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I.1
Zusammenfassung
Kieselalgen (Diatomeen), einzellige, eukaryotische Algen besiedeln die Ozeane und
Süßwasserhabitate. Sie gehören zusammen mit Cyanobakterien zu den am häufigsten
auftretenden phytoplanktonischen Lebensformen auf der Erde und sind daher von großer
ökologischer Bedeutung. Ein besonderes Merkmal der goldbraun gefärbten Algen ist ihre
Eigenschaft ornamentierte Schalen (frustules) aus Kieselsäure zu bilden. In der
Vergangenheit waren Kieselalgen wegen ihrer faszinierenden Physiologie als auch ihrer
ökologischen Relevanz Gegenstand zahlreicher Studien. In letzter Zeit wurde ebenfalls ihr
Potential für biotechnologische Anwendungen erkannt. Da intensivere Studien an
Diatomeen in jüngster Zeit häufig durch den Mangel an Genomdaten sowie einer
limitierten Auswahl an geeigneten molekularbiologischen Methoden und „molekularen
Werkzeugen“ beeinträchtigt worden waren, erhöhte sich die Nachfrage nach einem
Modellorganismus

für

Kieselalgen

sowie

nach

geeigneten

molekularbiologischen

Methoden.
Diese Dissertation behandelt Phaeodactylum tricornutum, eine pennate Kieselalge, die
einfach unter Laborbedingungen kultiviert und erforscht werden kann, weshalb sie bereits
als möglicher Modellorganismus für Diatomeen diskutiert worden war. Daher wurde auch
in diesen Tagen die Sequenzierung ihres Genoms erfolgreich abgeschlossen, die
Annotierung des Genoms geht ebenfalls ihrer Vollendung entgegen. (http://shake.jgipsf.org/Phatr2/Phatr2.home.html).

Um

Phaeodactylum

tricornutum

im

weiteren

zugänglich für postgenomische Anwendungen zu machen, sowie um die Rolle der Alge als
Modellorganismus für Diatomeen weiter zu festigen, war es das Ziel dieser Dissertation,
verschiedene,

bislang

nicht

zur

Verfügung

stehenden,

molekularbiologische

Anwendungen zur Erforschung von Kieselalgen zu entwickeln.
Kapitel II.1 beschreibt drei verschiedene Strategien zur Entwicklung eines stabilen
Plastidentransformationssystems für Phaeodactylum tricornutum. Die Strategien basieren
auf der Insertion des Streptomycinresistenzgens aadA entweder als zusätzliches OperonGen in das plastidär codierte RUBISCO-Operon, oder in nichtcodierende intergenische
Bereiche des Chloroplastengenoms. Eine weitere Strategie basiert auf der Substitution
des funktionellen psbA Gens durch Versionen die verschiedene Punktmutationen tragen
und so zur Herbizidresistenz führen soll. Die Resultate der Transformationsexperimente
legen nahe, dass Streptomycinresistenz transient in der Plastide der Kieselalge induziert
werden kann, jedoch eine stabile Expression des Markers war nicht möglich. Unklar

8

bleibt, ob Marker nur temporär in das plastidäre Genom integrieren oder transient von
episomalen Plasmiden exprimiert werden.
Kapitel II.2 beschreibt erstmalig einen induzierbaren und wahrscheinlich gerichteten
mutagenen Mechanismus

der Mutationen im Plastidengenom von Phaeodactylum

tricornutum erzeugt. Mutagenese konnte in den plastidär codierten Genen für D1 (psbA)
und für die 16S rRNA gezielt induziert werden. Das Phänomen einer induzierbaren
Mutagenese wurde bereits intensiv in E. coli studiert und konnte darüber hinaus auch in
Eukaryoten beobachtet werde. Die hier vorliegende Studie beschreibt jedoch erstmalig
induzierbare Mutagenes in einem Organellengenom. Die Aufklärung des Auslösers für die
gerichtete Mutagenese in einem Zielgen könnte neben ihren genetischen Implikationen
auch

zur

gentechnischen

Manipulation

von

Plastidengenomen

beitragen.

Die

Konsequenzen der aktiven Induzierung von Mutagenese im Genom eines Zellorganells für
dessen

Evolutionsraten

und

damit

einhergehend

für

unser

Verständnis

von

Plastidenevolution sind beachtlich.
Kapitel II.3 enthält ein Protokoll das Gen-Silencing in Phaeodactylum tricornutum erlaubt,
eine Anwendung, die bislang nicht zur Erforschung von Kieselalgen zur Verfügung stand.
Als Zielgen wurde das Gen für die Diadinoxanthin Deepoxidase (dde) gewählt, die
essentiell für den Lichtschutzmechanismus NPQ ist. Zwei verschiedene Strategien
erzeugten gleichermaßen Transformanden, die einen deutlich NPQ-reprimierten Phänotyp
aufwiesen. Die Mehrheit der untersuchten Transformanden zeigte eine Reduktion des
NPQ

um

30-47%

im

Vergleich

zum

Wildtyp.

Durch

Untersuchungen

des

dde-

Transkriptlevels mittels RT-qPCR konnten Unterschiede zwischen Transformanden und
Wildtyp,

als

auch

zwischen

den

aus

unterschiedlichen

Silencing-Strategien

hervorgegangenen Transformanden nachgewiesen werden. Diese Unterschiede legten
nicht nur die Anwendbarkeit von Gen-Silencing in Kieselalgen nahe, sondern darüber
hinaus

das

Vorhandensein

zweier

verschiedener

Silencing-Mechanismen

in

Phaeodactylum tricornutum.
Im Gegensatz zu Sequenzanalysen, die sich auf den genetischen Inhalt konzentrieren,
der in der Nukleotidabfolge der DNA codiert liegt, beschreibt Kapitel II.4 Techniken, die
die Betrachtung und Erforschung der verschiedenen in Organellen und Zellkern liegenden
Genome ermöglicht. Kapitel II.4 enthält ein Protokoll das ersmalig die selektive in vivo
Visualisierung von beiden organellären Genomen im selben Organismus erlaubt. Im
Weiteren wird eine Methode präsentiert, die mittels RT-qPCR die exakte Bestimmung der
Ploidien in Chloroplast und Mitochondrialem Netzwerk ermöglicht.
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I.2
Abstract
Diatoms (Bacillariophyta) are unicellular eukaryotic algae that colonize the oceans and
freshwater habitats. Together with Cyanobacteria, diatoms belong to the most abundant
phytoplanktonic organisms on earth and therefore are of great ecological relevance. A
salient feature of these golden-brown coloured microalgae is their ability to build unique
siliceous cell walls (frustules). Diatoms have been intensively studied because of their
fascinating physiology and ecological relevance. Recently diatoms also entered the focus
of biotechnology. Since these studies have been hampered in the past due to insufficient
genome data and a limited availability of molecular methods and tools, “diatomists”
emphasised more and more the obvious need of a model organism and appropriate
molecular tools.
This dissertation focuses on Phaeodactylum tricornutum, a pennate diatom which became
a convenient laboratory strain and consequentially was discussed as a model organism
for diatoms. To date its genome has been fully sequenced (sequence information
available on http://shake.jgi-psf.org/Phatr2/Phatr2.home.html), and the annotation is
nearly completed. In order to make Phaeodactylum tricornutum now accessible to
postgenomic applications and to further support its role as model organism, the aim of
this dissertation was to develop various molecular tools not yet available for diatoms.
Chapter II.1 describes three independent approaches to establish a system for stable
chloroplast transformation in Phaeodactylum tricornutum basing on the insertion of the
streptomycin-resistance gene aadA into the plastid encoded RUBSICO-operon as a third
operon gene or within a non-coding, intergenic region. Further vectors were designed to
replace the functional psbA gene by a slightly altered version of this gene, thus
increasing herbicide tolerance. The obtained results indicate that the resistance can be
transiently expressed in the diatoms’ plastids. However, permanent expression of the
marker gene in the plastids did not occur. Since the targeted insertion of the marker
could not be verified it is likely that the resistance gene is either transiently expressed
from episomal transformation vectors or temporarily integrates into the plastid genome
via heterologous recombination.
Chapter II.2 reports an inducible mechanism which generates targeted mutations in a
chloroplast genome (plastome). Mutagenesis was induced in psbA and the 16S rRNA
gene, both encoded in the plastid genome Phaeodactylum tricornutum. Induced
mutagenesis is a phenomenon intensively studied in E. coli and also observed for
eukaryotes. This study, however, is the first example of an inducible mutagenesis
mechanism in an organellar genome. The elucidation of the trigger to induce
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mutagenesis in a specific target gene might contribute to engineering the chloroplast
genome. Furthermore the implications of the organelle actively increasing mutation rates,
and therewith rates of genome evolution, on our understanding of plastid evolution might
not be conceivable to date.
Chapter II.3 describes a protocol for gene silencing in Phaeodactylum tricornutum.
Silencing techniques were not available for diatoms so far. The diadinoxanthin deepoxidase (dde), which is inevitable for the photoprotective NPQ mechanism to develop,
was chosen as target gene. RNA interference was induced by transformation of the cells
with plasmids which either allow the transcription of antisense fragments or of a selfcomplementary hairpin like construct with a 5’-sense-overhang. The silencing approaches
generated transformants with a phenotype clearly distinguishable from wildtype cells.
The majority of the examined transformants showed even between 30% to 47%
reduction in NPQ compared to wildtype. Real-time PCR based quantification of dde
transcripts showed differences in dde transcript levels between AS strains and wildtype
cells but also between AS and RNAi strains, thus suggesting the presence of two different
gene silencing mediating mechanisms in diatoms.
In contrast to sequence analysis which focuses on the genetic information encoded in the
nucleotide composition of DNA, chapter II.4 presents two techniques focusing on the
genomes themselves as structural entities, safely maintained and replicated within nuclei
and organelles. A protocol was developed for the diatom Phaeodactylum tricornutum,
which allows for the first time to visualize selectively and in vivo chloroplast or
mitochondrial nucleoids in the same organism. Furthermore a high throughput capable
method was designed to quantify organellar genomes thus determining ploidies with high
accuracy. The method bases on a specially designed quantitative Real-time PCR protocol.
Applying these techniques allowed the determination and monitoring of organellar
ploidies and of nucleoid numbers per organelle. Further the subcellular localization of
nucleoids inside the organelles, as well as their genome contents can be studied. The
obtained results revealed new and unique insights into the system of a diatom’s
chloroplast.
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I.3
General Introduction

Diatoms
Diatoms (Bacillariophyta) are unicellular eukaryotic algae that colonize the oceans and
freshwater habitats and belong to the division of Heterokonts (Stramenopiles). They also
appear in soils and on damp surfaces. Diatoms live pelagically in open water or
aggregate to live in surface biofilms at the water-sediment interface (Mann 1999).
Together with Cyanobacteria, diatoms belong to the most abundant phytoplanktonic
organisms on earth and therefore are of great ecological relevance. Diatoms contribute to
approximately up to 40% of the world’s marine primary production (Falkowski et al.
1998). On a global scale diatoms are estimated to produce around 20% of the annual
biomass (van den Hoek et al. 1997; Field et al. 1998) which is equivalent to the
productivity of the tropical rain forests. A salient feature of these golden-brown coloured
microalgae is their ability to build unique siliceous cell walls (frustules). The biogenic
silica is synthesised intracellularly by the polymerisation of silicic acid monomers and
subsequently extruded to the cell exterior (Zurzolo and Bowler 2001; Falciatore and
Bowler 2002). Diatoms build a remarkable variety of highly patterned and often ornate
structured cell walls. The patterns of these cell walls are so precise that they form the
basis for diatom taxonomy and systematics (Round et al. 1990). The term diatom has its
origins in the Greek language. 'Dia' means 'through' while 'tomos' stands for 'cutting'.
Indeed, the frustule comprising the diatom "cuts in half" in terms of consisting of
separate shells termed valves, which typically overlap one other like the two halves of a
petri dish. Hence the alga is contained in a "box of glass" which consists of an outer valve

Figure 1: Schematic overview of the general structural features of a pennate diatom.
A. Falciatore & C. Bowler, 2002
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(ephitheca) and a smaller inner valve (hypotheca) (Fig. 1). Traditionally, diatoms are
grouped into centric and pennate diatoms. Centric diatoms have a radial symmetry of
their cell wall patterns, whereas pennate diatoms are bilaterally symmetrical (Round et
al. 1990; Kooistra et al. 2003). Furthermore, two forms of pennates occur. Raphid
pennate diatoms have a slit (raphe) in the cell wall, required for movement; the araphid
pennates lack this slit and are nonmotile. The arrangement of the photosynthetic
thylakoid membrane within diatom’s plastids displays a structure typical for heterokonts.
The thylakoids are grouped into stacks (lamellae) of three, all enclosed by a girdle
lamella (van den Hoek et al. 1997). Furthermore the photosynthetic apparatus of
diatoms contains a typical set of pigments. The plastids contain the chlorophylls a and c,
together with fucoxanthin, the carotenoid responsible for the brown coloration (Owens
1986). There are indications that diatoms may be capable of C4 photosynthesis
(Reinfelder et al. 2000). This specialized form of photosynthesis which allows a more
efficient utilization of available CO2 is usually restricted to a few land plants, such as
sugar cane and maize. The report by Reinfelder and colleagues is the first description of
C4 photosynthesis in a marine microalga, and the data suggest that C4 carbon
metabolism may be confined to the cytoplasm, separated from the RUBISCO-dependent
reactions within the plastid. C4 photosynthesis in diatoms may provide a further
explanation for their ecological success in the world’s oceans.
Like a variety of algal cells diatoms generate fatty acids, including the valuable long chain
poly-unsaturated fatty acids to store metabolic energy. Fatty acids accumulate in the cell,
thus

forming

oil

droplets

(Tonon

et

al.

2002).

The

principal

energy

storage

polysaccharide of diatoms is chrysolaminaran. The relatively high contribution of
chrysolaminaran to marine particulate matter underline this molecule’s significant role in
the oceanic cycling of carbon (Van Oijen et al. 2005). Between 10 and 20% of the total
cellular carbon in exponentially growing diatoms are provided by chrysolaminaran, but it
can accumulate to up to 80% of the total cellular carbon in cells stressed by nitrogen
limitation

(Varum

and

Myklestad

1984).

The

structure

of

chrysolaminaran

is

fundamentally different from the starches and glycogens as it based on a β-1,3-linked
glucan backbone (Chiovitti et al. 2004; Alekseeva et al. 2005; Storseth et al. 2005),
which is infrequently branched with β-1,6-linked glucosyl residues. Instead of being
stored inside the plastids several diatom species, including Phaeodactylum tricornutum,
were shown to store chrysolaminaran in the vacuole (Chiovitti et al. 2004).
For the vast majority of diatom species, the Petri-dish nature of the frustule and its
unusual mode of biogenesis lead to a reduction in size during successive mitotic divisions
in one of the daughter cells. Mitotically dividing diatom populations therefore decrease in
size over time. Regeneration of the original size typically occurs via sexual reproduction,
followed by auxospore formation. Gametogenesis occurs once cells decrease in size to
approximately 30–40% of the maximum diameter. This is known as the critical size
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threshold. The resulting male and female gametes combine to create a diploid auxospore
that is larger than either parent. This newly created cell then proceeds along the asexual
pathway

until

an

appropriate

trigger

once

again

elicits

gametogenesis.

Sexual

reproduction in diatoms involves a range of mechanisms (reviewed in (Mann 1993)). In
centric diatoms, sex is almost universally oogamous, with flagellated male gametes.
Within the pennate diatoms, there is much more variety, including anisogamy, isogamy,
and automixis. Only fragmentary information is available because almost all studies are
based on microscopic observation of what is a very rare event. Diatom sexuality is in fact
limited to brief periods (minutes or hours) that may occur less than once a year in some
species and that involve only a small number of vegetative cells within a population
(Mann 1993).

Evolution of Diatoms
Chloroplasts

have

their

origin

in

a

process

termed

primary

endocytobiosis:

a

photosynthetic cyanobacterium was engulfed by a unicellular eukaryotic heterotroph and
subsequently converted into a chloroplast (van den Hoek et al. 1997; Delwiche 1999).
This primary endocytobiosis event might have happened as early as 1.6 billion years ago
(Bhattacharya and Medlin 2004) and was a fundamental step in eukaryotic evolution.
Primary endocytobiosis gave rise to three basal lineages of eukaryotic algae - rhodophyta
(red algae), glaucophyta and chlorophyta (green algae) from which all land plants are
derived (Cavalier-Smith 1998). Secondary endocytobiosis occurred at least twice and led
to a drastic increase in algal diversity. While the incorporation of a green alga by a
eukaryotic host gave rise to Euglenoids, Dinophytes and Chlorarachniophytes, the
incorporation of a rhodophyte by a heterotrophic flagellate (related to the Oomycetes)
led to the evolution of all Chromists including Cryptophyta, Dinophytes, Haptophyta and
Stramenopiles (Heterokontophyta) (Gibbs 1981; Delwiche and Palmer 1997) (Fig. 2).

