. The Nterminus of the RecA homologue, identified in Phaeodactylum tricornutum (Protein
ID 54013), features a bipartite plastid targeting sequence. In order to verify plastidic
localization of the recA gene product, a fragment encoding for the presequence only
was fused to eGFP (preRecA:GFP, Figure 2.5 A, page 24). Phaeodactylum tricornutum transformants expressing this fusion protein showed GFP fluorescence colocalized
with the chlorophyll autofluorescence (Figure 2.5 B), indicating import of RecA into
the diatom’s plastid. Transformation of P. tricornutum with the RecA:GFP construct
allows expression of a full length RecA:eGFP fusion protein (Figure 2.5 A, C). Fluo-
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Figure 2.3.: Relative fluorometric DNA quantification. A: Transmitted light view of Phaeodactylum
tricornutum cells stained with SYBR Green I. B: SYBR Green I fluorescence of the same specimen
with bright fluorescent nuclei, brightness (br), contrast (co) and gamma correction (γ) adjustment
reveals also fluorescence of non nuclear DNA, the distribution of grey values (histogram inserted at
lower left) shows no overexposure of the image, a prerequisite for quantitative analyses. C: Merged
image of A and B showing that most non nuclear DNA fluorescence is associated with the plastids.
D: Outlines drawn manually into the image to calculate the ratio of nuclear to total fluorescence of
individual cells, measurements are done on the originally acquired image (see histogram inserted at
lower left and brightness, contrast and gamma correction settings). E: Densitometric values measured
from D, fluorescence (Fluor.) was calculated by subtraction of the background from the densitometric
sum (DensSum) of the outline if the densitometric mean (DensMean) exceeded the DensMean of the
Background at least fourfold, see text for details.
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Figure 2.4.: Ratios of nuclear to organellar DNA in Phaeodactylum tricornutum cells. The ratio
of nuclear to organellar DNA content (in basepairs) was calculated based on genome sizes and our
qPCR based determinations of genome copy numbers (left bar) and compared to the ratio of nuclear
fluorescence to total fluorescence (right bar) in Phaeodactylum tricornutum cells stained with SYBR
Green I. Nuclear fluorescence ratios were determined for 45 cells. The error bars represent the standard
deviations. The ratio of nuclear to organellar basepairs was calculated from the respective average
ploidies of the five cultures analyzed in this study.

rescence microscopic analysis of transformants revealed GFP fluorescence associated
with the chlorophyll autofluorescence, but restricted to small spots at the periphery of
the chloroplasts (Figure C). Within these spots GFP fluorescence could be colocalized
with fluorescence resulting from DNA stained with Hoechst 33342. No GFP fluorescence was associated with nuclear DNA, which showed the brightest fluorescence in
the Hoechst 33342 stain (Figure 2.5 C). Interestingly we observed two different plastid
types, displaying either one big nucleoid (Figure 2.5 C, upper row) or several smaller
nucleoids randomly distributed in the periphery of the plastid (Figure 2.5 C, lower
row).

2.4.8. Quantification of plastid nucleoids
The average number of nucleoids per plastid, in P. tricornutum transformants expressing RecA:GFP was determined via fluorescence microscopy. Fluorescing nucleoids
were counted in 313 individual transformants. Cells containing only one big nucleoid
(157 cells) and cells with several small nucleoids (156 cells) were observed with a frequency ratio of 1 : 1. On average plastids contained 3.9 nucleoids, with a standard
deviation of 1.27. We observed up to 9 nucleoids per plastid, with a majority of 82.2 %
of all analyzed plastids containing 3–5 nucleoids as shown in Figure 2.6, page 25.
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Figure 2.5.: Selective labeling of plastid nucleoids. A: GFP fusion protein constructs, presequence
(preRecA:GFP) and full length (RecA:GFP) Phaeodactylum tricornutum RecA fused to GFP, presequence structure as indicated. B: Localization of preRecA:GFP, Nomarski’s differential interference
contrast (DIC), Chlorophyll autofluorescence (Chl), DNA stained with Hoechst 33342 dye (Hoe), GFP
fluorescence and a merged image showing the respective channels in the indicated colours are shown
from left to right, adjustment of the display settings brightness (br), contrast (co) and gamma correction (γ) reveals plastidic nucleoids (orange arrows) in the Hoe channel, maximum intensity z-projections
from 12 slices of a stack with 2.9 µm depth, GFP is imported into the plastid and equally distributed
within the stroma. C: Localization of RecA:GFP, plastidic nucleoids can be recognised in the Hoe
channel and two phenotypes can be distinguished in the upper and the lower row (one nucleoid vs. several nucleoids, orange arrows), maximum intensity z-projections from 18 slices of a stack with 4.4 µm
depth (upper row) and from 12 slices of a stack with 2.9 µm depth (lower row), GFP selectively labels
these plastidic nucleoids.
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Figure 2.6.: Frequency of nucleoids per plastid. Labelled nucleoids were counted via fluorescence
microscopy in 313 cells of Phaeodactylum tricornutum expressing RecA:eGFP. Two major phenotypes
could be distinguished containing either one large, or several small nucleoids per plastid. The analyzed
plastids contain on average 3.9 nucleoids. Up to 9 nucleoids per plastid were observed with 82.2 % of
all analyzed plastids containing 3–5 nucleoids.
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2.5. Discussion
2.5.1. The GenQ algorithm - quantification of organellar ploidies
To determine organellar genome copy numbers, gene fragments of plastid (psbA), mitochondrial (cox1 ) and of nuclear origin (dde) were amplified via qPCR and quantified
relatively to nuclear calibrator gene dde. In order to provide a cost-efficient highthroughput method for the quantification of genes and genomes we relied on SYBR
Green I instead of using more specific, though costly, fluorogenic probes. The Ct standard deviations were on average below 0.155 cycles, and in any case below 0.3 cycles
as recommended for a reliable relative quantification by Bubner and Baldwin [33,34] .
Computation of average ploidies revealed approximately 69 genome copies in the plastid and 310 genome copies in the mitochondrial network per nuclear genome copy of
Phaeodactylum tricornutum. Hence, the diploid diatom [134] contains on average 137
plastid genome copies and 620 copies of the mitochondrial genome, which once more
demonstrates the extraordinary high ploidy levels of cell organelles.
In order to analyze the sampling distribution of the obtained results and to determine standard deviations in units of genome copy numbers, 10,000 fold bootstrapping
was introduced to the computation of ploidies via GenQ. Efficiency corrected models
for the analysis of qPCR raw data commonly deliver mean and standard deviations of
Ct values but fail to translate these statistical parameters in copy numbers. Bootstrapping on the other hand provides a true measure for accuracy, hence we recommend
the general introduction of bootstrapping to qPCR based quantifications. In our case
the analysis of bootstrap data revealed standard deviations of 2.88 plastid genomes
and 12.98 mitochondrial genome copies from the average ploidies (norga mean), which
corresponds in both cases to a variation (boot CV [%]) of 4.2 % (Table 2.1). The distribution of results followed a normal distribution (Figure 2.1), which in addition to the
low Ct value standard deviations and equal variations of plastid and mitochondrial
ploidies demonstrates the accuracy and high reproducibility of the quantification protocol. The genome copy numbers obtained in qPCR run I-1 and I-2 differed by 3.37
plastid genomes and 15.50 mitochondrial genome copies, which corresponds to a variation of 4.9 % and 5 % respectively. The fact that the variations between both qPCR
runs were similar to the variations of plastid genomes and mitochondrial genomes
within run I-1 (7 % and 6.2 %) or run I-2 (3.9 % and 5.4 %) suggests that only a minor
error originates from the independent template preparations from biological replicates.

2.5.2. Calculation of cellular DNA contents
Determining organellar ploidies further enabled us to calculate DNA contents of the
individual cellular compartments and the whole cell (Table 2.3). The nucleus of
P. tricornutum contains 45.5 % of the total cellular DNA. While plastid DNA only
amounts to 11.6 %, the mitochondrial network contains almost as much DNA as the
nucleus: 42.9 % of the cell’s total DNA (Figure 2.4).
The total DNA amount of a haploid P. tricornutum cell was calculated to be
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Table 2.3.: DNA content and distribution in a Phaeodactylum tricornutum cell. Genome sizes were
multiplied with the respective genome copy numbers determined in this study in order to calculate the
amounts of DNA in the nucleus and the organelles as ratios of a cell’s total DNA. Furthermore the
amount of DNA per cell in pg · cell−1 was calculated via the average molecular weight of double
stranded DNA (660 g · mol−1 )
culture

I mean

II

III

IV

V

Nucleus

Plastid

Mito

∑

DNA weight
[pg/cell]
haploid
diploid

copy number
Genome size
Basepairs
Ratio

1.00
27400000
27400000
0.45

68.65
117369
8057629
0.13

310.16
83793
25989062
0.42

27601162
61446691
1.00

0.067

0.135

copy number
Genome size
Basepairs
Ratio

1.00
27400000
27400000
0.56

37.96
117369
4454801
0.09

205.35
83793
17206474
0.35

27601162
49061274
1.00

0.054

0.108

copy number
Genome size
Basepairs
Ratio

1.00
27400000
27400000
0.47

78.40
117369
9201540
0.16

257.80
83793
21602187
0.37

27601162
58203726
1.00

0.064

0.128

copy number
Genome size
Basepairs
Ratio

1.00
27400000
27400000
0.39

65.09
117369
7639516
0.11

422.12
83793
35370717
0.50

27601162
70410233
1.00

0.077

0.154

copy number
Genome size
Basepairs
Ratio

1.00
27400000
27400000
0.41

50.82
117369
5965275
0.09

395.26
83793
33120051
0.50

27601162
66485326
1.00

0.073

0.146

mean
SD

0.455
0.066

0.116
0.029

0.429
0.070

1.000
0.165

0.067
0.009

0.134
0.018
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0.067 pg · cell−1 , which corresponds to 0.134 pg · cell−1 in the diploid diatom (Table 2.3). These findings are supported by the original experiments of W.M. Darley [58] ,
who measured via UV-spectrofluorometry 0.12 pg · cell−1 of total DNA in P. tricornutum cells. More recent studies venturing into alternative quantification techniques
relied on fluorochrome staining of whole cells [334] or analytical density gradient ultracentrifugation [285] . However, the two approaches generated rather diverging results,
predicting total DNA contents of 0.249 pg · cell−1 [334] or 0.0133 pg · cell−1 [285] . Fluorochrome staining mediated quantification of DNA contents in whole cells depends on
a calibration via analysis of appropriate standards. Since most standards can hardly
reflect the conditions of phototrophic eukaryotic cells (especially regarding absorption and interference of fluorescence and unspecific staining of subcellular structures)
the predicted results can over- or underestimate the actual DNA contents. In contrast, spectrofluorometrical quantification of total DNA extracts tends to be more
accurate. The fact that our calculation of the DNA content, which is based on a
correct estimation of organellar ploidies, reveals results similar to the outcome of
spectrofluorometrical quantifications provides further support for the accuracy of the
quantification protocol presented here.

2.5.3. Fluorometric DNA quantification
From individual genome sizes and the GenQ-based computation of organellar ploidies
the ratio of nuclear to total DNA was calculated to be approximately 46 %. However,
the fluorometric DNA quantification overestimated the nucleus assigned DNA content
(Figure 2.4). Indeed the nucleus of the diatom is tightly surrounded by the plastid and
the mitochondrial network, containing together more than half of the cell’s total DNA.
Therefore, overestimation of nuclear versus extranuclear, i.e. organellar DNA contents
can be expected. Imaging based quantification of fluorescence offers the possibility to
analyze and compare individual cells. However, for accurate quantification of DNA
contents analyzing DNA extracts is preferable to the examination of whole cells.

2.5.4. Detection of changing organellar ploidies
It was previously shown that plastid and mitochondrial ploidies respond to changing
growth conditions [70,175] suggesting that ploidy levels can be regulated. However, several studies focusing on changing ploidy levels during chloroplast development and
aging in protists [13,47,236] and plants [185,216,240,276,364] report rather conflicting results.
We measured organellar ploidies in P. tricornutum cells, which were grown in media
with different salt concentrations over extended time periods, ranging from three weeks
to two months. Quantification of genome copy numbers revealed for both organelles
almost equal deviations from the average ploidies. The ploidy levels of both organelle
types varied by approximately 30 % among the individual cultures (Figure 2.1). Our
fluorometric DNA quantifications of 45 individual cells revealed a standard deviation
from the average nuclear DNA content of 4.6 %, which equals a ploidy variation of
either 14.9 % in the plastid or of 4.6 % in the mitochondrial network. The ploidy
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variation detected for plastids (26.4 %) and mitochondrial network (28.6 %) in the
templates II to V therefore represent a significant change, which cannot be explained
with ordinary fluctuation among different cells, but has to be attributed to changing
environmental conditions.
Elucidating ploidy related questions largely depends on an accurate monitoring of
organellar genome copy numbers. qPCR based quantification protocols are ideal to
address such problems, since their high-throughput capability allows to analyze large
numbers of samples including adequate numbers of technical and biological replicates.
Hence the presented quantification protocol might lead the way to resolving the conflicting results of currently ongoing debates.

2.5.5. In vivo imaging of plastid nucleoids
Previous studies already reported nucleoid labeling by fusing DNA binding proteins
such as PEND [280,281] , or Abf2 [103] to a fluorescence marker. However, these proteins
are species and organelle-specific and not available in most plants or in microalgae [317] .
Fusing eGFP to RecA, an evolutionary conserved protein with functional and structural analogs in all kingdoms of life [71,289,358] and excellent DNA binding capabilities [358] enabled us to label plastid nucleoids for the first time in a microalga. Imaging
via confocal laser scanning microscopy revealed the spatial arrangement of nucleoids
in living cells (Figure SA.2, page 122 and animated view of Figure SA.2, see page
32). On average P. tricornutum plastids contain about 4 nucleoids, which would
correspond to approximately 35 genome copies per nucleoid. However, while DNA
contents remained relatively constant among different cells the analyzed plastids displayed a wider range of nucleoid frequencies, suggesting varying genome contents for
plastid nucleoids. Furthermore the presence of two different equally distributed phenotypes was discovered. The plastids of 313 cells contained either one large nucleoid
or several small nucleoids. In accordance with previous findings the presence of two
different phenotypes clearly indicates significant changes in morphology and in the
dynamics of plastid nucleoids. The cause of these changes remains elusive, however it
appears plausible that they are linked to cell cycle and organellar propagation [56,282] .

2.5.6. Comparison to previous techniques and conclusion
Initially, the existence of organellar DNA, which apparently replicated and segregated
independently from the nuclear genome, was discovered by analyzing the distribution
of radioactively labeled DNA among progeny chloroplasts. For this purpose autoradiographs were analyzed via light microscopy [96,97] . This technique did not reveal
exact genome copy numbers, but the number of segregating units could be calculated.
More recent methods for determining DNA contents and ploidies were based on reassociation kinetics of 125I-labeled or UV spectrometrically detected dsDNA [80,80,94,262] .
Most studies rely on fluorochrome staining of nucleic acids with subsequent fluorescence quantification via fluorescence microscopy [236] or flow cytometry [334] to estimate
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DNA contents. However, absorption, quenching, and interference of emitted fluorescence impair precise quantifications. In addition, fluorochromes such as DAPI or
SYBR Green stain all deoxyribonucleic acids within the cell regardless of their genomic
affiliation. Observed fluorescence then needs to be assigned to the different cellular
compartments, introducing another potential source of error. Hence, fluorochromestaining techniques are predominantly useful for monitoring local changes in DNA
contents, but they lack the capability to reveal exact genome copy numbers. This
equally applies to Southern blot hybridization of genome specific probes with total
cellular DNA, even though this method was recently shown to be more reliable when
monitoring changes in genome copy numbers [185] . Another major drawback of the
above-mentioned techniques is the necessity of complicated experimental procedures,
thus preventing rather comprehensive comparative studies. In combination with appropriate raw data analysis, qPCR based methods represent an ideal alternative to
previous methods providing both accurate quantification and high-throughput applicability. Recently chloroplast genome copy numbers were determined by Zoschke et
al. [364] for the first time via relative quantification to compare ploidies in leaf plastids
of Arabidopsis thaliana. Since the comparison of ploidies rather than exact quantification was the primary goal the authors applied the 2−∆∆Ct method, which does not
take into account PCR efficiency differences between nuclear and plastidic amplicons.
We determined ploidies for both organelle types in Phaeodactylum tricornutum via
the new algorithm GenQ, which corrects for PCR efficiencies, thus enabling the accurate quantification of genes or genomes. The introduction of bootstrapping to the
quantification protocol represents a novel approach to qPCR data analysis. In order
to visualize segregating units of organelles, fluorescent dyes for non-specific staining
of nucleic acids have been widely used in the past [51,304,351,352] . While discriminating
DNA from different cellular compartments via fluorochrome staining is difficult and
prone to errors, toxic effects of fluorescence dyes like DAPI or SYBR Green also prevent monitoring of living cells. In some rare cases in vivo labeling of nucleoids has been
achieved in both, plastids and mitochondria [103,144,317] . Specific proteins involved in
intraorganellar DNA binding were fused to GFP (green fluorescent protein). Expressing such fusion proteins in the organism of interest resulted in fluorescing nucleoids.
Depending on certain DNA binding proteins this labeling technique was previously
only applicable in a limited number of organisms that does not include any microalgal
species [317] . To overcome this limitation we exploited the DNA binding capabilities of
the RecA protein. Labeling plastid nucleoids with RecA:eGFP fusion proteins allowed
three-dimensional in vivo imaging of plastid nucleoids in the diatom. The high degree
of evolutionary conservation of RecA might enable imaging of organellar nucleoids in
a wide range of organisms, to which similar techniques were previously not applicable.
In summary, imaging and GenQ based quantification of organellar genomes provide access to a wide range of applications. The presented techniques can help to
understand environmental or developmental effects on ploidies and on the spatial localization of organellar genomes. Such insights contribute to the overall picture of the
development, propagation and evolution of cell organelles. Finally, we expect that by
enabling relative quantification of genes or genomes in a species-independent manner,
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GenQ will also support a wider range of fields (e.g., interspecies relations, such as
parasitism or endosymbiosis).
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2.6. Supporting Information

Figure SA.1 PCR efficiencies. Calculation of PCR efficiencies for qPCR primer pairs
used for A the quantification of organellar genomes and B for the analysis of
artificial templates. The Ct values obtained from analyzing a serial dilution of
a template via qPCR follow a logarithmic function. The efficiencies correspond
to the slopes of the functions (see text for details). Printed on page 122

Figure SA.2 Confocal Laser Scanning Microscopy (CLSM) reveals the 3-dimensional
distribution of plastid nucleoids in vivo. Phaeodactylum tricornutum expressing
RecA:eGFP, maximum intensity z-projections from 11 optical slices of a stack
with 2.63 µm depth chlorophyll autofluorescence shown in red, GFP fluorescence
shown in green; GFP selectively labels the plastid nucleoids, revealing their
spatial arrangement inside the plastid. Printed on page 122

Animated view of Figure SA.2 Three-dimensional arrangement of plastid nucleoids.
CLSM of the RecA:eGFP expressing transformants generated stacks of 11 maximum intensity z-projections. Merging the chlorophyll autofluorescence and the
GFP fluorescence results in an image stack of the entire plastid with labeled
nucleoids at subsequent focal planes with a 2.63 µm depths. From this image
information a three-dimensional representation of the plastid was computed using the Zeiss Software LSM Image Browser. Found at: GenQSrotation.pps1 ;
(279 KB PPS)

Table SA.1 Real-time PCR primers. † Primers used for the relative quantification
of organellar ploidies; ßtextsuperscript* primers used for analyzing the plasmid
composition of artificial templates. Printed on page 121
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3.1. Abstract
Plastids of diatoms and related algae evolved by secondary endocytobiosis, the uptake of
a eukaryotic alga into a eukaryotic host cell and its subsequent reduction into an organelle.
As a result diatom plastids are surrounded by four membranes. Protein targeting of nucleus encoded plastid proteins across these membranes depends on N-terminal bipartite
presequences consisting of a signal and a transit peptide-like domain. Diatoms and cryptophytes share a conserved amino acid motif of unknown function at the cleavage site of the
signal peptides (ASAFAP), which is particularly important for successful plastid targeting.
Screening genomic databases we found that in rare cases the very conserved phenylalanine
within the motif may be replaced by tryptophan, tyrosine or leucine. To test such unusual
presequences for functionality and to better understand the role of the motif and putative
receptor proteins involved in targeting, we constructed presequence:GFP fusion proteins
with or without modifications of the “ASAFAP”-motif and expressed them in the diatom
Phaeodactylum tricornutum. In this comprehensive mutational analysis we found that only
the aromatic amino acids phenylalanine, tryptophan, tyrosine and the bulky amino acid
leucine at the +1 position of the predicted signal peptidase cleavage site allow plastid import, as expected from the sequence comparison of native plastid targeting presequences
of P. tricornutum and the cryptophyte Guillardia theta. Deletions within the signal peptide
domains also impaired plastid import, showing that the presence of F at the N-terminus
of the transit peptide together with a cleavable signal peptide is crucial for plastid import.

Keywords
Chloroplast · Diatom · Evolution · Import · Presequence
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According to the actual view, all plastids can be traced back to an endosymbiotic
event in which a cyanobacterium was taken up by a eukaryotic cell, followed by the reduction of the endosymbiont to an organelle. The resulting primary plastids are monophyletic and are found in glaucophytes, rhodophytes, chlorophytes and land vascular
plants [198,223,273] . Diatoms and other groups of algae possess secondary plastids which
originated from a secondary endocytobiosis event: the uptake of a eukaryotic alga possessing primary plastids into a heterotrophic host cell. This endosymbiotic alga again
was subsequently reduced to a plastid. Secondary plastids are surrounded by either
three or four membranes and thus are also known as complex plastids [40,41,203] . Secondary endocytobiosis was a key event during the evolution of a variety of organisms
and was found to have occurred at least twice, as some complex plastids have a green
algal origin while others are related to red algae [40,41] . There is increasing evidence
that the secondary plastids of the red algal lineage originate from a single endosymbiotic event and that the resulting chromalveolates (including heterokonts, cryptophytes,
haptophytes, apicomplexa and dinoflagellates) might be monophyletic [40,128] . While
cryptophytes still possess a remnant nucleus of the endosymbiont, the nucleomorph,
which is located in the periplastidic space between the second and third envelope
membrane, in heterokonts (including diatoms) the reduction of the endosymbiont included the loss of the endosymbiont’s nucleus, the mitochondria and all other cytoplasmatic components [150] . In apicomplexean parasites (like Plasmodium falciparum, the
causative organism of malaria) also the plastid itself is highly reduced (with respect
to genome size and endomembranes) down to the colourless and non-photosynthetic
apicoplast [340] .
During the reduction of the primary and secondary endosymbiotic cells, most of
the genes of the endosymbiont were either lost, replaced by genes of the host or transferred to the nucleus of the host cell [59,196,319] . Therefore an efficient plastid protein
import system had to be established in order to provide the organelles with plastid
proteins now encoded in the nucleus [141,169] . This must have been quite a challenge
since at least 1240 plastid proteins were experimentally identified in the higher plant
Arabidopsis thaliana [130] , while the plastid proteome of A. thaliana in total was estimated to consist of about 2700 different proteins [214] . Protein targeting across the two
envelope membranes of the primary plastids of land plants is well characterised and
is mainly based on posttranslational import by two protein translocator complexes
called Toc and Tic (translocator of the outer/inner chloroplast envelope membrane)
and a subsequent cleavage of the N-terminal targeting signal called transit peptide [296] .
In cryptophytes and diatoms there are two additional membranes around the plastids, the outermost being studded with ribosomes and continuous with the endoplasmic reticulum (ER) [99] . The plastid genomes of the diatom Phaeodactylum tricornutum and the cryptophyte Guillardia theta contain only 162 and 177 genes [64,241] ,
however, a plastid proteome size similar to that of higher plants must be assumed, because photosynthesis is a rather complex process. Plastid protein import is therefore
an important process for diatoms and cryptophytes, but the mode of protein translo-
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cation into these complex plastids derived from red algae is still mysterious [154] . Presequences of nucleus encoded plastid proteins consist of a signal peptide followed by a
transit peptide-like domain [244] . The functionality of both domains was proven individually in vitro in heterologous import systems [25,46,142,178,227,342] , and previous studies
in the diatom Phaeodactylum tricornutum demonstrated the in vivo functionality of
native plastid presequences:GFP fusion proteins [6] . Interestingly, also heterologous
presequences from the diatom Odontella sinensis [156,173] or from the dinoflagellate
Symbiodinium sp. [177] and the cryptophyte G. theta [105] were able to direct GFP into
the plastid of P. tricornutum, indicating similarities between the plastid protein import machineries in cryptophytes, dinoflagellates and diatoms.
Another striking similarity of cryptophytes and diatoms is the presence of a conserved amino acid motif at the signal peptide’s predicted cleavage site (ASAFAP) in
both algal groups [105,156,169] . Unlike most other import systems based on cleavable presequences, here the presence of a single amino acid is most crucial for plastid import.
Also surprisingly large parts of the C-terminus of the transit peptide-like domain can
be deleted without affecting protein transport into diatom plastids in vivo [6] , while
the exchange of phenylalanine within the “ASAFAP”-motif may block protein import
completely [156] . Although this phenylalanine is highly conserved, recent large scale
sequencing projects on diatoms and cryptophytes revealed a few presequences that
contain other aromatic amino acids (tryptophan, tyrosine) or leucine instead.
To evaluate the necessity of individual amino acids within the presequence and to
collect information about possible receptor proteins that recognise the presequences,
we tested these presequences by in vivo experiments and modified existing presequences by site directed mutagenesis. We demonstrate that most modifications concerning the phenylalanine within the “ASAFAP”-motif block plastid import of the respective fusion protein, while a few other substitutions in the same position allow
plastid import.
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3.3.1. Sequence analysis
We screened sequences from a Guillardia theta EST project [105,106] and from the current US Department of Energy Joint Genome Institute (JGI1 ) diatom genome sequencing projects for the diatoms Thalassiosira pseudonana 2 [7] and Phaeodactylum
tricornutum 3 (Bowler et al., in preparation) as well as publicly available databases
of sequences from secondary algae for sequences with homology to plastid proteins
using the BLAST algorithm [2] . Resulting hits were screened for the presence of signal
peptides using the program SignalP4 [20] . For cleavage site predictions the results of SignalP’s Neuronal networks (NN) [233] or Hidden Markov Models (HMM) [234] were used;
for prediction of chloroplast transit peptide-like domains, the programs ChloroP5 [79]
and TargetP6 [78] were utilised. The transit peptide-like domains of bipartite plastid targeting sequences often attain poor prediction scores, so we used the NCBI7
Conserved Domain Search8 [194] to identify N-terminal extensions from the conserved
regions of the respective protein. If a distance of at least 10 amino acids between
the predicted cleavage site of the signal peptide and the region of high homology
to respective proteins of other organisms was found, also a weakly predicted transit
peptide-like domain was accepted. Sequence logos [288] were prepared using the WebLogo server9 [55] , to illustrate the predictions of the different algorithms with predictions
combining computation and manual correction.

3.3.2. Plasmid constructs
Standard cloning procedures were applied [279] . Polymerase chain reaction (PCR) was
performed with a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using
recombinant Pfu polymerase (Fermentas, GmbH, St. Leon-Rot, Germany) according
to the manufacturer’s instructions. All presequences used in this work are based
on cDNAs derived from Phaeodactylum tricornutum or from Guillardia theta. To
produce the G. theta GtPGK:GFP (GenBank AM413041) and the P. tricornutum
PtFBAC1:GFP (GenBank AY191866) constructs, GFP fusions were inserted into the
EcoRI and HindIII restriction sites of the Phaeodactylum tricornutum transformation
vector pPha-T1 (GenBank AF219942, [362] ). Unmodified presequences were amplified
by PCR, including 5–8 base pairs upstream of the start codon to facilitate initiation
of translation [165] . Homologous primer pairs contained EcoRI and NcoI restriction
1

http://www.jgi.doe.gov/
http://genome.jgi-psf.org/Thaps3/Thaps3.home.html
3
http://genome.jgi-psf.org/Phatr2/Phatr2.home.html
4
http://www.cbs.dtu.dk/services/SignalP/
5
http://www.cbs.dtu.dk/services/ChloroP/
6
http://www.cbs.dtu.dk/services/TargetP/
7
http://www.ncbi.nlm.nih.gov/
8
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
9
http://weblogo.berkeley.edu/
2
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sites within the upstream or downstream primers, respectively. Fusions of the plastid
preprotein presequences to the gene encoding the enhanced green fluorescent protein
(GFP) were performed by using an NcoI restriction site containing the start codon of
the GFP gene (BD Bioscience, Palo Alto, CA, USA). For the PtOEE1:GFP (GenBank
AY191862, Protein ID 2033110 ) fusion protein the downstream primer for presequence
amplification contained the restriction sites XbaI and XhoI leading to the derived
artificial amino acid sequence “SRMLE” (indicated in Figure 3.2, page 43). Here, the
presequence was fused to the GFP gene via a XhoI restriction site and the GFP fusion
was inserted into the EcoRI and HindIII restriction sites of pPha-T1. Construction
of the GFP fusion proteins PtOEE1:GFP and PtFBAC1:GFP has been described in
more detail previously [6,155,156] . For the construction of the PtHLIP2:GFP (Protein
ID: 55112), PtFBPC4:GFP (Protein ID: 54279) and PtFSA:GFP (Protein ID: 20779)
fusion proteins GFP has been amplified in a first step, adding the recognition site
for StuI upstream of the start codon ATG, which allowed in frame cutting. The
shuttle vector pPha-T1 was linearised using EcoRV and the modified GFP fragment
was ligated into the plasmid in the orientation of the fcpA promoter, resulting in the
plasmid pPha-T1-GFP. The precequences were amplified using unmodified Primers.
After digesting pPha-T1-GFP with StuI the presequence amplification products were
ligated into the plasmid upstream of, and in frame with GFP. All constructs were
sequenced from their 5’ end, to ensure correct cloning.
Site directed point mutagenesis was performed with the QickChange mutagenesis
Kit (Stratagene, La Jolla, CA, USA) according to the protocol supplied by the manufacturer. The artificial sequence information was modified or inserted according to the
codon usage in P. tricornutum [220] , the most common codons for the modified amino
acids were used. Plasmids have been sequenced to control weather the introduced
modifications were incorporated properly.

3.3.3. Culture conditions
Phaeodactylum tricornutum Bohlin (University of Texas Culture Collection, strain
646) was cultivated in Provasoli’s enriched seawater [300] using “Tropic Marin” (Dr.
Biener GmbH, Wartenberg, Germany) salt (16.6 g ·l−1 ), 50 % concentration compared
to natural seawater. Cells were grown in liquid culture in flasks under rigorous shaking
(120 rpm) at 22 ◦ C with continuous illumination at 35 µmol ·photons·m−2 ·s−1 . Solid
media contained 1.2 % (w/v) Bacto Agar (BD, Sparks, MD, USA).

3.3.4. Nuclear transformation
Nuclear transformation of Phaeodactylum tricornutum has been performed using a
Bio-Rad Biolistic PDS-1000/He Particle Delivery System (Bio-Rad, Hercules, CA,
USA) fitted with 1350 psi rupture disks as described previously [5] and recently in
10

annotated in the Phaeodactylum tricornutum v2.0 genome database
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more detail [171] . For the selection and cultivation of P. tricornutum transformants
75 µg · ml−1 Zeocin (Invitrogen, Carlsbad, CA, USA) was added to the solid medium.

3.3.5. Microscopy
Cells were observed using an Olympus BX51 epifluorescence microscope equipped
with a Nikon DXM1200 digital camera system (Olympus Europe, Hamburg, Germany). Nomarski’s differential interference contrast illumination was used to view
transmitted light images. Chlorophyll autofluorescence and green GFP fluorescence
of the transformants have been dissected using the mirror unit U-MWSG2 (Olympus)
and the filter set 41020 (Chroma Technology Corp, Rockingham, VT, USA), respectively. Multichannel fluorescence pictures were taken and assembled with the software
LUCIA (Nikon GmbH, Düsseldorf, Germany). The micrographs were size calibrated
using a stage micrometer.
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3.4. Results
3.4.1. Sequence analysis
In earlier work it was demonstrated that most nuclear encoded plastid preproteins of
diatoms and cryptophytes contain a phenylalanine in the region of the signal peptide
cleavage site [7,105,156] . We analysed genes of further plastid preproteins by screening
the whole genome databases of Thalassiosira pseudonana and Phaeodactylum tricornutum as well as EST sequences of Guillardia theta and public databases for plastid
preproteins of other related algae. Although most gene products assigned as plastid
proteins contain the respective phenylalanine, in some cases either a tryptophan, a
leucine or a tyrosine are present in the expected position instead. To access the frequency of such unusual presequences and to evaluate alternative prediction models
we performed a genome wide comparison of plastid presequences from Phaeodactylum
tricornutum. Among 81 manually curated plastid gene models within the first release
of the genome v1.011 (Bowler et al., in preparation), 72 contain a phenylalanine at the
signal peptide cleavage site. We found six sequences containing tryptophan, two sequences containing leucine and one sequence containing tyrosine at the signal peptide
cleavage site (supplementary Figure A.3, on page 126).
The predicted signal peptide cleavage sites may vary depending on the calculation
method. Two options are available for SignalP [20] , prediction by Neuronal networks
(NN) [233] or by Hidden Markov models (HMM) [234] . The prediction was identical in
68 of the 81 tested sequences, and in 62 of these cases the predicted cleavage site
coincided with an “ASAFAP”-motif. In 10 cases the predictions differed between the
models, but one of the predicted cleavage sites coincided with an “ASAFAP”-motif (6 x
NN, 4 x HMM), and in three cases both models predicted different cleavage sites without “ASAFAP”-motif (supplementary Figure A.3). Manual analysis of these sequences
revealed an “ASAFAP”-motif (often reduced to “AF”) in proximity to the predicted
cleavage site. Sequence logos [288] created from these data sets reveal a conserved motif
flanking the predicted cleavage site (Figure 3.1, page 41). Sequence conservation and
the resulting conserved sequences are displayed at the same time when the sequence
is printed as a stack of letters, with the height of a stack representing the sequence
conservation at that position. Sequence conservation is higher the fewer the number
of residues at one position is, resulting in a higher information content measured as
bits. The height of an amino acid letter in the stack is proportional to its frequency,
with the most frequent residue printed on top of the stack [288] . Different sequence
logos have been prepared, relying on different prediction algorithms (Figure 3.1 and
supplementary Figure A.3).
For the NN and HMM prediction sequence logos (Figure 3.1, upper left and upper
right) the respective predictions were used as indicated in supplementary Figure A.3.
For the “highest prediction” sequence logo (Figure 3.1, lower left) the model with the
highest prediction score (Ymax for NN versus Cmax from NN) was used, as printed in
11

http://genome.jgi-psf.org/Phatr1/Phatr1.home.html
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NN
prediction

HMM
prediction

highest
prediction

manual
prediction

Figure 3.1.: Sequence logos constructed from 81 manually curated plastid gene models (see also supplementary Figure A.3, on page 126) within the Phaeodactylum tricornutum genome. Predictions from
Signal P’s Neuronal networks (NN, upper left) and Hidden Markov models (HMM, upper right) can
be compared. In addition a combined sequence logo using the highest prediction score (Ymax for
NN versus Cmax from NN, lower left) has been prepared. A sequence logo using manual predictions,
where the automated outputs of NN and HMM have been corrected with respect to the presence of
an “ASAFAP”-motif (see supplementary Figure A.3 for the exact corrections applied) shows the highest
sequence conservation surrounding the signal peptide cleavage site (lower right). Black: hydrophobic
residues (ACFGILMPVWY), green: hydrophilic residues (NQST), blue: basic residues (HKR) red: acidic
residues (DE).
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bold in supplementary Figure A.3. A sequence logo combining automated prediction
with manual corrections additionally considering the presence of an “ASAFAP”-motif
(Figure 3.1, lower right) was prepared using the automated prediction if it was identical between NN and HMM and coincided with an “ASAFAP”-motif (supplementary
Figure A.3 (a)). If the predictions differed between the models, predictions were chosen if they coincided with an “ASAFAP”-motif (supplementary Figure A.3 (b)), or an
“ASAFAP”-motif in proximity to an automatically predicted cleavage site was chosen
if there was no exact coincidence of an automatically predicted cleavage site with an
“ASAFAP”-motif (supplementary Figure A.3 (c)). The cleavage site motifs used for the
“manual prediction” sequence logo (Figure 3.1, lower right) are indicated in grey in
supplementary Figure A.3. Sequence conservation and proportion of phenylalanine is
slightly higher at the +1 position of the predicted cleavage site in the HMM prediction
compared to the NN prediction. When combining both models, sequence conservation
of the −1 and +1 position of the predicted cleavage site improves, but the highest conservation is obtained when the automated predictions of NN or HMM are corrected
manually depending on the presence of an “ASAFAP”-motif close to the automatically
predicted cleavage site (Figure 3.1 and supplementary Figure A.3).

3.4.2. Native plastid targeting sequences
To test the functionality of different plastid protein sequences we fused the respective
gene fragments encoding presequences of interest to the GFP gene and expressed the
fusion proteins in Phaeodactylum tricornutum (Figure 3.2, page 43). We found that
the fusion proteins were correctly imported into the plastids and that the GFP fluorescence colocalised with the chlorophyll autofluorescence of the plastid. The Phaeodactylum tricornutum (Pt) PtOEE1 and the PtFBAC1 presequences both containing
classical “ASAFAP”-motifs, were imported into the plastids as expected (Figure 3.3,
page 44). Also the PtHLIP2 and the PtFSA presequences, containing an “AW”-cleavage
site motif instead, lead to GFP fluorescence in the plastids of transformed cells (Figure 3.3). Similarly, the presequence of the heterologous Guillardia theta (Gt) GtPGK
protein fused to GFP containing a tyrosine instead of a phenylalanine was imported
correctly into P. tricornutum plastids (Figure 3.3). The PtFBPC4 presequence:GFP
fusion construct containing an “AW”-cleavage site motif was the only exception and
gave ambiguous results. In some transformant cell lines GFP was fluorescing inside
the plastids, while in others GFP fluorescence also appeared outside of the plastids
The later described “blob”-like structures were never observed in cells transformed
with this construct (data not shown).

3.4.3. Mutations of the signal peptide’s cleavage site
The presequence of the Phaeodactylum tricornutum Oxygen evolving enhancer 1 (PtOEE1) protein has previously been characterised intensively [155,156] . This protein is
normally targeted into the thylakoids (Ammon and Kroth, unpublished); for a better
visualisation of GFP fluorescence, in all of the following constructs the third targeting
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BOLD:
signal peptide predicted by SignalP’s hidden Markov models
UNDERLINED: estimated transit peptide domain
ITALIC:
mature protein
lower case: artificial sequence
GREY:
conserved motif at signal peptide cleavage site
BLACK:
enhanced green fluorescent protein

Figure 3.2.: Unmodified presequences fused to enhanced green fluorescent protein (GFP). PtOEE1 (oxygen evolving enhancer protein 1), PtFBAC1 (fructose-1,6-bisphosphate aldolase), PtHlip2 (high light
induced protein 2), PtFSA (fructose-6-phosphate-aldolase) and PtFBPC4 (fructose-bisphosphatase)
presequence domains are from Phaeodactylum tricornutum (Pt). The GtPGK (phosphoglycerate kinase) presequence domain is from Guillardia theta (Gt), this presequence is an example where the
conserved “ASAFAP”-motif does not coincide with the signal peptide’s predicted cleavage site. All
fusion proteins lead to plastid import of GFP when expressed in P. tricornutum.

domain responsible for thylakoid targeting has been deleted [156] . To confine crucial
features of presequences for plastid import we introduced various point mutations
into the presequence of the PtOEE1 presequence:GFP fusion protein (Figure 3.4,
page 45). In P. tricornutum transformants expressing the wild type presequence:GFP
fusion protein PtOEE1:GFP, the GFP accumulated as expected in the chloroplast
stroma (Figure 3.3, page 44). Deletion of the phenylalanine at the N-terminus of
the transit peptide-like domain in the fusion protein PtOEE1∆18F:GFP leads to a
phenotype previously described as “blob”-like structure (BLS), [156] , representing an
accumulation of GFP in a small reticular structure tightly associated to the plastid
but clearly outside the stroma (Figure 3.3). There are several indications that these
structures accumulate between the plastid bounding membranes [156] .
By site directed mutagenesis we replaced the phenylalanine by other aromatic
residues, like tyrosine, tryptophane and histidine and expressed the constructs in P. tricornutum. Substitution of phenylalanine by tyrosine and tryptophan (PtOEE1F18Y:GFP, PtOEE1F18W:GFP) resulted in functional targeting of GFP into the plastids
(Figure 3.3), while a replacement by histidine (PtOEE1F18H:GFP) lead to the BLS
phaenotype (Figure 3.3). Phenylalanine, tyrosine and tryptophan are large and hydrophobic amino acids, so we tested whether it would be sufficient to introduce
other large and hydrophobic residues instead of phenylalanine. We inserted leucine,
isoleucine and methionine and found that only leucine (PtOEE1F18L:GFP) at this position is capable of driving protein import (Figure 3.3), while PtOEE1F18I:GFP and
PtOEE1F18M:GFP again lead to the BLS phenotype (data not shown). In P. tri-
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Figure 3.3.: Localisation of the presequence:GFP fusion proteins after expression in Phaeodactylum tricornutum. Wild type (wt) or mutated presequences (see also Figure 3.4, page 45) of plastid proteins
lead to import of GFP into the plastid (PL) or into a “blob”-like structure (BLS). (A) Wild type presequences of PtHlip2 (high light induced protein 2) and PtFSA (fructose-6-phosphate-aldolase) from
P. tricornutum. (B) Wild type and modified presequences of the PtOEE1 (oxygen evolving enhancer
protein 1) from P. tricornutum. (C) Wild type and modified presequence of the PtFBAC1 (fructose-1,6bisphosphate aldolase) from P. tricornutum. (D) Wild type and modified presequence of the GtPGK
(phosphoglycerate kinase) from Guillardia theta. Red chlorophyll autofluorescence, green GFP fluorescence and a merge of Chlorophyll and GFP fluorescences with Normarski differential interference
contrast (DIC) images are shown from left to right, scale bars represent 10 µm.
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UNDERLINED: signal peptide predicted by SignalP’s hidden Markov models
BOLD:
conserved motif at signal peptide cleavage site
GREY:
amino acid changed by point mutation
ITALIC:
amino acid position changed relatively to original predicted cleavage site
Figure 3.4.: Modified presequences generated in this study and localisation of the fusion proteins after
expression in Phaeodactylum tricornutum. wt: wild type, PL: plastid, BLS: “blob”-like structure.
(A) Wild type and modified presequences of the OEE1 (oxygen evolving enhancer protein 1) from
P. tricornutum. (B) Wild type and modified presequence of the PtFBAC1 (fructose-1,6-bisphosphate
aldolase) from P. tricornutum. (C) Wild type and modified presequence of the PGK (phosphoglycerate
kinase) from Guillardia theta.
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cornutum cells with a strong expression of PtOEE1F18L:GFP we also found weak
labeling of the cytosol, which was never observed in wild type PtOEE1:GFP or in
the PtOEE1F18Y:GFP and PtOEE1F18W:GFP transformants. This may indicate
that import of PtOEE1F18L:GFP into the chloroplast endoplasmic reticulum (CER)
is less efficient than the import of fusion proteins with the aromatic residues phenylalanine, tyrosine or tryptophan at the N-terminus of the transit peptide-like domain.
More likely this phenotype is an overexpression artefact, since several other transformed cell lines showed fairly GFP labelled plastids. We repeated the experiment by
re-sequencing the PtOEE1F18L:GFP plasmid construct and re-transforming P. tricornutum with the plasmid to ensure this particular result. We modified the presequence
of the P. tricornutum fructose bisphosphatase (PtFBAC1) in a similar way, changing
phenylalanine to leucine, and obtained similar results: the resulting fusion protein
PtFBAC1F17L:GFP again was imported into the plastid (Figure 3.3). A replacement
of phenylalanine by charged amino acids like arginine (PtOEE1F18R:GFP) and glutamate (PtOEE1F18E:GFP) and by the small residue glycine (PtOEE1F18G:GFP)
did not result in plastid import and transformants showed the BLS phenotype (data
not shown). To test the importance of the exact position of the phenylalanine we
exchanged the amino acids F and A flanking the signal peptide’s cleavage site, the resulting PtOEE1A17F+F18A:GFP construct lead to the BLS phenotype (Figure 3.3).

3.4.4. Mutations of the transit peptide-like domain
We inserted mutations in the transit peptide-like domain of the motif to assess the
importance of these residues for successful plastid import. The deletion mutants
PtOEE1∆19A:GFP and PtOEE1∆20P:GFP allowed plastid import of the GFP (sequences listed in Figure 3.4, page 45), furthermore we were able to exchange proline by
alanine (PtOEE1P20A:GFP) without affecting plastid import (data not shown). Replacement of all alanine residues within the “ASAFAP”-motif by serine and glycine did
not affect the plastid protein import, as the fusion proteins PtOEE1A(15-19)S:GFP
and PtOEE1A(15-19)G:GFP lead to GFP fluorescence in the plastids (data not
shown).

3.4.5. Mutations of the signal peptide domain
In contrast, deletions of alanine and serine within the signal peptide part of the
“ASAFAP”-motif blocked plastid protein targeting. The BLS phenotype was observed in
transformants expressing the fusion proteins PtOEE1∆15A:GFP, PtOEE1∆16S:GFP,
PtOEE1∆17A:GFP and PtOEE1∆17A+A19S:GFP (PtOEE1∆17A:GFP shown as
example in Figure 3.3, page 44). Exchange of the serine to alanine or cysteine lead to
correct plastid import, transformants expressing the PtOEE1S16A:GFP and PtOEE1S16C:GFP showed GFP fluorescence within the plastids (data not shown). Also the
exchange of alanine to serine preceding the tyrosine in the G. theta GtPGK presequence did not affect plastid import of the fusion protein (Figure 3.3). The absence
of serine in the signal peptide of the wild type P. tricornutum PtFBAC1 presequence
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(Figure 3.2, page 43) shows that the presence of serine in the signal peptide is not
required for successful plastid targeting, although serine is commonly found within
the “ASAFAP”-motif and within plastid protein signal peptides (Figure 3.1, page 41
and supplementary Figure A.3, page 126).
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3.5. Discussion
The development of protein targeting into the secondary plastids of diatoms and
cryptophytes was a prerequisite for the successful establishment of secondary endosymbioses, because it allowed gene transfer from the endosymbiont to the nucleus
of the host cell and a transport of the respective gene products into the endosymbiont/organelle [40,45] . Genes that shifted from the endosymbiont’s nucleus to the nucleus of the host cell likely already contained transit sequences and needed a signal
sequence for completion, while genes that shifted directly from the plastid genome to
the nucleus needed the whole targeting domain [155] . In diatoms these presequences
consist of a signal peptide domain and a transit peptide-like domain [244] , reflecting
this evolutionary history.
The signal peptide domains and the transit peptide-like domains have been found
to individually facilitate ER import and for import into primary plastids, respectively,
by in vitro experiments [25,178] . In vivo experiments showed that these bipartite presequences are sufficient for plastid import and that no other targeting signals are
needed [6,155,156] . Interestingly although large parts of the C-terminus of the transit
peptide-like domain may be deleted [6] , plastid import is only possible if a conserved
“ASAFAP”-motif is present between the signal and the transit peptide-like domains [156] .
Complete deletion of either the transit peptide-like domain or the phenylalanine within
the “ASAFAP”-motif lead to transport inhibition demonstrating that both elements are
necessary.
The very conserved phenylalanine within the “ASAFAP”-motif has already been
shown to be crucial for plastid targeting in a previous study [156] . Here we demonstrate that only a few structurally similar amino acids may replace this particular
amino acid, while in all other cases exchanges of phenylalanine lead to blocked import. All other amino acids of the “ASAFAP”-motif may be replaced by glycine, alanine, serine or cysteine without affecting import (Figure 3.5, page 49). Interestingly
deletions in the signal-peptide part of the motif could block plastid import, while
exchanges at the same positions allowed plastid import. Possibly due to the shorter
distance to the N-terminus in these cases the prediction of the cleavage site shifted,
which might explain why the respective proteins are no longer imported: In these
cases the phenylalanine is predicted to be cleaved off together with the signal peptide
(Figure 3.4, PtOEE1∆15A, PtOEE1∆16S, PtOEE1∆17A). However, in some cases
the phenylalanine (or the compensating tryptophan) is also predicted to be cleaved off,
but the mutated presequence:GFP fusion proteins are imported into the plastid (Figure 3.4, PtOEE1F18W, PtOEE1∆20P, PtOEE1P20A). Probably because the overall
length of the signal peptide is not affected, cleavage in these cases takes place as usual,
regardless of the prediction.
The following requirements for preprotein import into complex diatom plastids can
be deduced from this and from the former studies:
(i) The presence of a cleavable signal peptide.
(ii) The presence of predominately phenylalanine, sometimes tryptophan, rarely ty-
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Figure 3.5.: Scheme of the presequence structure of diatom plastid pre-proteins. The phenylalanine at
the first position of the transit peptide-like domain can only be replaced by the aromatic amino acids
tryptophan and tyrosine or by the large and hydrophobic leucine. Amino acid exchanges at other
positions do not affect plastid import. The transit peptide-like domain can be truncated to a large
extent, while deletions in the signal peptide can cause a block of plastid import.