Figure 2: Evolution of
complex plastids. Primary
and
secondary
endocytobiosis.
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Recent studies indicate that the secondary endocytobiosis of a red algae occurred already
1.3 billion years ago (Bhattacharya and Medlin 2004). Diatoms finally arose from the
latter lineage, the Stramenopiles. Fossil diatoms are dated back to the Cretaceous, 144–
65 million years ago (Falkowski et al. 2004), their evolutionary history may even extend
as far back as 550 million years (Cavalier-Smith 2003). Recent diatoms have diversified
into a wide range of over 250 genera, with perhaps as many as 100,000 living diatom
species (Round et al. 1990; Norton et al. 1996). The complex or secondary plastids of
diatoms differ fundamentally from the two major plastid lineages generated by primary
encytobiosis, the chloroplasts and rhodoplasts. Green algae and the higher plants,
contain chloroplasts featuring stacked thylakoid membranes and the accessory pigments
chlorophyll a and b. In contrast, red algae contain rhodoplasts, which use chlorophyll a
and phycobilisomes to capture light energy. While both, chloroplasts and rhodoplasts are
surrounded by two membranes, the complex plastids of some Chromists, including
diatoms, possess four membranes. While the two innermost membranes are considered
to represent the plastid envelope membranes of the eukaryotic endosymbiont, the origin
of the outer membranes is not yet fully resolved. The two outer membranes might
descend from the plasma membrane of the endosymbiont and the host endomembrane
system respectively. In cryptophyta and heterokontophyta algae (brown algae, diatoms,
and related algae), which all have four-membrane plastids, the outermost membrane
may be continuous with the host´s endoplasmic reticulum (ER) membrane system (Gibbs
1979; Ishida et al. 2000) and is therefore named CER (chloroplast endoplasmic
reticulum) (Bouck 1965) (Fig.3).
Figure 3: Evolution of algae by primary
and secondary endocytobioses. (modified
after Delwiche et al. 1999)

The basal

lineages of chloroplasts may be traced
back

to

one

(prim.

ECB)

primary
event

endocytobiosis
in

which

a

cyanobacterium has been taken up by a
eukaryotic

heterotrophic

cell

and

subsequently was transformed into a
chloroplast. The ancestral alga which
evolved
by primary endocytobiosis split into the
three basal algal lineages: the red algae
(rhodophyta), green algae (chlorophyta)
and

the

secondary

glaucophyta.

At

endocytobioses

least
(sec.

two
ECB)

events led to the evolution of a variety of
other

eukaryotic

algae

including

nonphotosynthetic eukaryotes.
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Phaeodactylum tricornutum – a model organism for diatoms
This dissertation focuses on Phaeodactylum tricornutum, a pennate diatom (Fig. 4) which
became a convenient laboratory strain and consequentially was discussed as a model
organism for diatoms. Phaeodactylum tricornutum is a rather atypical diatom in that it is
polymorphic. It exists as three different morphotypes (oval, fusiform, and triradiate),
which are lacking the typical highly ornamented silicified cell wall (Lewin et al. 1958;
Borowitzka et al. 1977; Borowitzka and Volcani 1978; Mann 1993). Previous works on
Phaeodactylum tricornutum contributed to our understanding of photosynthesis and
photoprotection in diatoms (Lohr and Wilhelm 1999; Goss et al. 2006; Lavaud and Kroth
2006), other studies focused on aspects of the carbohydrate metabolism (Kroth et al.
2005; Michels et al. 2005). Furthermore, protein import through the four membranes
surrounding the diatoms’ complex plastids is intensively studied in Phaeodactylum
tricornutum (Kroth and Strotmann 1999; Kroth 2002; Kilian and Kroth 2004, 2005).

Phaeodactylum tricornutum

Figure 4: The pennate diatom
Phaeodactylum tricornutum.

10 µm

Systems

for

the

genetic

transformation

basing

on

helium-accelerated

particle

bombardment have been developed for a small number of different diatoms (Dunahay et
al. 1995; Apt et al. 1996; Falciatore et al. 1999; Fischer et al. 1999). However, genetic
transformation technologies are most advanced for Phaeodactylum tricornutum in which
a range of antibiotic resistance genes can be used to select for transgenic clones,
including phleomycin (zeocin), kanamycin, and nourseothricin (Apt et al. 1996; Falciatore
et al. 1999; Zaslavskaia et al. 2000). This convenient transformation technique has been
recently applied to perform first but nevertheless significant steps in metabolic
engineering. Zaslavskaia et al. (Zaslavskaia et al. 2001) reported the trophic conversion
of Phaeodactylum tricornutum, which is obligate photoautotroph, into a heterotroph by
metabolic engineering. In this work, genes encoding glucose transporters from human
erythrocytes (glut1) or from the microalga Chlorella kessleri (hup1) were expressed in
Phaeodactylum tricornutum. The transgenic cells exhibited glucose uptake and were able
to grow in the absence of light. The trophic conversion of Phaeodactylum tricornutum
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might be useful for large-scale cultivation of diatoms, thus allowing their commercial
exploitation. Furthermore, this conversion can facilitate the generation of photosynthetic
mutants, which lost the capability of photoautotrophic growth. The great value of
photosynthetic mutants to researchers who study photosynthesis has been proved
previously in the green alga Chlamydomonas reinhardtii (Grossman 2000; Harris 2001).
However, diatoms such as Phaeodactylum tricornutum have not only been studied
because of their fascinating physiology or ecological relevance. Recently diatoms also
entered the focus of biotechnology (Drum and Gordon 2003; Lebeau and Robert 2003a,
2003b). While several biotechnological applications have been discovered for various
microalgae – not only diatoms – with respect to both the synthesis of intra or
extracellular

compounds

and

biomass,

diatoms

are

especially

of

interest

for

nanotechnological application of their capability to build silicious frustules. While most
fabrication techniques in nanotechnology involve planar lithographic approaches which
have limited 3D capabilities, diatoms are able to generate threedimensional structures
right away (Parkinson and Gordon 1999; Zaouk et al. 2006).
Because of this ever growing interest in understanding physiological properties and the
ecological importance of diatoms, but also to meet the needs of biotechnological
demands, “diatomists” emphasised more and more the obvious need of a model
organism and appropriate molecular tools. Lopez et al. complained about studies on
diatom biology being 'hampered in the past by the lack of a model species and associated
molecular tools' (Lopez et al. 2005). Also Falciatore & Bowler clearly stated in a recent
review that 'with increasing interest in understanding the ecological importance of
diatoms, it has become clear that more molecular tools must be developed' (Falciatore
and Bowler 2002). The authors especially emphasized the need to develop systems
allowing 'the specific inactivation of specific genes, such as antisense and sense
suppression, and RNA interference (Smith et al. 2000; Zamore et al. 2000).'
Although Phaeodactylum tricornutum is merely of global ecological relevance it appeared
to be an attractive model due to features such as a barely silicified cell wall or the short
generation time which facilitate the experimental handling. More support for the role of
Phaeodactylum tricornutum as potential model organism provided a phylogenetic analysis
performed on 18S rRNA which places it in the middle of the pennate diatom lineage
(Falciatore and Bowler 2002). Finally its apparently small genome (Darley 1968; Veldhuis
et al. 1997), plenty of insights which are already existing for this particular diatom and
the possibility to transform its nuclear genome led to the decision to sequence the
genome of Phaeodactylum tricornutum. To date its genome has been fully sequenced
(sequence information available on http://shake.jgi-psf.org/Phatr2/Phatr2.home.html),
and the annotation is nearly completed. In order to make Phaeodactylum tricornutum
now accessible to postgenomic applications and to further support its role as model
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organism this dissertation focuses on the development of different molecular tools not
yet available for diatoms.
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II.1
Strategies for stable plastid transformation in the diatom
Phaeodacytlum tricornutum
Arne C. Materna1 & Peter G. Kroth1
1 Department of Plant Ecophysiology, University of Konstanz, Germany

II.1.1

Abstract

In order to establish a system for stable chloroplast transformation, we focused on the
diatom Phaeodactylum tricornutum and followed three different approaches: (i) The first
approach is based on the insertion of the streptomycin-resistance gene aadA into the
plastid encoded RUBSICO-operon as a third operon gene. AadA was therefore provided
with operon specific ribosome binding sites and a termination sequence. The resistance
gene was targeted either within the two operon genes rbcL and rbcS or at the end of the
operon. (ii) Another approach relying on aadA as marker gene based on the construction
of resistance cassettes which were designed to guarantee a flawless expression of aadA
in the host organelle. The gene aadA was flanked by two different host-specific
promoters and terminator sequences. In order to avoid impaired expression of functional
plastidic genes, the resistance cassettes were targeted into the non-coding intergenic
region downstream of rbcS. (iii) For the third strategy, transformation vectors were
designed to replace the functional psbA gene by a slightly altered version of this gene,
which increases herbicide tolerance.
The obtained results indicate that the resistance can be transiently expressed in the
diatoms’ plastids. However, permanent expression of the marker gene in the plastids did
not occur. Since the targeted insertion of the marker could not be verified it is likely that
the resistance gene is either transiently expressed from episomal transformation vectors
or temporarily integrates into the plastid genome via heterologous recombination.

Key words: biolistic, particle gun, Phaeodactylum tricornutum, plastid transformation
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II.1.2

Introduction

Plastids are cellular organelles in plants and algae which contain a reduced genome
(plastome or ptDNA).

Together with mitochondria they have retained numerous

eubacterial features, such as gene organization in operons and the prokaryotic
mechanism of transcription and translation. The plastome is a highly polyploid circle of
double-stranded DNA which varies between 120 kb to 180 kb in size and harbours
approximately 120 genes. A salient feature of the plastid genome is a sequence
duplication, with a size of approximately 25 kb and in an inverted orientation termed
“inverted repeats” (Palmer 1985; Sugiura 1992; Wakasugi et al. 2001). Transformation
of plastid genomes has been intensively used in functional genomics by performing gene
knock-outs, overexpressions and site-directed mutagenesis of plastid genes. This
technique was used, for instance, to investigate the presence of RNA editing in tobacco
chloroplasts via introduction of a heterologous editing site from spinach (Bock et al.
1994). Knock-out experiments basing on the disruption or deletion of conserved
plastome open reading frames of unknown function (ycf genes) helped to reveal the
function of ycf3 (Ruf et al. 1997), ycf6 (Hager et al. 1999), and ycf9 (Maenpaa et al.
2000; Ruf et al. 2000; Baena-Gonzalez et al. 2001; Swiatek et al. 2001). To date, more
than 20 different plastome encoded genes (listed by (Maliga 2004) have been deleted via
plastid transformation. Plastid transformations using fluorescing reporter genes (eGFP
fusion proteins) were also developed to monitor e.g. gene expression and regulation
(Franklin et al. 2002). These studies have contributed greatly to our understanding of the
physiology and biochemistry of biogenetic processes inside the plastid compartment.
Furthermore, plastid transformation provides promising opportunities for biotechnological
applications. Engineering the plastome allows expression and accumulation of transgenic
proteins at high levels due to the high numbers of copies of plastomes present in a plant
or algal cell (reviewed by (Maliga 2003). Also in terms of bio-safety, transformation of
plastids provides a striking advantage in comparison to nuclear transformation: the
chloroplasts in plants are usually maternally inherited and therefore not transmitted by
pollen.

This

allows

containment

of

transplastomic

plants.

While

strict

maternal

inheritance of plastids was shown for some angiosperms including Zea mays, Glycine
max, Oryza sativa, and Arabidopsis thaliana (Avni and Edelman 1991; Maliga 2004),
strict maternal inheritance of plastids has been questioned in Nicotiana species (Avni and
Edelman 1991). Low frequency pollen transmission of plastids was also reported in a
Setaria italica cross (Wang et al. 2004). Transforming plastids of microalgae instead of
higher plants might therefore minimize the risk of transgene flow. Large scale clonal
cultivation of transplastomic microalgae in bioreactors not only could guarantee safe
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handling

of

the

modified

organisms

but

may

also

meet

the

requirements

of

biotechnological applications regarding productivity and scale.
To date transformation of plastid genomes has been performed in Chlamydomonas
reinhartii (Kindle et al. 1991; Xiong and Sayre 2004), in the red alga Porphyridium spec.
(Lapidot et al. 2002), in Euglena gracilis (Doetsch et al. 2001), tobacco (Nicotiana
tabacum), and also in industrial relevant plants such as cotton (Gossypium hirsutum)
(Kumar et al. 2004) or food plants such as tomato (Lycopersicon esculentum) (Ruf et al.
2001), potato (Solanum tuberosum) (Sidorov et al. 1999), soybean (Dufourmantel et al.
2004), lettuce (Lactuca sativa) (Lelivelt et al. 2005) and even in the white poplar
(Populus alba) (Okumura et al. 2006).
The initial attempts to transform plastids had to deal with the problem of delivering DNA
through the physical barrier of at least two membranes surrounding the organelles. While
no bacteria or viruses were known to introduce foreign DNA into the organellar genomes,
finally, a rather rough method succeeded: the shooting with DNA coated inert metal
powder using particle-accelerating devices, nowadays commonly referred to as particle
guns. Together with the development of efficient protocols for coating gold or tungsten
particles with nucleic acids, this biolistic (biological + ballistic) technique has provided the
attractive opportunity to shoot foreign DNA into living cells (Klein et al. 1992). Although
the biolistic method is undoubtedly the currently most widespread technology for plastid
transformation, stable introduction of cloned DNA into plastomes has also been achieved
using two alternative protocols. By agitating a suspension of glass beads and cell walldeficient Chlamydomonas cells in the presence of plasmid DNA transplastomic cells were
obtained, however at significantly lower rates than by the biolistic protocol (Kindle et al.
1991). The tobacco plastid genome was alternatively transformed by chemical treatment
of protoplasts with polyethylene glycol (PEG) in the presence of vector DNA (Golds et al.
1993; O'Neill et al. 1993; Koop et al. 1996). Finally, femtoinjection techniques also led to
transient transformation (van Bel et al. 2001).
Plastid transformation experiments so far rely on three different types of marker genes to
select positive transformants: (i) dominant antibiotic-resistance genes which actively
confer resistance by mediating detoxification of the selective agent (GoldschmidtClermont 1991; Carrer et al. 1993; Bateman and Purton 2000). A frequently used
dominant marker is the bacterial aadA gene, coding for the aminoglycoside 3’’ adenyl
transferase conferring Strep/Spec resistance. AadA was the first example of a foreign
gene expressed in a chloroplast (Goldschmidt-Clermont 1991). Another dominant marker
gene is aphA-6 coding for a aminoglycoside phosphotransferase conferring Kanamycin
resistance (Huang et al. 2002). (ii) The second type of markers includes recessive
antibiotic-resistance markers which encode antibiotic-insensitive alleles of ribosomal RNA
genes (Newman et al. 1990; Svab et al. 1990). Another example for this marker type is
the AHAS gene coding for aceto-hydroxy acid synthase which is the target enzyme for
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the

herbicide

sulfometuron

methyl

(SMM).

AHAS-

mutants have

been

reverted

transforming the cells with wild-type sequence, thus re-conferring SMM resistance
(Lapidot

et

al.

2002).

(iii)

Finally

recessive

markers

restore

for

instance

photoautotrophic growth by complementing non-photosynthetic mutants (Boynton et al.
1988).
Besides selecting positive transformants, another important function of the selective
agent is to mediate genome segregation of the integrated marker genes until
homoplasmy is achieved. Due to the high plastid genomes copy number, presumably
only one to a few genomes integrated the marker successfully after transformation. In
order to maintain genetic stability of transplastomic cell lines, homoplasmy is required.
Homoplasmy can be achieved by applying constant selection pressure during a sufficient
number of cell cycles. For Chlamydomonas, this is simply done by re-streaking the
growing colonies on fresh culture medium containing antibiotics. For tobacco, plants with
a uniform population of transformed genomes are obtained by passing the primary
chloroplast transformant through additional cycles of plant regeneration under antibiotic
selection (Bock 2001).
Fortunately, plastids have inherited from their cyanobacterial ancestors an efficient RecAtype recombination system (Cerutti et al. 1992). Therefore, integration of the cloned
marker genes into the plastid genomes usually occurs via homologous recombination.
Constructs for any plastid genome manipulation then require that the sequence to be
introduced into the plastid genome is flanked by regions of homology with the target area
in the plastid genome (Staub and Maliga 1992; Kavanagh et al. 1999). Although the
minimum

lengths

of

sequences

which

are

required

for

efficient

homologous

recombination are not very well defined, it is generally assumed that flanking regions of
more than 400 bp on each side, chloroplast transformants are obtained at reasonable
frequency (Bock 2001).
A stable plastid transformation system in Phaeodactylum tricornutum is a highly desirable
tool which would allow intensifying genomic and physiological studies. Especially since
Phaeodactylum’s plastid genome information became available, the application of reverse
genetics is required to elucidate function of unknown ycf genes. Finally transforming the
plastid genome is a crucial prerequisite for making the diatom model organism available
to biotechnological applications. The different transformation strategies presented in this
chapter are based on the biolistic method for delivering DNA into the plastids. Particle
gun bombardment was already proven to be an effective tool for nuclear transformations
of Phaeodactylum tricornutum (Apt et al. 1996; Zaslavskaia et al. 2000), hence it
provides the greatest potential to deliver DNA into its plastid as well. Also regarding the
requirement to transport DNA through four membranes which are surrounding the
complex plastids of diatoms, the “shotgun” properties of a particle gun provide the most
“penetrating” arguments.
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II.1.3

Material and Methods

Strains and media
The Phaeodactylum tricornutum strain used for all experiments was the wildtype strain
646 from the Bohlin, University of Texas Culture Collection. Phaeodactylum tricornutum
was grown at 22°C with continuous illumination at 35 µmol photons m-2 s-2 in Provasoli’s
enriched seawater (Starr and Zeikus 1993) using ‘‘Tropic Marin’’ artificial seawater at
50% concentration, compared to natural seawater. Solid media contained 1.2% Bacto
Agar (Difco). Escherichia coli strain XL-1 Blue (Stratagene, Cedar Creek, TX, USA) was
grown over night at 37°C in Luria Broth medium, using a shaker for liquid cultures. Solid
media contained 1.5% Bacto Agar (Difco).