rosine or leucine in the +1 position of the signal peptide cleavage site, often
followed by “AP” or a transit peptide domain.
The “ASAFAP”-motif fulfills these requirements, as the pre-cleavage site part of the
motif can be explained by the “(−3, −1) rule” [131] for cleavable signal peptides and
the post-cleavage site part of the motif reflects the second requirement (presence of
phenylalanine, tryptophan, tyrosine or leucine). The “(−3, −1) rule” [131] is followed
to a lesser extent in eukaryotic signal peptides compared to their prokaryotic counterparts [232] . Comparison of our sequence logos (Figure 3.1, page 41) to sequence
logos of prokaryotic and eukaryotic signal peptides [232] shows that in P. tricornutum
the conservation of signal peptides in the −3, −1 positions is higher than generally
found in eukaryotes. This finding might reflect the fact that signal peptide cleavage
is crucial in the process of plastid protein import into complex diatom plastids.
Generally the predicted signal peptide cleavage sites may vary depending on the
calculation method. The possibility of miss-predictions complicates bioinformatic
attempts to recognise plastid proteins. A hand selected sequence logo plot of plastid
targeting signals revealed the presence of the conserved cleavage site motif in all tested
sequences, but it was constructed from known plastid proteins only [156] . The sequence
logo of a genome wide automated comparison of Thalassiosira pseudonana transit
peptides also showed other amino acids than phenylalanine, tryptophan, tyrosine or
leucine in the first position of the transit peptide-like domain, predicting alanine to be
the second frequent amino acid in this position [7] . This is contradictory to our finding
that replacements of phenylalanine by structurally dissimilar amino acids like alanine
lead to blocked plastid import. Here, only nine native plastid targeting sequences
contained an “ASAFAP”-motif without phenylalanine at the signal peptide cleavage site
and until now we only observed native plastid presequences containing the structurally
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similar amino acids shown to functionally replace phenylalanine (tryptophan, tyrosine
or leucine) in this position (supplementary Figure A.3, page 126).
We conclude that the occurrence of alanine as the second frequent N-terminal amino
acid in a bioinformatic approach [7] is most probably explained by miss-predictions of
the signal peptide cleavage site, while in some cases the phenylalanine within the
“ASAFAP”-motif is replaced by tryptophan, phenylalanine or leucine, which are shown
to be functional in this study. Bioinformatic approaches to determine plastid proteomes can be impeded by such miss-predictions. Our results will facilitate future
bioinformatic analysis of plastid proteomes on a genomic level, since the presence of
the “ASAFAP”-motifs in proximity to a predicted cleavage site can be helpful to test
large numbers of proteins for the presence of plastid targeting signals in diatoms and
related algae.
The “ASAFAP”-motif is very conserved in P. tricornutum and similar motifs are found
in other groups of algae with secondary plastids like dinoflagellates and cryptophytes.
Plastid preproteins in dinoflagellates possess a conserved “FVAP” motif [251] , while in
cryptophytes “AXAF” is found [105] . Bipartite presequences containing an “ASAFAP”motif apparently are functional across the species border, as several heterologous
plastid targeting presequences from other diatoms, cryptophytes and dinoflagellates
fused to GFP lead to plastid import in P. tricornutum [105,156,173,177] . There is even
good evidence that the presence of a conserved phenylalanine possibly is not restricted
to algal groups with secondary plastids, recently it has been shown that red algae
and glaucophytes—both possessing primary plastids—have a consensus sequence with
phenylalanine at position three or four at the N-termini of their plastid targeting
transit peptides [302] . At least in glaucopyhtes this phenylalanine has been shown to
be crucial in in vitro import experiments and may eventually be replaced only by
tyrosine [303] . The “ASAFAP”-motif might therefore be a specialised form of a more
loosely conserved but widely spread presequence-motif of “non-green” algal groups.
The mode of protein translocation into secondary plastids of diatoms is still under
debate [154] . A “vesicular shuttle model” [98] and a “translocator model” [40,45,202] are
discussed. Common to both models is the postulation of cotranslational transport
across the outermost CER membrane and translocation over the innermost envelope
membrane by a Tic related translocon. The models differ in the way they explain
the passage of the proteins across the second and the third membrane (counting
from outside). The “vesicular shuttle model” postulates vesicular transport across
the periplastic space between these membranes, because of vesicles that have been
found in the periplastidic space by electron microscopy [98] . The “translocator model”
proposes that preproteins enter the periplastidic space by translocators or pores and
then are imported into the plastid across the residual two membranes via a Tic/Toc
system similarly to land plant plastids. A translocator derived from a duplicated Toc
or Tic system or an unspecific pore have been suggested to be involved in protein
translocation from the CER to the periplastidic space [40,174] . Independent of which
model is correct, it is likely that the “ASAFAP”-motif and the transit peptide-like
domain act as signals for actively sorting plastid proteins out of the ER/CER and
for further transport into the plastids. It has been shown that it is possible to use a
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signal peptide fused to “FATTP” to target GFP into the plastids, while a signal peptide
fused to “FA” alone fails to do so and leads to the BLS phaenotype [156] . The fact that
a phenylalanine alone or a transit peptide-like domain without phenylalanine lead to
the BLS phaenotype when fused to GFP and expressed in P. tricornutum illustrates
that both elements are necessary.
The high conservation of phenylalanine and its crucial role for the import reaction indicates that an intracellular receptor/transport system might be involved that
recognises a phenylalanine at the N-terminus of the cargo protein. A component
derived from the bacterial outer membrane protein Omp85 was proposed to act as
phenylalanine specific receptor and membrane channel [302] . A specific interaction of
aromatic amino acid residues within the protein cargo with transport components is
also known from protein sorting into caveolae, plasma membrane structures formed
in the process of endocytosis [53] and from targeting from the trans Golgi network to
the vacuole [31] , but in these cases the interacting aromatic residues are not found at
the very N-termini of the cargo proteins. The sequence F(X)6 LL (with X being any
residue, and L being either leucine or isoleucine) in the membrane-proximal carboxyl
termini of many G protein-coupled receptors mediates receptor protein transport from
the ER to the cell surface. However, the precise molecular mechanism by which the
F(X)6 LL motif regulates G protein-coupled receptor protein export from the ER is
unknown [69] . Since these vague similarities between cargo protein motifs point to unknown mechanisms, conclusions from the “ASAFAP”-motif on the import mechanism
for diatom or cryptophyte plastid proteins remain speculative.
Secretory transport might have been the first protein import system into early primary plastids, which first may have developed the Tic and then the Toc complex [154] .
The “ASAFAP”-motif may therefore even be a relic of a former import system being
present in the ancestor of all plastids before the transit peptide system was developed.
Subsequently the strict phenylalanine dependence was overcome in green algae, while
red algae and glaucophytes retained the phenylalanine dependent type of import receptor. More evidence for the presence of parallel import pathways in the same organisms
comes from the recent discovery that there is a second pathway for chloroplast import
in green plastids via the secretory pathway [335] , which might also exist in red algae
and which may possibly have been adapted as the main pathway of protein import
into secondary red plastids instead of the Tic/Toc-dependent system.
Analyses of the genomes of the diatoms Thalassiosira pseudonana and P. tricornutum revealed the presence of putative components of the Tic apparatus, but no
subunits of the Toc apparatus were identified ( [7,205] ; Gruber and Kroth unpublished).
However, we were also not able to detect proteins that might be involved in vesicular transport within the periplastidic space in diatoms up to now, although they
should be easily distinguishable from their cytosolic counterparts by the presence of
a signal peptide. So from the genome sequence analyses neither the “vesicular shuttle
model” nor the “translocator model” are favoured. It can therefore also be speculated that new or modified systems account for the protein transport over the second
and the third membrane and neither a Toc translocon nor vesicular transport are involved. A mitochondrial translocon component, Tim23, was therefore also proposed
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as possible origin of a translocon involved in the protein translocation out of the
ER lumen [28] . Furthermore, genes for components of the ER-associated degradation
machinery (ERAD) were recently found on the nucleomorph genome of G. theta. Respective genes are also duplicated in the genomes of P. tricornutum and Thalassiosira
pseudonana. An altered ERAD-related machinery involved in the regular transport
of properly folded proteins out of the ER and into the periplastidic compartment was
therefore suggested [298] .
Meanwhile considerable knowledge about the presequence structure of nucleus encoded plastid targeted proteins from diatoms, cryptophytes and dinoflagellates was
gained ( 6,105,156,251 ; this study), remarkably, the detailed import process of proteins
targeted to the plastids via the ER remains largely unknown.
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Figure SA.3 Plastid presequence list List of 81 plastid assigned, manually curated
gene models from the Phaeodactylum tricornutum genome used to construct
the sequence logos (Figure 3.1, page 41) comparing SignalP’s Neuronal networks
(NN) and Hidden Markov models (HMM). (A) sequences with identical predictions between NN and HMM and coincidence with an “ASAFAP”-motif (grey) in
both prediction models (62 sequences). (B) sequences with differing predictions
from NN and HMM but coincidence with an “ASAFAP”-motif in one of the prediction models (10 sequences). (C) sequences with no coincidence between the
predicted cleavage sites of both models and an “ASAFAP”-motif (9 sequences).
Protein IDs refer to the first release of the P. tricornutum genome v1.0. Printed
on Page 126
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4.1. Abstract
Background. Diatoms are unicellular algae responsible for approximately 20 % of global
carbon fixation. Their evolution by secondary endocytobiosis resulted in a complex cellular
structure and metabolism compared to algae with primary plastids.
Methodology/Principal Findings. The whole genome sequence of the diatom Phaeodactylum tricornutum has recently been completed. We identified and annotated genes
for enzymes involved in carbohydrate pathways based on extensive EST support and comparison to the whole genome sequence of a second diatom, Thalassiosira pseudonana.
Protein localization to mitochondria was predicted based on identified similarities to mitochondrial localization motifs in other eukaryotes, whereas protein localization to plastids
was based on the presence of signal peptide motifs in combination with plastid localization
motifs previously shown to be required in diatoms. We identified genes potentially involved
in a C4-like photosynthesis in P. tricornutum and, on the basis of sequence-based putative localization of relevant proteins, discuss possible differences in carbon concentrating
mechanisms and CO2 fixation between the two diatoms. We also identified genes encoding enzymes involved in photorespiration with one interesting exception: glycerate kinase
was not found in either P. tricornutum or T. pseudonana. Various Calvin cycle enzymes
were found in up to five different isoforms, distributed between plastids, mitochondria and
the cytosol. Diatoms store energy either as lipids or as chrysolaminaran (a β-1,3-glucan)
outside of the plastids. We identified various β-glucanases and large membrane-bound glucan synthases. Interestingly most of the glucanases appear to contain C-terminal anchor
domains that may attach the enzymes to membranes.
Conclusions/Significance. Here we present a detailed synthesis of carbohydrate metabolism in diatoms based on the genome sequences of Thalassiosira pseudonana and Phaeodactylum tricornutum. This model provides novel insights into acquisition of dissolved inorganic carbon and primary metabolic pathways of carbon in two different diatoms, which
is of significance for an improved understanding of global carbon cycles.
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4.2. Introduction
Diatoms are abundant unicellular algae in aquatic habitats. They can produce enormous amounts of biomass and are thought to be responsible for about 20 % of global
carbon fixation. As much as 16 gigatons of the organic carbon produced by marine
phytoplankton per year, or about one third of total ocean production is thought to
sink into the ocean interior preventing re-entrance of this carbon into the atmosphere
for centuries [83] . Recent assessments suggest that diatom-mediated export production can influence climate change through uptake and sequestration of atmospheric
CO2 [32,109] . The role diatoms play in mitigating atmospheric CO2 concentrations is
of special interest now with the rising levels of this “greenhouse gas” and consequent
global warming. A significant fraction of the organic carbon generated by diatoms
remains in the upper ocean and supports production by higher trophic levels and
bacteria.
Despite the important role of diatoms in aquatic ecosystems and the global carbon cycle, relatively little is known about carbon fixation and carbohydrate pathways
in these algae [272] . For example the exact mode of CO2 fixation is largely unsolved.
Ribulose-1,5-bisphosphate carboxylase/oxygenases (Rubisco) from diatoms have halfsaturation constants for CO2 of 30–60 µM [10] despite the fact that typical sea water
contains about 10 µM CO2 [269] . To prevent potential CO2 limitation, most diatoms
have developed mechanisms to concentrate dissolved inorganic carbon (DIC) via a
CO2 concentrating mechanism (CCM) [100] . Although most of the Calvin cycle enzymes in diatoms are very similar to those in land plants, there are indications that
they may be differently regulated by light [350] . Furthermore, some metabolic pathways appear to be missing altogether from diatoms [213] . Finally, there is only scarce
information available on the localization, synthesis and storage of chrysolaminaran,
the principle storage carbohydrate in diatoms. Diatoms may produce and secrete
vast amounts of carbohydrates that play important roles in phototrophic biofilms, yet
very little is known about synthesis and secretion of these carbohydrates.
Research on diatoms advanced significantly with publication of the whole genome
sequences of the centric diatom Thalassiosira pseudonana [7] and of expressed sequence
tags (ESTs) from the pennate diatom Phaeodactylum tricornutum [192] . Recent availability of whole genome sequence and about 100,000 ESTs for Phaeodactylum tricornutum provide additional opportunities to understand unique physiological characteristics of diatoms. Together with new experimental resources such as genetic transformation, now feasible for several diatom species [88,258,362] and various laboratory-based
studies of their physiology [350] , diatoms have become model photosynthetic representatives for non-green algae.
Diatoms have an evolutionary history distinct from higher plants. Diatoms are eukaryotic chimeras derived from a non-photosynthetic eukaryote that domesticated a
photoautotrophic eukaryotic cell phylogenetically close to a red alga [250] . After incorporation, the endosymbiont was successfully transformed into a plastid that retained
a small plastid genome, but lost the nuclear and the mitochondrial genomes as distinct entities. In addition to the genetic consequences that resulted from extensive
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gene transfer events and genomic reorganization, secondary endocytobiosis also increased the complexity of diatom cell structure, with implications on physiology and
biochemistry. A significant difference between diatom plastids and those of higher
plants is that diatom plastids are surrounded by four rather than two membranes,
the outermost of which is contiguous with the endoplasmic reticulum. This means
that import of all nuclear-encoded plastid proteins and the exchange of metabolites
like carbohydrates between the plastids and the cytoplasm must take place across
four membranes. To accomplish this task, nuclear-encoded proteins imported into
diatom plastids possess an N-terminal signal peptide that targets the protein first to
the endoplasmic reticulum and a plastid localization peptide that targets the protein
to plastid stroma [114,156] . Another striking difference between diatoms and green algae/land plants is their different nuclear and mitochondrial backgrounds because they
arose from different host cells.
We annotated genes involved in carbon acquisition and metabolism in the genome
of the diatom P. tricornutum and compared these gene models to the only other diatom whole genome sequence of Thalassiosira pseudonana. The 5’-most ends of a
majority of critical genes were identified based on EST support. This meant that
N-terminal leader sequences could be predicted for most proteins and thus their targeting to different compartments within the cell. Here, we present a comprehensive
model of the localization of enzymes and pathways involved in carbon assimilation
and carbohydrate production and catabolism.
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4.3. Results and Discussion
4.3.1. Structure of the genome and gene annotation
Following publication of the draft Thalassiosira pseudonana Hasle & Heimdal (CCMP
1335) genome [7] , a majority of sequence gaps were closed at the Stanford Human
Genome Center (SHGC; Stanford, CA, USA) and a new version of the genome sequence is now publicly available at http://genome.jgi-psf.org/Thaps3/Thaps3.
home.html. A second diatom genome, from Phaeodactylum tricornutum Bohlin (CCAP1055/1), was subsequently sequenced and completed at the U.S. Department of Energy Joint Genome Institute (JGI1 , Walnut Creek, CA, USA) and SHGC, and is
available publicly at http://genome.jgi-psf.org/Phatr2/Phatr2.home.html. In
addition, 100,000 ESTs generated from P. tricornutum cells grown in 14 different
conditions have been generated by Genoscope (Evry, France) and are available at
http://www.biologie.ens.fr/diatomics/EST. Both genomes are approximately
30 M b and contain between 10,000 and 11,500 genes. Assembly and annotation of
the whole genome of P. tricornutum will be published separately (manuscript in preparation). Here we focus solely on those pathways involved in carbohydrate metabolism.
In the following sections, we include protein IDs (Prot-ID) from version v2.0 (P. tricornutum) of the JGI sequence database in parentheses. See Table S4.1 (section 4.5,
page 83) for a list of annotated genes together with the Prot-IDs in T. pseudonana.

4.3.2. Prediction of intracellular targeting
Nuclear encoded proteins are translated in the cytosol and subsequently transported
to their respective target locations. In most known cases an N-terminal targeting
domain can send the proteins into the ER, mitochondria, plastids, the extracellular
space or to other compartments. In land plants relatively similar transit peptides are
used to target into plastids or mitochondria, making it sometimes difficult to predict
the correct compartment. Mitochondrial import sequences in diatoms are similar to
those in other eukaryotes. Diatom plastid presequences, however, differ significantly
from those of land plants or green algae [156] . Diatom plastids are surrounded by
four membranes, the outermost being studded with ribosomes and continuous with
the endoplasmic reticulum (ER) [99] . Nuclear encoded plastid proteins of diatoms
contain N-terminal bipartite presequences consisting of a signal peptide followed by
a transit peptide-like domain. Such presequences are easily recognized due to an
essential targeting motif with a characteristic signature at the signal peptide cleavage
site [114,156] .
1

http://www.jgi.doe.gov/
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4.3.3. CO2 fixation: a biochemical (C4) or a biophysical CCM-like
metabolism?
The apparent photosynthetic affinity of diatoms for inorganic carbon (Ci ) is considerably higher than expected based on the affinity of their Rubisco for CO2 [10] . Extensive
diatom blooms that occur during large iron fertilization experiments in high nutrient
low chlorophyll regions of the oceans [16,95] , suggest that diatoms are not CO2 limited
under natural oceanic conditions. Both results imply that diatoms possess efficient
CO2 concentrating mechanisms (CCM), although underlying mechanisms (either a
biochemical C4 or a biophysical CCM, or both) are still controversial (see [109,272] ).
Studies on the biochemistry of photosynthesis in the well-characterized marine diatom Thalassiosira weissflogii suggested that a C4-like pathway could exist whereby
a C4 compound such as malate or OAA is decarboxylated, typically within the chloroplast, to deliver CO2 to Rubisco [264,265] . The possibility of a C4-like pathway in
the related species T. pseudonana was examined based on an in silico analysis of
gene content [7] . The T. pseudonana genome appears to encode the enzymes phosphoenolpyruvate carboxylase (PEPC), phospoenolpyruvate carboxykinase (PEPCK) and
pyruvate orthophosphate dikinase (PPDK). Each of these enzymes is required for C4metabolism, although they also play a role in C3-metabolism. Subsequent analysis of
transcript abundances for the putative C4-related genes in T. pseudonana indicated
that the gene encoding PEPCK was up-regulated about 1.5 fold under reduced CO2
concentrations, whereas expression of genes encoding PEPC and PPDK were unaffected [109] . Despite the presence of typical C4 enzymes in both Thalassiosira species,
short 14 CO2 labelling experiments showed marked differences between them [272] . In T.
weissflogii, about 30 % of the 14 C label (in 5 sec. experiments) was observed in malate
and about 40 % in triose phosphates. In contrast, in T. pseudonana production of
14
C-labeled C4 products was negligible. Roberts et al. [272] concluded that a typical
C3 metabolism occurs in T. pseudonana, despite the presence of C4 enzymes, whereas
an intermediate C3-C4 may function in T. weissflogii.
Genes essential for C4 metabolism were identified in P. tricornutum. A PPDK
(21988), which catalyzes the formation of PEP, was identified and includes both a signal peptide and a putative plastid targeting sequence suggesting that PEP is generated
in the plastid (Figure 4.1, page 62). Two genes encoding PEPC have been identified
(Figure 4.1). The predicted protein sequence for one of them (PEPC1, 56026) has a
high degree of identity (ca. 40 % amino acid identity) with the PEPCs from green
algae and higher plants. It possesses a signal peptide, but a plastidic transit peptide
was not detected suggesting that this protein is targeted either to the ER or to the
periplastidic space of the plastids [114] . A second PEPC (PEPC2, 20853) has high similarity (ca. 40 % amino acid identity) to PEPCs from bacteria and contains a predicted
mitochondrial targeting presequence. Decarboxylation of OAA appears to occur via a
mitochondrial-localized PEPCK (23074). This enzyme has the greatest similarity to
PEPCK from the proteobacterium Campylobacter jejuni (58 % amino acid identity).
Two additional decarboxylating enzymes belonging to the malic enzyme family were
identified (27477, 56501) and apparently both possess a mitochondrial presequence.
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One of these enzymes (ME1) (56501) is characterized by a dinucleotide binding site
that binds NAD rather than NADP. Thus, P. tricornutum and T. pseudonana appear
to have two mitochondrial malic enzymes that are either NAD- or NADP-dependent.
Genes encoding a mitochondrial-localized malate dehydrogenase (MDH) (51297), a
pyruvate-kinase (PK6) (56172) and a pyruvate-carboxylase (PYC1) (30519) were also
identified (Figure 4.1). The respective substrates for this pathway may be transported
into the mitochondria by a putative mitochondrial oxoglutarate/malate transporter
(8990).
Models were developed to evaluate how such a C4-like carbon fixation pathway
could operate in P. tricornutum (see our working scheme, Figure 4.1). The first hypothesized step in carbon fixation is delivery of HCO3 − into cells either via specific
transporters or by diffusion of CO2 and its subsequent conversion to HCO3 − through
CA activity (see below). The hypothesized localization of PEPC1 (56026) to the ER
or to that part of the ER that is connected to the plastid (CER) or to the periplastidic
space (PPS) suggests that subsequent fixation of HCO3 − into a C4 compound likely
occurs within either the ER or the periplastidic space. The localization of the C4 decarboxylation that delivers CO2 to Rubisco for fixation is not clear. Immuno-localization
based studies provided early evidence that the decarboxylating enzyme PEPCK is located in the plastids of the centric diatom Skeletonema costatum [36] . Later, Reinfelder
et al. [264] found that PEPCK activity co-localized with Rubisco activity in isolated
plastid-enriched fractions from T. weissflogii and concluded that decarboxylation occurred within the plastids. Subsequent in silico analysis of both P. tricornutum and
T. pseudonana indicated that the decarboxylating enzymes PEPCK and malic enzyme do not possess plastid targeting sequences. Moreover, there is no evidence that
malate and/or oxaloacetate transporters in these organisms are localized to plastid
membranes. Finally, addition of oxaloacetate to intact plastids isolated from the diatom Odontella sinensis [356] does not result in net O2 evolution as would be expected
from the malic dehydrogenase reaction due to turnover of NADPH. Combined, these
results suggest that subsequent decarboxylation steps required to generate CO2 for
Rubisco delivery, at least in P. tricornutum and T. pseudonana, do not occur in the
plastid.
Recent evidence with single chlorenchyma cells of the higher plants Bienertia cycloptera and Borszczowia aralocaspica provides support for a compartmentalized separation of CO2 generation via decarboxylation of C4 compounds and subsequent CO2
fixation by Rubisco [72,190] . In these plant cells, PPDK is located in chloroplasts where
it converts pyruvate to PEP. The PEP is then transported to the cytosol where it is
carboxylated (using HCO3 − ) via PEPC. The C4 acids produced diffuse to the proximal part of the cell where they are decarboxylated in the mitochondria by NAD-malic
enzyme. The resulting CO2 may enter the chloroplasts where it is captured by Rubisco.
Both sequenced diatoms possess two malic enzymes that decarboxylate malate to
pyruvate. An NADP-malic enzyme has been proposed for diatoms by Granum et
al. [109] . A potential NAD-dependent malic enzyme (56501) was also identified that is
predicted to be localized to mitochondria and displays sequence similarity to malic
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enzymes from the C4 plants Amaranthus hypochondriacus [72] , B. cycloptera and B.
aralocaspica [72] . The dinucleotide binding site of the malic enzyme from A. hypochondriacus, P. tricornutum and T. pseudonana possesses a similar amino acid composition
suggesting that NAD is the preferred co-factor. These data suggest that in diatoms,
decarboxylation of malate to generate CO2 may occur within mitochondria, which
are often closely associated with plastids. It is important to note however, that any
CO2 molecules released from the mitochondria must cross six membranes to enter the
plastid stroma. Moreover, it is likely that CO2 would be converted to HCO3 − by CA
activity during movement between the mitochondria and plastids, thereby reducing
at least part of the elevated CO2 concentration. In this case, the C4 pathway would
become a futile cycle whereby HCO3 − is first fixed and then formed again, thereby
dissipating ATP for PEP formation.
Co-occurrence of PEPCK- and malic enzyme-based decarboxylation pathways in
the same organism was also observed in the C4-plant Urochloa panicoides [35,147] . Apparently, in diatoms both enzymes may contribute to the decarboxylation of the C4acid. In some of the higher plants which perform C4 metabolism, the pyruvate formed
by decarboxylation of malate, using the NAD-malic enzyme, can be used for amino
acid synthesis (Figure 4.1) [147] or oxaloacetate formation thereby replenishing mitochondrial pools of C4 acids. Oxaloacetate can also be oxidized in the TCA cycle.
Decarboxylation of OAA by PEPCK generates PEP, which can be used for gluconeogenesis or be transformed into pyruvate by a pyruvate kinase (Figure 4.1). The
presence of a plastid-targeted putative PEP-transporter TPT1 (24610) and the plastid
targeted PPDK (21988) suggests that pyruvate is phosphorylated inside the plastid to
produce PEP. PEP can be used to produce aromatic amino acids (Shikimate pathway)
and lipids or can be exported to provide the acceptor molecule for HCO3 − fixation
by PEPC (Figure 4.1). This pathway is also known from C4 plants that decarboxylate PEP inside the mitochondria (see [37,72,147] ). However, most C4-plants carry out
the first carboxylation step in the cytosol [37] . In P. tricornutum and T. pseudonana
PEP might be exported from the plastid and carboxylated at the ER/CER/PPC by
PEPC1 leading to a micro-compartmentalization of the enzyme to the outer chloroplast membranes. Lee and Kugrens [183] have speculated that the evolutionary success
of heterokonts might be partly attributed to the use of the periplastidic space as an
acidic generator of CO2 from bicarbonate.
In summary, the accumulated evidence indicates that a functioning C4 pathway
in diatoms (Figure 4.1) requires a spatial separation between CO2 production via
decarboxylation of OAA and malate in mitochondria, and CO2 utilization by Rubisco
in the plastid. Furthermore, localization of the first carboxylation step by PEPC
is still unclear. The energetic cost of a futile cycle raises the possibility that the
C4 metabolism may help cells dissipate excess light energy, a pathway that would
presumably require down-regulation under energy-limiting conditions. This suggests
that the flow of metabolites in this pathway would be affected by light intensity.
Localization of key enzymes and determination of expression of C4 related genes in
cells exposed to low levels of CO2 could shed light on this issue.
Two lines of evidence support the hypothesis that a biophysical CCM operates in
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diatoms, as in many other aquatic photosynthetic organisms [9,100,149,239] . First, we
identified in the genome of P. tricornutum three genes that encode different systems
for bicarbonate uptake. One protein (45656) shows homology to sodium/bicarbonate
transporters in various organisms and appears to be localized to the plastid. A second
protein (32359) is homologous to sodium-dependent anion exchangers and also possesses the bipartite presequence for plastid targeting. The third protein (54405) shows
similarity to Cl− /HCO3 − exchangers abundant in red blood cells. T. pseudonana appears to possess a single sodium/bicarbonate transporter (24021) that is targeted to
the plastid. The hypothesis resulting from these observations is that inhibitors shown
to prevent HCO3 − uptake as shown in Ulva sp. [66] , should inhibit uptake of HCO3 −
and thereby the rate of photosynthesis in both diatoms.
The second form of support for a biophysical CCM is identification of numerous
genes encoding carbonic anhydrases (CA) in the diatom genomes. The overall sequence similarities among CAs are rather low and they are commonly identified by
the presence of conserved domains and by their biochemical properties [245] . Seven
CAs are predicted for P. tricornutum. Two CAs (51305, 45443) are related to the
beta type and show similarity to CAs found in both plants and prokaryotes. Based
on the presence of a plastid targeting presequence and physiological experiments [283] ,
one of these proteins (51305) is located in the plastid as has been demonstrated by
GFP fusion proteins [316] . The other (45443) has a signal peptide. The five other identified CAs (35370, 44526, 55029, 54251, 42574) apparently belong to the alpha family
and all possess signal peptides. A recent study by Szabo and Colman [ [314] provided
experimental evidence for the presence of CA in the periplasmic space of P. tricornutum suggesting that at least a subset of the signal peptide-possessing CAs are likely
targeted to the periplasmic space. Surprisingly, similarity of the CAs between the two
diatoms T. pseudonana and P. tricornutum is rather low. T. pseudonana appears to
possess more intracellular CAs without signal and transit peptides than P. tricornutum. One exception is the carbonic anhydrase 22391 from T. pseudonana which
also possesses a signal peptide. Whether this CA is secreted or targeted to ER or
periplastidic space remains to be investigated, while it seems clear that it is not plastid localized. The difference between the two diatoms may indicate specialization of
the enzyme depending on different ecological niches. This is supported by recent findings that expression of beta carbonic anhydrases may be regulated by several factors
including CO2 and light [ [127] .
Despite the extensive in silico analyses described here, the potential mechanism by
which CO2 is delivered to Rubisco remains elusive. In the well-studied green alga,
Chlamydomonas, a thylakoid-located alpha CA facilitates conversion of HCO3 − to
CO2 , thereby raising its concentration in close proximity to Rubisco [ [215] . Mutants
impaired in this CA demand high CO2 concentrations for growth (see [100,149] ). In
P. tricornutum, the plastid-localized CA (51305) is a beta type CA rather than an
alpha type. However, it too localizes to the thylakoids where it forms particles, most
probably close to the girdle lamellae [316] , and its expression is strongly enhanced under
low CO2 conditions by a mechanism involving cAMP [126] . The other beta type CA
(45443) is probably located in the ER or the periplasmic space and is constitutively
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expressed even under high CO2 concentrations [125] . The presence of bicarbonate transporters in the chloroplast envelope (Figure 4.1) is consistent with the operation of a
biophysical CCM but is not essential for a C4-like CCM, where the initial HCO3 − fixation occurs outside the plastid. Finally, enhanced uptake of inorganic carbon, both
as CO2 or HCO3 − , would be consistent with both types of CCM, whereas raising
the concentration of Ci within the cells [327] is more consistent with the biophysical
CCM. The high affinity of PEPC for HCO3 − would be expected to alleviate the need
to accumulate high Ci concentrations internally. Induction of an extracellular CA at
low CO2 concentrations was also observed in P. tricornutum. Such a CA would be
expected to facilitate the rate of CO2 formation in the unstirred layer surrounding the
cells and thereby to supply CO2 for photosynthesis by either CCM type. In summary,
clear evidence that supports either CCM mode as the only way to raise the CO2 concentration in close proximity of Rubisco is presently missing due to lack of sufficient
biochemical evidence.

4.3.4. Photorespiration and glyoxylate metabolism
Photorespiration is the inevitable consequence of the ability of either CO2 or O2 to
cleave the double bond obtained in RuBP after enolization by Rubisco. In higher
plants, photorespiration is thought to provide the photosynthetic machinery with
some protection against photoinhibition [140,247,353,357] . Mutants of tobacco (Nicotiana
tabacum L.) defective in enzymes of the photorespiratory pathway demonstrated enhanced photoinhibition under high light conditions [166,359] . The specificity factor (τ ) of
Rubisco, a measure of its ability to discriminate CO2 from O2 , is considerably higher
in diatoms than in cyanobacteria and green algae (reviewed in [326] ) suggesting a lower
rate of O2 fixation in diatoms than observed in members of the green lineage. This is
supported by studies showing photorespiratory activity in diatoms at a reduced rate
than expected from studies with higher plants [14,15,52,252] .
When O2 out-competes CO2 for RuBP, one molecule of 2-P-glycolate and one
molecule of 3-P-glycerate are produced. The latter may enter the Calvin cycle,
whereas 2-P-glycolate, a metabolite known to inhibit the Calvin cycle enzyme triosephosphate isomerase [139] must be degraded via the photorespiratory pathway (see
Figure 4.2, page 67). In higher plants, metabolism of 2-P-glycolate takes place via
the C2 cycle [238] . Following cleavage of the phosphate group, glycolate is exported
out of the chloroplast and enters the peroxisome where it is oxidized to glyoxylate, followed by transamination to form glycine which enters the mitochondrion. The glycine
decarboxylase complex together with serine hydroxymethyltransferase, catalyzes the
condensation of two glycines to one serine with the consequent release of ammonium
ion and CO2 . The serine is further metabolized back to P-glycerate which may then
enter the Calvin cycle in the chloroplast. Thus, out of four carbons entering the C2
cycle, three are converted back to PGA and one is released in the form of CO2 .
In microalgae, the cyclic process of PGA recovery is not well-studied. More often,
glycolate metabolism is studied in the context of its excretion as a waste-product to
circumvent unfavourable growth conditions [181,211,322,323] . A large fraction of glycolate
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shown due to uncertainty in the localization of the enzymes. Enzyme Abbreviations: ACS: acetyl CoA
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doi:10.1371/journal.pone.0001426.g002
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produced by fixation of O2 is released from the cell [89,148,249] and may serve as an
important source of organic carbon in the water body. Leboulanger et al. [182] found
high concentrations of glycolate in seawater at both oligotrophic and eutrophic sites,
suggesting that photorespiration may be ubiquitous in the marine environment. Photorespiration may therefore represent an important loss of fixed carbon, either via
released glycolate or CO2 . Recent studies on photorespiration in the cyanobacterium
Synechocystis sp. PCC 6803 showed considerable rates of glycolate formation even
when the cells were exposed to high levels of CO2 such as 5 % CO2 in air [74] . Interestingly in diatoms, when T. weissflogii and T. pseudonana were exposed to 14 CO2 for 5
sec, a considerable label (15 %) was detected in glycolate in T. pseudonana but only
5 % in T. weissflogii [10] . This may indicate a higher level of CO2 in the vicinity of
Rubisco in the case of T. weissflogii and consequently a reduced oxygenase activity.
Recent studies on the expression of key genes in the C2 cycle in Thalassiosira
sp. suggest the photorespiratory pathway is active in diatoms and plays a critical
role in carbon and nitrogen metabolism in the cell [248,249] . We have identified most
of the enzymes likely involved in a C2-type glycolate pathway in the genomes of
P. tricornutum and T. pseudonana (Figure 4.2). The annotation of enzymes in the
C2 pathway confirms several differences between the photorespiratory cycle in diatoms and in higher plants, and corroborates the scheme proposed by [355] . In algae,
it has been suggested that two types of glycolate-oxidizing enzymes exist: a glycolate oxidase in Chrysophyceae, Eustigmophyceae, Raphidophyceae, Xanthophyceae
and Rhodophyceae, and a glycolate dehydrogenase in Chlorophyceae, Prasinophyceae,
Cryptophyceae and Bacillariophyceae [313] . Winkler and Stabenau [355] further suggest
that in diatoms glyoxylate is synthesized via a glycolate dehydrogenase in both peroxisomes and mitochondria. In both P. tricornutum and T. pseudonana, two proteins
similar to glycolate oxidases (GOX) or possibly glycolate dehydrogenases (GDH) were
identified: one of the two proteins (22568) contains the peroxisomal targeting motif
PTS1, which is common in many eukaryotes and characterized by the consensus sequence (S/C/A)(K/R/H)(L/M) located at the extreme carboxy-terminus [237] . The other
protein (50804) appears to be targeted to the mitochondria. This suggests that at
least one glycolate oxidizing enzyme in each diatom is localized in the peroxisome,
although based on the previous biochemical studies of Suzuki et al. [313] and Winkler
and Stabenau [355] , it is unclear whether it catalyzes production of hydrogen peroxide.
Moreover, the potential for peroxisomal activity is corroborated by identification of
a malate synthase (54478). In both diatoms, the enzymes for serine synthesis and
metabolism have been found targeted to the mitochondria: serine-pyruvate/alanineglyoxylate aminotransferase (SPT/AGT, 49601), glycine decarboxylase and serine
hydroxymethyltransferase GDC/SHMT (56477, 22187, 32847, 18665, 17456), hydroxypyruvate reductase (56499) (Figure 4.2). Interestingly, we were not able to identify
a gene for glycerate kinase in P. tricornutum or in T. pseudonana. This enzyme catalyzes the last reaction of the C2 cycle and appears to be present in cyanobacteria,
the green algal lineage, the red algal lineage, but only sporadically in alveolates and
heterokonts. The absence of this enzyme poses the question of how, or whether, glycerate can be transformed into 3-P-glycerate to be reintegrated into the Calvin cycle.
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An alternative to glycerate, and thereby 3-P-glycerate, as the endpoint of photorespiration is the possibility that all the glycine and serine produced from the fixation of
oxygen are instead shunted to other pathways. For example, the formation of the antioxidant glutathione from photorespiratory glycine has been previously demonstrated
(reviewed in [261] ).
Another pathway for glyoxylate metabolism, the tartronate semialdehyde pathway,
is known in cyanobacteria [261] . Synechocystis mutants were used to illustrate that a C2
pathway and glyoxylate/glycerate pathway (via glyoxylate carboligase and tartronic
semialdehyde reductase) cooperate in the metabolism of 2-phosphoglycolate [74] . Genes
encoding a putative tartronate semialdehyde reductase (45141) and a putative glyoxylate carboligase, also called tartronate semialdehyde synthase (56476), have been
found in both diatoms. The closest BLAST matches to the models for tartronate semialdehyde reductase are genes encoding 3-hydroxyisobutyrate dehydrogenases. The two
enzymes are part of the same enzyme family, making a definitive assignment difficult.
The putative P. tricornumtum tartronate semialdehyde reductase (45141) has a mitochondrial targeting peptide while the targeting for the T. pseudonana model (2669) is
unclear. The closest BLAST matches to the predicted glyoxylate carboligase were acetolactate synthase, however, these two enzymes are also closely related and difficult to
distinguish. Both predicted carboligases appear to have chloroplast transit peptides,
but the evidence is weak and therefore targeting of glyoxylate carboligase remains
uncertain in both diatoms. The presence of glyoxylate metabolism is supported by
an early study of Paul and Volcani [252] showing that the activity of glyoxylate carboligase in the diatom Cylindrotheca fusiformis is affected by light intensity. These data
suggest that similar to cyanobacteria, diatoms combine C2 and glyoxylate/glycerate
pathways to metabolize 2-phosphoglycolate back to the Calvin cycle.

4.3.5. Reductive/oxidative pentose phosphate pathway
Photosynthetic carbon fixation in plants and algae is performed by the Calvin cycle.
Some Calvin cycle enzymes in land plants are of cyanobacterial origin, while others
have been replaced by protobacterial or eubacterial enzymes [197] . Carbon fixation in
land plant plastids is highly regulated, either by substrates and ions like Mg2+ or by
light-dependent redox regulation either at the transcriptional [86,312] or the enzymatic
level via the ferredoxin/thioredoxin-system [143,277] . In addition to the Calvin cycle
(reductive pentose phosphate pathway), plastids from land plants and green algae
possess an oxidative pentose phosphate pathway (OPP). This ubiquitous process produces NADPH and pentose-phosphates for biosynthesis of nucleotides, amino acids
and fatty acids in the dark by decarboxylation of glucose-6-phosphate.
As both pathways in plastids are interconnected, operating them simultaneously
would result in a futile cycle, using up energy in the form of ATP without net CO2
fixation. Thus in plastids of land plants and green algae some of the enzymes of
the Calvin cycle like the phosphoribulokinase (PRK), glyceraldehyde-3-phosphate dehydrogenase (GAP-DH), fructose-1,6-bisphosphatase (FBP), and seduheptulose-1,7bisphosphatase (SBP) are activated in the light via reduction by thioredoxin (and be-
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come inactive in the dark), while the key enzyme of the OPP, the glucose-6-phosphate
dehydrogenase (G6PDH) is active in the dark, but inhibited after reduction in the
light. In contrast to higher plants, there is apparently no complete oxidative pentose phosphate pathway (OPP) in the plastids of several diatoms [7,213] as well as in
P. tricornutum, suggesting diatom plastids in general lack this pathway. Two putative 6-phosphoglucono-lactonases might be targeted to the cytosol (31882) and to the
plastid (38631), however, both genes are not yet supported by ESTs. The other two required enzymes glucose-6-phosphate dehydrogenase (G6PDH, 30040, and the G6PDH
component of a G6PDH/6PGDH fusion protein, 54663) and 6-phosphogluconate dehydrogenase (6PGDH, 26934, and the 6PGDH component of the G6PDH/6PGDH
fusion protein, 54663) were found to be cytosolic enzymes, indicating that the complete OPP is only functional in the cytosol (Figure 4.3, page 70).
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The only Calvin cycle enzymes encoded on the plastid genome are the small and
the large subunit of the Rubisco (GenBank AY819643) [241] . All other genes encoding
primary enzymes of the Calvin cycle have been identified in the nuclear genomes
of P. tricornutum and T. pseudonana (see Figure 4.3). The only exception is the
gene for the sedoheptulose bisphosphatase (SBP). The only SBP gene we identified
(56467) encodes a protein that lacks a plastid targeting sequence and thus appears to
be localized within the cytosol. This SBP, however, is not contained in the large set
of ESTs from P. tricornutum, indicating that it is not actively transcribed under the
applied conditions. SBP catalyses the reaction from sedoheptulose-1,7-bisphosphate
to sedoheptulose-7-phosphate in the Calvin cycle; it is unclear yet whether the SBP
reaction does not occur in diatom plastids or—more likely—whether this reaction
is performed by one of the plastidic FBPs as shown for FBP I in cyanobacteria [315] .
Interestingly there is a gene encoding a plastidic FBP (FBPC2, 42456) with a bipartite
plastid targeting presequence that is located about 500 bases upstream of the SBP
gene in the same orientation (similar as in T. pseudonana). There is a theoretical
possibility that both genes might be transcribed together and—after excision of a
putative intron—might be translated as a fusion protein, thus the SBPase could be
imported in a piggy-back manner, although this hypothesis has not yet been supported
by transcript analyses (Weber and Kroth, unpublished).
Genes encoding the Calvin cycle enzymes fructose-1,6-bisphosphate aldolase (FBA)
and FBP are present in several copies. There are two class II aldolases (22993, bd825)
and one class I (24113) aldolase in the plastids, while a class I (42447) and a class II
(29014) aldolase are found in the cytosol. Four plastidic FBPases have been identified
(FBPC1: 42886; FBPC2: 42456; FBPC3: 31451; FBPC4: 54279) and one cytosolic
enzyme (23247). The redundancy of isoenzymes may partially reflect the evolution of
diatoms by secondary endocytobiosis [250] , [143] . Some of the isogenes may have either
a cyanobacterial or a rhodophytic origin or are related to respective enzymes from
oomycetes. Other genes may also have been transferred by lateral gene transfer from
bacteria or have been duplicated within the heterokonts [173] .
Redox-regulation of enzymatic activity is critical for plastid functions. Thioredoxin
is a small protein that is reversibly reduced in the light by ferredoxin/thioredoxin
reductase (FTR) and is able to reduce target enzymes resulting in altered enzymatic
activities [143] . Several genes encoding thioredoxins (Trx) were identified in P. tricornutum, including the genes for Trxs f (46280) and m (51357) both possessing typical plastid targeting signals. Three genes encoding Trx h proteins (48539, 56471,
48141/56521) were identified, one of which (48539 plus possibly 48141/56521) contains a presequence for targeting into ER/periplastidic space (respective homologues
are also found in T. pseudonana). This is surprising because Trx h is located in the
cytosol in all other organisms examined so far. Genes encoding two plastidic Trxs y
(33356, 43384), a mitochondrial Trx o (31720) and a ferredoxin-thioredoxin oxidoreductase (50907, needed for Trx reduction) were also identified. These results imply
that thioredoxin based light-regulation is functional in diatom plastids, although far
fewer plastid enzymes in diatoms than in plants may be actual Trx targets (see [350] ).
Another group of proteins involved in redox-regulation in land plant plastids are
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glutaredoxins (Glrx), which are involved in fine-tuning of the thioredoxin system [212] .
In P. tricornutum we predict two glutaredoxins to be targeted into the plastids (43497,
39133), one to the cytosol (16854), and one to the mitochondria (37615). Similar to the
unusual periplastidal/ER associated Trxs h (48539/48141), one glutaredoxin (56497)
also contains a presequence for targeting into ER/periplastidic space. Taken together,
thioredoxins and glutaredoxins are present in the mitochondria, plastids and cytosol
of P. tricornutum and T. pseudonana, although their functionality and specificity is
unclear.
The plastidic fructose-bisphosphatase (FBP) is the only enzyme in diatoms for
which there is direct evidence of redox-regulation by thioredoxin [213] . The PRK also
possesses the conserved cysteines for redox regulation, although due to a shift of
the redox midpoint potential of this enzyme, it does not get oxidized in vivo and
thus is permanently active [213] . Diatom plastids also possess a different GADPH
enzyme compared to green algae and land plants, termed GapC1 (25308), which does
not contain the respective cysteines [186] and which is not affected by oxidation or
reduction (Michels, A. Wedel, N., and Kroth, P.G., unpublished). The chloroplast
ATPase in land plants is modulated by thioredoxin by lowering the energy threshold
of the membrane potential necessary to activate the enzyme. The sequence cassette
on the γ subunit containing the necessary cysteines (AtpC, 20657) in land plants is
missing in diatoms as well as in red algae.
Other plastidic enzymes which are affected by thioredoxin in land plants are not
found in P. tricornutum or T. pseudonana. (i) In land plants and in green algae there
are two malate dehydrogenases, one of which is NAD-dependent and one of which
is NADP-dependent. The NADP-dependent enzyme is redox-regulated via thioredoxin and serves as a valve for excess NADPH [286] . Based on enzymatic and in silico
analyses, the redox-regulated isoenzyme appears to be missing from diatom plastids
(Mertens and Kroth, unpublished). (ii) ADP-glucose pyrophosphorylase (AGPase) in
land plant plastids produces ADP-glucose, the substrate for starch synthesis [93] . Diatoms do not possess a plastidic AGPase, which is consistent with the fact that they
export all carbohydrates immediately from the plastids and store them as chrysolaminaran in cytosolic vacuoles. (iii) The Rubisco activase responsible for activation of
Rubisco [363] , is apparently also missing from diatom plastids as no gene for this protein
has been found in the genomes of P. tricornutum or T. pseudonana. (iv) Another system regulating the Calvin cycle in land plants is the formation of enzyme complexes
of GAPDH and PRK by the small protein CP12 via disulfide bridges [348] . In land
plants and in green algae these complexes form in the dark, and in the light they are
reduced by thioredoxin in the presence of NADPH, dissociate and release GAPDH
and PRK activity [107] . A comparison of native GAPDH and PRK enzymes from stromal extracts of diatoms and land plants by gel filtration revealed that diatoms do not
form GAPDH/PRK/CP12 complexes (Michels, Wedel and Kroth, in preparation),
accordingly we were not able to identify genes for putative CP12 proteins in diatom
genomes.
Interestingly, during our genome analysis we identified a few cases of unusual gene
fusions. When transcribed as a single mRNA they may form fusion proteins con-
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sisting of two metabolic enzymes that are connected by spacers of 8 to 25 amino
acids. We found three metabolic enzyme pairs that apparently are fused to each other
because they are transcribed by a single mRNA: the mitochondrial triosephosphateisomerase/glyceraldehyde-3-phosphate dehydrogenase (TIM-GAPC3, 25308) [186] , a cytosolic UDP-glucose-pyrophosporylase/phosphoglucomutase (UGP/PGM, 50444), and
a cytosolic glucose-6-phosphate-dehydrogenase/6-phosphogluconate-dehydrogenase (G6PDH/6PGDH, 54663) fusion protein. The fact that each pair of enzymes catalyzes two subsequent metabolic reactions indicates that fusing these genes may
result either in a better regulation or a faster conversion of substrates. However,
there is evidence that at least some of these fusion proteins may be cleaved posttranslationally [186] (Majeed and Kroth, unpublished). Interestingly, the TIM-GAPDH
(present in T.pseudonana and P. tricornutum) and the UGP/PGM are found in the
genomes of the stramenopiles Phytophthora ramorum and Phytophthora sojae, while
the G6PDH/6PGDH is not.

4.3.6. Glycolysis
Glycolysis is a universal cytosolic pathway for degradation of hexoses and results in
pyruvate, which may be targeted to the mitochondria in eukaryotic organisms performing aerobic degradation or may be utilized in various other ways in organisms
capable of living in anaerobic conditions. Several enzymes involved in glycolysis occur
as a number of isoenzymes in P. tricornutum and T. pseudonana. For instance there
are five genes for phosphoglucomutases (PGM) present in the P. tricornutum genome:
two of the gene products (48819, 50718) are likely to be targeted to the plastid while
the other isoenzymes apparently are located in the cytosol (51225, 50118 and the
PGM component of a UDP-Glucose-Pyrophosphorylase/Phosphoglucomutase fusion
protein 50444). Similarly there are three phosphoglycerate kinases predicted to be targeted either to the cytosol (51125), the mitochondria (48983) or the plastid (29157).
Recent analyses using GAPDH genes from diatoms and other organisms indicate a
common origin of all chromalveolates (86). Of the six identified GAPDH enzymes
in P. tricornutum, two are targeted to the mitochondria (32747 and the GapC3 component of a TPI/GapC3 fusion protein 25308) and one is targeted to the plastids
(22122) [186] . GapC2, assigned to be cytosolic [186] is present in two copies encoded in
the same orientation on chromosome 16, with a distance of approx. 24 kilo base pairs
(51128, 51129). A third cytosolic GAPDH enzyme was additionally identified (23598).
Three genes for glucose-6-phosphate isomerases (GPI) were found, encoding a plastidic
GPI (56512) and two cytosolic enzymes [110] with genes located next to each other in
opposite direction (23924, 53878). We found only genes encoding a plastidic (56468)
and two mitochondrial enolases (bd1572, and the apparently unfunctional bd1874) in
P. tricornutum. However, in T. pseudonana a cytosolic and a mitochondrial enolase
have been found (40771, 40391). This indicates that all reactions of the glycolysis
may potentially occur within the plastid (Figure 4.4, page 74), where some of them
simply represent essential enzymes of the Calvin cycle. Also surprising is the fact
that there are isoenzymes of the complete second half of the glycolysis possessing mi-
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tochondrial presequences (see Figure 4.4). In some cases the respective enzymes have
been shown to be targeted into the mitochondria by fusing the presequences to GFP
(C. Rio Bartulos, personal communication). Similarly the translocation of glycolytic
reactions to other organelles has been described in unicellular green algae [138] .
No gene encoding a hexokinase for phosphorylation of glucose was detectable in
either P. tricornutum or T. pseudonana. Instead, genes for glucokinases were detected
in both species. This observation conforms to the trend that sugar-specific kinases are
typical in prokaryotes and unicellular eukaryotes, whereas hexokinases with broader
substrate specificities are typical in multicellular eukaryotes [38] . The P. tricornutum
cytosolic glucokinase (48774) might additionally be involved in the chrysolaminaran
pathways (see below).