PCR and construction of plasmids
Standard cloning procedures were used (Sambrook et al. 1989). PCR was performed with
a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant Pfu
polymerase (Fermentas, Ontario, Canada) or Triple Master Polymerase (Eppendorf,
Hamburg, Germany) according to the manufacturer’s instructions. For cloning and
construction of the transformation vectors the commercial plasmids pCR-Script Amp, pCR
TOPO XL, pGEM-T and pF1-A were used. Altering vector sequences via site-directed
mutagenesis was performed using Turbo-Pfu Polymerase and DpnI (Stratagene, La Jolla,
California, USA).

Biolistic transformation
Cells were bombarded using the Bio-Rad Biolistic PDS-1000/He Particle Delivery System
(Bio-Rad Laboratories, Hercules, Canada) fitted with 1350 psi rupture discs. Tungsten
particles (1.1 µm, 0.7 µm or 0.38 µm median diameters) or gold particles (1.0 µm
median diameter) were coated with 5 µg of plasmid DNA in the presence of CaCl2 and
spermidine, as described by the manufacturer. One hour prior to bombardment
approximately 108 cells were spread in the centre of a plate containing 20 ml of solid
medium. The plate was positioned at the second level within the Biolistic chamber for
bombardment. Bombarded cells were allowed to recover for 24 h before being suspended
in 1 ml of sterile 10% or 50% artificial seawater medium. 250 µl of this suspension were
plated onto solid 10% artificial seawater medium containing 200 µg/ml streptomycin or
onto solid 50% artificial seawater medium containing 5·10−6 M DCMU. The plates were
incubated at 20°C under constant illumination (35 µmol photons·m−2·s−1) for four weeks.
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Preparation of nucleic acids and sequencing of the mutated target genes
Resistant mutant colonies were scratched from solid media plates and resuspended in
100 µl 10% or 50% seawater medium. After centrifugation the supernatant was removed
and 25 µl of CTAB buffer containing 1% β-Mercaptoethanol (Doyle and Doyle 1990) was
added followed by crushing the cells with pistils fitting into the 1.5ml reaction tubes.
CTAB buffer containing 1% β-Mercaptoethanol was added to a final volume of 150 µl. The
suspension was incubated at 65°C for one hour. After cooling down to room temperature
one volume of Chloroform / Isoamylalkohol (at the ratio 24:1) was added to the
suspension and mixed by inverting the reaction tubes gently. The solution was
subsequently centrifuged with 16000 g for ten minutes at room temperature. The
aqueous phase was mixed with one volume of Isopropanol. The DNA was allowed to
precipitate at room temperature for up to two hours. This was followed by centrifugation
with 16000g for 10 min at room temperature, the resulting DNA pellet was washed with
80% Ethanol. After drying the DNA was resuspended in 30 µl Tris-HCl 10 mM, pH 7.5.
The DNA preparation was used as template for amplification of psbA or the 16S rRNA
gene. The resulting amplicons were sequenced by GATC (Konstanz, Germany).
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II.1.4

Results and discussion

Finding the right resistance gene for screening putative transformants
Initially several antibiotics were tested with respect to their capabilities as a selectable
marker. A crucial prerequisite for the tested selective agents was their more or less
exclusive effect on the prokaryotic system of the chloroplast.

For this purpose

Phaeodactylum tricornutum cells were plated on agar plates containing different
antibiotic

media salt
concentration

gentamicin

10%

+

-

25%

-

-

500

50%

+

+

1000
1500

kanamycin

spectinomycin

streptomycin

tetracyclin

Growth*
(1 week)

Growth*
(3 weeks)

antibiotic conc.
[µg ml-1]**
200

10%

+

+

25%

+

-

500

50%

+

-

2000

10%

+

+

1000

25%

+

+

1000

50%

+

+

1000

10%

-

-

150

25%

(+)

-

500

50%

+

+

1000

10%

-

-

8

25%

-

-

8

50%

-

-

8

Table 1: Antibiotic resistance profiles for Phaeodactylum tricornutum. * : + = cell growth; = no cell growth i.e. no resistance. ** i.e. the lowest antibiotic concentration on which
growth was still prevented or, if a “+” indicates resistance, the highest tested
concentration.

concentrations of a variety of antibiotics. First tests revealed that some of the important
aminoglycosidic antibiotics are inactivated by high salt concentrations, therefore effects
of antibiotics were tested under various salt concentrations. Phaeodactylum tricornutum
was cultivated on media plates containing 10%, 25% or 50% of seawater salt
concentrations. Defined aliquots of these cultures served as inoculum for resistanceexperiments using the antibiotics streptomycin, spectinomycin, kanamycin, gentamicin
and tetracycline at concentrations ranging from 10-2000 µg ml−1. The results of this
antibiotic screen (Table 1) demonstrate that genes conferring resistance to gentamicin
(aph(3`) II ), kanamycin (aphA-6), streptomycin (aadA) and tetracycline (tetR) are
suitable selection markers in Phaeodactylum plastid transformation when applied at
reduced salt concentrations.
Additionally the two urea class herbicides atrazine and diuron (DCMU) have been tested
with respect to growth inhibition of Phaeodactylum tricornutum. The utilization of
herbicides as selection markers is of interest because of the possible usage of plastid
transformation for biotechnological purposes. First experiments show that Phaeodactylum
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tricornutum shows sensitivity to both atrazine and diurone, however at concentrations
which are usually used for selecting already resistant Cyanobacteria. The inhibitory effect
of the herbicides was not reduced by high salt concentrations (table 2).
herbicide

media salt
concentration

atrazine

10%

-

-

30

25%

-

-

30

50%

-

-

30

10%

-

-

5

25%

-

-

5

50%

-

-

5

diuron (DCMU)

Growth*
(1 week)

Growth*
(3 weeks)

hernicide conc.
[µg/ml]]**

Table 2: Herbicide resistance profiles for Phaeodactylum tricornutum. * : + = cell growth;
−= no cell growth i.e. no resistance. ** i.e. the lowest tested herbicide concentration.

Further experiments revealing the minimal inhibitory concentrations (MIC) suitable for
selection of herbicide resistant Phaeodactylum tricornutum cells show that growth was
inhibited on 5·10−6 M atrazine and by diuron at concentrations between 1-5·10−6 M
herbicide

media salt
concentration

Growth*
(1 week)

Growth*
(2 weeks)

hernicide conc.
[M]**

atrazine

50%

-

-

5 . 10-6

atrazine

50%

+

+

1 . 10-6

diuron (DCMU)

50%

diuron (DCMU)

50%

Table 3: Minimal inhibitory concentrations of atrazine and diurone. * : + = cell growth; - =
no cell growth i.e. no resistance. ** i.e. herbizide concentration, boulder letters indicate
the minimal inhibitory concentration.

(Table 3).
Resistance to both herbicides was found to be conferred to landplant plastids and
cyanobacteria by point mutations in the psbA gene encoding for the PS II protein D1.
The results of the resistance-experiments demonstrate a high natural tolerance against
various different selective agents. Phaeodactylum tricornutum’s high tolerance against a
variety of further agents was previously also reported by Apt et al. (Apt et al. 1996).
Except tetracycline which was shown to be highly effective even at low concentration the
other applied antibiotics inhibited growth only at concentrations above 150µg/ml when
media salt concentrations were reduced. For establishing a stable plastid transformation
system, the effective concentrations of the appropriate selective agent should not be too
high, thus allowing convenient dosing of the agent. Furthermore, these rather expensive
drugs should be applied in

moderated concentrations to keep the established

experimental setup also cost efficient. However, very high stringency, as shown for
tetracycline, might also be problematic since the antibiotic effect should be rather
restricted to the prokaryotic system instead of affecting the whole organism. Therefore
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we found that streptomycin appears to be the most suitable selective agent for plastid
transformation in Phaeodactylum tricornutum. The respective resistance gene is aadA, an
originally bacterial aminoglycoside 3´´-adenylyltransferase gene, which was the first
chloroplast specific antibiotic resistance marker conferring resistance to a number of
antibiotics of the aminoglycoside type, including spectinomycin and streptomycin
(Goldschmidt-Clermont 1991). The AadA protein catalyzes the covalent transfer of an
AMP residue from ATP to spectinomycin, thereby converting the antibiotic into an inactive
form (adenylylspectinomycin) that no longer inhibits protein biosynthesis on prokaryotic
70 S ribosomes as present in the chloroplast. AadA is meanwhile routinely used as
resistance gene for chloroplast transformation, since aminoglycoside antibiotics feature a
high specificity as prokaryotic translational inhibitors and have low side effects on plant
cells.
Construction of transformation vectors
In

order

to

establish

a

stable

plastid

transformation

system

for

the

diatom

Phaeodactylum tricornutum based on homologous recombination we followed three
different strategies to implement modifications in the chloroplast genome: (i) The first
strategy based on the insertion of the dominant resistance-gene aadA into the Rubisco
operon as a third operon gene. The transformation vectors for this approach do not
require host-specific promoter or terminator sequences. (ii) In contrast, for the second
approach a resistance cassette was designed which consisted of the aadA gene provided
with a host specific promotor, the 5’-UTR (untranslated region) containing the ribosome
binding site (Shine-Dalgarno sequence) and a termination sequence to enable correct
expression. The transformation vectors contained different resistance cassettes flanked
by linker sequences homologous to the target area in the plastome. (iii) For the third
strategy a recessive marker was applied: the transformation vectors were designed to
replace the functional psbA gene by a modified psbA version conferring herbicide
resistance.
The transformation vectors were designed with respect to suitable options for screening
putative Phaeodactylum tricornutum transformants. Therefore, the chosen marker genes
confer either streptomycin resistance or herbicide resistance (diurone and atrazine) since
Phaeodactylum was shown to be strongly inhibited in the presence of both types of
agents.

Inserting aadA into the Rubisco operon
In order to compensate the initial lack of plastome sequence information, rbcL/rbcSoperon was chosen as target for plastid transformation. The polycistronic transcription
unit enables the insertion of a marker gene as additional operon gene (Fig. 1-I).
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Streptomycin resistance was supposed to be conferred by inserting the aadA gene either
in between the two genes of the Rubisco operon rbcL and rbcS (LAS transformation
vector) or at the 3´-end of the operon (SAE transformation vector) (Fig. 1+2). In order
to insert the resistance gene between rbcL and rbcS a ribosome binding site and a 5´UTR had to be provided upstream of the resistance gene, while downstream a 3´-UTR
was required. For this purpose, the amplified homologous linkers overlap (Fig. 1-II),
creating an additional rbcL-3´-UTR and a termination loop at the 5´-end of the linker
fragment downstream of the resistance gene. By modifying the sequences of the
amplification primers, corresponding restriction sites were inserted at both ends of the
homologous linkers and at both ends of the resistance gene (Fig. 1-II+III), thus allowing
the construct assembly via subsequently ligating the fragments into the vector pGEM-T.
To avoid possible suppression of rbcL/rbcS expression due to integration of the marker, a
second transformation vector was designed to insert the resistance gene downstream of
the rbcS-gene, so that it is still under control of the rbcL/S-operon (Fig. 2). For this
purpose a specially designed primer was used for amplification of the upstream-linker,
creating an additional sequence containing a ribosome-binding site and a copy of the
rbcS 5´-UTR at the 3´-end of the linker. The downstream linker contains the rbcS 3´UTR to facilitate marker gene expression (Fig. 2-II). The linkers as well as the resistance
gene are equipped with corresponding restriction sites for precise ligation of the single
fragments (Fig. 2-III) in pGEM-T. The constructs were named according to the position of
the resistence gene (LAS for the construct containig aadA within the operon genes
rbcL/S, and SAE for the construct which inserts aadA at the end of the operon).
Fig. 1: Construction of
the LAS construct for
aadA insertion into the
rbcL/S-operon.
Based
on
the
original
sequence
of
the
plastidal rbc-operon (I)
the amplification of two
overlapping
linker
fragments
was
performed roviding a
Shine-Dalgarno
site
(SD) and operon-typical
5´- and 3´-UTR´s to
the insert. These linkers
were
equipped
with
different
restriction
sites (A+B) by using
specially
designed
primers
(II).
The
resistance gene also
contains corresponding
restriction sites (A+B)
thus
placing
the
resistance
gene
between rbcL and rbcS

serving
(III).

as

linkers
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Fig. 2: Construction of a
SAE construct for aadA
insertion downstream of
the
rbcL/S-operon.
From
the
original
plastidal sequence (I)
the amplification of two
fragments
was
performed
using
specially
designed
primers to alter the
linker sequences thus
providing
a
ShineDalgarno site (SD) and
operon-typical 5´- and
3´-UTR´s to the insert.
These
linkers
are
equipped with different
restriction sites (A+B)
placing the resistance
gene downstream of
rbcS at the end of the
operon
(II).
The
resistance gene also
contains corresponding
restriction sites (A+B)
for ligation between the
linkers (III).

After assembling the final transformation vectors both constructs have been successfully
verified by sequencing. Additionally the constructs’ ability to confer resistance to a
prokaryotic system was checked by transforming the LAS- and SAE-vector in a non
resistant E. coli strain (XL-1 blue). After the transformation the E. coli cells were able to
grow in Streptinomycin while growth of a negative control was inhibited. Both LAS and
SAE transformation vectors were used for various transformation attempts. The
transformation experiments were performed using a “biolistic” Particle Delivery System
(BioRad) utilizing 1.1 µm and 0.7 µm tungsten microcarriers that were delivered to the
cells after being coated with vector DNA. Parameters like the cell-to-microcarrier distance
and the recovery time (phenotypic expression) were tested. After one or two days of
recovery the transformed cells were resuspended and transferred to agar plates (about
5·107 cells per plate) containing selective media. The transformation efficiencies at all
applied antibiotic concentrations were in the same order. On plates containing up to 200
µg/ml the average transformation efficiency was 0.75·10−6 (cfu´s per bombarded cell)
with efficiencies up to 1,24·10−6. In all transformation experiments, both the cell-tomicrocarrier distance and the different recovery times did not affect the amount of
putative transformant colonies after plating on selective media. After four weeks of
selection the cfu`s were re-plated on plates containing the same or higher streptomycin
concentrations. Most clones obtained from re-plating putative transformant cfu`s were
able to grow on the applied streptomycin concentrations, while wild-type control cells did
not survive.
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After this first re-plating step, cfu’s were used for PCR-analysis. In first experiments, the
aadA gene was amplified by colony-PCR. In almost all cases a band of the appropriate
size (0.8 kb) was amplified from the cells as shown in Fig. 3, thus confirming the
presence of the resistance gene in the putative transformants. However, correct insertion
of aadA within the operon could not be verified by PCR using primers binding in aadA and
beyond the homologous linkers. Clones obtained from re-plating were used for a second
re-plating step with the same streptomycin concentrations. Unfortunately, after this
second re-plating step all clones lost their capability to grow on the applied streptomycin
concentration within five to seven days and finally died within the next two weeks. In a
few cases cells survived but growth was limited. This growth behaviour might indicate
that aadA did not integrate into the plastome and was expressed transiently. The
negative PCR verification of correct aadA insertion supports transient episomal
expression. Although the used transformation vectors didn’t feature a host-specific
promoter, the prokaryotic T7- or SP6-promoters on the plasmid might allow unspecific
expression of the resistance gene. Why the transformants died after several generations
remains elusive, however impaired replication of the plasmid during cell- and organelle
division might explain the temporary resistance. Furthermore it is also still possible that
aadA inserted into the Rubisco operon, however, therewith affected drastically the
operon’s expression, which could be lethal for the photoautotrophic cells. In the latter
case Phaeodactylum tricornutum cells lost the ability to grow on the selective media
during the segregation process.

Figure 3: Plastid transformation attempts using the LAS/SAE transformation vectors. After three
weeks of selection subsequent to transformation, the surviving cfu’s were replated on 200µg/ml
streptomycin. Fom both, LAS- and SAE-transformation approaches restreaked cfu’were able to
grow on the antibiotic, while wild-type cells (black arrows) died. Colony PCR allowed the
amplification of the resistance gene from LAS-/SAE-clones. No bands appeaed in wild-type or
negative controls.

Sequencing of Phaeodactylum tricornutum plastid genome fragments
In order to obtain more sequence information on the plastid genome of Phaeodactylum
tricornutum two large fragments have been amplified via long-range PCR. After
comparing known plastome sequences of the diatom Odontella sinensis and the red alga
Porphyra purpurea homologous regions were selected for deriving the respective
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degenerated primers. The amplicons were cloned in pCR TOPO XL (Invitrogen, Carlsbad,
CA, USA) and subsequently sequenced via primer-walking.
Alltogether 13043 bp of the chloroplast genome of Phaeodactylum tricornutum (see NCBI
Genbank AY864816, AY819643) were made available this way (Fig. 4). Sequence
analysis revealed that the aadA gene used as resistance gene contains codons which are
not or only rarely used in the plastid genome. This might be an explanation for the
instability of the aadA insertion. Moreover, the sequencing revealed continuous sequence
including genes but also regulating up- and downstream sequences.