4.3.7. Storage products—synthesis and degradation
Chrysolaminaran is the principal energy storage polysaccharide of diatoms. The relatively high contribution of chrysolaminaran to marine particulate matter underscores
this molecule’s significant role in the oceanic cycling of carbon [122,123,330] . It generally
comprises between 10 and 20 % of the total cellular carbon in exponentially growing diatoms but can accumulate to up to 80 % of the total cellular carbon in cells
whose growth is limited by nitrogen [332] . Chrysolaminaran concentrations undergo a
diel rhythm characteristic of an assimilatory and respiratory product, accumulating
during the daylight and becoming depleted in the dark [108,123,333] . The structure of
chrysolaminaran is fundamentally based on a β-1,3-linked glucan backbone, which is
infrequently branched with mainly β-1,6-linkages [1,49,90,201,292,308,309] . Vacuolar localization of chrysolaminaran in several diatom species, including P. tricornutum and
T. pseudonana, was demonstrated by staining with aniline blue [343] and by immunolabelling with a monoclonal anti-1,3-β-D-glucan antibody [49] .
The biochemical pathways leading to chrysolaminaran synthesis and degradation
have not been elucidated. However, enzyme assays of cell-free extracts from the
diatom Cyclotella cryptica demonstrated that the formation rate of UDP-glucose was
≥ 20-fold greater than for any other nucleoside-diphosphate-glucose and that UDPglucose served as a substrate for chrysolaminaran synthesis [274] . Furthermore, exo-1,3β-glucanase activity was detected in several planktonic diatoms and upregulation of
this activity coincided with chrysolaminaran degradation in the diatom Skeletonema
costatum [333] .
We focused on exo- and endo-1,3-β-glucanases and β-glucosidases as the primary
enzymes involved in digesting chrysolaminaran. We found four putative exo-1,3-βglucanases in P. tricornutum, all belonging to the glycosyl hydrolase family 16 (49294,
56510, 56506, 49610). All orthologues possess an N-terminal signal peptide, except
(49610), and all contain a C-terminal transmembrane helix. In addition, one (56510)
possesses a putative C-terminal ER-retention signal (REEL). Of the four exo-1,3-βglucanases, only one (49294) was represented in T. pseudonana (13556). Three putative endo-1,3-β-glucanases were identified in P. tricornutum, two belonging to glycosyl
hydrolase family 16 (54681, 54973) and one to family 81 (46976). One of these (54681)
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consists of 1028 amino acid residues and has both an N-terminal signal peptide and
a C-terminal transmembrane domain. The second (54973) has a signal peptide but
no transmembrane helix and it is only about half the length. Curiously, the third
enzyme (46976) apparently lacks a signal peptide but has an N-terminal transmembrane helix, making it a candidate for a type II transmembrane protein. Among
the sequences, 54681 from P. tricornutum and 35711 from T. pseudonana are most
similar to each other. In a ClustalW tree of endo-β-glucanases, these sequences clustered with bacterial endoglucanases (Rhodothermos marinus, Bacillus circulans, and
Sinorhizobium meliloti), and (54973) only very weakly associated with these. The
family-81 endoglucanases from the two diatom species grouped together but were apparently still relatively divergent, the next closest sequences being a pair of family-81
endoglucanases from Arabidopsis thaliana.
Three putative β-glucosidases were identified in P. tricornutum, one belonging to
glycosyl hydrolase family 1 (50351) and the other two (45128, 49793) to family 3. In
T. pseudonana, only a single β-glucosidase was identified (28413), and this belonged
to glycosyl hydrolase family 1. In addition to a signal anchor (50351), only one
of the P. tricornutum family-3 β-glucosidases (45128) appears to have a C-terminal
transmembrane helix. All three P. tricornutum orthologues were represented by ESTs,
but to varying degrees.
Overall, at least 10 enzymes predicted to digest 1,3-β-glucans were identified in
P. tricornutum. Presumably, at least one of the exo-1,3-β-glucanases and one of the
endo-1,3-β-glucanases act complementarily to digest the principle β-1,3-linkages of
chrysolaminaran. The products of efficient digestion by this suite of enzymes would be
primarily free glucose, with relatively small amounts of glucosyl oligosaccharides dominated by β-1,6-linkages (e.g. gentiobiose) derived from surviving chrysolaminaran
branch points. A β-glucosidase could hydrolyze such oligosaccharides to free glucose.
The free glucose generated from complete chrysolaminaran degradation would subsequently be phosphorylated by glucokinase.
The vacuolar localization of chrysolaminaran implies that the degradative enzymes
are also localized there. However, the exo-1,3-β-glucanase (56510) possesses a Cterminal ER-retention signal in addition to the signal peptide and C-terminal transmembrane helix. In yeast, transmembrane domains can serve as localization signals
for sorting proteins from the ER, with the destination (plasma membrane or vacuole)
dependent upon transmembrane helix length and composition rather than on a specified sequence [263] . We identified one gene for a glucokinase in P. tricornutum. As
described above we conclude the enzyme to be involved in the cytosolic glycolysis
(48774). Although there is no EST support, it is possible that by intron splicing the
glucokinase may possess a signal peptide, which might allow targeting to the vacuole
(compare to 56514). Interestingly, similar to the glucanases the enzyme possesses a Cterminal transmembrane helix, indicating that it might be integrated into membranes
as shown for various hexokinases from plants [349] . In addition to a number of bacterial
sequences, the most similar sequence to the diatom glucokinases is the glucokinase
of Cyanidioschyzon merolae. This enzyme apparently also lacks a hexokinase and its
glucokinase also contains a C-terminal transmembrane helix [345] . The simplest model
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is that the diatom glucan-digesting enzymes and the glucokinase are anchored at their
C-termini to cytosolic membranes like the vacuolar membrane either being oriented
towards the cytosol or to the vacuole. The localizations of the β-glucosidases are heterogeneous, however, and for any one of them to serve as a vacuolar gentiobiase would
require localization by mechanisms other than those that localize the β-glucanases or
the glucokinase.
The hypothesis proposed here for degradation of chrysolaminaran has implications
for the generation of glucosyl phosphate intermediates from an energy storage glucan.
First, enzymes responsible for chrysolaminaran degradation apparently were recruited
during evolution from enzymes normally associated with extracellular polysaccharides.
Second, and as a consequence, degradative and phosphorylating steps are decoupled
in diatoms. In organisms that metabolize starch or glycogen, the degradative and
phosphorylating steps are achieved either concomitantly by an ATP-independent
pathway or separately by an ATP-dependent pathway in which phosphorylation is
catalyzed by hexokinase (for reviews, see [11,271] . The apparent occurrence of only
glucokinase in both P. tricornutum and T. pseudonana may, apart from reflecting
their evolutionary heritage, be an adaptation to a dedicated ATP-dependent pathway
for chrysolaminaran digestion. Bacterial glucokinases, such as those of Escherichia
coli, Zymomonas mobilis, Bacillus stearothermophilus, and Streptococcus mutans, have
a high specificity and moderately high but relatively narrow K M range for glucose
(K M = 0.22–0.61 mM ; [1,49,308,309] ) compared with broad-specificity eukaryotic hexokinases (K M = 0.007–2.5 mM ; [38,256] . In diatoms, such a glucokinase could cope with
substantial fluxes in glucose concentrations and ensure that the phosphorylation is
efficient as high concentrations of free glucose are liberated during chrysolaminaran
degradation. The affinities and kinetics of the diatom glucokinases will need to be
characterized, to assess the validity of this hypothesis.
The synthetic pathway of chrysolaminaran is essentially unknown. Based on enzyme activity assays of C. cryptica, UDP-glucose likely serves as the substrate for
chrysolaminaran synthesis [274] . The apparent absence of genes encoding ADP-glucose
pyrophosphorylase in either diatom species provides further support that UDP-glucose
serves as the substrate for chrysolaminaran synthesis. Interestingly, the UDP-glucosyl
pyrophosphorylase (UGP) from C. cryptica was not inhibited by 3-P-glycerate or inorganic phosphate, suggesting that the assimilatory glucan is synthesized outside the
plastid [274] . Surprisingly, a UDP-sugar pyrophosphorylase of the UGP family was
encoded in the genome (23639) and this enzyme is predicted to be targeted to the
chloroplast. The plastid localization of a potential UGP in both diatoms suggests that
UDP-glucose is used for synthesis of chrysolaminaran within the CER en route to the
vacuole. The origin of glucose-6-phosphate as substrate for a plastidal UGP remains
unclear but is presumably derived from other sugar phosphates circulating in the plastid. A second candidate for UGP is one derived from a UGP/PGM fusion protein
apparently localized in the cytosol (50444). This enzyme could supply UDP-glucose
to a membrane-bound glucan synthase (see discussion below).
One or probably more glycosyl transferases likely synthesize the chrysolaminaran
polymer, and these could be either orthologous to 1,3-β-glucan synthases in other
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organisms or perhaps more likely, novel enzymes due to the unique structure and
function of chrysolaminaran. A single gene encoding 1,3-β-glucan synthase was identified in P. tricornutum. The deduced protein consists of over 2,100 amino acids and
possesses 20 transmembrane domains and a signal peptide. A single 1,3-β-glucan synthase was also identified in T. pseudonana, although no signal peptide was detected
for the predicted protein likely because the N-terminus was incompletely defined. The
two diatom sequences were most similar to each other and showed similarity to callose
synthase sequences from dicots such as A. thaliana and Oryza sativa. This membranebound enzyme likely catalyzes the addition of glucosyl residues from cytosolic UDPglucose on one side of the membrane to the growing, non-reducing terminus of the
polysaccharide chain, which protrudes from the enzyme on the opposite side of the
membrane. This presumed mode of action is akin to that of plasma membrane-bound
polysaccharide synthases such as the Thalassiosira chitin synthases [7] [311] and the cellulose synthases of terrestrial plants and multicellular algae [30,328] . Extracellular callose
has been reported in diatoms and was suggested to serve as a permeable seal in the
girdle regions during cell division [343] , so it is feasible that the identified 1,3-β-glucan
synthase is a plasma-membrane-bound callose synthase. The relatively high EST support for this gene under a variety of growth limiting conditions, however, argues for
a more active role not limited to cell division. Localization of the 1,3-β-glucan synthase to either the vacuole or the CER would help to determine where UDP-glucose
is accessed from–either the cytosol or the CER. If UDP-glucose is accessed from the
vacuole, this would support the hypothesis that chrysolaminaran metabolism evolved
by relocating to the vacuole enzymes involved in the synthesis and processing of extracellular polysaccharides.
Three additional gene models were identified in P. tricornutum (48300, 56509,
50238) and in T. pseudonana (3105, 4956, 9237) that encode proteins with moderate similarity (up to 28 %) to fungal Skn1 and Kre6, enzymes required for synthesis
of fungal wall 1,6-β-glucans [184] . The diatom proteins all contain N-terminal signal
peptides and single C-terminal transmembrane helices, suggesting they are also associated with the suite of enzymes that process β-glucans. Although the precise function
of the fungal enzymes is unclear, they resemble family-16 glycosyl hydrolases and have
been interpreted as potential glycosylases and/or transglycosylases [219] . Branching in
terrestrial plant starches and mammalian and fungal glycogen is achieved by specific
enzymes that hydrolyze internal α-1,4-glycosidic bonds and transfer the released reducing ends to C-6 hydroxyls of the acceptor polysaccharide chain [11,271] . If analogous
processes occur in diatoms, the putative diatom glucosylase/transglucosylases could
act as chrysolaminaran branching/debranching enzymes.

4.3.8. Inositol and Propanoate pathways
Many different cyclitols occur in plants with the most widespread and extensively studied being myo-inositol [67,189] . Myo-inositol becomes incorporated into several crucial
cellular compounds including those involved in signal transduction (phosphatidylinositol [PI], phosphatidylinositol-4,5-bisphosphate [PIPs]), hormone regulation (indole
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acetic acid [IAA] conjugates), membrane tethering (glycerophosphoinositide [GPI]
anchors), stress tolerance (ononitol, pinitol), oligosaccharide synthesis (galactinol),
and phosphorus storage (inositol hexakisphosphate [IP6]). Its primary breakdown
product, D-glucuronic acid, is utilized for synthesis of various cell wall pectic noncellulosic compounds, expanding the list of processes impacted by inositol synthesis
and metabolism. In both P. tricornutum and T. pseudonana genes encoding enzymes
predicted to be involved in inositol metabolism are well-represented, in particular the
methylmalonate-semialdehyde dehydrogenase (acylating) (MMSDH), myo-inositol 2
dehydrogenase (InDH), and triosephosphate isomerase (TIM).
De novo synthesis of inositol has been studied mainly in yeast and proceeds from
glucose 6-phosphate through inositol 1-phosphate in two steps catalyzed by inositol
phosphate synthase (INPS) and inositol monophosphatase (IMP). Genes encoding
these two enzymes are present in the genomes of both P. tricornutum and T. pseudonana. Myo-inositol can be interconverted to scyllo-inosose by the enzyme myo-inositol
dehydrogenase (InDH; EC 1.1.1.18). Stein et al. [301] confirmed the presence of InDH
in the red alga Galdieria sulphuraria and a further study by Gross and Meyer [113]
examined the distribution of InDH in algae by confirming its presence through enzyme assays. On the basis of InDH activity they assigned the different algae tested
into two distinct groups: one composed of red algae and Glaucocystophyta and the
other composed of heterokontophytes and haptophytes. They also proposed an inositol/inosose shuttle across the mitochondrial membrane as an alternative to the
mitochondrial NADH dehydrogenase present in higher plants and green algae. The
mitochondria of red algae seem to be capable of using myo-inositol for respiration,
which was hypothesized to exemplify the divergence of basic metabolism during algal
evolution. In plants, neither synthesis nor degradation involves InDH and there was
no InDH activity present in the green algae tested by Gross and Meyer [113] . Interestingly, neither synthesis nor catabolism involves scyllo-inosose as a reaction product in
the algae studied, whereas in mammals [133] it seems to be involved in the synthesis of
scyllo-inositol.
The sequences predicted to encode InDH from both P. tricornutum and T. pseudonana were compared on the basis of their predicted amino acid sequences to other
InDH sequences including those from the red algae C. merolae and G. sulphuraria.
The predicted protein sequences from P. tricornutum (51869) and T. pseudonana
(8703) formed their own clade separate from the other sequences analysed. This
would seem to provide further evidence for the theory of Gross and Meyer [113] for a
divergence in algal metabolism based on InDH, but the other P. tricornutum sequence
(34720) was found within the clade formed by the red algal sequences.
MMSDH is an enzyme involved in valine catabolism rather than inositol metabolism.
Here it catalyzes the irreversible NAD+ - and CoA-dependent oxidative decarboxylation of methylmalonate semialdehyde to propionyl-CoA. It has been suggested that
a Bacillus version of the protein is located in an operon and/or involved in myoinositol catabolism, converting malonic semialdehyde to acetyl CoA and CO2 [361] .
Without further investigation its role in inositol metabolism in both P. tricornutum
and T. pseudonana is unclear.
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4.3.9. There are elementary differences between green algae and
diatoms
Due to their evolutionary history diatoms naturally display a completely different
host cell/mito-chondria/plastid relationship compared to green algae and land plants.
There are clear differences between diatoms and the green algae and higher plants in
the structure of thylakoids, plastid envelope membranes, the mode of carbohydrate
storage and the photosynthetic properties including photoprotection (for a detailed
comparison see [180,350] . The genome of the unicellular green alga Chlamydomonas
reinhardtii, also representing a single-celled alga but originating from a primary endocytobiosis event, has recently been sequenced [210] and perhaps not unexpectedly,
most Chlamydomonas proteins with a plastidic function display similarity to diatom
sequences. However, among the 153 diatom sequences we have analysed (Table S4.1,
page 83) only 3 of them showed the highest similarity to a Chlamydomonas protein
whereas 23 displayed the greatest similarity to a higher plant sequence. Although the
general pathways of carbohydrates are similar between diatoms and Chlamydomonas,
several peculiar differences were identified that may have resulted from intracellular
translocation of enzymes and/or pathways. Two distinctive features stand out: The
mode of CO2 concentration in diatoms is still largely unclear, as well as the posttranslational regulation of photosynthetic products.
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4.4.1. Sequence analysis
We screened sequences from the current JGI2 diatom genome sequencing projects for
the diatoms Thalassiosira pseudonana v3.03 [7] and Phaeodactylum tricornutum v2.04
using the BLAST algorithm [2] . Comparison with the genome sequences of the red
algae Cyanidioschyzon merolae 5 [200] and Galdieria sulphuraria 6 [12,344] , as well as with
other publicly available algal sequences helped to delimit gene modelling.
Signal peptides of endoplasmic reticulum (ER) proteins were identified using the
program SignalP7 [20] . In addition ER proteins often possess a C-terminal retention
signal. The presence of such a signal (KDEL, DDEL or DEEL) was checked manually.
Plastid proteins of diatoms possess bipartite targeting signals consisting of a signal
peptide and a transit peptide-like domain with a conserved “ASAFAP”-motif at the
signal peptide cleavage site [114,156] . We screened for signal peptides using SignalP.
For cleavage site predictions the results of SignalP’s Neuronal networks (NN) [233] or
Hidden Markov Models (HMM) [234] were used. For prediction of chloroplast transit
peptide-like domains, the program ChloroP8 [79] was used. The transit peptide-like
domains of bipartite plastid targeting sequences often attain poor prediction scores, so
we used the NCBI9 Conserved Domain Search10 [194] to identify N-terminal extensions
from the conserved regions of the respective protein. If a distance of at least 10
amino acids between the predicted cleavage site of the signal peptide and the region
of high homology to respective proteins of other organisms was found, also a weakly
predicted transit peptide-like domain was accepted. In some cases transit peptide-like
domains of plastid proteins are also recognized as mitochondrial transit peptides by the
program TargetP11 [78] . Recent mutational analysis of plastid targeting presequences
revealed that only the aromatic amino acids phenylalanine, tryptophan, tyrosine and
the bulky amino acid leucine at the +1 position of the predicted signal peptidase
cleavage site allow plastid import [114] . Proteins which (i) possess a signal peptide
but no ER retention signal (ii) possess a N-terminal extension longer than the signal
peptide with some transit peptide-like features (iii) contain F, W, Y or L at the signal
peptide cleavage site, were considered to be plastid targeted.
Mitochondrial transit peptides were identified using the program TargetP [78] . Putative enzymes without recognizable targeting sequences were considered cytosolic
although the possibility cannot be excluded that they might be targeted to further
2

http://www.jgi.doe.gov/
http://genome.jgi-psf.org/Thaps3/Thaps3.home.html
4
http://genome.jgi-psf.org/Phatr2/Phatr2.home.html
5
http://merolae.biol.s.u-tokyo.ac.jp/
6
http://genomics.msu.edu/galdieria
7
http://www.cbs.dtu.dk/services/SignalP/
8
http://www.cbs.dtu.dk/services/ChloroP/
9
http://www.ncbi.nlm.nih.gov/
10
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
11
http://www.cbs.dtu.dk/services/TargetP/
3
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compartments. For a detailed description of protein localization prediction see also [76] .
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Table S4.1 Genes involved in carbohydrate pathways in the diatom Phaeodactylum
tricornutum as assessed from the genome publicly available at http://genome.
jgi-psf.org/Phatr2/Phatr2.home.html. For every identified gene the following information is given: enzyme name; common abbreviation; designated pathway; Protein ID; GenBank accession number (if available); number of isogenes
identified; genomic coordinates; best BLAST hit: gene, organism, % identity,
GenBank accession number; targeting predictions: mTP: mitochondrial targeting peptide score, SP: signal peptide score, other: probability for other localization, Loc: Prediction of localization, based on the scores of TargetP, RC: reliability class, 1 = strong, 5 = poor prediction, TPlen: length of transit peptide,
regions of proposed signal peptide cleavage site; assigned localization: overall targeting prediction; respective data for homologous T. pseudonana genes if identified. Targeting predictions were performed by TargetP12 [78] and SignalP13 ’s
Neuronal networks (NN) [233] or Hidden Markov Models (HMM) [234] . For a detailed description of protein localization prediction see also [76] . The Protein IDs
and genomic coordinates are directly linked to the genomic database. Found at:
DiatomCarboannotation.xls14 ; (307 KB XLS);
doi:10.1371/journal.pone.0001426.s001
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5.1. Abstract
The physiology of photoautotrophic cells strongly depends on transporter protein mediated
metabolite exchange between plastids, cytosol, mitochondria and other organelles. Plastids of diatoms have a more complex ultrastructure and a partially different physiology
compared to higher plants and green or red algae: As a consequence of their evolution
by secondary endocytobiosis—the uptake of a eukaryotic alga into a eukaryotic host cell
and its subsequent reduction to an organelle—diatom plastids are surrounded by four
membranes, representing additional barriers for metabolite exchange.
We identified eight and six genes encoding putative nucleotide transporters in the
genomes of the diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum, respectively. Surprisingly, only one of the identified genes (in each diatom) has a close similarity
to plastidal ATP/ADP translocators, the other genes resemble nucleotide transporters of
intracellular and other bacteria (Chlamydiae, Proteobacteria) with diverse transport properties. Analyses of the presequence structures of these membrane proteins differ: Either a
full bipartite presequences including an “ASAFAP”-motif (previously shown to be essential
for plastid protein import in diatoms) is present, or the bipartite presequence lacks the conserved motif, or no presequence is recognisable. To test the localisation of the nucleotide
transporters, we constructed presequence:GFP and full length:GFP fusion proteins and expressed them in the diatom Phaeodactylum tricornutum. The putative plastidal ATP/ADP
translocators contain a complete plastid targeting signal in both diatoms and GFP localisation experiments show that they might function within the innermost plastid envelope
membrane. GFP fusions of the other nucleotide translocator genes indicate that they localise to the periplastidal space or to the endoplasmic reticulum (ER) and chloroplast ER.
A nucleotide transporter with a weakly predicted signal peptide also leads to GFP labelling
of the plastid when fused to GFP in full length, whereas the N-terminus fused to GFP is
not imported. This indicates that also other targeting mechanisms than the one requiring
the “ASAFAP”-motif might exist for membrane proteins in diatom plastids.
The diversity of metabolite transporter genes and their presequence structures in diatoms
might explain how metabolites are transported across the four plastid membranes, and
might be correlated to the enhanced cellular complexity of diatoms compared to higher
plants.
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Plastids are metabolically very active organelles, providing the basis of growth and
propagation in eukaryotic photoautotrophic cells. The origin of plastids was an endosymbiotic process in which a cyanobacterium was taken up by a eukaryotic cell,
followed by the reduction of the endosymbiont to an organelle [198,223,273] . In contrast
to free living cyanobacteria, the physiology of eukaryotic photoautotrophic cells is characterised by complex metabolic co-operation between plastids, cytosol, mitochondria
and other organelles. Metabolite exchange between plastids, cytosol, mitochondria
and other organelles is essential for the metabolism of eukaryotic cells, and this results in massive traffic of intermediates, mediated by transport proteins [346] . This
metabolite exchange is not only crucial for the physiology of recent eucaryotic photoautotrophic cells, but also was one of the driving forces for the stabilisation of the
endocytobiosis early in the evolution of the plastid [135] .
Adenosine 5’-triphosphate (ATP) is the most important molecule for intracellular
energy transfer and is needed for the synthesis of nucleic acids. In higher plants, plastidal nucleotide translocator (NTT) proteins are localised to the inner plastid envelope
membrane [231] . They mediate the uptake of ATP from the cytosol into the plastids by
counter exchange of ATP and Adenosine 5’-diphosphate (ADP) [321] . Import of ATP
into the plastids is needed during the night [266] and to fuel heterotrophic plastids with
energy [230] . In several bacteria, distantly related NTT genes exist, with other modes
of transport [119,320] . Since plastidal ATP/ADP transporters are found in all photosynthetic eukaryotic organisms analysed so far [187] , it is likely that they also mediate
counter exchange of adenine nucleotides in into diatom plastids.
Diatoms and other groups of algae possess secondary plastids which originated from
a secondary endocytobiosis event: the uptake of a eukaryotic alga possessing primary
plastids into a heterotrophic host cell. This endosymbiotic alga was subsequently reduced to a plastid [40,41,203] . In addition to the genetic consequences that resulted from
extensive gene transfer events and genomic reorganisation [155,173] , secondary endocytobiosis also increased the complexity of diatom cell structure [99] , with implications
on physiology and biochemistry [172,180,350] .
Several characteristics of diatoms underline the relevance of metabolite transporters
for the metabolism in diatoms compared to higher plants:
(i) A significant difference between diatom plastids and those of higher plants is
that diatom plastids are surrounded by four rather than two membranes, the outermost of which is studded with ribosomes and continuous with the endoplasmic
reticulum (ER), therefore called chloroplast ER (CER) [99] . This means that the
exchange of all metabolites between the plastids, the cytoplasm and other organelles must at least be facilitated across four membranes (plastid membranes
plus potentially mitochondrial, vacuolar, peroxisomal or other membranes), instead of at least two membranes like in primary plastids.
(ii) Unlike plants, diatoms do not accumulate starch within the plastids, but store
energy either as lipids or as chrysolaminaran (a β-1,3-glucan) outside of the
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plastids. Vacuolar localisation of the main storage carbohydrate, chrysolaminaran, was demonstrated in several diatom species, including P. tricornutum
and T. pseudonana [49,343] . This implies that most carbohydrates fixed by photosynthesis have to be exported from the plastid directly.
(iii) Purine or pyrimidine bases are constituents of all nucleotides. Both types of
bases can be synthesised within higher plant plastids [294,365] . Diatoms seem
to have lost the plastid-localised version of a carbamoyl phosphate synthase
(CPS), the initial enzyme for pyrimidine nucleotide de novo biosynthesis, and
Ambrust et al. [7] stated that “This observation raises the intriguing question of
how pyrimidines are transported across the four plastid membranes.”
As NTT genes are not present in cyanobacteria, the ancestors of primary plastids,
they are also not found on plastid genomes of eukaryotic algae and plants [354] . All
NTT genes known from eukaryotes so far are nucleus encoded and targeted to their
destination by an N-terminal targeting presequence [187,231] . Nuclear-encoded proteins
imported into diatom plastids possess an N-terminal signal peptide that targets the
protein first to the endoplasmic reticulum and a plastid localisation peptide that
targets the protein to the plastid stroma [114,156] . A conserved amino acid motif of
unknown function at the cleavage site of the signal peptides (“ASAFAP”-motif), is particularly important for successful plastid targeting [114,156] , and casually also facilitates
easy recognition of diatom plastid proteins [114,172] .
Publication of the whole genome sequences of the centric diatom Thalassiosira
pseudonana [7] , of expressed sequence tags (ESTs) from the pennate diatom Phaeodactylum tricornutum [192,220] and the recent sequencing of the whole genome sequence
of P. tricornutum (Bowler et al., in preparation) provide opportunities to understand
the unique physiological characteristics of diatoms. Here, we analyse the presence of
putative nucleotide translocator genes in the diatom genomes available to date, and
investigate the localisation of the gene products, to gain insights into metabolite and
membrane protein transport in diatom cells.
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5.3.1. Sequence analysis
We screened sequences from the current JGI1 diatom genome sequencing projects for
the diatom Thalassiosira pseudonana v3.02 [7] for sequences with homology to known
nucleotide transporters using the BLAST algorithm [2] . To identify the homologous
genes in the genome of Phaeodactylum tricornutum, publicly available single-read raw
sequences of the P. tricornutum sequencing project were downloaded from the NCBI
Trace Archive3 . Local BLAST [2] searches were done with heterologous queries of interest against the P. tricornutum raw sequence database using the program BioEdit [121] .
Starts and ends of the hit sequences were used as queries in iterative BLAST searches
against the P. tricornutum raw sequence database to extract a subset of sequences
from this database by the DOS-software geneworm (courtesy of Oliver Kilian). These
single-read sequences were assembled into contigs by use of the software Lasergene
SeqMan II (DNASTAR Inc., Madison, WI, USA). The resulting contigs were checked
for open reading frames (ORFs) with homology to the initial heterologous query of
interest. All gene models are now available at the current Phaeodactylum tricornutum
v2.04 database (Bowler et al., in preparation).
Resulting hits were screened for the presence of signal peptides by help of the
program SignalP5 [20] . For cleavage site predictions the results of SignalP’s Neuronal
networks (NN) [233] or Hidden Markov Models (HMM) [234] were used, for prediction of
chloroplast transit peptide-like domains, the programs ChloroP6 [79] and TargetP7 [78]
were used. For a detailed description of protein localisation prediction see also [76] .
Transmembrane helices were predicted using TMHMM Server v. 2.08 [167,299] . Transmembrane prediction programs sometimes interpret hydrophobic regions of signal and
transit peptides as transmembrane helices [76,218] . In order to avoid missprediction of
signal and transit peptide-like domains as transmembrane helices in the N-terminal region of the NTTs, sequences were sent to TMHMM Server v. 2.0 without presequences.
The transit peptide-like domains of bipartite plastid targeting sequences often attain
poor prediction scores and their length is difficult to predict, so we removed the signal
peptide as predicted by SignalP [20] , plus 15 additional amino acids to account for the
estimated transit peptide-like domain.

1
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5.3.2. Construction of the plasmids
Standard cloning procedures were used [279] . Polymerase chain reaction (PCR) was
performed with a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant Pfu polymerase (Fermentas GmbH, St. Leon-Rot, Germany) according to
the manufacturer’s instructions. All sequences used in this work were cloned from cDNAs derived from Phaeodactylum tricornutum or from Thalassiosira pseudonana. The
shuttle vector pPha-T1 (GenBank AF219942; [362] ) was used for the transformation of
Phaeodactylum tricornutum.
For the construction of the TpNTT1full:GFP and TpNTT3full:GFP fusion proteins,
the enhanced green fluorescent protein (GFP) gene (BD Bioscience, Palo Alto, CA,
USA) has been amplified in a first step, with primers introducing the recognition site
for StuI upstream of the start codon “ATG”, which allowed in frame cutting. This
leads to the derived artificial amino acid “P” between the NTTs and GFP (indicated
in Figures 5.2–5.6). The shuttle vector pPha-T1 was linearised using EcoRV and the
modified GFP fragment was ligated into the plasmid in the orientation of the fcpA
promoter, resulting in the plasmid pPha-T1-StuI-GFP. The NTT sequences were
amplified using unmodified primers, including 5–8 base pairs upstream of the start
codon to facilitate initiation of translation [165] . After digesting pPha-T1-StuI-GFP
with StuI the amplification products were ligated into the plasmid upstream of and
in frame with GFP.
All presequence:GFP fusion proteins were constructed in the same way, except that
the start codon “ATG” in the plasmid pPha-T1-StuI-GFP has been replaced with
“GGG” by site directed mutagenesis, to eliminate direct translation start and to ensure
complete translation of the presequence.
For the construction of the PtNTT1full:GFP fusion protein, PtNTT1 was amplified
with primers introducing recognition sites for the restriction enzymes MfeI (upstream)
and EcoRV (downstream). After digesting the amplification product with MfeI and
EcoRV, the fragment was ligated into pPha-T1-StuI-GFP via its EcoRI and StuI
recognition sites. This leads to the derived artificial amino acid sequence “DP” between
PtNTT1 and GFP (indicated in Figure 5.3)
For the construction of the TpNTT2full:GFP fusion protein the GFP gene was
amplified with primers adding the recognition site for BamHI upstream of the start
codon “ATG”. The shuttle vector pPha-T1 was linearised using EcoRV and the modified GFP fragment was ligated into the plasmid in the orientation of the fcpA promoter, resulting in the plasmid pPha-T1-BamHI-GFP. Homologous primer pairs for
the amplification of TpNTT2 contained EcoRI and BamHI restriction sites within
the upstream or downstream primers, respectively. This leads to the derived artificial amino acid sequence “GS” between TpNTT2 and GFP (indicated in Figure 5.4).
TpNTT2 was amplified and cloned into the pGEM-T Vector (Promega Corporation,
Madison, WI, USA). After digesting the resulting vector with EcoRI and BamHI,
the TpNTT2 fragment was inserted into the EcoRI and BamHI restriction sites of
pPha-T1-BamHI-GFP.
For the construction of the PtNTT2full:GFP fusion protein, PtNTT2 was ampli-
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fied with primers introducing recognition sites for the restriction enzymes EcoRI (upstream) and StuI (downstream). After digestion of amplification product and vector
with EcoRI and StuI, the fragment was ligated into pPha-T1-StuI-GFP. This leads to
the derived artificial amino acid sequence “RP” between PtNTT2 and GFP (indicated
in Figure 5.5)
All constructs were sequenced from their 5’ and 3’ ends, to ensure correct cloning.

5.3.3. Culture conditions
Phaeodactylum tricornutum Bohlin (University of Texas Culture Collection, strain
646) was cultivated in in f/2 culture medium [116] using “Tropic Marin” (Dr. Biener
GmbH, Wartenberg, Germany) salt (16.6 g · l−1 ), 50 % concentration compared to
natural seawater. Cells were grown in liquid culture in flasks under rigorous shaking
(120 rpm) at 22 ◦ C with continuous illumination at 35 µmol · photons · m−2 · s−1 .
Solid media contained 1.2 % (w/v) Bacto Agar (BD, Sparks, MD, USA).

5.3.4. Nuclear transformation
Nuclear transformation of Phaeodactylum tricornutum was performed using the Particle Delivery System PDS-1000/He (Bio-Rad, Hercules, CA, USA; 152 ), fitted with
1350 psi rupture disks as described previously [5] and recently in more detail [171] . Tungsten particles (M10, 0.7 µm median diameter, Bio-Rad) were coated with 5 µg of
plasmid DNA in the presence of CaCl2 and spermidine (Sigma-Aldrich Corporation,
St. Louis, MO, USA), according to Bio-Rad’s recommendations. One day prior to
bombardment approximately 108 cells were spread in the centre of a plate containing
20 ml of solid medium and allowed to recover. After bombardment, cells were allowed
to recover again for 24 h, before being suspended in 600 µl of sterile 50 % Provasoli’s
enriched seawater medium. 150 µl of this suspension were plated on solid medium
containing 75 µg · ml−1 Zeocin (Invitrogen, Carlsbad, CA, USA). The plates were
incubated at 22 ◦ C under continuous illumination (35 µmol · photons · m−2 · s−1 ) for
three weeks before transformants were harvested.

5.3.5. Microscopy
Transformants were screened for the expression of GFP using an Olympus BX51 epifluorescence microscope (Olympus Europe, Hamburg, Germany) Chlorophyll autofluorescence and green GFP fluorescence of the transformants have been dissected using
the mirror unit U-MWSG2 (Olympus) and the filter set 41020 (Chroma Technology
Corp, Rockingham, VT, USA), respectively.
Analysis of GFP localisation in P. tricornutum transformants was performed with a
confocal laser scanning microscope LSM 510 META (Carl Zeiss MicroImaging GmbH,
Göttingen, Germany) using a Plan-Apochromat 63 × /1.4 oil immersion Nomarski
differential interference contrast (DIC) objective (Carl Zeiss). GFP and chlorophyll
fluorescence was excited at 488 nm. After passing the main dichroic beam splitter
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(HFT 488/543), GFP and chlorophyll fluorescences were separated by a secondary
dichroic beam splitter (NFT 545), and detected by two different photomultiplier tubes
with a bandpass filter (BP 505–530) for GFP fluorescence and a low pass filter (LP 650)
for chlorophyll (Chl) auto fluorescence. Transmitted light was detected additionally
at 488 nm excitation light.
Maximum intensity z-projections were calculated from slices of image stacks to
ensure complete detection of Fluorophores within a cell. Images were analysed and
processed using the software LSM Image Browser and AxioVisionLE (Carl Zeiss).
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5.4.1. Sequence analysis
The genome wide search for nucleotide translocator (NTT) genes resulted in the identification of eight putative nucleotide transporter genes in the genome of the centric
diatom Thalassiosira pseudonana (Tp) and six possible nucleotide transporter genes
in the genome of the pennate diatom Phaeodactylum tricornutum (Pt), for annotation
details see Table S5.1. In the following section, protein IDs (Prot-ID) from version
v3.0 (T. pseudonana) [7] and v2.0 (P. tricornutum) of the JGI sequence database are
included in parentheses. In each diatom, one of the identified genes has the closest
BLAST similarity to plastidal ATP/ADP translocators (TpNTT1 26364, PtNTT2
45145). The closest non-diatom NTTs are those of a red alga, Galdieria sulphuraria
(64 % sequence identity in Tp and 63 % sequence identity in Pt), this is consistent with
previous findings that diatom plastids trace back to a photoautotrophic eukaryotic endosymbiont cell phylogenetically close to a red alga [250] . Surprisingly, the other genes
resemble nucleotide transporters genes of intracellular or other bacteria (Chlamydiae,
Proteobacteria, with rather low sequence identities of 42–23 %, Table S5.1). One
possible explanation might be that these NTTs might have been acquired by lateral
gene transfer, since we did not identify such sequences in red algae and oomycetes.
However, also the observed massive alterations in the sequences could be explained by
different functions of these NTTs. Interestingly, also the plastidal ATP/ADP translocator might have evolved from bacterial (rickettsiae or chlamydiae)-like ATP/ADP
transporters [137,287,354] . Such a gene transfer might have happened twice in the evolutionary history of diatoms; one time during the establishment of the plastids in
the precursor of the eukaryotic photoautotroph that became later the ancestor of diatom plastids [187,354] ; and one time early during the establishment of the secondary
endocytobiosis, possibly due to an infection of the diatom ancestor by intracellular
bacteria.
The identified diatom NTTs differ in their presequence structure, three types of
presequences can be distinguished: Type a, possessing a full bipartite presequence
including an “ASAFAP”-motif, type b with the bipartite presequence lacking the conserved motif, or type c, where no presequence is recognisable (Figure 5.1 (A)). NTT1
of T. pseudonana (26364) and P. tricornutum (49533) both contain a presequence of
type a, also PtNTT6 (54907) has this presequence structure (Figures 5.1 (B) and S5.7,
Table S5.1). Signatures that can be interpreted as instances of the “ASAFAP”-motif are
also present in TpNTT3 (270249) and PtNTT2 (45145), but they do not coincide with
the predicted signal peptide cleavage site (Figure 5.1). These sequences together with
TpNTT2 (24462) and TpNTT6 (24709) represent NTTs with the presequence type b
(Figure 5.1). The prediction of the TpNTT2 signal peptide is ambiguous (compare
Figure S5.7, Table S5.1), a signal peptide is only weakly predicted, but could not be
confirmed in the GFP fusion experiment (see below). No targeting signal (presequence
type c) is found in the other NTTs (TpNTT4 270251, TpNTT5 9770, TpNTT7 270255,
TpNTT8 270253, PtNTT3 50189, PtNTT4 46794 and PtNTT5 54110, Figures 5.1 (B)
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and S5.7, Table S5.1).
The previously identified NTTs possess 11–12 predicted transmembrane domains [187,354] .
After removing the presequence, 11 transmembrane helices are predicted for NTT1 of
T. pseudonana and P. tricornutum, while 7–11 transmembrane helices are predicted
for the other diatom NTTs (Figure S5.8, Table S5.1).

5.4.2. Localisation experiments
To test the intracellular localisation of the nucleotide transporter genes, we constructed presequence:GFP and full length:GFP fusion proteins and expressed them
in the diatom Phaeodactylum tricornutum. The TpNTT1 and PtNTT1 presequences
both containing classical “ASAFAP”-motifs, enabling GFP import into the plastids,
based on the co-localisation of GFP fluorescence with the chlorophyll autofluorescence
of the plastid (Figures 5.2 and 5.3, pages 99–100).
Expression of the TpNTT1full:GFP and PtNTT1full:GFP in P. tricornutum leads
to GFP labelling of the plastid silhouettes and accumulation of GFP in dots close to
the plastid, probably composed of membrane bound fusion protein aggregates (Figures 5.2 and 5.3). TpNTT1 and PtNTT1 are higly hydrophobic, with 11 predicted
transmembrane domains (Figure S5.8, Table S5.1). The presence of a functional
stroma targeting sequence together with the finding that only plastid silhouettes and
dots at the plastid periphery are labelled in full length GFP fusions, indicates that
TpNTT1 and PtNTT1 insert into the innermost plastid membrane via the plastid
stroma, where they might operate in aggregates.
GFP is found in the cytosol of P. tricornutum transformants expressing TpNTT2pre:GFP (Figure 5.4). This shows that the weakly predicted signal peptide of TpNTT2
(Figure S5.7, Table S5.1) is not functional by itself (also for the fusion protein a weak
signal peptide is predicted). In contrast, transformants expressing the full length GFP
fusion protein of TpNTT2 display a similar phenotype of as transformants expressing
TpNTT1full:GFP and PtNTT1full:GFP; GFP labels the silhouette of the plastid and
accumulates at the periphery of the plastid (Figure 5.4). The signal sequence of
TpNTT2 therefore might be functional in the context of the whole native membrane
protein sequence (if functional at all). However, TpNTT2 is likely integrated into one
of the (outer?) plastid envelope membranes.
No transformed cell lines could be obtained yet after transformation of P. tricornutum with the vector containing the PtNTT2pre:GFP fusion gene. In transformants
expressing the full length GFP fusion protein PtNTT2full:GFP, plastid silhouettes,
but also other structures distant from the plastids are labelled (Figure 5.5). Apart
from the distinct labelling of the plastid silhouette, the cells resemble transformants
expressing a fusion of GFP to the presequence of an ER-localised chaperone (BiP,
54246) [6,156] (compare to Figure 1.3 (G), page 5, also showing these transformants).
We conclude that PtNTT2 integrates into the ER and CER membranes via the ER
lumen. This result is not in congruence with the targeting observed with TpNTT2.
Since we have no information about the localisation of PtNTT2pre:GFP, we cannot
rule out that a further targeting of the full length construct from the ER/CER to the
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plastid membranes is disturbed by the additional presence of GFP.
Phaeodactylum tricornutum transformants expressing the TpNTT3pre:GFP fusion
construct show a phenotype previously described as “blob”-like structure (BLS), the
accumulation of GFP in a small reticular structure tightly associated to the plastid but outside the stroma, probably between the plastid membranes [156] (Figure 5.6,
also compare to Figure 3.3 on page 44, showing other transformants with the BLS
phenotype). In transformants expressing TpNTT3full:GFP, GFP accumulates in dots
distributed within the cell, not restricted to the area occupied by the BLS, close to the
centre of the plastid (Figure 5.6). It has been hypothesised that the BLS phenotype
results from targeting of GFP to the periplastidic space [106,114,298] . Our finding that
TpNTT3pre:GFP has a more restricted localisation than TpNTT3full:GFP, might indicate that TpNTT3 inserts into the second plastid membrane (counted from outside)
via the periplastidic space. As the ER is continuous with the CER, aggregates of
membrane proteins might then migrate within the ER membrane throughout the cell,
instead of being locked in the periplastidic space, like TpNTT3pre:GFP.
GFP fluorescence in TpNTT2full:GFP transformants is restricted to the plastid
and its periphery (Figure 5.4). In contrast, GFP fluorescence of PtNTT2full:GFP
and TpNTT3full:GFP transformants is not restricted to the plastid and its periphery,
but also structures distant from the plastid are labelled (Figures 5.5 and 5.6). We
therefore conclude that TpNTT2 is integrated in one (or several) of the innermost
plastid envelope membranes, while PtNTT2 and TpNTT3 are integrated in one (or
several) of the outermost plastid envelope membranes. The exclusive labelling of the
plastid in TpNTT2full:GFP transformants was unexpected, since the presequence of
TpNTT2 lacks any “ASAFAP”-motif. This might indicate that for membrane proteins
also other targeting mechanisms than the one requiring the “ASAFAP”-motif exist.

5.4.3. Comparison to triosephosphate/phosphate transporters
Similar to Nucleotides, that have to be imported across four membranes, carbohydrates synthesised by photosynthesis have to be exported across all plastid membranes.
The exchange of carbohydrates in higher plant plastids is enabled by triosephosphate/phosphate transporters (TPTs), embedded within the inner plastid envelope
membrane [73,159,347] . Similar to the group of NTT genes with different presequence
structures, we identified a group of TPT genes in T. pseudonana and P. tricornutum, sharing the same diversity of presequence structures (a, b c, Figure 5.1 (A)) as
the NTT genes ( [153] , Gruber and Kroth unpublished). A triosephosphate/phosphate
translocator (TPT1, 24610) was identified, that is preceded by a bipartite presequence
including an “ASAFAP”-motif. This presequence was shown to direct GFP into the
stroma of the plastids [155,156] . GFP accumulated in small dot like structures at the
boundary of the plastids when fused to the complete presequence including the Nterminal part of the mature TPT1 protein, including the first transmembrane helix,
and expressed in P. tricornutum [153] . When fused to the full TPT1 gene and expressed in P. tricornutum, GFP appeared as a fluorescing sphere around the plastids,
suggesting that the fusion protein is inserted in one of the envelope membranes [153] .
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Another TPT (TPT2) in the P. tricornutum genome is homologous to TPT1 and
probably evolved by duplication, but is not preceded by a plastid targeting signal [153] .
Phaeodactylum tricornutum transformants expressing GFP fusion proteins of the Nterminal part of the mature region of TPT2, including two transmembrane domains,
showed GFP fluorescence at the boundary of the plastid in transformants expressing
GFP moderately. In transformants with high expression, a considerable amount accumulated within the cytosol, but GFP was also observed to form a sphere around
the chloroplast. This TPT thus may insert with the transmembrane domains specifically within the outermost chloroplast membrane and is possibly located in the CER
membrane [153] .
TPTs with different presequence structures were also identified in a representative
of the Apicomplexa [226] . Apicomplexean parasites (like Plasmodium falciparum, the
causative organism of malaria) contain a highly reduced (with respect to genome
size and endomembranes), colourless and non-photosynthetic plastid, termed apicoplast [91,340] . Apicoplasts and diatom plastids probably share their origin by secondary endocytobiosis involving an endosymbiont phylogenetically close to a red
alga [40,128] . Like diatom plastids, apicoplasts contains four envelope membranes, but
unlike diatom plastids, the outermost envelope is not continuous with the ER and
is not studded with ribosomes [325] . Several anabolic pathways are active in the apicoplast. Products of these pathways seem to be exported from the apicoplast, so
apicoplast biosynthetic pathways have to be fuelled without photosynthetic activity [260] . A pair of TPTs was identified in Plasmodium falciparum and proposed to
act in tandem to transport phosphorylated C3 compounds from the parasite cytosol
into the plastid [226] . One TPT possesses a cleavable N-terminal apicoplast targeting
sequence and was shown to be localised in the innermost plastid membrane of the
parasite. The other TPT lacks such a targeting sequence and was shown to localise
in the outermost apicoplast membrane [226] .
The same presequence pattern (a, b c, Figure 5.1 (A)) can be observed in different
transporter protein families (NTTs and TPTs) and in several organisms (T. pseudonana, P. tricornutum and possibly Plasmodium falciparum, if a TPT with an “almost
apicoplast targeting” presequence should additionally exist), sharing plastids acquired
by secondary endocytobiosis and surrounded by four membranes. The accoutrement
of multiple translocator gene copies with presequences of different composition might
therefore be a general strategy to enable transport of metabolites across the multiple
membranes of secondary plastids.
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MSTAASSSSLSAPMNAPVSSNTNTAANNDDSDDENDNGSSFPLLAIPKIK
MRPSTLMAALAALSSHRTSLAHQHTQYTSLGIRQMALIGRGGGSSGGSCK
MLTPRSLSCITQGSSLNTTILSAAAQTSLPYISSSLLQIRLPLWLTSKMT
MSVARRTAAASAAPPTKSDNNTDPNTNSRHGDESTELLQKKQSSSTTKQS
MIPTTSVASHRSVVLVGLACTTLLLAVLSPSSTEAFAPSAHRYSPNQAVP
MRPYPTIALISVFLSAATRISATSSHQASALPVKKGTHVPDSPKLSKLYI
MVRRHDPFPMQSAEAQKLARDLENSSGGSGEPGSEDWNRMSTDTGTNPSR
MPEVRHTKESVSRSKAHLSKDHLHKEGAQQQDNIGNDWPDDDRDDRGLLS
MMEIGSQVLAAQGVPALQHAGLLMRGGASVVAASALSDAVWKLSGGAGTK
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0.000
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BOLD: prediction by NN, UNDERLINED: prediction by HMM, GREY: conserved motif at signal peptide cleavage site,
BLACK: hydrophobic (ACFGILMPVWY), GREEN: hydrophilic (NQST), BLUE: basic (HKR), RED: acidic (DE),
* predicted signal peptide cleavage site coincides with conserved motif

Figure 5.1.: Presequences of diatom nucleotide transporters. (A) presequence structures, a bipartite
presequence with (a) or without (b) an “ASAFAP” signal peptide cleavage site motif, or no N-terminal
presequence (c) can be present. (B) List of diatom Nucleotide transporter (NTT) presequences from
the diatoms Thalassiosira pseudonana (Tp) and Phaeodactylum tricornutum (Pt); Protein IDs refer
to the publicly available genome databases for T. pseudonana v3.0 [7] and P. tricornutum v2.0; Signal
peptides and signal peptide cleavage sites are displayed according to the results of SignalP [20] , taking
into account the different prediction methods Neuronal networks (NN, Ymax is shown) [233] or Hidden
Markov models (HMM, Cmax is shown) [234] , see text for details.
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MGRFTTPIVCLLALLLQSTHGFSPAGRTGSLVCPVSTASSSVRFANKYDG...513aa...ATAp:GFP