Figure 4: Plastid encoded genes revealed by sequencing two fragments of 8kb and 5kb length.

Inserting aadA in an intergenic region
Since the approaches to insert the antibiotic resistance gene aadA into the chloroplast
genome under control of the Rubisco operon generated apparently only temporarily
expressing transformants, further attempts were made to permanently insert aadA into
Phaeodactylum tricornutum’s chloroplast genome. These attempts were based on using a
marker gene with an optimized codon usage. This adapted marker gene was in addition
targeted into a non-coding intergenic region instead of altering the Rubisco operon
structure. The expression of the marker gene should be guaranteed by flanking the gene
with host specific promoters and 5’- or 3’- untranslated regions (UTR’s), thus creating a
functional resistance cassette (Fig. 5A). Therefore the streptomycin resistance gene aadA
was cloned and mutagenized, according to the codon usage of the chloroplast genome.
In order not to interfere with potentially vital plastid genes the resistance cassette was
inserted into intergenic regions. Further host specific upstream and downstream
fragments containing both promoter and terminator are required to drive expression of
the resistance gene. A variety of fragments containing the promoter and 5’-UTR or
downstream sequences of Rubisco and psbA were cloned and assembled with the
modified aadA gene to form complete resistance cassettes (Fig. 5A). A 0.3 kb or a 0.7 kb
fragment of psbA upstream sequence as well as a 0.7 kb fragment of rbcL upstream
sequence were ligated to the 5’-end of the modified streptomycin resistance gene. In
order to complete the resistance cassette downstream of the marker gene ~ 0.2 kb of
rbcS downstream sequence were added. For those constructs containing the rbcL
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Figure 5A: Resistance cassettes
for plastid transformations in
Phaeodactylum
tricornutum.
The cassettes consist of 0.3kb
or 0.7 kb of regulatory psbA
upstream
sequence
(psbA
Prom) and 0.2 kb of RuBisCO
downstream
sequence
(rbcTerm) in order to provide
expression of the marker gene.
When 0.7 kb of regulatory
RuBisCO upstream sequence
(rbcProm) is used the rbcTerm
fragment is reduced to 0.16 kb
to
minimize
unwanted
recombination effects during
transformation. As marker gene
served the modified aadA gene.
Figure 5B: Homologous linkers for the resistance cassettes. To insert the resistance cassettes via
homologous recombination into the chloroplast genome linker fragments around the intergenic
regions downstream of the RuBisCO operon were cloned into pF1-A. For inserting the resistance
cassettes a Ecl136II site was added marked by the thin dotted line. Bold dotted lines indicate
region of homology of the linker fragments. Both corresponding linker fragments together add up
to a length of 3 to 3.5kb.

upstream sequence, only 0.16 kb of rbcS downstream sequence were added. In this
case, the rbcS downstream fragment was reduced in size in order to minimize unwanted
recombination

effects

during

the

transformation

procedure.

Transforming

plastid

genomes generally bases on homologous recombination of a DNA construct with the
plastome region of interest. In order to target the streptomycin resistance cassettes
fragments surrounding the intergenic regions downstream of the Rubisco operon were
used as homologous flanking linkers (Fig. 5B). An Ecol136II restriction site was added in
the center of the intergenic region to allow the insertion of the resistance cassettes. After
assembly of the flanking linkers and resistance cassettes the resulting plastid
transformation vectors were used for transformation experiments as described above.
However, in addition to the tungsten particles, 0.1 µm gold microcarriers were utilized for
the particle gun bombardment as well. After four weeks of regeneration on selective
media containing 200 µg/ml Streptomycin colonies appeared with frequencies of ~1
cfu/plate (corresponding efficiency = 2·10−8 cfu’s/ cell). The cfu’s were restreaked on
fresh selective media plates. Replating of these cfu’s was performed regularly every
week. In order to verify and monitor the uptake and integration of the resistance
cassettes into the chloroplast genome a part of the cassettes was amplified from CTABDNA extractions of the respective colonies before replating them (Fig. 6). Controls of
correct insertion of the marker gene via PCR again could not verify insertion of aadA in
the target area. As already observed for the LAS/SAE transformation attempts, once
more the resistance cassettes were only temporarily detectable. The number of cfu’s
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allowing amplification of the resistance cassettes
was decreasing with every replating step. After the

after 4 weeks
regeneration
average cfu count

third replating only one out of the eight monitored

replating No. 1

transformants still revealed a positive signal in the

average cfu count

PCR. Accordingly, only 17% of the cfu’s surviving

cfu’s per plate
1
0.5

replating No. 3
average cfu count

0.17

the transformation were still alive after the third
replating step (table 4). After two months of
continuous segregation experiments, amplification
of aadA from the very few surviving colonies was

1st replating

not possible anymore.
These findings suggest that this transformation
approach

generated

again

transformants

transiently expressing the resistance gene. Stable
insertion

of

the

resistance

cassette

into

the

chloroplast genome did not occur. The fact that

2nd replating

resistant cfu’s were generated by the plastid
transformation procedure may hint to transient
expression of aadA from episomal plasmids. Since
the

plasmids

cassettes
expression

and
of

contain
host
the

functional

specific
marker

resistance

promoters

gene

is

the

3rd replating

possible

independent from correct insertion. Further the
utilized plasmids contain a prokaryotic origin of
replication which, at least theoretically, allows
replication

of

plasmid

in

dividing

organelles.

Heterologous recombination of the marker into the
plastome might provide another explanation for
the

unstable

phenotype

which

would

further

explain why the presence of aadA could be
detected

via

PCR,

however,

not

its

correct

insertion. The dense architecture of the chloroplast
genome hardly contains non-coding regions. If
aadA inserted randomly into the plastome potential
negative side-effects of the marker integration
would

explain

a

loss

of

the

marker

during

Table 4 and Figure 6: Stability of
the resistance cassettes.
The relative number of cfu’s obtained
per plate after transformation was
monitored. After every replating step
the surviving cfu’s were counted and
compared to the initial number of
cfu’s per plate.
Further presence or absence of the
resistance cassette in the cells was
monitored
for
eight
putative
transformants by amplification of a
cassette-fragment previous to every
replating.
Not only the number of cfu’s
surviving the replating
decreased
but also the number of positive
amplification signals thus indicating
the instability of the transformation
procedure.

segregation. The fact that all transformants die during the segregation attempts indicates
that (i) permanent integration does not occur, (ii) but also that the dividing diatom cells
cannot replicate episomal transformation vectors in a sufficient manner. The fact that the
obtained transformants survived more plating steps than the LAS-/SAE-transformants
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might be due to host specific regulatory units which allow an efficient marker gene
expression. In contrast, the bacterial T7/SP6 promoters on the LAS-/SAE plasmids would
eventually allow only weak aadA expression in the prokaryotic system of the chloroplast.
Unfortunately, cultivation of the putative transformants in larger volumes was not
possible, since the monitored cfu’s died after several replating steps. Hence, neither
enough DNA nor RNA could be extracted to examine the integration of aadA into the
plastome, nor its transient expression from episomal transformation vectors.

Insertion of point mutations in D1
The strategy of the third approach to establish a stable plastid transformation system
was to avoid any negative effects potentially caused by inserting a marker gene into the
plastome. This alternative approach attempted to replace a functional endogenous gene
by a mutated version. Therefore a fragment containing the psbA gene coding for the DI
protein was ligated into the pCR-Script Amp vector. Via site directed mutagenesis
different point mutations were introduced into psbA, thus altering the cloned sequence to
confer resistance against Urea and Triazine class herbicides (all introduced point
mutations are listed in ChapterII). In addition to the single amino acid exchange inducing
resistance a conservative mutation was inserted in close proximity. This silent mutation
does not change the amino acid sequence of DI but the restriction pattern of psbA which
was thought to allow uncomplicated screening of putative transformands. In order to find
ideal conditions for homologous recombination a series of vectors (D1 transformation
vectors) was designed containing a short (0.8 kb) and an elongated (3.5 kb) psbA
fragment harboring the different point mutations (Fig. 7). These homologous inserts are
designed to simply replace a fragment of wild-type sequence by slightly altered but
functional sequence – no additional genes are inserted into the plastome. Altogether, the
D1

vectors

provide

ideal

conditions for introducing the
inserts

into

tricornutum’s

Phaeodactylum
plastid

genome

via homologous recombination.
Phaeodactylum
Fig. 7: Transformation vectors designed for inserting
mutations into psbA leading to herbicide resistant
variants of the DI protein. Fragments of homologous
sequence (indicated by grey bars) of different length
(3.5kb and 0.8kb) have been cloned. These fragments
contain one resistance conferring point mutations
(indicated by the blue X) and conservative mutation
(indicated by the red X) altering the restriction pattern
for screening of putative transformants.

tricornutum

was transformed via particle
gun

bombardment

different

D1

using

vectors.

six

After

recovery from transformation
the cells were suspended and
transferred to plates containing
selective media (about 5·107
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cells per plate, 5·10−6mM DCMU). Four weeks of incubation under constant light and
temperature conditions yielded cfu’s at an average efficiency of ~10−8 (cfu’s/cell). For the
first replating step, the same herbicide concentrations were used. For second replating
after one week of growth the herbicide concentrations were raised to CDCMU = 10−5 M and
10−4 M. All putative transformants were able to grow on DCMU up to 10-5 M, in some
cases (strain DI-5) even at 10−4M. All cfu’s survived further replating steps and were
even able to grow in liquid media containing up to 5·10−4 M, while wild-type cells did not
survive 10−6 M of DCMU (Fig. 8). Restriction analysis and subsequent sequencing of
amplified psbA fragments, however, revealed that none of the monitored putative
transformants carried the point mutations of the respective transformation vectors. The
sequenced psbA fragments displayed instead a variety of other nucleotide substitutions in
the same area. These nucleotide substitutions led to amino acid exchanges in D1, but in
all cases were not identical to those which supposed to be conferred by the
transformation vectors. The appearance of mutations in within the target sequence was
directly caused by the transformation. All obtained mutants are listed in detail in Chapter
II. In accordance with the previous results the D1 transformation attempts to indicate
that DNA fragments can be delivered into the chloroplast, marker genes within these
fragments are most probably expressed. Although the D1 vectors feature ideal conditions
for homologous recombination insertion was never observed, indicating that targeted
insertion of a marker via homologous recombination might be not feasible in this
diatom’s chloroplast.

Figure 8: Growth of the Phaeodactylum tricornutum mutant D1-5 on various DCMU
concentrations. Growth of wildtype cells without herbicide (▬) compared to DI-5 cells
growing in media containing 10-6 M (▲) , 10-5 M (■) and 5.10-4 M of DCMU (●).
Wildtype cells in 10-6 M of DCMU do not grow (♦).
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Optimizing the transformation procedure
In order to test a variety of transformation parameters, transformation vectors were
designed containing the modified psbA which was approved to confer DCMU resistance in
mutant D1-5 without effecting growth at selective conditions. Fragments of 0.8 kb and
3.5 kb containing psbA were then ligated in pCR-Script Amp. Subsequently the point
mutation found in the mutant D1-5 – encoding the substitution of Serin to Alanin at D1
amino acid position 264 – was introduced into the cloned psbA via site directed
mutagenesis.
The resulting vectors were used for various transformation attempts under different
conditions. During these optimization experiments, parameters like microcarrier size and
substance (tungsten with diameters: 0.38 µm, 0.7 µm, 1.1 µm; gold with diameter: 1.0
µm) were tested with respect to their influence on the cells’ ability to survive the
procedure. Furthermore the recovery of the cells after transformation was tested on
selection media with DCMU concentrations ranging from 5·10−6 M to 10−6 M and recovery
time was extended from one to two days. Additionally, the selection was performed
under different light conditions ranging from low (7 and 20 µmol photons·m−2·s−1) to
normal (45 µmol photons·m−2·s−1) light intensities. Finally, in order to exclude any kind
of interference of the pGEM-T vector backbone during recombination, the inserts were
cloned also into pBS KSII−.
The optimization experiments generated resistant cfu’s with an average efficiency of
10−8/cell when using 1.0 µm gold microcarriers. The diameter of the tungsten particles
did not influence the number of cfu´s. Using tungsten particles significantly decreased
the rates, or in some cases did not yield any resistant cfu’s. Changing the duration of
phenotypic expression before transferring the cells on selective media plates had no
effect. Since mutants with altered photosynthetic genes like psbA might show increased
light sensitivity the transformed cells were exposed to low and normal light conditions.
During these experiments only cells grown at 20-45 µmol photons·m−2·s−1 were able to
develop cfu´s. Again most obtained cfu’s survived subsequent replating steps. Negative
controls did never yield any resistant cfu’s. Sequencing the psbA gene from these
colonies revealed once more that the resistance was developed due to mutations
different D1-5 mutation that should have been introduced.
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Construct

Vector

Insert

Particle

recovery

CSel

cfus

LAS*

pGEM-T

rbcL-aadArbcS

W 0.7µm

SAE*

pGEM-T

rbcS-aadAEF-Ts

W 0.7µm

PAT-R

pF1-A

PAT-P (600nt
psbA Prom)

pF1-A

PAT-P (300nt
psbA Prom)

pF1-A

DI 0.8 1*

pGEM-T

rbcPromaadArbcTerm
psbAPromaadArbcTerm
psbAPromaadArbcTerm
psbAMut 0.8kb

1, 2 days

90 – 200
µg/ml

√

1, 2 days

90 – 200
µg/ml

√

0.75 . 10-6 1.24 . 10-6

transient expression

W 0.7µm
Au 1.0µm

1 day

200
µg/ml

√

2·10−8

transient expression

W 0.7µm
Au 1.0µm

1 day

200
µg/ml

√

2·10−8

transient expression

W 0.7µm
Au 1.0µm

1 day

200
µg/ml

√

2·10−8

transient expression

1, 2 days

5 . 10-6 M

X

1.06 . 10-6

DI 0.8 2*

pGEM-T

psbAMut 0.8kb

1, 2 days

5 . 10-6 M

√

1.06 . 10-6

unspecific mutations

DI 0.8 3*

pGEM-T

psbAMut 0.8kb

1, 2 days

5 . 10-6 M

√

1.06 . 10-6

unspecific mutations

DI 0.8 4*

pGEM-T

psbAMut 0.8kb

1, 2 days

5 . 10-6 M

X

1.06 . 10-6

DI 0.8 5*

pGEM-T

psbAMut 0.8kb

1, 2 days

5 . 10-6 M

√

1.06 . 10-6

unspecific mutations

DI 0.8 6’*

pGEM-T

psbAMut 0.8kb

1, 2 days

5 . 10-6 M

√

1.06 . 10-6

unspecific mutations

DI 0.8 2 *
(optimization)

pGEM-T
pBS KSII-

psbAMut 0.8kb

1, 2, days

5 . 10-5 –
10-6M

√

3 . 10-8 1.7 . 10-7

W 0.7µm
W 0.7µm
W 0.7µm
W 0.7µm
W 0.7µm
W 0.7µm

Efficiency
[cfu´s/plated
cells]
0.75 . 10-6 1.24 . 10-6

Characterization

transient expression

DI 3.5 2*

pCR Script

psbAMut 3.5
kb

W 0.7µm
Au 1.1µm

1 day

5 . 10-6 M

√

1. 10-8

- all W particle sizes -> equal rates
- Au particles –> 6 fold rates
compared to W particle-rates
- Only at ~30 µE / no cfu´s at
lower ILight
- various unspecific mutations in
DI
unspecific mutation