BOLD:
signal peptide predicted by SignalP’s hidden Markov models
UNDERLINED: estimated transit peptide domain
ITALIC:
mature protein
lower case: artificial sequence
GREY:
conserved motif at signal peptide cleavage site
BLACK:
enhanced green fluorescent protein
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Figure 5.2.: Localisation of TpNTT1. (A) TpNTT1 GFP fusion constructs. (B) expression of TpNTT1pre:GFP in Phaeodactylum tricornutum, GFP is imported into the plastid; Nomarski’s differential
interference contrast (DIC), Chlorophyll autofluorescence, GFP fluorescence and merged images showing the respective channels in the indicated colours are shown from left to right; scale bars represent
5 µm; maximum intensity projection obtained from 8 optical slices of a 2.6 µm z-stack. (C) expression
of TpNTT1full:GFP in P. tricornutum, GFP labels the silhouette of the plastid and accumulates in dots
close to the chloroplast; image specifications as in (B).
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BLACK:
enhanced green fluorescent protein
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Figure 5.3.: Localisation of PtNTT1. (A) PtNTT1 GFP fusion constructs. (B) expression of PtNTT1pre:GFP in Phaeodactylum tricornutum, GFP is imported into the plastid; Nomarski’s differential
interference contrast (DIC), Chlorophyll autofluorescence, GFP fluorescence and merged images showing the respective channels in the indicated colours are shown from left to right; scale bars represent
5 µm; maximum intensity projection obtained from 11 optical slices of a 3.7 µm z-stack. (C) expression of PtNTT1full:GFP in P. tricornutum, GFP labels the silhouette of the plastid and accumulates in
dots close to the chloroplast; image specifications as in (B), except the projection, maximum intensity
projection obtained from 8 optical slices of a 2.6 µm z-stack.
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Figure 5.4.: Localisation of TpNTT2. (A) TpNTT2 GFP fusion constructs. (B) expression of TpNTT2pre:GFP in Phaeodactylum tricornutum, GFP is present in the cytosol; Nomarski’s differential
interference contrast (DIC), Chlorophyll autofluorescence, GFP fluorescence and merged images showing the respective channels in the indicated colours are shown from left to right; scale bars represent
5 µm; maximum intensity projection obtained from 8 optical slices of a 2.6 µm z-stack. (C) expression of TpNTT2full:GFP in P. tricornutum, GFP labels the silhouette of the plastid and accumulates in
dots close to the chloroplast; image specifications as in (B), except the projection, maximum intensity
projection obtained from 12 optical slices of a 4.1 µm z-stack.
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Figure 5.5.: Localisation of PtNTT2. (A) PtNTT2 GFP fusion constructs. (B) expression of PtNTT2full:GFP in Phaeodactylum tricornutum, GFP fluorescence is not restricted to plastid silhouettes
but also cytoplasmic structures are labelled , possibly the ER and CER; Nomarski’s differential interference contrast (DIC), Chlorophyll autofluorescence, GFP fluorescence and merged images showing the
respective channels in the indicated colours are shown from left to right; scale bars represent 5 µm;
maximum intensity projection obtained from 9 optical slices of a 3 µm z-stack.
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Figure 5.6.: Localisation of TpNTT3. (A) TpNTT3 GFP fusion constructs. (B) expression of TpNTT3pre:GFP in Phaeodactylum tricornutum, GFP accumulates in a small reticular structure tightly
associated to the plastid but outside the stroma, previously described as “blob”-like structure (BLS) [156] ;
Nomarski’s differential interference contrast (DIC), Chlorophyll autofluorescence, GFP fluorescence and
merged images showing the respective channels in the indicated colours are shown from left to right;
scale bars represent 5 µm; maximum intensity projection obtained from 10 optical slices of a 3.3 µm
z-stack. (C) expression of TpNTT3full:GFP in P. tricornutum, GFP accumulates in dots distributed
within the cell, not restricted to the area close to the centre of the plastid like the BLS; image specifications as in (B), except the projection, maximum intensity projection obtained from 12 optical slices
of a 4.1 µm z-stack.
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5.5. Supporting Information

Figure S5.7 Signal peptide prediction for diatom nucleotide transporters. Graphical
output of SignalP9 [20,76] , Neuronal networks (NN) [233] or Hidden Markov Models
(HMM) [234] predictions can be compared to evaluate signal peptide probabilities
of diatom Nucleotide transporter (NTT) protein sequences from the diatoms
Thalassiosira pseudonana (Tp) and Phaeodactylum tricornutum (Pt); see text
for details. Found at: NTTsSignalPsuppl.pdf10 ; (818 KB PDF)

Figure S5.8 Transmembrane helix prediction in diatom nucleotide transporters.
Graphical output of TMHMM Server v. 2.011 [167,299] , predicting the topology
of diatom Nucleotide transporter (NTT) protein sequences from the diatoms
Thalassiosira pseudonana (Tp) and Phaeodactylum tricornutum (Pt); in order
to avoid missprediction of signal and transit peptide-like domains as transmembrane helices [76,218] , presequences were removed before running the prediction;
see text for details. Found at: NTTsTMMHsuppl.pdf10 ; (437 KB PDF)

9

http://www.cbs.dtu.dk/services/SignalP/
double click on the file name to open the file (electronic version only)
11
http://www.cbs.dtu.dk/services/TMHMM/
10
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Table S5.1 Genes for nucleotide transporters identified in the publicly available genomes
of the diatoms Thalassiosira pseudonana v3.012 [7] and Phaeodactylum tricornutum v2.013 . For every identified gene the following information is given: Organism; Name; Protein ID; Genomic Coordinates; Most similar NTTs in the
other diatom; EST support; Number of ESTs; best BLAST hit: gene, organism,
% identity, GenBank accession number; Signal peptide length; Signal peptide
cleavage site motif; Overall protein length; Protein length without presequence;
Estimated size; Predicted number of transmembrane helices. Signal peptides
were predicted using SignalP’s Neuronal networks (NN) [233] or Hidden Markov
Models (HMM) [234] . Transmembrane helices were predicted using TMHMM
Server v. 2.0 [167,299] . The original output of SignalP and TMHMM Server v. 2.0
is shown on separate sheets. The Protein IDs and genomic coordinates are directly linked to the genomic database. Found at: DiatomNTTannotation.xls14 ;
(46 KB XLS)

12

http://genome.jgi-psf.org/Thaps3/Thaps3.home.html
http://genome.jgi-psf.org/Phatr2/Phatr2.home.html
14
double click on the file name to open the file (electronic version only)
13
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6. General Discussion

6.1. Evolutionary origin of plastids
According to the actual view, the origin of mitochondria and plastids is connected
to endocytobiotic processes, in which their free living ancestors—α-proteobacteria
and cyanobacteria, respectively—were taken up by (or invaded) a eukaryotic host cell
(Figure 1.1, page 3). During the following co-evolution of host and endosymbiont,
the endosymbionts were reduced (specialised) to cell organelles. The recent glaucophytes, red algae and green algae (including plants) all contain so called primary
plastids that trace back to endocytobiotic cyanobacteria and are considered to be
monophyletic [198,223,273] .
Diatoms plastids—also known as “complex” plastids—possess additional compartments and membranes compared to plastids of red and green algae and land plants
(Figure 1.1). These additional membranes and compartments indicate that diatom
plastids originated from a secondary endocytobiosis: the uptake of a eukaryotic alga
into a eukaryotic host cell. This endosymbiotic alga again was subsequently reduced
to a plastid (reviewed in [150,203,268] ). Secondary plastids are not the only examples
of organelles that evolved by eukaryote–eukaryote endocytobiosis, in dinoflagellates
also serial secondary or serial tertiary plastids are found [305] . Serial secondary endocytobiosis means that the original secondary plastids were replaced by plastids
derived from another primary alga, tertiary endocytobiosis means that the original
secondary plastids were replaced by plastids derived from a secondary alga. Plastids of chlorophyte, heterokont, cryptophyte or haptophyte origin are found in several
dinoflagellates [150,243,305] . As in primary plastids, the stroma of secondary diatom plastids is separated from the interenvelope space (ies) by the inner envelope membrane.
Unlike in primary plastids, in diatoms the ies is separated from the cytosol by two
additional membranes, defining two additional compartments, the periplastidic space
(pps) and the chloroplast endoplasmic reticulum (CER) lumen. To one side, the pps
is separated from the ies by the outer plastid envelope, to the other side, the pps is
separated from the CER lumen by the periplastid membrane (Figure 6.1, page 111).
Secondary endocytobiosis was a key process during the evolution of a variety of algal
groups and was found to have occurred at least twice, because some complex plastids
have a green algal origin while others are related to red algae [40,41,150,268] . There is
some controversy about the exact number of secondary endocytobiotic processes that
lead to the recent plastids found in photosynthetic protists. The main source of controversy is the fact that most protist groups with photosynthetic representatives also
contain non photosynthetic members, e.g within the heterokonts, the plastid devoid
oomycetes are closely related to the plastid bearing diatoms or brown algae. So the
lesser the number of assumed plastid gains, the more plastid losses have to be postulated, and vice versa (compare different views presented in [59,84] vs. [40,151] ). CavalierSmith proposed that secondary endocytobioses are extremely rare events, and that a
single endocytobiosis involving a red alga lead to the chromalveolates (including heterokonts, cryptophytes, haptophytes, ciliates, apicomplexa and dinoflagellates), that
must be monophyletic for this reason [40,41] . A common feature of secondary plastids
of the red lineage (chromalveolates) is the presence of chlorophyll c [40,59,134] . There is
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increasing evidence for this chromealveolate hypothesis from molecular phylogenetic
studies [85,128,151,253] , while the structural and functional diversity of chromalveolates
and their plastids can be considered to be contradictory to the monophyly of the
group [29,209] .
The grade of reduction and specialisation of secondary plastids differs among algal groups. While cryptophytes still possess a remnant nucleus of the endosymbiont
(nucleomorph) [43,63] , located in the periplastidic space between the second and third
envelope membrane, in heterokonts (including diatoms) the reduction of the endosymbiont included the loss of the endosymbiont’s nucleus, the mitochondria and all other
cytoplasmatic components [150] . In apicomplexean parasites (like Plasmodium falciparum, the causative organism of malaria) also the plastids themselves are highly
reduced (with respect to genome size and endomembranes) down to the colourless
and non-photosynthetic apicoplast [92,340,341] .

6.2. Protein targeting
6.2.1. Presequence structure
Many essential photosynthesis enzymes are not plastid genome encoded [59,196,319] . Instead, the genes are found in the nuclear genome, the gene products thus have to be
imported into the plastids [141,169,235] . N-terminal presequences mediate the recognition
of preproteins for plastid import [336] . In diatoms, presequences of nucleus encoded plastid proteins consist of a signal peptide, followed by a transit peptide-like domain [244] .
The functionality of both domains was proven individually in vitro, using heterologous
import systems [25,178] . Previous studies in the diatom Phaeodactylum tricornutum
demonstrated the in vivo functionality of native plastid presequences:GFP fusion proteins [6,62,155] . A conserved sequence motif of unknown function (“ASAFAP”-motif) at
the signal peptide cleavage site is of particular importance for plastid protein import,
loss or modification of this motif results in blocked plastid import [156] . Mutational
analysis of plastid presequences revealed that the aromatic amino acids phenylalanine,
tryptophan, tyrosine and the bulky hydrophobic amino acid leucine at the +1 position of the predicted signal peptide cleavage site allow plastid import (Chapter 3).
These results were recently supported by experimental evidence for plastid targeting
of a Phaeodactylum tricornutum β-carbonic anhydrase that contains leucine at the
+1 position of the predicted signal peptide cleavage site and by mutations introduced
into the presequence of another plastid localised β-carbonic anhydrase [158] .
The confined characterisation of the requirements for the conserved presequence
motif will facilitate the prediction of plastid localised diatoms proteins on a genomic
scale. The enhanced knowledge of plastid targeting signals was also applied in the
localisation analyses presented in Chapter 4.
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6.2.2. Comparison to other groups of algae
Also heterologous presequences from the diatom Odontella sinensis [156,173] or from
the dinoflagellate Symbiodinium sp. [177] and the cryptophyte G. theta [105] are able to
direct GFP in vivo into Phaeodactylum tricornutum plastids, indicating similarities
between the plastid protein import machineries in cryptophytes, dinoflagellates and
diatoms. This is reflected by the occurrence of presequence motifs similar to the
diatom “ASAFAP”-motif in other groups of algae with secondary plastids of the red
lineage. Plastid preproteins in dinoflagellates possess a conserved “FVAP” motif [251] ,
while in cryptophytes “AXAF” is found [105] . The presence of a conserved phenylalanine
is not restricted to algal groups with secondary plastids, red algae and glaucophytes
(both possessing primary plastids) share a consensus sequence with phenylalanine at
position three or four at the N-termini of their plastid targeting transit peptides [302] .
In glaucopyhtes this phenylalanine has been shown to be crucial for plastid import
by in vitro experiments and may only be replaced by tyrosine [303] . The “ASAFAP”motif might therefore be a specialised form of a loosely conserved but widely spread
presequence-motif of “non-green” algal groups.
An exception concerning the conservation of phenylalanine (or any particular amino
acid) at the signal peptide cleavage site of their bipartite plastid targeting presequences among the chromalveolates are the apicomplexa. Apparently there is no
conserved sequence motif within apicoplast targeting presequences (reviewed in [324] ).
This is not the only difference in plastid protein targeting between apicomplexa and
diatoms. Treatment with Brefeldin A, an inhibitor of protein trafficking in the endomembrane system [228] , arrests protein transport into diatom plastids [156] , while protein transport to apicoplasts is not blocked by Brefeldin A [60,325] .
The recent discovery of a photosynthetic alveolate closely related to apicomplexan
parasites, Chromera velia, gives further insights into apicoplast–plastid relationships [222] .
Plastid features of C. velia support the secondary red origin of apicoplasts, but C. velia
does not contain chlorophyll c [222] . The investigation of C. velia plastid targeting
presequences can help to unravel cause and effects of the drastic reduction and specialisation of apicoplasts. For instance it will be interesting to known wether C. velia
plastid targeting presequences contain a conserved motif related to the phenylalanine
containing motifs found plastid targeting presequences of dinoflagellates, cryptophytes
and diatoms.

6.2.3. Models for plastid protein import
The establishment of a protein targeting system is crucial for the evolutionary conversion of the endosymbiont into a cell organelle [40,132,141,169] . However, the mode of
protein translocation into secondary plastids of the red lineage is still under debate [154] .
A “vesicular shuttle model” [98] and a “translocator model” [40,45,202] are discussed (Figure 6.1). Common to both models is the postulation of cotranslational transport across
the CER membrane and translocation across the innermost envelope membrane by a
Tic (translocator of the inner chloroplast envelope membrane [296,336] ) related translo-
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Figure 6.1.: What is the “blob”-like structure? (A) Possible constructions with four, three or two
continuous membranes leading to a four membrane bound enclosure, according to Köhler [163] ; (B)
another possible construction of a four membrane bound enclosure, continuity of the second and third
membrane leads to a pore between CER and ies; (C) hypothetic import pathways into complex plastids;
(D) Different possible localisation scenarios of GFP accumulations in-between the four plastid envelope
membranes, see text for details; (E) diatom plastid envelope membranes showing vesicular structures
in the periplastidic space.
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con. The models differ in the way they explain the passage of the proteins across
the second and the third membrane (counting from outside). The “vesicular shuttle model” postulates vesicular transport across the periplastidic space between these
membranes [98] . The “translocator model” proposes that preproteins enter the periplastic space by specific or unspecific translocators and then are imported into the plastid
across the residual two membranes via a Toc/Tic system (Toc: translocator of the
outer chloroplast envelope membrane [296] ) similarly to land plant plastids. A translocator derived from a duplicated Toc system or an unspecific translocator have been
suggested to be involved in protein translocation from the CER to the periplastidic
space [27,40,174] .
The “vesicular shuttle model” was proposed by Gibbs [98] , based on the presence
of vesicles and a periplastidic reticulum within the periplastidic space observed by
electron microscopy. As experimental support, the the periplastidic reticulum was
found to proliferate upon inhibition of plastid protein biosynthesis, while the extension of the periplastidic reticulum decreases when cytoplasmic protein biosynthesis is
inhibited [98,295] . The finding that protein transport into diatom plastids is arrested
by Brefeldin A (an inhibitor of protein trafficking in the endomembrane system [228] )
treatment [156] additionally supports the “vesicular shuttle model”. The main experimental support for the “translocator model” is the recognition of transit peptide-like
domains from bipartite chromalveolate presequences as substrate by the Toc system
in heterologous in vitro import experiments [46,178,342] . Nevertheless, clear experimental evidence for either the “vesicular shuttle model” or the “translocator model” is
missing so far.
Also genome sequence analyses neither support the “vesicular shuttle model” nor the
“translocator model”. Chromalveolate genomes sequenced up to now encode putative
components of the Tic apparatus, but no subunits of the Toc apparatus were identified
so far ( [7,205,324] , Gruber and Kroth unpublished). Also proteins that might be involved
in vesicular transport within the periplastidic space in diatoms were not detected up to
now, although they should be easily distinguishable from their cytosolic counterparts
by the presence of a signal peptide (Gruber and Kroth unpublished). It can therefore
also be speculated that new or modified systems account for the protein transport
over the second and the third membrane and neither a Toc derived translocon nor
vesicular transport are involved.
Regarding the “translocator model”, several scenarios for the evolution of a translocator system were suggested. A mitochondrial translocon component, Tim23, was
proposed as possible origin of a translocon involved in the protein translocation out
of the ER lumen [28] . Melkonian [208] suggested that both outer plastid membranes
(CER membrane and periplastid membrane) represent ER membranes, derived from
an autophagosomal engulfment of the plastid by ER. This led him to the suggestion
that the “exit of plastid proteins from the ER could be envisaged as reverse transport
through the translocon, perhaps facilitated by improper folding of the protein” [209] .
Genes for components of the ER-associated degradation machinery (ERAD) are found
on the nucleomorph genome of the cryptophyte Guillardia theta. The respective genes
are also duplicated in the genomes of the diatoms Phaeodactylum tricornutum and
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Thalassiosira pseudonana and the apicomplexan Plasmodium falciparum. An ERADrelated machinery involved in the regular transport of properly folded proteins out of
the ER and into the periplastidic compartment was therefore suggested [297,298] . Recently, the ERAD hypothesis was complemented by Tonkin et al. [324] , who proposed
that “the second Der1 homologue identified by Sommer et al. [298] might be localised in
the outer primary chloroplast membrane and replace Toc75, however the localisation,
orientation and particularly the function of this protein remain to be experimentally
tested”. Indeed, no functional proof of an ERAD-related machinery involved in plastid
protein import is available. So far these hypotheses are solely based on the existence
of a plastid associated ERAD-related system (in addition to the normal ERAD system) in the examined organisms. It should be noted that the periplastidic space is
not empty, instead it is crowded by the periplastidic reticulum [98,99] , and in the case
of cryptophytes also by the nucleomorph envelope [63] that defines a compartment that
is a part of the endomembrane system. It is more than likely that there are proteins
within these compartments, that can be misfolded under some conditions and eventually need to be degraded. It might as well be possible that the plastid associated
ERAD-like system of chromalveolates is involved in the degradation of pps proteins.
Neither the “vesicular shuttle model” nor the “translocator model” are finally experimentally proven, and this leaves space for further speculations. Currently, there
is little doubt about the translocation across the CER membrane (cotranslational via
the Sec61 complex), and since genes for Tic components were identified in chromalveolate genomes, it seems likely that they account for protein translocation across the
innermost plastid membrane. These two steps would be sufficient for the whole import
process if a direct connection between the CER and the ies should exist as fenestration of the pps, leading to the “pore model” (see Figure 6.1 (B) and (C)). Kilian and
Kroth [154] proposed that secretory transport might have been the first protein import
system into early primary plastids, which first may have developed the Tic and then
the Toc complex [154] . The “pore model” for plastid protein import into four membrane
bound plastids of the red lineage (Figure 6.1 (C)) resembles a hypothetical stage in
the development of primary plastids, the co-operation of secretory transport across
the outer envelope and Tic dependent transport across the inner envelope membrane
(compare to Kilian and Kroth [154] and especially figure 1 therein).
According to the scenario described by Kilian and Kroth [154] , bipartite presequences
consisting of signal peptides and transit peptide-like domains already developed during
the establishment of primary plastids. The “pore model” implies, that all transport
steps and the presequence structure of plastid targeted proteins already exist in the
endosymbiotic ancestor of the secondary red plastids ( [154] , figure 1 A2). This facilitates the gene transfer to the nucleus of the host cell [154] . The recent discovery of a
second pathway for chloroplast import into primary plastids of higher plants via the
secretory pathway [48,335] gave evidence for the presence of parallel import pathways
in the same organisms. It is likely that these parallel import pathways also existed in
early photosynthetic eukaryotes with primary plastids (and hence also the ancestor
of secondary red plastids). During further evolution, the Tic/Toc-dependent system
may have been adapted as the main pathway for plastid protein import in the plant
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kingdom, while the co-operation of secretory and Tic dependent transport evolved
as the main plastid protein import pathway into four membrane bound secondary
plastids of the red lineage [154] .
The “pore model” also implies, that in cryptophytes, separate systems have to account for protein translocation of nucleomorph and nucleus encoded proteins into the
plastid. The nucleomorph is located within the periplastidic space, so nucleomorph
proteins have to be translocated across the periplastid membrane into the ies, while
nucleus encoded proteins—once inside the CER lumen—only have to pass the inner
envelope membrane. The cryptophyte nucleomorph genome encodes approximately
30 plastid proteins, possessing N-terminal extensions compared to their cyanobacterial homologous, interpreted as transit peptides [63] . Only four of those 30 N-terminal
extensions were recognised by the program ChloroP [79] as plastid transit peptides [63] ,
which already suggests that a different translocation mechanism is involved than for
nucleus encoded plastid proteins. Further support for separate pathways of nucleomorph and nucleus encoded proteins en route to the cryptophyte plastid comes from
in vitro import experiments. Wastl and Maier [342] demonstrated, that the N-terminal
extension of the nucleomorph encoded plastid protein rubredoxin acts as a transit
peptide for homologous import into isolated two membrane-surrounded plastids of
the cryptophyte Guillardia theta and is removed after import. In contrast, the transit peptide-like domain of the bipartite plastid targeting presequence of the nucleus
encoded G. theta GapDH did not lead to homologous import into isolated G. theta
plastids [342] . The GapDH transit peptide-like domain (and also the N-terminal extension of rubredoxin) successfully mediated heterologous import into isolated pea
plastids [342] . The translocator based model by Gould et al. [104,105] speculates that
nucleus and nucleomorph encoded proteins use identical translocation pathways for
the outer plastid envelope, which is in conflict with the data of Wastl and Maier [342] .
Cavalier-Smith [45] also proposed separate translocation systems for nuclear and nucleomorph encoded proteins of cryptophytes.
There are indications that a fusion of the outer plastid envelope membrane (derived
from the outer cyanobacterial membrane) with the periplastid membrane (considered
as the former plasmamembrane of the endosymbiont and therefore part of the eukaryotic endomembrane system) is possible. Protein import into primary plastids of
higher plants via the secretory pathway is evident [48,335] , so there must be a connection between the primary plastids and the endomembrane system, possibly by vesicle
flow [23,259,268] . Membrane continuity and associations between the endomembrane system and the outer plastid envelope have been observed by electron microscopy in
the fern Dryopteris borreri [54] . Extensions of the plastid outer envelope described as
“membraneous caps” that are continuous with the outer envelope membrane and that
contain cytosol, ER and mitochondria have been observed by electron microscopy in
the liverwort Marchantia polymorpha [22] . Other extensions of plant plastid envelope
membranes into the cytosol are stroma filled tubules (stromules) that interconnect individual plastids and allow exchange of proteins between plastids within a cell [161,162] .
Close association between the outer plastid envelope and adjacent rough endoplasmic
reticulum membranes were also observed by electron microscopy during pollen grain
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development in the plant Lycopersicon peruvianum [242] . Strong attracting forces at
membrane contact sites between ER and plastids of the plant Arabidopsis thaliana
have been measured by optical manipulation recently [4] . Considering these abbilities
of the outer envelope of primary plastids, a permanent or temporary fusion of the outer
envelope with the periplastid membrane in secondary plastids cannot be excluded.
The presence of additional membranes surrounding secondary plastids can also be
explained alternatively. Both outer plastid membranes (CER membrane and periplastid membrane) could also represent ER membranes, derived from an autophagosomal
engulfment of the plastid by ER, as suggested by Melkonian [208,209] . Furthermore our
model of four membrane bound secondary plastids (three dimensional bodies) was
derived mostly from electron microscopy (producing two dimensional images of ultrathin sections). Continuity of the periplastid membrane with the outer envelope or
fenestration of the pps can escape our notice, if the resulting unambiguous structures
are to small to be included within ultrathin sections frequently, or worse, they might
mistakenly be interpreted as preparation artifacts. In theory it is possible to imagine an “almost completly” four membrane bound interior, that is surrounded by four,
three or two (and also one) membranes, as outlined by Köhler [163] (see Figure 6.1
(A)). It is also possible to imagine a plastid that is surrounded by the periplastidic
space (like a hand surrounded by a glove), leaving only small openings and mostly
separating CER lumen and ies by two membranes and the pps (Figure 6.1 (B)).
The difficulties in determining membrane topologies of secondary plastids by electron microscopy are illustrated by the controversy about the exact number of membranes surrounding the apicoplast (see [92,340,341] for reviews on the discussion). Three
or four membranes were reported to surround the interior of the apicoplast in ultrathin sections, but as described above, this does not necessarily mean that this is the
actual number of membranes that have do be crossed on the way from the cytosol into
the apicoplast. In a recent study by Köhler [163] , electron microscopical investigation
of serial ultra thin sections of Toxoplasma gondii tachyzoites revealed that T. gondii
apicoplasts are not entirely surrounded by four membranes. Extensive sectors of the
apicoplast were also separated from the cytosol by two membranes [163] .
One could argue against the “pore model”, that if the outer envelope and the
periplastid membrane would be fused, the periplastidic space (regarded as the former
red algal cytosol) would not surround the plastid completely (and in fact would be
continuos with the CER lumen), which would mean that the cellular integrity of
the secondary endosymbiont would be derogated. However, there is no fundamental
reason for the assumption that the endosymbiont was retained as a whole during the
evolutionary history. It seems also possible that organelles of the endosymbiont were
acquired subsequently or individually in a similar way like recent kleptoplasts.
Kleptoplasts (also referred to as “borrowed” plastids) endure isolated inside host
cells and certainly do not represent entire endosymbionts with cellular integrity. Examples of such kleptoplasts are diatom derived plastids found in some foraminifers [21,115] ,
chromophyte derived plastids found in ciliates [179,306,307] , chlorophyte derived plastids of ciliates [206,307] or xanthophyte derived plastids found in the sea slug Elysia
chlorotica [112,225] . Nuclei of a cryptophyte that are found within cells of the ciliate
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Myrionecta rubra were shown to be transcriptionally active, thereby enabling division
of plastids (originating from the same cryptophyte, Geminigera cryophila) within
the ciliate cell [145,146] . Myrionecta rubra ingests cryptophytes and incorporates their
organelles [117] . Cryptophyte plastids within Myrionecta rubra cells are associated
with cryptophyte mitochondria and cytoplasm, these complexes are surrounded by
a host membrane and two endoplasmic reticulum membranes. Cryptophyte nuclei
within Myrionecta rubra cells are also surrounded by a host membrane and two endoplasmic reticulum membranes. They are found isolated in the host cytosol, or
associated with the cryptophyte plastid complexes, but not within the plastid complexes [145] . Johnson et al. [145] observed a decrease of cryptophyte plastids and nuclei
in M. rubra cultures that were not fed on G. cryophila, with a longer retention time
for G. cryophila plastids than for G. cryophila nuclei. This lead to the conclusion
that “individual cryptophyte nuclei in M. rubra cells apparently service plastids originating from several G. cryophila cells.” [145] . A cryptophyte in bits and pieces rather
than an endosymbiont with cellular integrity would then enable photoautotrophy for
Myrionecta rubra. However, there is some uncertainty in this karyoklepty hypothesis,
as Hansen and Fencel [124] reported ultrastructural differences between the plastids
found in M. rubra and the plastids of the cryptophyte used as a prey species. Furthermore, they did not observe a decrease of cryptophyte nuclei upon starvation of
M. rubra and concluded that M. rubra harbours a single permanent endosymbiont,
that thrives branched within the ciliate cytoplasm [124] . Differential compatibilities
between various M. rubra strains and different cryptophyte species might account for
these ambiguous findings [246] . There is another group of examples for the transfer of
nuclei, plastids and mitochondria into a cytoplasm of a genetically foreign cell. Parasitic red algal species inject organelles into their specific red algal hosts, where they
subsequently multiply [101,102] . An endosymbiont scattered into organelles distributed
within the host cell and acquired by subsequent incorporation of individual organelles
may as well been the origin of secondary plastids, and in this scenario a connection
between the ies and the CER lumen seems possible. Also recent secondary plastids
of heterokont algae are sometimes found branched within the cell. After division
diatom plastids stay connected inside the CER [129] and plastids of the recently described heterokont class Synchromophyceae form unique complexes of several plastids
surrounded by the inner envelope membrane pair, but sharing the outer periplastid
and CER membrane pair [136] .
The additional compartments and membranes present in organisms bearing secondary plastids are sometimes seen as an inevitable result of the evolution of diatom
plastids by secondary endocytobiosis, summarised by Cavalier-Smith [41] , stating that
the “different membrane topologies are frozen relics of their chequered symbiogenetic
history, not purely functional engineering designs.” However, one should keep in mind
that “secondary endosymbionts” in fact represent organelles, optimised by evolution.
While there is no evolutionary or ecological advantage in maintaining exactly the number of membranes that might appear logical, the presence or absence of additional
membranes around the plastids can have severe physiological effects, with direct consequences for evolution and ecology of organisms. The existence of three membrane
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bound plastids in dinoflagellates or euglenophytes indicates that it is evolutionary
optimisation rather than obligation to heritage that shaped (and still shapes) the
structure of recent plastids. Another striking example for the flexibility of membrane
topologies are the serial secondary or tertiary plastids found in dinoflagellates. Plastids of chlorophyte, heterokont, cryptophyte or haptophyte origin are found in several
dinoflagellates [150,243,305] . All these plastids lost at least one (and possibly more) membranes compared to what would be expected from the addition of endocytosis membrane, endosymbiont plasma membrane and endosymbiont plastid membranes [150,305] .
Kleptoplasts are also frequently surrounded by less membranes than expected from
simple addition of the membrane numbers of the organisms involved [278] .
No complete three dimensional model of secondary plastids with persistent resolution of the surrounding membranes is available until now, and therefore, local (or
temporal) membrane fusions resulting in continuity of the four surrounding membranes cannot be ruled out. Fenestration of the periplastidic space (as postulated in
the “pore model”) might facilitate protein import and metabolite exchange, while the
periplastidic space as separate compartment would be maintained. Given the wide
distribution and global significance of organisms with a periplastidic space, there is a
clear need for further research on morphology, extension and shape of this compartment. An improved three dimensional model of secondary plastids and the surrounding compartments would also allow physiological conclusions, nearly nothing is known
about the physiological role of the periplastidic space in diatoms.