DI 3.5 3*

pCR Script

psbAMut 3.5
kb

W 0.7µm
Au 1.0µm

1 day

5 . 10-6 M

√

1. 10-8

unspecific mutations

DI 3.5 4*

pCR Script

psbAMut 3.5
kb

W 0.7µm
Au 1.0µm

1 day

5 . 10-6 M

√

1. 10-8

unspecific mutations

DI 3.5 5*

pCR Script

psbAMut 3.5
kb

W 0.7µm
Au 1.0µm

1 day

5 . 10-6 M

√

1. 10-8

unspecific mutations

various Ilight

W
1.1µm;
0.7 µm;
0.38µm
Au 1.0µm

Table 2: Summary of transformation vectors used for plastid transformation attempts. LAS, SAE, PAT-R and
PAT-P indicate the aadA containing vectors; PAT-R and PAT-P contain resistance cassettes with host specific
promoter and terminator. DI indicates vectors containing mutated psbA genes or fragments of this gene. The
numbers 0.8 or 3.5 represent the length of homologous sequence in kb, the small number refers to the
mutation the vector are supposed to confer (see chapter II.2). Furthermore are listed the used cloning
vectors , the transformable constructs harboured by these vectors, further size and matter of the particles
used as microcarriers, time of recovery, and the applied selection pressure. This chart also shows whether
cfu´s appeared, the rates of appearance and the results of the respective transformation attempt. All
constructs indicated with an asterisk (*) have been shot as circular and linear molecules.
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Conclusion
The

different

attempts

to

establish

a

stable

plastid

transformation

system

in

Phaeodactylum tricornutum allowed us to generate temporary resistant transformants. In
all cases, however, targeted introduction of the marker into the plastid genome via
homologous recombination was not achieved. The attempts to insert aadA into the
Rubisco operon might suffer from an impaired expression of aadA since the gene
contained one codon which was later shown to be rarely found in Phaeodactylum
tricornutum’s plastome. Moreover, the insertion of a foreign gene into a functional operon
might be deleterious by impairing the operon’s expression. A second series of vectors
designed to insert aadA into the plastome should exclude some of the previous potential
problems. The (overall) length of the homologous linkers was increased from 2kb (LAS/SAE- vectors) to 3.5kb. AadA was not targeted into a functional operon but into noncoding intergenic regions in between and downstream of two genes of opposite direction.
Also the rare codon in aadA was substituted by a common one and the resistance gene
was flanked by host specific promoters and untranslated regions to guarantee efficient
expression. Despite of these improvements all transformation attempts did again not
allow targeted insertion of the marker gene via homologous recombination. However, the
fact that both approaches to introduce aadA into the plastome generated transiently
resistant cfu’s suggests that a marker gene can be successfully expressed in the
chloroplast. PCR experiments could not localize aadA in the target region, suggesting that
the marker gene is expressed from an episome. In order to test whether insertion of a
DNA fragment into the plastome can occur at all, transformation attempts were
performed using the D1-transformation vector set. These vectors do not introduce any
foreign or additional genes but were rather designed to substitute a functional gene by a
slightly altered version conferring herbicide resistance. The cfu’s generated by this
approach showed high and permanent resistance. Sequencing of these putative
transformants,

however,

revealed

unspecific

mutations

in

psbA,

thus

clearly

demonstrating that substitution of the wild-type psbA via homologous recombination did
not occur in any of the herbicide resistant strains. Varying the parameters of the particle
gun bombardments during the optimization experiments had no effect on these results.
All presented results have in common that transient or permanent resistance could not
be attributed to a stable insertion of the selection marker; the results of the D1 approach
even suggest that insertion via homologous recombination does not occur at all.
AadA appears to be transiently expressed in the chloroplast of Phaeodactylum
tricornutum, however, whether the resistance gene is either expressed from episomal
transformations vectors or if it integrates temporarily into the plastome via heterologous
recombination remains elusive. The fact that both resistance and traceability of aadA
were not permanent could be attributed to an insufficient replication of episomal
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transformation vectors within dividing cells. With every division the amount of expressed
aadA genes would dilute until streptomycin resistance no longer was provided. Another
explanation for the transient resistance might be provided by a random integration of the
resistance cassettes into the plastome which could disturb the expression of other
potentially vital plastidic genes. In that case, the clear disadvantage of maintaining the
marker insertion during segregation would also explain the transient resistance.
Although expression of the selection marker from an episomal plasmid inside the
chloroplast is uncommon, it has been reported previously for plastid transformation
experiments in Nicotiana tabacum (Staub and Maliga 1994, 1995) and Euglena gracilis
(Doetsch et al. 2001). While homologous recombination can be achieved in tobacco
plastids, unknown circumstances prevent the integration of transforming DNA into the
plastid genome of Euglena gracilis (Doetsch et al. 2001). In Phaeodactylum tricornutum
we achieved transient plastid transformation. However, the presented results suggest
that the capability of the diatom to integrate transforming DNA into the plastome via
homologous recombination is absent as well.
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II.2
Induced and targeted mutagenesis in the chloroplast genome of
the diatom Phaeodactylum tricornutum
Materna, A.1 and Kroth, P.G.1
1 Department of Plant Ecophysiology, University of Konstanz, Germany

II.2.1

Abstract

We report an inducible mechanism which generates targeted mutations in a chloroplast
genome (plastome). Mutagenesis was induced in psbA (encoding for the D1 protein of
photosystem II) and the 16S rRNA gene, both encoded in the plastid genome of the
diatom Phaeodactylum tricornutum. To trigger mutagenesis in the gene of interest the
cells were transformed via particle gun bombardment utilizing plasmids which contain a
sequence fragment homologous to the target gene. The type of microcarrier used to
deliver the plasmid DNA into the cell was crucial for an effective mutagenesis induction.
Utilizing gold particles with a median diameter of 1.0µm increased the rates 5fold
compared to other microcarriers.
Induced mutagenesis is a phenomenon intensively studied in E. coli and also observed
for eukaryotes. This study, however, is the first example of an inducible mutagenesis
mechanism in an organellar genome. Elucidating the trigger to induce mutagenesis in a
specific

target

gene

might

contribute

to

engineering

the

chloroplast

genome.

Furthermore the implications of the organelle actively increasing mutation rates, and
therewith rates of genome evolution, on our understanding of plastid evolution might not
be conceivable to date

Key words: 16S rRNA, chloroplast, diatom, homology, induced mutagenesis, particle gun,
Phaeodactylum tricornutum, plastome, psbA, transformation
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II.2.2

Introduction

Mutations conventionally are considered being formed spontaneously and independent of
interaction with the environment (Luria and Delbruck 1943; Newcombe 1949; Lederberg
and Lederberg 1952) as an inevitable consequence of imperfect DNA replication and
repair. Together with chromosomal rearrangements those spontaneous mutations are
important cellular processes that lead to alteration of the genome structure and act as
engines driving evolution. Furthermore studies on the fruitfly Drosophila melanogaster
published as early as 1927 initially demonstrated that mutations in living organisms can
be caused by external agents as well (Muller 1927). More recently the molecular
mechanisms of spontaneous mutagenesis have been elucidated by genetic analyses of
mutator and antimutator genes of Escherichia coli and by biochemical studies of their
gene products (Miller 1996). It has been also clearly demonstrated that the underlying
mechanisms are evolutionarily well conserved among various organisms (Reenan and
Kolodner 1992; Sakumi et al. 1993; Slupska et al. 1996; van der Kemp et al. 1996;
Radicella et al. 1997).
Every

mutation

is

derived

from

premutagenic

damage

of

DNA.

Subsequently

misreplication of the damaged DNA by either the normal replicative apparatus or by
involving a special type of DNA polymerases participating in DNA repair results in a
mutagenic intermediate (Friedberg et al. 1995). The mutagenic intermediate, termed a
premutation, is finally converted to a mutation at the next round of DNA replication. A
major source of premutagenic damages are different errors occurring during normal DNA
replication (Maki 2002): (i) Misinsertions of nucleotides can initiate the formation of a
mispair. (ii) Misalignment of the growing chain with the template sequence may occur via
simple slippage of the terminus, thus promoting the formation of a single-base bulge that
can cause a single-base frameshift (10- 46). (iii) Template switching, during the
replication

potentially

generates

multiple-base

mismatch.

This

replication

error

potentially leads to sequence substitution, a particular class of spontaneous mutation in
which a segment of DNA ranging from 2 to about 20 nucleotides is replaced by a
completely different sequence (Mo et al. 1991; Yoshiyama et al. 2001). However, DNA
damage can be also caused by abiotic factors including UV-radiation leading to thymin
dimer formations (Friedberg 2002) or other ionizing radiation, but also mutagenic
chemicals can seriously affect the integrity of the DNA molecule (Friedberg et al. 1995).
An endogenous source of mutagenic base lesions, which is ubiquitous in aerobic
organisms, is the exposure to reactive oxygen species (ROS). Finally spontaneous
decomposition of DNA bases can occur.
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In contrast to spontaneously occurring mutations the discovery of certain, apparently
induced type(s) of mutagenesis was rather surprising. Intensively studied mechanisms in
E. coli were reported to act as a response to stress-inducing, growth-limiting
environments by occasionally generating “adaptive mutations” that allow bacterial growth
despite growth limiting conditions. (Friedberg et al. 1995; Tang et al. 1999; MaliszewskaTkaczyk et al. 2000; Rosenberg 2001; Friedberg et al. 2002; Yeiser et al. 2002; Foster
2005). E. coli adaptive mutagenesis requires specific components including the
specialised error-prone DNA polymerase Pol IV (DinB) (McKenzie et al. 2000; McKenzie
et al. 2001) and proteins for homologous recombination and double strand break repair
(DSBR) (Cairns and Foster 1991; Harris et al. 1994; Foster et al. 1996; Harris et al.
1996; McKenzie et al. 2000).

Point mutations are generated as a consequence of so

called “error-prone DSBR” which involves switching from high-fidelity DNA replication to
replication via the error-prone Pol IV. Other mechanisms generating mutations in both,
prokaryotes and eukaryotes involve induced derepression of Pol IV (DinB) and Pol V
(UmuCD) or their homologues during DNA double strand-break repair (DSBR) or
translesion DNA synthesis (reviewed by (Friedberg et al. 2005)). These specialised
polymerases are Y family polymerases, they display low fidelity and lack the
exonucleolytic proofreading function (Kunkel et al. 2003). Controlled switching from the
accurate

replicative

polymerase

to

error-prone

Y

family

polymerases

initiates

incorporation of mismatches into the synthesized DNA strand. Switching to error-prone
polymerases during DNA repair under stressful conditions has been reported to induce
mutagenesis in bacteria and yeast until cells adapt to the stressful environment (Foster
1999; Rosenberg 2001; Hersh et al. 2004; Tenaillon et al. 2004). For error prone DSBR
the switching is induced by the transcriptional-activator protein (sigma) RpoS (He et al.
2006) which is expressed under various environmental stress conditions (Hengge-Aronis
2002).
Diatoms are unicellular microalgae which inhabit the world’s oceans and fresh water
habitats (Mann 1999). Due to their enormous abundance diatoms are of global ecological
relevance and greatly contribute to the world’s primary production (Falkowski et al.
1998; Field et al. 1998). As more genetic tools for diatoms are required which allow us to
study these unique organism, a plastid transformation system would be highly desirable.
Therefore we performed a variety of experiments with the aim to achieve stable plastid
transformation in the pennate diatom Phaeodactylum tricornutum.

Instead of a stable

insertion of the applied marker into the chloroplast genome we only obtained transient
expression so far. However, as a rather surprising outcome of our experiments we
obtained some putative transformants which experienced mutagenesis in the target area
instead of inserting the marker. This phenomenon occurred exclusively under certain
experimental parameters. The aim of this study was to verify an intrinsic mutagenic
mechanism and to uncover the parameters triggering mutagenesis. We performed
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several experiments designed to induce potentially targeted mutagenesis in the plastid
encoded genes psbA and the 16SrRNA gene of the diatom. We selected psbA and the 16S
rRNA gene as convenient target genes for mutagenesis approaches since mutations in
these genes are known to increase resistance to either herbicides or antibiotics
(Montandon et al. 1985; Ajlani et al. 1989; Ohad and Hirschberg 1992; Smeda et al.
1993; Dalla Chiesa et al. 1997; GuhaMajumdar and Sears 2005) thus allowing a
straightforward selection of resistant mutants.
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II.2.3

Material and Methods

Strains and media
The Phaeodactylum tricornutum strain used for all experiments was the wildtype strain
646 (Bohlin), University of Texas Culture Collection. P. tricornutum was grown at 22°C
with continuous illumination at 35 µmol photons m-2 s-1 in Provasoli’s enriched seawater
(Starr and Zeikus 1993) using ‘‘Tropic Marin’’ artificial seawater at 50% concentration,
compared to natural seawater. Solid media contained 1.2% Bacto Agar (Difco).
Escherichia coli strain XL-1 Blue (Stratagene, Cedar Creek, TX, USA) was grown over
night at 37°C in Luria Broth medium, using a shaker for liquid cultures. Solid media
contained 1.5% Bacto Agar (Difco).

Prediction programs
For chloroplast transit peptide prediction, the programs ChloroP (Emanuelsson et al.
1999), TargetP (Emanuelsson et al. 2000) were used. The program SignalP (Nielsen et
al. 1997, Nielsen et al. 1999) was used for predicting the thylakoid signal peptide. The
BLAST algorithm (Altschul et al. 1997) was used for sequence homology searches.

PCR and construction of plasmids
Standard cloning procedures were used (Sambrook et al. 1989). PCR was performed with
a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant Pfu
polymerase (Fermentas, Ontario, Canada) for amplification of 0.8kb fragments or Triple
Master Polymerase (Eppendorf, Hamburg, Germany) for the amplification of the 3.5kb
fragments according to the manufacturer’s instructions.
For the construction of transformation vectors containing 0.8kb of psbA and 3.5kb of
sequence including psbA the inserts were amplified using the primers D1 196-5' and D1
990-3' for the 0.8kb insert or psbA up-5' and psbA down-3' for the 3.5kb insert
respectively. The 0.8kb amplicons were cloned into pGEM-T (Promega, Madison, WI ,
USA) and pCR-Script Amp according to the manufacturer’s instructions. The 3.5 kb
inserts were cloned into pGEM-T and pCR-Script Amp (Invitrogen, Carlsbad, CA, USA) via
blunt-end ligation after digestion of the plasmids with EcoRV. These cloning steps
revealed the vectors pGEM-T D1 0.8, pCR-Script D1 0.8, pGEM-T D1 3.5 and pCR-Script
3.5. A series of plastid transformation vectors was designed with the intention to alter
the psbA gene (encoding for the PS II protein D1) in a way known to induce resistance to
triacine and urea herbicides (Ajlani et al. 1989; Ohad and Hirschberg 1992; Smeda et al.
1993; Dalla Chiesa et al. 1997; GuhaMajumdar and Sears 2005) (table 1). Therefore six
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different point mutations were introduced in pGEM-T D1 0.8 while giving raise to the
vectors D1-1 to D1-6 (table 1). Only the point mutation for D1-1 (S264A, table 1) was
also introduced into pGEM-T D1 3.5 thus generating pGEM-T D1 3.5 S264A.
vector aminoacid amino acid
position
exchange*

conferring
resistance
to**
A./D.

D1-1

264

S-A

D1-2

264

S-G

A.

D1-3

264

S-P

D1-4

264

D1-5

D1-6

resistance
strength
(RMUT/RWT)***
60-100 fold

photosynthetic Literature
activity [%]
100

Ohad N. & Hirschberg J.
The Plant Cell 1992

2000 fold

100

Ohad N. & Hirschberg J.
The Plant Cell 1992

A.

10000 fold

60

Dalla Chiesa K. et al.
Eur. J. Biochem. 1997

S-T

D.

250 fold

110

Smeda R. J., et al.
Plant Physiology 1993

801

N-Y

A.

330 fold

67

Narusaka Y., et al. Plant Cell
Physiol. 1998;
Sajjaphan K., et al. App.
and Env. Microbiol. 2002

264 +
801

S–T / N-Y

D. + A.

see Mut. 4 and
5

see Mut. 4
and 5

see Mut. 4 and 5

Table 1: Nucleotide substitutions conferred by D1-transformation vectors and the resulting amino
acid exchanges. Six different vectors were constructed harbouring 0.8kb of psbA sequence. Point
mutations were inserted within the psbA sequence which were reported to confer herbicide
resistance in other organisms with impairing photoautotrophic growth. *: amino acids are shown in
the single letter code. **: A. = atrazine, D. = diuron(DCMU). ***: resistance strength is calculated
by division of the herbicide tolerance of the mutant by the tolerance of the wildtype.

In all seven vectors except DI-6 a second conservative point mutation was introduced,
not altering the amino acid sequence of D1 (PsbA) but deleting a BssSI restriction site.
Introduction of the respective point mutations into the plasmid DNA was performed via
site directed mutagenesis. Therefore the pGEM-T DI 0.8 and pGEM-T D1 3.5 vectors
served as template in round circle PCR amplifications using the D1(A) primer pairs (table
2).

For the PCR reaction Turbo-Pfu Polymerase (Stratagene, La Jolla, California, USA)

was used. Subsequent DpnI digestion of the PCR product degraded the unmutated
methylated plasmid template molecules.
To construct the transformation vectors containing a fragment of the 16SrRNA gene,
0.8kb of the 16S rRNA gene were amplified using the primers P-16S_rRNA-5' and P16S_rRNA-3' and cloned into pGEM-T, thus giving rise to pGEM-T 16S.
Primer

sequence 5' - 3'

D1 196-5'

CCTGTTGCAGGTTCTTTATTATATGG

D1 990-3'

TACTTCCATACCTAAATCAGCACGG

psbA up-5'

TTTATGCACATTTTTACAACAGTTACC

psbA down-3'

TTTGCTAAGAGTCTAGCACAAGCTCG

D1(A) 792 S-A forward

CGTTTAATCTTCCAATACGCTgCATTTAACAACTCaCGTGC

D1(A) 792 S-A reverse

GCACGtGAGTTGTTAAATGcAGCGTATTGGAAGATTAAACG

D1(A) 792 S-G forward

CGTTTAATCTTCCAATACGCTggATTTAACAACTCaCGTGC
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D1(A) 792 S-G reverse

GCACGtGAGTTGTTAAATccAGCGTATTGGAAGATTAAACG

D1(A) 792 S-P forward

CGTTTAATCTTCCAATACGCTcCATTTAACAACTCaCGTGC

D1(A) 792 S-P reverse

GCACGtGAGTTGTTAAATGgAGCGTATTGGAAGATTAAACG

D1(A) 792 S-T forward

CGTTTAATCTTCCAATACGCTaCtTTTAACAACTCaCGTGC

D1(A) 792 S-T reverse

GCACGtGAGTTGTTAAAaGtAGCGTATTGGAAGATTAAACG

D1(A) 801 N-Y forward

CGCTTCATTTAACtACTCaCGTGCTTTACACTTCTTCTTAGC

D1(A) 801 N-Y reverse

GCTAAGAAGAAGTGTAAAGCACGtGAGTaGTTAAATGAAGCG

D1(A) 792+801 S-T+N-Y forward

CGTTTAATCTTCCAATACGCTaCtTTTAACtACTCaCGTGCTTTAC

D1(A) 792+801 S-T+N-Y reverse

GTAAAGCACGtGAGTaGTTAAAaGtAGCGTATTGGAAGATTAAACG

P-16S rRNA-5'

TTTGAGAGGACGATCAGACACACTGG

P-16S rRNA-3'

ACTTAACCCAACATCTCACGACACG

Table 2: Primers used for the construction of transformation vectors. The D1(A) primers
were used to introduce point mutations into the vectors containing 0.8kb or 3.5kb of psbA
sequence. Small letters in primer sequences indicate the conferred nucleotide substitutions.

Biolistic transformation
Cells were bombarded using the Bio-Rad Biolistic PDS-1000/He Particle Delivery System
(Bio-Rad Laboratories, Hercules, Canada) fitted with 1350 psi rupture discs. Tungsten
particles (1.1 mm, 0.7 µm or 0.38 µm median diameter) or gold particles (1.0 µm
median diameter) were coated with 5 µg of plasmid DNA in the presence of CaCl2 and
spermidine, as described by the manufacturer. One hour prior to bombardment
approximately 108 cells were spread in the centre of a plate containing 20 ml of solid
medium. The plate was positioned at the second level within the Biolistic chamber for
bombardment. Bombarded cells were allowed to recover for 24 h before being suspended
in 1 ml of sterile 10% or 50% artificial seawater medium. 250 µl of this suspension were
plated onto solid 10% artificial seawater medium containing 200 µg/ml streptomycin or
onto solid 50% artificial seawater medium containing 5·10−6 M DCMU. The plates were
incubated at 20°C under constant illumination (35 µmol photons·m−2·s−1) for four weeks.

Preparation of nucleic acids and sequencing of the mutated target genes
Resistant mutant colonies were scratched from solid media plates and resuspended in
100 µl 10% or 50% seawater medium. After centrifugation the supernatant was removed
and 25 µl of CTAB buffer containing 1% β-Mercaptoethanol (Doyle and Doyle 1990) was
added followed by crushing the cells with pistils fitting into the 1.5 ml reaction tubes.
CTAB buffer containing 1% β-Mercaptoethanol was added to a final volume of 150 µl. The
suspension was incubated at 65°C for one hour. After cooling down to room temperature
one volume of Chloroform / Isoamylalkohol (at the ratio 24:1) was added to the
suspension and mixed by inverting the reaction tubes gently. The solution was
subsequently centrifuged with 16000 g for ten minutes at room temperature. The
aqueous phase was mixed with one volume of Isopropanol. The DNA was allowed to
precipitate at room temperature for up to two hours followed by centrifugation with
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16000 g for 10 min at room temperature the DNA pellet was washed with 80% Ethanol.
After drying the DNA was resuspended in 30 µl Tris-HCl 10 mM, pH 7.5. The DNA
preparation was used as template for amplification of psbA or the 16S rRNA gene. The
resulting amplicons were sequenced using the primers D1 196-5' and D1 990-3' and P16S rRNA-5' and P-16S rRNA-3', respectively (GATC, Konstanz, Germany).
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II.2.4

Results

Background
Initial attempts to transform the chloroplast genome of Phaeodactylum tricornutum
aimed on stable insertion of a marker gene flanked by homologous linkers via
homologous recombination. In order to optimize the linker to marker length-ratio a set of
transformation vectors was designed to insert two point mutations within the psbA gene,
thus inducing herbicide resistance. In contrast to “classic” transformation vectors in this
case the insert does not consist of a sequence stretch homologous to the target sequence
separated by the marker gene, but rather almost exclusively of homologous sequence,
only slightly altered by two point mutations. A set of vectors was designed harbouring
0.8 kb of the psbA gene (Fig. 2A). The 0.8 kb insert carried various pairs of point
mutations. One of the two mutations was conservative, only silently changing the
restriction pattern by deleting a BssSI site in all vectors. The second modification in the
psbA sequence comprised different alternate point mutations (table 1) which have been
reported to induce herbicide resistance in other organisms without severely affecting
photoautotrophic growth (Ajlani et al. 1989; Ohad and Hirschberg 1992; Smeda et al.
1993; Dalla Chiesa et al. 1997; GuhaMajumdar and Sears 2005). The resulting vectors
D1-1 to D1-6 were precipitated onto microcarriers consisting either of gold (0.1µm
diameter) or wolfram (0.7µm) prior to transformation of the cells via particle gun
bombardment. The transformation procedure and subsequent selection on 5·10−6M of the
urea class herbicide DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) generated resistant
colony forming units (cfu’s) with rates of 10−9 to 10−8 (cfu’s per cells utilized for the
transformation procedure). All obtained resistant cfu’s were screened for positive
transformants. The correct insertion of the appropriate point mutations was controlled via
BssSI restriction analysis of psbA amplicons and by sequencing of the target area. The
BssSI restriction assay revealed that the BssSI site was not deleted in any of the
obtained cfu’s. Consequentially, sequencing of amplified DNA fragments revealed that all
cfu’s contained point mutations however in all cases different from those conferred by
the transformation vectors. Instead of inserting specific point mutations into psbA via
homologous recombination we exclusively obtained apparently unspecific but DCMU
resistance

conferring

point

mutations.

To

exclude

that

mutations

occur

either

spontaneously or due to DCMU treatment negative controls were performed. These
controls - performed by bombarding cells with pure microcarriers lacking vector DNA did not reveal any resistant cfu’s.
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Transformation or induced mutations in D1 (PsbA)?
Suspecting to induce mutagenesis instead of achieving homologous recombination we
performed several experiments in order to investigate on the potential of the diatom’s
chloroplast to increase mutation rates rather than integrating the inserts into the plastid
genome. Therefore we tested whether integration into the plastid genome occurs at all,
or if mutagenesis is induced generally due to the transformation procedure. To guarantee
that the utilized transformation vectors possess the potential to confer herbicide
resistance in case recombination occurs, a specific point mutation was inserted into the
homologous insert that was found to increase drastically herbicide tolerance in some of
the already obtained mutants. This substitution of the serine at PsbA amino acid position
264 to an alanine (S264A) increased DCMU resistance by a factor of ~3000 compared to
wildtype without inhibiting mutants’ growth under selective conditions (own unpublished
data). The applied transformation vectors contained either 0.8kb of sequence within psbA
or a 3.5kb sequence fragment including the psbA gene. The inserts carried the S264A
point mutation, approved to confer effectively DCMU resistance and the conservative
mutation deleting a BssSI site, mentioned above (see also Fig. 2). In order to assure that
the vector backbone itself is not inhibiting successful recombination of the inserts into the
plastome two different vectors were used (pGEM-T and pCR-Script Amp), each carrying
both inserts respectively. The four resulting transformation vectors were used for a series
of
particle (substance)
W (tungsten)

Au (gold)

diameter [µm]
1.10
0.70
0.38
1.0

insert

length [kbp]

psbA
psbA

0.8kb
3.5kb

vector backbones

pGEM-T
pCR-Script Amp

CDCMU [mol/l]

10x6 – 5 - 10-6

recovery time [d]

light intensities
low
low
normal

1
2
[µmol photons m-2 s-1]
5
20
45

Table 3: Parameters tested during attempts to
achieve
insertion
instead
of
inducing
mutagenesis. Transformation vectors were used
harbouring psbA sequence containing the S264A
point mutation which was approved to cause
DCMU-resistance
in
Phaeodactylum
tricornutum.

parallel

transformation

experiments

under different conditions listed in table 3:
(i) Different microcarrier types varying in
size and substance (tungsten particles with
a median diameter of 0.38µm or 0.7µm,
1.1µm;

gold

particles

with

a

median

diameter of 1.0 µm) have been tested. (ii)
The recovery time after transformation and
prior to selection was extended up to two
days (iii) and selection was performed on
DCMU concentrations ranging from 5·10−6M
to 10−6M. (iv) Since mutants with altered
photosynthetic genes such as psbA might
be

more

sensitive

to

increased

light

intensities three different low to normal
light

intensities

selection

ranging
−2

were

applied

from

5

to

45

during
µmol

−1

photons·m ·s .
All experiments yielded resistant cfu’s with
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average rates of 2·10−9 when tungsten microcarriers were used. The diameter of the
tungsten particles did not influence the amount of resistant cfu´s. However, utilizing the
1.0 µm gold particles led to a five-fold increase of the rates to 10−8. All other tested
transformation parameters such as applying different vector backbones, different
recovery times prior to selection or altering the selection pressure had no effect on the
amount of resistant cfu’s generated by the procedure. Also selecting cells on low to
normal light intensities ranging from 20 and 45 µmol photons·m−2·s−1 led to cfu
formation at equal rates, only very low light intensities of 5 µmol photons·m−2·s−1 did not
yield any growth.
Neither of the applied conditions caused recombination of the inserts into the target
sequence. BssSI restriction assays showed that the obtained cfu’s had failed to introduce
the restriction site deletion into psbA. Accordingly sequencing of the psbA genes of
randomly picked resistant cfu’s revealed for all experiments that DCMU resistance was
due to mutations different to those that should have been introduced.

What triggers mutagenesis?
In bacteria and yeast stress by selective pressure is known to induce adaptive mutations
in subpopulations of growth repressed cells. Mutations leading to an adaptation that
allows growth again are therefore accumulating among the progeny (Foster 1999;
Rosenberg 2001; Hersh et al. 2004; Matic et al. 2004).

So far resistant mutants of

Phaeodactylum tricornutum never occurred during negative controls. To ensure that
neither naturally occurring mutations nor mutagenesis induced by herbicidal stress alone
are sufficient to generate mutations an extensive set of control experiments were
performed. In 28 independent transformation experiments cells were exposed to particle
gun bombardment using: (i) bare particles of gold (0.1µm diameter) or tungsten (1.1 µm
diameter) without applying transformation vector, (ii) transformation vectors which
harbour either 0.8 kb or 3.5 kb of unmutated wildtype sequence containing psbA
precipitated onto either gold (0.1 µm diameter) or tungsten (1.1 µm diameter) particles,
(iii) transformation vectors which harbor either 0.8 kb or 3.5 kb of psbA containing
sequence that carries the S264A point mutations, precipitated again onto both particle
types (see (ii)), (iv) and vector DNA (pBS KS-II) without homologous insert precipitated
again onto both particle types. (v) Further cells equal to the amount used for eight
transformations were exposed to recovery and subsequent selection only, bypassing the
particle gun bombardment itself.
Selection always occurred on plates containing 5·10−6 M DCMU. Resistant cfu’s were
counted after four weeks of selection. The results of this comprehensive set of
experiments are shown in table 4. Utilizing transformation vectors which harbour 0.8kb
or 3.5kb of homologous sequence containing the S264A point mutation generated
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resististant cfu’s at rates of ~10-8 as expected from in previous experiments. Remarkably
the application of the same vectors containing only wildtype sequence without any point
mutations in psbA revealed the same results while transformations with pBS KS-II
without insert did not yield any resistant cfu’s. Particle gun bombardment with bare
microcarrier particles as well as exposing cells to selection pressure only - obviously
insufficient to induce mutagenesis - did not lead to growth of cfu’s. Sequencing psbA
genes amplified from randomly picked mutants revealed again various point mutations in
psbA, however different from the S264A mutation which was supposed to be conferred by
the used vectors. These results indicate that transforming the cells with vectors
containing plastome homologous sequences may induce mutagenesis (figure 2B).
Whether the homologous inserts contained or not a pair of point mutations had obviously
no effect on mutagenesis induction. Furthermore the experiments suggest that it is
crucial to utilize gold particles with a diameter of 1.0 µm. Using tungsten particles of
different diameters led only in a few cases to resistant mutants. No mutants occurred
when the largest tungsten particles with a diameter of 1.1 µm were applied (see table 4).
microcarrier
vector

DI 3.5 WT
DI 3.5 S264A
DI 0.8 WT
DI 0.8 S264A
pBS KS- II
selection only

gold
(0.1µm)

tungsten
(0.7µm)

tungsten
(1.1µm)

0.6 . 10-8
0.5 . 10-8
0.5 . 10-8
~ 1 . 10-8
-

not tested
~ 2 . 10-9
not tested
~ 1 . 10-9
not testet
-

-

Table 4: Induced D1 (PsbA) mutagenesis
and
negative
control
experiments.
Transforming cells with plasmids containing
0.8 or 3.5 of either wildtype psbA sequence
or psbA sequence equipped with the S264A
and the conservative BssSI- point mutation
induced generation of resistant mutants
with rates of ~10-8 mutants/cell. Rates
were lower when 0.7 µm tungsten particles
instead of 1.0 µm gold particles were used
as microcarriers. Usage of 1.1 µm tungsten
particles
was
insufficient
to
induce
mutagenesis. Neither bombardment of cells
with
bare
microcarriers
of
different
substance
and size nor plating of
untransformed cells on selective media did
yield any resistant colonies. Transformation
with an empty pBS KS-II vector was also
insufficient to generate resistant colonies.

The importance of the material of the microcarriers on mutagenesis remains unclear.
However we hypothesize that the gold particles cause less cell damage during vector
delivery to the organelle due to their smoother shape and a lower tendency to form large
aggregates. Further tungtsten particles were found intruded into the cells after
bombardment (Fig.1).
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A

B

C

D

E

F

Figure 1: Particles for biolistic transformation. Microparticles dried onto the macrocarrier: A 1.0
µm gold particles, B 0.7 µm tungsten particles. Surface of an agar plate with P. tricornutum
cells after bombardment with C 1.0 µm gold or D 0.7 µm tungsten particles. Scalebar in A, B,
C, D: 50 µm. P. tricornutum cells after bombardment with E 1.0 µm gold particles or F 0.7 µm
tungsten particles. Scalebar in E and F: 5 µm.
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Are mutations inducible in other chloroplast encode genes?
In order to test whether mutagenesis induction is restricted to psbA or rather a general
feature in Phaeodactylum’s plastids we performed a similar approach with the plastid
encoded 16S rRNA gene. The 16S rRNA is a target for streptomycin or spectinomycin,
aminoglycoside antibiotics which impair the protein biosynthesis machinery of the
organism. Mutations in prominent sites altering the secondary structure of the rRNA were
previously shown to induce streptomycin resistance in various bacteria as well as in
chloroplasts of Chlamydomonas and Euglena gracilis (Montandon et al. 1985; Melancon
et al. 1988; Springer et al. 2001; GuhaMajumdar and Sears 2005). In order to induce
mutagenesis within the 16S rDNA, a transformation vector was designed analogous to
the vectors which induced the mutations in psbA. Again the vector contained 0.8kb of
wildtype sequence homologous to the 16srRNA gene (figure 2A). In four independent
transformation experiments the vectors were delivered to the cells via particle gun
bombardment using again 1.0 µm gold particles or 0.7 µm tungsten particles. Negative
controls were performed by applying bare microcarriers without vector DNA and by
transforming cells with pBS KS-II vectors lacking a homologous insert.
After four weeks of selection on 10% seawater plates containing 200mg/ml streptomycin
resistant cfu’s were formed. In contrast to selection with DCMU, where no cfu’s appeared,
negative controls on streptomycin, however, yielded cfu’s at low rates (~10−9), probably
due to Phaeodactylum tricornutum’s high natural resistance towards this class of
antibiotics (Apt et al. 1996) (see also chapter II.1). Nevertheless, transforming the cells
with the vectors described above generated resistant cfu’s with rates of 2.4·10−8 (table
5), therewith rates of obtained resistant cfu’s per
transformed cell being at average 4.8 fold higher
than for the negative controls (1-5·10−9). Again
mutagenesis was only induced when 0.1 µm gold
particles served as microcarriers while usage of
0.7µm tungsten particles never led to an increased
amount of resistant cfu’s (table 5). Sequencing the
16SrRNA

gene

amplified

from

resistant

cfu’s

revealed point mutations within the 16S rRNA
fragment in seven out of ten sequenced amplicons.
The mutations, both +1 nucleotide insertions and
nucleotide substitutions appeared at the nucleotide
positions 436, 609, in the sequence region 741749, and at nucleotides 781, 837, 838, 941, 943
and 1009 (see table 8). The successful approach to
induce mutation in the 16S rRNA gene suggests

microcarrier
vector

16SrRNA
pBS KS- II
-

Gold
(1.0µm)

Tungsten
(0.7µm)

2,4 10-8

~1-5 10-9
~1-5 10-9
~1-5 10-9

-9

~1-5 10
~1-5 10-9

Table 5: Induced mutagenesis of the
16S rRNA gene.
Particle gun
bombardment
with
plasmids
harbouring 0.8kb of wildtype 16S
rDNA sequence yielded rates of
2.4.10-8
resistant
colonies/cell.
Again rates were 5 times higher
when 1µm gold microcarriers where
used. Bombardment of cells with
bare particles or an empty vector,
yielded few resistant colonies since
Phaeodactylum tricornutum displays
high natural resistance against the
selective
agent,
streptomycin.
However rates were up to 24 fold
higher
in
transformation
experiments
that
in
negative
controls.

54

that mutagenesis can be induced generally in all plastome encoded genes.