6.3. Significance of the periplastidic space
The presequence of the nuclear encoded γ subunit of the Phaeodactylum tricornutum
plastid ATP synthetase is able do direct GFP into P. tricornutum plastids in vivo [6] .
Diatom plastid targeting presequences can be truncated from the C-terminal end to
a surprisingly large extent [6,158] . However, Apt et al. [6] observed that when the phenylalanine at the predicted signal peptide cleavage site was removed, “GFP fluorescence
accumulated in structures near the center of the cell and adjacent to the plastids
. . . spatially distinct from plastids . . . within structures wrapped around the central
portion of the plastid” [6] . This distinct phenotype, the accumulation of GFP in a small
reticular structure tightly associated to the plastid but clearly outside the stroma was
subsequently described as “blob”-like structure by Kilian and Kroth [156] , and observed
in various P. tricornutum transformants expressing fusions of mutated plastid protein
presequences with GFP [114,156] . There are several indications that these structures
accumulate between the plastid bounding membranes [156] .
The same phenotype was observed in a presequence:GFP fusion of the cryptophyte
Guillardia theta UDP glucose–starch glycosyl transferase (UGGtransferase), when
heterologously expressed in the diatom P. tricornutum [105] . UGGtransferase links
glucose to starch, and in crypophytes, starch is stored in the periplastidic space as
the main carbohydrate storage product [61,118] . This indicates that the “blob”-like
structure phenotype might represent an accumulation of GFP in the periplastidic
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Table 6.1.: Diatom proteins putatively localised within the periplastidic space. List of Proteins with
presequences able to direct GFP into “blob”-like structures [156] when expressed as presequence:GFP
fusion proteins in Phaeodactylum tricornutum.
Organism

Phaeodactylum tricornutum

Thalassiosira pseudonana

Protein

Protein ID1

Function

6PGDH
Trx-h2

453332

OPP3

48539

Redox regulation

Hsp70_2

55890

Protein folding

Gould et al. [106]

sCdc48
sDer1-1
sDer1-2
sUbi

50978
31697
35965
54323

ERAD4
(-like)
components

Sommer et al. [298]

NTT3

270249

Metabolite transport

Chapter 5 of this work

Reference
T. Weber, personal communication

1 Protein

IDs refer to the following databases:
P. tricornutum v2.0 (http://genome.jgi-psf.org/Phatr2/Phatr2.home.html)
T. pseudonana v3.0 [7] (http://genome.jgi-psf.org/Thaps3/Thaps3.home.html)
2 Also compare to putative splice variant (Protein ID 26934) without predicted targeting presequence at N-terminus.
3 OPP: oxidative pentose phosphate pathway.
4 ERAD: endoplasmic reticulum-associated degradation.

space of diatoms [105] .
To date, a number of native diatom sequences has been identified that direct GFP
into P. tricornutum “blob”-like structures in vivo (Figure 6.2, Table 6.1).
Additionally, six native sequences of the cryptophyte Guillardia theta lead to the same
phenotype when fused to GFP and heterologously expressed in the diatom Phaeodactylum tricornutum [105,106] . Cavalier-Smith [45] postulated that transit peptidase operates within the periplastidic space, where it cleaves the transit peptide-like domains
of the bipartite presequences of nucleus encoded proteins targeted to the periplastidic
space. Native diatom presequences were reported to be cleaved off the GFP within
the “blob”-like structures [106,298] , this further supports that there is indeed a targeting mechanism that mediates selective targeting into a compartment (and also implies
that a transit pepdidase should exist within the same compartment). Un-functional
mutated plastid targeting presequences were reported not to be cleaved off inside the
“blob”-like structures [156,337] .
All proteins putatively targeted to the periplastidic space are preceded by a Nterminal bipartite presequences consisting of a signal and a transit peptide-like domain [105,106,298] . The presequences lack the conserved “ASAFAP”-motif required for
plastid targeting [114,156] . With two fully sequenced diatom genomes available, it is
now possible to identify further proteins that might be targeted to this compartment.
During the analysis of diatom carbohydrate pathways (Chapter 4, page 55 [172] ) several
enzymes with putative periplastidic space targeting presequences were identified (Table S4.1, page 83). Especially the identification of a thioredoxin with a presequence
that directs GFP into “blob”-like structures (T. Weber, personal communication) indicates, that enzymatic processes (regulated by thioredoxin) take place within the
periplastidic compartment. Use of the periplastidic space as an acidic generator of
CO2 from bicarbonate has been suggested [183] . In cryptophytes, starch is synthesised
and stored within the periplastidic compartment [61,118] , but diatoms do not accumu-
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late starch [134] . A combination of sequence analysis, molecular tools, and physiological
experiments hopefully will help to elucidate the exact physiological role of this compartment.
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MRAPTTSVATTLALLAAASTTEAALPLVRSTTAITSSFESKGGRHGNMDALLLTTLp:GFP

BOLD: signal peptide predicted by SignalP’s hidden Markov models; UNDERLINED: estimated transit
peptide domain; lower case: proline derived from cloning; BLACK: enhanced green fluorescent protein

(B)

Chl

GFP

Chl
GFP

DIC
Chl
GFP

10 µm

Figure 6.2.: Accumulation of GFP in “blob”-like structures. (A) TpNTT3 GFP fusion protein construct, the native targeting presequence of a Thalassiosira pseudonana nucleotide translocator (NTT)
was fused to Green Fluorescent Protein (GFP); (B) epifluorescence microscopy of Phaeodactylum tricornutum transformants expressing TpNTT3pre:GFP, GFP accumulates in small reticular structures tightly
associated to the plastid but outside the stroma, previously described as “blob”-like structure [156] in
P. tricornutum transformants expressing mutated plastid targeting presequnce:GFP fusion constructs,
Nomarski’s differential interference contrast illumination, Chlorophyll autofluorescence, GFP fluorescence and merged images are shown, scale bars represent 10 µm
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A. Supplementary Data
A.1. Supporting Information, Chapter 2

Table A.1.: Real-time PCR primers. † Primers used for the relative quantification of organellar ploidies;
*
primers used for analyzing the plasmid composition of artificial templates.
primer

sequence

RT-dde-5'†*

ACATCTCAGCCGGACAAAACA

RT-dde-3'†*

CCAATTCAGTTTGCCGAAGAAC

RT-psbA-5'†*

TTCTACCCAATTTGGGAAGCAGC

RT-psbA-3'†*

CGGTAGCTTAATTCCCATTCACG

RT-cox1-5'†

ACATGGCGT TTCCGAGAATG

RT-cox1-3'†

AGTTCCAACACCCGCTTCAC

fbaC2-5'*

TCCCGGAAATGTCAAACTGG

fbaC2-3'*

CAACGGGCTTCTTGTCTGC
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Figure A.1.: PCR efficiencies. Calculation of PCR efficiencies for qPCR primer pairs used for A the
quantification of organellar genomes and B for the analysis of artificial templates. The Ct values
obtained from analyzing a serial dilution of a template via qPCR follow a logarithmic function. The
efficiencies correspond to the slopes of the functions (see text for details).
Expression of RecA:GFP
RecA:eGFP
signal

DIC

„CHG FGL"

transit

RecA

GFP

Clorophyll + GFP

Æ Plastidic nucleoids
Merge

DIC
Chlorophyll
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Figure A.2.: Confocal Laser Scanning Microscopy (CLSM) reveals the 3-dimensional distribution of
plastid nucleoids in vivo. Phaeodactylum tricornutum expressing RecA:eGFP, maximum intensity zprojections from 11 optical slices of a stack with 2.63 µm depth chlorophyll autofluorescence shown
in red, GFP fluorescence shown in green; GFP selectively labels the plastid nucleoids, revealing their
spatial arrangement inside the plastid.
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A.2. Supporting Information, Chapter 3
A list of plastid assigned, manually curated gene models was prepared from the first release
of the Phaeodactylum tricornutum genome v1.01 (Bowler et al., in preparation). Predicted
signal peptides and signal peptide cleavage sites were displayed according to the results
of SignalP2 [20] , taking into account the different prediction methods Neuronal networks
(NN) [233] or Hidden Markov models (HMM) [234] (Figure A.3, on page 126). The results
were used to prepare sequence logos [288] using the WebLogo server3 [55] to illustrate the
predictions of the different prediction algorithms with predictions combining computation
and manual correction (Figure 3.1, page 41).

1

http://genome.jgi-psf.org/Phatr1/Phatr1.home.html
http://www.cbs.dtu.dk/services/SignalP/
3
http://weblogo.berkeley.edu/
2

123

Name

Protein Id

(A)

NN
Ymax

Sequence
01

05

10

15

20

25

30

35

40

45

HMM
Cmax

50

MARTRHGARLARCAFVWLWVASSTTAFTTTSPRLAAHFRSASRTQRTTTT
MRSFCIAALLAVASAFTTQPTSFTVKTANVGERASGVFPEQSSAHRTRKA
MKLSTAALFFIPAVVAFAPPQAAFRSNPALFATETAAEKTTFSKMPASVK
MAKFSLAILAALVATASAFVASPTTSSASTALRATQEGVWDPLGLMTLGT
MKSSAVLALAMAGSTAAFAPTSSTQASTSSTSLQAAMPDRLWNTMVDKTE
MKITALCLTALVSASHAFAPSTPSSASSSARALSTESTSDVPLLQIKEKV
MKYRTSILFSALATSATAFAPTQSITRTLTQTNMADFNKDDFLSFKEKDK
MKLFTIFLPLVLVGTAAGFASGPFSKKASPSPEVSIESMPGIVAPTGFFD
MMKLALIASLVAGAAAFAPASKQASSSALKAFENEAGVIQPTGFFDPFGL
MKFSLTLVAVFVSGSAAFVPNSFSATARTDALRMTSPGYEIESESSGARR
MKLALVFSLFATAAAFSQEASRREALTKGAAAFGAAFLPVAANAAVGESP
MKIIPTVTSLALLAISIRAFTPTLAPRHTHASSKTWAASLEEPAYEGTID
MKSFQLLTLFALIAASLAFAPNQAPQQVAKAAFTKAAGALPVAALAAPAF
MTVSTYFIFFFTLGRGTAAFSPSLGASLTRSTAVPRFALSPSSNDDGIHS
MMHRKIALVAGLWFCLLGSSCHGFGLLGGAAHSRTVRWPQQWAVSSPIGP
MHHFAKVILLVCVAMLAAVYTEAFATPSRSVQSSAVSITNSMPFRTSALN
MMQQQQQQQHAAQRRAGVGTILLSLWFVPAATAFAPSTPLAFRTQTPVVT
MYRAQQYCRSRTLFIHYAIVLVLTRYCSAFCSLEPVLRPSRWISNRSKSL
MKLNIAAIALFAASASAFAPRFASPRSHATVLSAVLEERTGQSQLDPAVI
MLRSLAFTASVALLFSLDPLLAFAPIRTTTSVASPSGVSIRAQTGDQLFA
MKLPWLGPSAAALLLSSQTMAFLPSSLPSQSARNAGVTLQEKPSASDSSF
MAPLRTTFALLLSLVSASAFAPVQNVARKQTSVSAFKIDPQLYDDAVSDW
MLFKPSTLLALFAVAGTTLAFAPRSTTTPLTSTTRGSASSSVTTLAMSGI
MKIAVVAFFVIAQCGAFAPAHYSRTVTSSTLLGAKEKGGTSKELDLPCAD
MEKWGFSRGQVPLLLSVIALSFVLLPTTNSFQTSTGQSQPQRLPASSASL
MKIALLPVVFSAISVRAFLPTRPSPATQYFRYGPRLATASLSQAAGAAVS
MKTSAIVAILAVSGASAFTPNTNAPQQLTKVGATAELDNMLGVDIETGKK
MKCIAAIALLATTASAFNAFGAAKKAAPKKPVFSIETIPGALAPVGIFDP
MKKILKRSTICCCLGLYTGSPCSYAFRPPPISEEIGCSPTLAIFLKEDCH
MNTQFVSALLLASAAITNGFAFVNTHRYTASTTALEAGVKIYYSSSTGNT
MKVFLSFVALLVLSLTQAFMPVSKPSFGRVGGTVYMAKEMTPEEEEIAVE
MRISSKLMAVWLTTTVGIASAFQPATPSRIRQSPRTTVVLAMSDDWKPPA
MTTNRVLFLAILALTCLRTRAFLPVTTFVSRTVAGSHGVHSLSMADMADD
MAILSRTLVGVLTATFACIPHETNAFLKPHLGTVSSLVSIGEPSSTRLHI
MKSFIACAFILASAAAFAPQPGSPVLRSTSALSASPSDDRSPNPIIKVMA
MRNITKLRLLAVLAVAASPIRTSQAFAPSVSRKQTNCHKTPLTTSVSIKN
MRSQILLCFRILFLFLLPTTTIAFSTHPKFRARRKQPCASSQLAVTDKHE
MVQTLPVFRSLSVMAIGSFLLALGPSPSADAFAFSTRLPTQSLSLRSTST
MIPTTSVASHRSVVLVGLACTTLLLAVLSPSSTEAFAPSAHRYSANQAVP
MPGRVVPLSLLAVVCASDLFRSTLAFHPKVSTSSRTIPPSTTQLHAFGFL
MKLAVIATLLATASAFSIQAEFSKVAKGAAAVGVGAVIAAAPALAGDVGA
MKFSSAAATTVGLLLSGHAPMIFSFVTPPSRFASGHQASGSERSIISHST
MKFAVFASLTATAAAFAPTAFVPSNLRGVAPSASSLNMALKEGQTPIIIG
MKFLSASIALLACATSVEAFNANKAFRFGAKAMPEVSSESATSALSAGGA
MKFTIVSLAAVVASASAFAPATKSVRSVSALNVWGDKDYLIAPSILSADF
MRLTAGASILLASSAHAFTNPAFFPRTATFASTSSYTSALILKMGVDQDE

0.758* 0.720*
0.701* 0.595*
0.692* 0.549*
0.640* 0.637*
0.436* 0.259*
0.517* 0.429*
0.533* 0.528*
0.605* 0.555*
0.664* 0.632*
0.717* 0.690*
0.575* 0.444*
0.641* 0.529*
0.618* 0.586*
0.728* 0.533*
0.610* 0.527*
0.688* 0.682*
0.739* 0.738*
0.706* 0.472*
0.515* 0.515*
0.520* 0.767*
0.624* 0.793*
0.599* 0.725*
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0.488* 0.631*
0.762* 0.884*
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0.654* 0.894*
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0.488* 0.648*
0.688* 0.820*
0.917* 0.923*
0.363* 0.442*
0.453* 0.744*
0.632* 0.894*
0.789* 0.839*
0.433* 0.823*
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bold
BOLD: prediction by NN, UNDERLINED: prediction by HMM, GREY: conserved motif at signal peptide cleavage site,
BLACK: hydrophobic (ACFGILMPVWY), GREEN: hydrophilic (NQST), BLUE: basic (HKR), RED: acidic (DE)
* predicted signal peptide cleavage site coincides with conserved motif
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Figure A.3, caption on page 126
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Name
(A, continuation)
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SRP54
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Tic55
Tkt
Tpt3
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Protein Id
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MRLTLTIQVALTLLLLPSSTVWAFRTSPATQVFSRSRPMRSVASSSSSFS
MRLQSGCVLTLLAATFYPSTQAFSIFSVGPSFASSSFASRERSDVSRKSY
MKFTSVTLACFFFVESSGVSAFTFSTPTQRQRSIPLPIVSSSRRTRSALH
MKSLVPLAFVLATSSGFAPREHHYYRPNQPARTNALVLQAESTAAVLASA
MALRRSISRLAMVYLVTLCLKTAFVSAFSSTNTPTTPTSSVQQRSANQQA
MKFSSIALATVFFAAKAQGFTGSSIKPRFGVQAHSVLKMSTATETDKMAA
MMMKRALVVLTLSVGVSARASAFAPGAAVKNHAGATQSAIHKQTPFPTTE
MKLHRKGRYRLLVTAVLLGTVCSFVPENLRSGSVRIPRKNANAGSVPGTH
MKYSILGNILLSLGLVLETTKAWSVPPPPQTSPAPRESSGDSGTSTPVSP
MGRGVIIFCVKNFAVWLLIITSAVSIQAWIPLPLSATVKARIDSTTLFFS
MAISRSRRRSNGLGIVLVWTIFISAVWGWTPPLRGSSRLFLDSADPNVWN
MKLVSRSFCTLAWTCGAAQAWSVAPRTVARNRPAWVAARHPHTPTACAFS
MRWTCAFLWCVVVPTLHAWVPSTTNPASRIGTRRWEALGDRELEEPRMNP
MMREQRMLAILWGAGLWFGGSGVHAWQFPNLFTVPIQPSQKFSQGSTAKS
MKFSAATFAALVGSAAAYSSSSFTGSALKSSASNDASMSMATGMGVNGFG
MRFAWVVAAGVVLTTTTQALVPLDCTGMGETRTSGIRPIRGLESNMARYA
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MRFSLQSSLAVLLVLQASHAAAFSAPVSSSNGKNGIRSFAPLSMSLDKYA
MKFAATILALIGSAAAFAPAQTSRASTSLQYAKEDLVGAIPPVGFFDPLG
MKTAVIASLIAGAAAFAPAKNAARTSVATNMAFEDELGAQPPLGFFDPLG
MKGYLFATWACLTISSNASTEAFAHRGPRAPCGLHASKLKTMDSGKLVDV
MKFLGVTSLLCLWSVVNRENVSEAFAPRHQSLSRPSSRTTSAFSRAPILS
MKFTAACSIALAASASAFAPIPSVSRTTDLSMSLQKDLANVGKVAAAGAL
MKSIIFASLLTSAAAFAPASSSTTRTATPTALNEEFCRGYVGGESVEPMF
MKFAILASMLSAAAAFAPASQGAGKASVALNAEKSPAMPFLPYPENLKGY
MMRSTILAALLASAAAFAPASMQSQRAGSVSLNAEEMSKSIPFLVKPDKL
MLTLLILMTRLSLSESFGVTTPRIFRPAPCRHTHRPLKTTLRHSTLPSET
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MKYAVFASLLASAAAFAPAAKPAASTSALNAEMSKSMPFLTAPKNTGGYV
MKLSLAILALCASTNAAFAPSVSQRTPRDLAGVVAPTGFFDPAGFAARAD
MKFAVFAFLLASAAAFAPAQQSARTSVATNMAFENEIGAQQPLGYWDPLG
MKVATTLTLAFICCASAFGLNGQTTSVMKKVGFDAGSKPMVQAIDVQGNR
MFILKSPALWLLLYPVVAFTAARANSIRPAAALSVFDLSSVEAVPSRKTK
MKLVPAWTMMTRNAIFSARNPSHFLEVTALFCILIASGRGARTNTAFVNP
MKFTGVALAVSLAQQQALSNTGGGIVGAYTVSSPSFFTPKSFGSSFVRGP
MKLFGVSVVIVVVATAVSLSDSVAAFAMAHGGSHKLSNTALRVTGFEDEL
MVSSSKSTWMMAGACLILMAFQVQSFTFVPATRATSTVKRVAPAFMSAVA
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Figure A.3, caption on page 126
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A. Supplementary Data

Figure A.3.: List of 81 plastid assigned, manually curated gene models from the Phaeodactylum tricornutum genome used to construct the sequence logos (Figure 3.1, page 41) comparing SignalP’s
Neuronal networks (NN) and Hidden Markov models (HMM). (A) sequences with identical predictions
between NN and HMM and coincidence with an “ASAFAP”-motif (grey) in both prediction models (62
sequences). (B) sequences with differing predictions from NN and HMM but coincidence with an
“ASAFAP”-motif in one of the prediction models (10 sequences). (C) sequences with no coincidence
between the predicted cleavage sites of both models and an “ASAFAP”-motif (9 sequences). Protein
IDs refer to the first release of the P. tricornutum genome v1.0.
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