Figure 2: Triggering mutagenesis in a
chloroplast genome encoded target gene.
(A) shows transformation vector inserts
(grey bars) homologous to the sequence
containing the target genes psbA and the
16S rDNA. The inserts were either in
wildtype sequence or carried two point
mutations (blue and red X, also see
materials and methods), although not
required to induce mutagenesis. (B)
Plastome mutagenesis was induced by
particle gun bombardment delivering
plasmids which contain 0.8-3.5kb of
sequence homologous to the target gene
into the cells. The use of small 1.0µm gold
microcarriers was crucial for a more
effective mutagenesis induction. The
resulting mutants cannot be attributed to
spontaneous or stress induced mutations
allowing growth on selective media, since
neither negative control transformations
nor presence of selection media alone
were sufficient to generate any resistant
mutants. It was further excluded that
resistance was induced by correct
integration
of
potentially
resistance
conferring
transformation
vectors
–
homologous
recombination
of
the
plasmids into the plastome was never
observed under any conditions.

Is induced mutagenesis a gene directed or plastome wide effect?
In order to enlighten whether mutation rates during induced mutagenesis are generally
increased in the plastome or only within the targeted sequences homologous to the
transformation vector inserts, further sequencing experiments have been performed.
Coding and non coding (intergenic) sequences downstream of rbcL and upstream of
ycf24 were monitored for nucleotide substitutions or other mutations and compared to
the wildtype plastome sequences (accession numbers: AY864816.1, AY819643.1). Both
monitored regions together span 1859bp of sequence which compares to the lengths of
the psbA (1083bp) gene or the gene of the 16SrRNA (1482bp). The respective fragments
were amplified and sequenced for the wildtype and four randomly picked D1 and 16S
rRNA mutants.
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Sequencing revealed no nucleotide substitutions within both monitored areas compared
to the wildtype sequence. This result might indicate that mutagenesis is not only
inducible but also restricted to an area of the plastome with homology to the vector
inserts.

Characteristics of induced plastome mutations.
Sequencing a total of 19 D1 mutants reveaed 28 point mutations within the psbA gene.
Up to five amino acid substitutions were identified in the same mutant. Alltogether, the
D1 mutants displayed fourteen different amino acid substitutions (table 6). One particular
mutation leading to an amino
acid substitution of valine at
position 219 to isoleucine was
identified

in

11

mutants,

thus

different

indicating

an

apparent hot spot for a certain
type of mutation.
Seven out of ten sequenced
16S rRNA mutants displayed
different mutation types within
the 16S rRNA gene: six +1
nucleotide insertion mutations
and 5 nucleotide substitutions
were identified. All mutations
observed in both genes are
listed according to the type of
nucleotide exchange in table 7.

D1 Mut*

Table 6 (above): Frequencies
of aminoacid substitutions in in
D1 (PsbA) mutants and of
nucleotidsubstitutions and +1
nucleotide
insertions
in
16SrRNA mutants respectively.
Observed
transition- and
transversion events.
*: amino acids are shown in
the
single
letter
code.
Numbers represent aminoacid
positions in D1. **: Nucleotide
substitutions.
Numbers
represent nucleotide positions
in the 16S rDNA. +1: +1
nucleotide insertion mutation.

Frequency

R27C
A51T
G69C
Q113R
S134G
V219I
F255I
A263V
S264A
L275stop
L275W
W278L
D325Y
E329stop

1
1
1
1
1
11
4
1
1
1
1
2
1
1

16SrRNA
Mut**

Frequency

+1
C436T
A837G
T941C
A943G
T1009C

6
1
1
1
1
1

Transitions
26

Transversions
7

Pyrimidines
Transition

Transversion

Transversion

Transiton

Transversion

Transversion

C/G - T/A
3

C/G - A/T
0

C/G - G/C
0

T/A - C/G
6

T/A - A/T
0

T/A - G/C
2

Transversion

Transition

Transversion

Transition

Transversion

Transversion

A/T - T/A
0

A/T - G/C
5

A/T - C/G
0

G/C - A/T
12

G/C - T/A
5

G/C - C/G
0

Purines

Table 7: Frequencies of different mutational events observed by
sequencing of mutant target genes. Detailed list of observed transitions
and transversions generated via induced mutagenesis in the plastome of
Phaeodactylum tricornutum.
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experiment

name

nt pos

nt substitution

codon

aa pos

aa substitution*

D1 0.8 kb
(var.)

DI2-2

400

A-G

AGC-GGC

134

S-G

D12-3

763

T-A

TTT-ATT

255

F-I

824
824-825

T-G
TA-GG

TTA-TGA
TTA-TGG

275
275

L-stop
L-W

D15-1
D14-3
D14-3

763
788
790

T-A
C-T
T-G

TTT-ATT
GCT-GTT
TCA-GCA

255
263
264

F-I
A-V
S-A

DI5-14

790

T-G

TCA-GCA

264

S-A

G11
G11

655
985

G-A
G-T

GTA-ATA
GAA-TAA

219
329

V-I
E-stop

G1
G1

151
655

G-A
G-A

GCA-ACA
GTA-ATA

51
219

A-T
V-I

G2
G2
G2
G2
G2

97
205
655
762
763

C-T
G-T
G-A
C-T
T-A

CGT-TGT
GGT-TGT

TTT-ATT

27
69
219
254
255

R-C
G-C
V-I
Y-Y
F-I

G5

655

G-A

GTA-ATA

219

V-I

G6
G6

338
763

A-G
T-A

CAA-CGA
TTT-ATT

113
255

Q-R
F-I

W5

655

G-A

GTA-ATA

219

V-I

D12-12

833

G-T

TGG-TTG

278

W-L

DI4-14
DI4-14

655
973

G-A
G-T

GTA-ATA
GAT-TAT

219
325

V-I
D-Y

DI4-5

660

G-A

GTA-ATA

219

V-I

DI5-18
DI5-18

656
833

G-A
G-T

GTA-ATA
TGG-TTG

219
278

V-I
W-L

DI5-210

657

G-A

GTA-ATA

219

V-I

DI5-219

658

G-A

GTA-ATA

219

V-I

16S-32

741
749

+1 A
+1 T

-

-

-

16S-313

759
781

+1 C
+1 A

-

-

-

16SS-37

609
831

+1 A
+1 T

-

-

-

16S-7

436

C-T

-

-

-

16S-13

837
941

A-G
T-C

-

-

-

16S-16

943

A-G

-

-

-

1009

T-C

-

-

-

D13-3 †
D13-3

D1 0.8kb
(S264A / WT)

D1 3.5kb
(S264A / WT)

16S rRNA

16S-1

Table 8: List of mutants obtained from transformation experiments utilizing plasmids harbouring: 0.8kb of psbA
sequence containing various point mutations (table 1) (D1 0.8 kb var.); 0.8kb of psbA sequence either as in the
wildtype or containing the S264A point mutation (D1 0.8kb S264A / WT); 3.5kb of sequence including psbA either
as in the wildtype or containing the S264A point mutation (D1 3.5kb S264A / WT); 0.8kb of the 16Sr RNA gene
(16S rRNA). *: amino acids are shown in the single letter code. †: After four month of cultivation this mutant
experienced a spontaneous mutation substitution the stop codon by W.
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A majority of 78.8% of all identified nucleotide substitutions were transitions, leading to
a rate of transitions to transversions of 26:7 (table 6). All obtained mutants are listed in
table 8. One particular D1 mutant is certainly worth mentioning. In mutant D1 3-3 leucin
at amino acid position 275 was substituted by a stop codon (TGA). Repeating the
amplification and sequencing of the psbA gene verified this result. It is remarkable that
this mutant was still capable of photoautotrophic growth, albeit at low rates, since it
must be assumed that D1 was not properly expressed anymore. However after four
month of cultivation this mutant experienced a second, apparently spontaneous mutation
substituting the stop codon by the triplet TGG encoding tryptophane.
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II.2.5

Discussion

We report induced mutagenesis in the chloroplast genome of Phaeodactylum tricornutum
leading to a selective advantage for the mutated cells. Mutagenesis was triggered by an
experimental setup designed to deliver plasmid DNA into the diatom cells via particle gun
bombardment. This approved method for nuclear transformation delivers dependably
DNA into the cells. Therefore it can be assumed that DNA bound to microcarriers can also
access Phaeodactylum tricornutum’s large chloroplast via this procedure. Bombarding
cells with vectors carrying sequence fragments homologous to psbA or the 16SrRNA gene
induced in independent attempts mutagenesis in the target genes, yielding an average of
10−8 resistant colonies per bombarded cell. Increasing the length of homologous
sequence to 3.5kb had no effect on the mutation rates. However, the microcarrier type
applied during the transformation procedure was shown to affect the rate of mutant
formation. Using gold particles with a diameter of 1µm instead of tungsten particles
further elevated rates of generated mutants by a factor of five. Whether the material of
the particles has an influence on the generation of mutants remains elusive, however, it
appears plausible that the gold particles cause less damage to cell or organelle due to
their smoother shape and a significantly lower tendency to form large particle-aggregates
compared to tungsten particles. Sequencing psbA or the 16SrRNA genes of randomly
picked resistant colonies revealed point mutations within these genes. All sequenced
psbA genes had experienced nucleotide substitutions, some mutants contained up to five
amino acid exchanges in D1. The fact that all sequenced psbA fragments contained
nucleotide substitutions indicates that selection with DCMU is very stringent, thus
promoting efficiently the segregation of the mutations through all plastome copies.
Repeating amplification and sequencing of the mutants’ psbA gene supported this
assumption and further demonstrated the stability of the D1 mutations. With 70% also
the majority of the 16SrRNA sequences displayed either +1 insertion mutations or
nucleotide substitutions. The identification of mutations in only 70% but not all 16S rRNA
sequences can be explained with Phaeodactylum tricornutum’s high natural tolerance to a
range of antibiotics (Apt et al. 1996) (see also chapter II.1) including streptomycin.
Hence few colonies were also formed in negative controls of the 16S rRNA-mutagenesis
experiments independent of mutations in the 16SrRNA. Another explanation is provided
by the fact that the 16S rRNA gene is located within the inverted repeats of the plastid
genome. The inverted repeats are two identical ~25kb copies of plastome sequence in
inverted orientation. Mutation rates in these sequence repeats is significantly lower than
for genes located in the single copy regions (Wolfe et al. 1987; Maier et al. 1995).
Furthermore there is strong evidence for a copy correction system which reverts
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mutations in the inverted repeats via gene conversion (Svab et al. 1990; Birky and Walsh
1992; Morton and Clegg 1993; Khakhlova and Bock 2006). These facts indicate that the
mutations in the 16S rRNA gene may never have segregated completely due to
correction mechanisms. It is therefore likely that the most mutated gene copies have
been reverted and only a small number of 16S rRNA genes, just enough to provide
sufficient Streptomycin resistance, kept the mutation. Hence it seems obvious that
sequencing of the 16S rRNA genes could not reveal nucleotide substitutions in all
amplicons.
Altogether, the results presented in this study provide clear evidence that mutagenesis in
the chloroplast genome can be induced. The crucial factor for inducing resistance appears
to be the introduction of a DNA fragment homologous to genes encoding for products
which are affected by the selective agent. The results of these experiments – including
the experimental parameters and preconditions to induce mutagenesis in a target gene –
further allow speculations on the underlying mechanism. Whenever mutagenesis occurs
in a chloroplast genome the mutagenic effect of reactive oxygen species (ROS) should be
certainly considered as a possible reason. Since the photosynthetic machinery in the
chloroplast is fairly prone to generating ROS, the resulting mutagenic effect must be
considered to contribute to elevated mutation rates in the plastome. The mutagenic
effect of ROS is basing on the generation of 8-oxo-7,8-dihydroxyguanine (8-oxo-dGTP)
which has ambivalent base pairing properties and is capable of pairing effectively with
both A and C during DNA synthesis. Hence A/T Æ C/G transversions are generated
resulting from the misincorporation of 8-oxo-dGTP in the template opposite adenine
(Bridges 2001; Dany and Tissier 2001; Fowler et al. 2003). Error-prevention systems in
E. coli (mutT, mutY and mutM) and their homologues in eukaryotes protect cells against
the effects of 8-oxo-dGTP mediated misincorporation by hydrolyzing 8-oxo-dGTP to
prevent its use as a substrate by DNA polymerases (Boiteux et al. 2002). Strains
defficient in these error prevention systems thus show an increased number of A/T Æ
C/G transversions (Fowler et al. 2003). However, in Phaeodactylum tricornutum mutants
we mainly observed transitions, the ratio of transitions/transversions being 3.71.
Therefore down-regulating the functional homologues of the error-prevention system in
the chloroplast can be ruled out as potential mechanism to increase plastome mutation
rates.
Other mutation generating mechanisms known in both prokaryotes and eukaryotes
involve induced derepression of the specialised Y family member DNA polymerases PolIV
(DinB) and PolV (UmuCD) or their homologues during DNA repair (Friedberg et al. 2005).
Recently was demonstrated that a defining feature of induced mutagenesis basing on
error-prone DSBR is the requirement for sequence homology between the double strand
end and the DNA that acquires the mutation (He et al. 2006). The homology might
usually be provided by a sister DNA molecule, a duplicated genome segment, or other
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sources of homologous DNA such as episome copies (Foster and Trimarchi 1995; Galitski
and Roth 1995; Radicella et al. 1995; Foster 2004) or plasmids (Ponder et al. 2005). A
crucial role in this homology recognition certainly plays RecA, a widely conserved DNA
repair protein which is essential for most yet studied mutagenesis modells. In
prokaryotes and eukaryotes, RecA and its homologues conduct homology recognition and
participate in homologous recombinational DNA repair, including double strand break
repair (DSBR). In bacteria, RecA also induces the SOS DNA damage response (Cox
2003). During mutagenic translesion synthesis in E. coli the error-prone DNA polymerase
needs to form a stable complex with RecA molecules or filamers and the

-clamp to

access the template strand and bypass the lesion, thus potentially generating a mutation
(Goodman 2002; Pages and Fuchs 2002; Fuchs et al. 2004; Fujii and Fuchs 2004;
Friedberg et al. 2005; Schlacher et al. 2005). Therefore RecA might be the crucial factor
for targeting error-prone DNA polymerase, i.e. point mutations to a certain area during
induced mutagensis by recognizing homology between the damaged DNA strand and a
homologous strand. This assumption is further supported by the finding that error-prone
DSBR mutagenesis is specific to interactions in the vicinity of sequences homologous to
the double strand break surrounding area (Ponder et al. 2005). Targeting stress induced
mutagenesis would allow preserving the integrity of most of the genome in any given cell
while mutating small localized regions extensively.
Comparing adaptive mutagenesis via error-prone DSBR with the induced plastome
mutagenesis

in

Phaeodactylum

tricornutum

reveals

common

features.

Induced

mutagenesis in the diatom as well as error-prone DSBR in bacteria and yeast lead to the
formation of colonies despite growth inhibiting conditions. We also identified a nuclear
encoded homologue of the error-prone PolIV (DinB) in Phaeodactylum tricornutum. The
diatom DinB homologue is furthermore predicted to be imported into the chloroplast
(data not shown). However, while mechanisms generating adaptive mutations in bacteria
or yeast are stress-induced, it remains unclear whether mutagenesis in Phaeodactylum
tricornutum’s chloroplast genome is triggered by environmental stress. Stressing the
diatom cells with selective conditions alone was not sufficient to yield any resistant
colonies, neither was the stress of the particle gun bombardment procedure using bare
particles or empty plasmids precipitated to the particles. The most salient similarity
between error-prone DSBR and induced mutagenesis in the diatom’s plastome is the
requirement for sequence homology. While a crucial prerequisite for error-prone DSBR is
the homology between the double strand end and the DNA that acquires the mutation,
also the induction of plastome mutagenesis depends on the introduction of additional
target sequence copies into the organelle (or at least into the organism) via particle gun
bombardment. Since introducing plasmids containing homologous sequences into
Phaeodactylum tricornutum cells was sufficient to cause mutations in the respective
genes, the importance of additional target sequence copies present in the cells, e.g. in
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the form of episomes (Foster and Trimarchi 1995; Galitski and Roth 1995; Radicella et al.
1995; Foster 2004) or plasmids (Ponder et al. 2005), might be even underestimated by
previous studies on error-prone DSBR. RecA which is required for adaptive mutations in
E.coli and yeast and which might be essential for targeting the mutations is also encoded
in the diatoms’ nuclear genome and imported into the chloroplast after translation (see
chapter II.4). Monitoring sequences which are rather distant to psbA or the 16S rRNA
gene in the mutants did not reveal any differences to the wildtype sequence, thus
suggesting that induced mutations in Phaeodactylum tricornutum ’s plastome might be
directed to a certain area with homology to the transformation vector. This finding
correlates with the study of Ponder et al. (Ponder et al. 2005), who demonstrated that
induced mutations during error-prone DSBR in E. coli are targeted to certain areas.
However more extensive sequence analysis of plastome mutants is required to elucidate
whether mutagenesis in the plastome of Phaeodactylum tricornutum is not only inducible
but also directed. The advantage of potential directed mutagenesis might be that it
avoids deleterious coincident mutations by restricting mutagenesis to small genome
segments (Ponder et al. 2005).
Different inducible mutagenic mechanisms have been previously identified in prokaryotes
and eukaryotes. A related mechanism inducing adaptive mutations in budding yeast
(Heidenreich et al. 2003) involves proteins for non-homologous end-joining (NHEJ), thus
applying a mechanism fundamentally different from DSBR. In addition to E. coli inducible
error-prone DSBR also occurs in yeast (McGill et al. 1998) and Salmonella. Therefore, the
fact that chloroplasts feature a related or independently evolved mutation inducing
mechanism as well it is not unlikely. However, such a mechanism is certainly intriguing,
especially in the context of plastome mutation rates being extraordinary low under
normal conditions. Chloroplast genes are reported to generally experience less mutations
(1.1-2.9·10−9 substitutions per synonymous site per year) than nuclear encoded genes
(5.8-31.5·10−9 substitutions per synonymous site per year) (Wolfe et al. 1987; Muse
2000). Coherently chloroplasts were shown to feature high fidelity of DNA replication as
well as highly efficient DNA repair (Maki 2002; GuhaMajumdar and Sears 2005).
Therefore the implications of the organelle actively increasing mutation rates, and
therewith rates of genome evolution, on our understanding of plastid evolution might not
be conceivable to date.
Putative functions of an inducible and targeted mutagenic mechanism in a chloroplast are
unclear. However controlled and targeted mutagenesis on the plastomic integrity
certainly influences the effect of Muller’s ratchet (Muller 1964) on a plastid genome.
Muller was

the first to realize the fact that an asexual population accumulates

deleterious mutations in an irreversible manner (hence the word ratchet) while the
genomes of sexual populations can easily reverse this process due to recombination.
Chloroplasts are usually maternally inherited although biparentally or even paternally
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inheritance exists as well (Birky 1995; Mogensen 1996), however even in those rare
cases where inheritance is biparental no recombination between the two parental plastids
could be observed (Medgyesy et al. 1985; Thanh and Medgyesy 1989). Therefore the
lack of sexual recombination should have negative consequences in that deleterious
mutations accumulate over time. Conventionally it was considered that the low mutation
rates of organellar genomes counteract the speed of Muller’s turning ratchet, while copy
correction via biased gene conversion can even turn it back eventually when deleterious
mutations appear in the inverted repeats of chloroplast genomes (Khakhlova and Bock
2006). A controlled and targeted mutagenesis system aligned with mechanisms such as
biased gene conversion and effective DNA repair might faciliate organellar evolution in
the absence of sexual reproduction. When required, mutations were induced and
removed via gene conversion if deleterious. In this context the high ploidy of plastids Phaeodactylum tricornutum’s chloroplasts contain ~100 plastome copies (see chapter
II.4) – appear important for controlling new mutations.
The fact that the introduction of additional sequence copies into the cells induces
mutagenesis while the naturally occurring already high amount of genome copies
displays even extraordinary low mutation rates might also hint a system which sensors
the gene copy numbers in the chloroplast. A similar mechanism was first discovered in
the filamentous fungus Neurospora crassa which efficiently detects and mutates both
copies of a sequence duplication in a process termed repeat-induced mutation (Selker et
al. 1987; Cambareri et al. 1989; Selker 1990; Galagan et al. 2003).
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II.3
Gene silencing – a new tool for combining genetics and
physiology in diatoms
Materna, A.C.1, Lavaud, J.1, Ng Chin Yue, S.1, and Kroth, P.G.1
1 Department of Plant Ecophysiology, University of Konstanz, Germany

II.3.1

Abstract

The purpose of this study was to establish a protocol for gene silencing in the diatom
Phaeodactylum tricornutum. The diadinoxanthin de-epoxidase (dde) was chosen as
target gene. Since the dde mediated conversion of diadinoxanthin (DD) to diatoxanthin
(DT) under excess light conditions is inevitable for the photoprotective NPQ mechanism
to develop, the silencing of this gene was expected to induce a clearly identifiable
phenotype. RNA interference was induced by transformation of the cells with plasmids
containing short (187bp) or long (509bp) antisense fragments under control of the fcpA
promoter. A second strategy based on the transformation of Phaeodactylum tricornutum
with a plasmid mediating the expression of a self- complementary hairpin like construct
with a 5’-sense-overhang. The silencing approaches generated transformants with a
phenotype clearly distinguishable from wildtype cells. PAM fluorescence measurements
revealed that at least 80% of the transformant strains showed a decrease in NPQ by
more than 10%. The majority of the examined transformants showed even between 30%
to 47% reduction in NPQ compared to wildtype. Real-time PCR based quantification of
dde transcripts showed differences in dde transcript levels between AS strains and
wildtype cells but also between AS and RNAi strains, thus suggesting the presence of two
different gene silencing mediating mechanisms in diatoms.
Key words: antisense, diadinoxanthin de-epoxidase, diatom, dsRNA, non-photochemical
quenching, Phaeodactylum tricornutum, RNA interference, violaxanthin de-epoxidase
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II.3.2

Introduction

Diatoms belong together with cyanobacteria to the most abundant phytoplanktonic
organisms in the world’s oceans and are therefore of great ecological relevance.
Phaeodactylum tricornutum is a convenient model organism for studying marine diatoms.
Several

aspects

of

its

physiology

have

been

previously

investigated

including

photosynthetic properties such as the xanthophyll cycle and photoprotection towards
high light stress (Lohr and Wilhelm 1999; Goss et al. 2006; Lavaud and Kroth 2006) as
well as aspects of its carbohydrate metabolism (Kroth et al. 2005; Michels et al. 2005).
Other studies on Phaeodactylum tricornutum focused on the evolution of secondary
chloroplasts and protein import into these complex plastids (Kroth and Strotmann 1999;
Kroth 2002; Kilian and Kroth 2004, 2005). Also, its genome has been sequenced recently
and annotation is to date nearly completed, which gave way to diatom comparative
genomics (Montsant et al. 2005). A technique for efficient transformation of the genome
of Phaeodactylum tricornutum via particle gun bombardment is available as well (Apt et
al. 1996; Zaslavskaia et al. 2000). New molecular tools are now required in order to
apply the genomic information to reverse genetics. Therefore we investigated the
feasibility of posttranslational gene silencing in Phaeodactylum tricornutum by testing
techniques known to induce RNA interference. Since ‘antisense-mediated silencing` has
been discovered in 1995 (Guo and Kemphues 1995), double-stranded RNA (dsRNA) was
proved to be an extremely potent activator of RNA interference (Fire et al. 1998; Meister
and Tuschl 2004). DsRNA can originate from different sources. Endogenous sources
include for instance, short forms of fold-back dsRNA (Bartel 2004) which are the
precursor molecules of micro RNAs (miRNAs) (reviewed by (Ambros 2004). Another
source of endogenous dsRNA is a class of enzymes called RNA-directed RNA polymerases
(RDR). Abnormal or ‘aberrant’ transcripts are recognized by RDR and subsequently
converted into endogenous dsRNA by primer-independent synthesis of complementary
RNA (Schiebel et al. 1993; Dougherty and Parks 1995; Baulcombe 1996; Makeyev and
Bamford 2002). However, dsRNA can also result from transgene transcription. Transgenic
transcripts can be designed to either hybridize with complementary target transcripts or
to contain complementary inverted repeats folding back on themselves to form dsRNA
hairpins (Waterhouse and Helliwell 2003). Both, dsRNA and miRNA precursors are
processed by special dicer to small interfering RNA (siRNA) or miRNA respectively
(reviewed by (Meister and Tuschl 2004; Mello and Conte 2004). These small RNA
products are subsequently rearranged into the RNA-induced silencing complex (RISC)
(Hammond et al. 2000) or the miRNA containing effector complex (miRNP) (Mourelatos
et al. 2002) which guide distinct protein complexes to the target RNAs. While the RISC
mediates the target mRNA degradation, miRNP can also guide translational repression of
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target mRNAs (Meister and Tuschl 2004). DsRNA triggers these RNAi processes, hence
the allocation of dsRNA in cells is a convenient tool to perform gene silencing.
In order to establish a protocol for gene silencing in Phaeodactylum tricornutum we
transformed the cells with different plasmids that allow the transcription of either selfcomplementary fragments of the target mRNA or antisense (AS) mRNA fragments that
are reverse complementary to the target mRNA. We chose the diadinoxanthin deepoxidase gene (dde) as target for the gene silencing approaches. Dde is involved in a
photoprotective process termed non-photochemical Chl fluorescence quenching (NPQ).
Photosynthetic growth in fluctuating light intensities requires a fast responding
mechanism to protect the organism from potential damage by excess energy absorption
at supersaturating light intensities. Plants and algae have evolved a number of protecting
mechanisms including NPQ (Holt et al. 2004; Horton et al. 2005). NPQ mediates thermal
dissipation of light energy absorbed in excess by the light-harvesting antenna complex
(LHC) of PSII. This dissipation of the excess radiant energy is partly controlled by the
interconversions between the carotenoids violaxanthin, antheraxanthin and zeaxanthin
during the main xanthophyll cycle (Demmig-Adams and Adams 1996; Demmig-Adams et
al. 1996; Eskling et al. 1997; Gilmore 1997). The xanthophyll cycle in diatoms differs
from the xanthophyll cycle in plants. It is simpler and involves different pigments antheraxanthin and zeaxanthin are replaced by diadinoxanthin (DD) and diatoxanthin
(DT) (Stransky and Hager 1970).
The accumulation of DT was shown
to be crucial for NPQ (Arsalane et
al. 1994; Olaizola et al. 1994;
Olaizola

and

Yamamoto

1994;

Lavaud et al. 2002).
The purpose of this study was to
test the feasibility of gene silencing
excess light

in

the

diatom

Phaeodactylum

tricornutum. Silencing of the dde
gene is assumed to result in an
impaired conversion of DD to DT,
thus leading to a reduced NPQ.
Since the phenotype NPQ can be
measured
Figure 1: Conversion of Diadinoxanthin into
Diatoxanthin under excess light conditions is
mandatory for NPQ in diatoms.

via

PAM

imaging

fluorescence measurements the dde
appeared to be a convenient target
gene for testing the suitability of
gene silencing in diatoms.
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II.3.3

Material and Methods

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 Provasoli’s
enriched seawater (Starr and Zeikus 1993) using ‘‘Tropic Marin’’ artificial seawater at
50% concentration, compared to natural seawater. Solid media contained 1.2% Bacto
Agar (Difco). Escherichia coli strain XL-1 Blue (Stratagene, Cedar Creek, TX, USA) was
grown over night at 37°C in Luria Broth medium, using a shaker for liquid cultures
(Sambrook et al. 1989). Solid media contained 1.5% Bacto Agar (Difco).

PCR and construction of plasmids
Standard cloning procedures were used (Sambrook et al. 1989). PCR was performed with
a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant Pfu
polymerase (Fermentas, St.Leon-Rot, Germany) according to the manufacturer’s
instructions. Small letters in primer sequences indicate degenerated nucleotides (table
1).

All

AS

fragments

have

been

inserted

into

the

Phaeodactylum

tricornutum

transformation vector pPha-T1 (Apt et al. 1996) which allows transformation of the
diatom selecting for positive transformands using zeocin. The 187bp dde antisense
fragment was amplified using the primers No. 1 and No. 2, the 509bp fragment was
amplified using the primers No.3 and No.4. HindIII and BamHI restriction sites were
added to both fragments by modifications in the primer sequences. After digesting the
fragments and the pPha-T1 plasmid with HindIII and BamHI the inserts were ligated in
antisense orientation into the plasmid downstream of the fcpA promoter, thus giving
raise to pPha-T1 AS187 and pPha-T1 AS509 (Fig. 2). In order to construct the pPha-T1
RNAi plasmid several subsequent cloning steps were performed. First a 272bp fragment
of the dde gene was amplified using the primers No.5 and No.4, again adding HindIII and
BamHI restriction sites to the 5’- and 3’ends. Again the fragment was cloned in pPha-T1
in antisense orientation giving rise to pPha-T1 AS300. In the following steps a fragment
containing the fcpA 5’ untranslated region (UTR) downstream of the fcpA promoter
followed by eGFP was amplified from a pPha-T1 vector - which contains eGFP - using the
primers No. 6 and No.7. Further a 509bp long fragment of dde was amplified using the
primers No. 8 and No. 9. Both fragments were ligated in the pF1-A directional cloning
vector (Promega, Madison, WI, USA) according to the manufacturer’s protocol. The
resulting vectors were termed pF1-A DDEnc S and pF-1A pTV-MCS. pF1-A DDEnc S was
digested with Ecl136II and FspI, pF-1A pTV-MCS was digested with PvuII and FspI. For
both plasmids the half containing the respective insert was separated by horizontal gel-
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electrophoresis and eluted from the agarose gel. Both halves were ligated, thus giving
rise again to complete pF1-A vector which contains the 272bp dde fragment and the 5UTR-eGFP construct, now ligated together. The resulting dde (sense)-5’-UTR-eGFP insert
was amplified from the plasmid using the primers No.5 and No.7. The amplificon was
subsequently digested with BamHI. After digesting the plasmid pPha-T1 AS300 with
EcoRV and BamHI the digested amplificon was ligated into the plasmid, thus giving rise

No.

Primer

sequence 5' - 3'

1

DDEnc-187AS-HindIII-5'

GACAAgCttAATCCCTCGTACGGACTTCAGC

2

DDEnc-187AS-BamHI-3'

aaaaggatcccccccccACGGGAGAGTGACTGGTGTCG

3

DDEnc-HindIII-5'

AAAAAGcttCAACCAAAATCCCTCG

4

DDEnc-BamHI-3'

TTAATGgAtcCAACGTTGGCGAGGCAC

5

DDEnc-340-HindIII-5'

TCTCGGGCTCCAAgcTTGTCGCTCCGC

6

SgfI-NcoI-pTV-MCS-5'

aaaagcgatcgccaTGgCTGCAAGATCAGCTGGCCTAGC

7

pTV-MCS-BamHI-PmeI-3'

aaaacaaatttggaTCCCTGGTTGAGTTCGATAGCACG

8

SgfI-EcoRI-DDEnc-5'

aaaagcgatcgccgAAttcGACAACCAAAATCCCTCGTACGGAC

9

DDEnc-NcoI-PmeI-3'

aaaacaaatttgccATGgAAACAACGTTGGCGAGGCACTTGGG

RT-10

RT-DDE-629-fw

ACATCTCAGCCGGACAAAACA

RT-11

RT-DDE-729-rev

CCAATTCAGTTTGCCGAAGAAC

RT-12

RT-GapDH-775-fw

ACGGCCGATGTTTCTATGGT

RT-13

RT-GapDH-875-rev

ATCGGTCCTTCTGACGCCTT

RT-14

RT-Actin-24-fw

TGAGACCTTCAATGTCCCGG

RT-15

RT-Actin-124-rev

CATCGCCTGAGTCGAGAACAC

Table 2: Primers used for the construction of transformation vectors. The D1(A) primers were
used to introduce point mutations into the vectors containing 0.8kb or 3.5kb of psbA sequence. Small
letters in primer sequences indicate the conferred nucleotide substitutions.

to the final transformation vector pPha-T1 RNAi.

Biolistic transformation
Cells were bombarded using the Bio-Rad Biolistic PDS-1000/He Particle Delivery System
(Bio-Rad Laboratories, Hercules, Canada) fitted with 1350 psi rupture discs. Tungsten
particles (0.7µm median diameter) were coated with 5 µg of plasmid DNA in the
presence of CaCl2 and spermidine, as described by the manufacturer. One hour prior to
bombardment approximately 108 cells were spread in the center of a plate containing 20
ml of solid culture medium. The plate was positioned at the second level within the
Biolistic chamber for bombardment. Bombarded cells were allowed to recover for 24 h
before being suspended in 1 ml of sterile 50% artificial seawater medium. 250 µl of this
suspension were plated onto solid medium containing 50 µg/ml Zeocin. The plates were
incubated at 20°C under constant illumination (40 µmol photons · m-2 · s-1) for three
weeks.
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Fluorescence measurements to determine NPQ
Since no Anti-DDE antibodies are available for Phaeodactylum tricornutum yet, the direct
impact of the gene silencing approaches on the protein level could not be analysed.
However, PAM (Pulse Amplitude Modulated) imaging fluorescence measurement was
shown to be a convenient technique to determine the NPQ phenotype after silencing of
the dde gene. Also, this technique allows the screening of numerous strains without the
need of extensive cultivation or sample preparation. The only prerequisite for accurate
and reproducible measurements is to form equal cell layers prior to fluorescence
measurements in order to avoid signal variations. Therefore 50 µl of a fresh prepared
solution containing 5 10-6 cells/ml in 50% seawater medium were spotted on solid
medium plates. After allowing cells to divide for 3-4 days to form closed homogenous cell
layers, the cells were dark adapted for at least three hours and subsequently analysed
using a PAM fluorometer (PAM IMAG-K, Walz, Effeltrich, Germany).
The measurement is initiated by switching on the measuring light, thus giving a measure
of the F0 (minimal) level of fluorescence. Applying a saturating flash of light then allows
the

measurement

of

the

maximal

fluorescence

Fm in

the

dark-adapted

state.

Subsequently actinic light is applied followed by further saturating flashes in appropriate
intervals. From each of these, a value for Fm’, the fluorescence maximum in the light, can
be measured. With these different measured fluorescence levels NPQ can be evaluated
according to the equation

NPQ = (Fm – Fm’)/Fm’.

In several subsequent rounds of measurements the measuring light intensity was
increased from 0 µmol photons m-2 s-1 (over 1, 37, 67, 97, 172, 287, 457 and 742 µmol
photons m-2 s-1) to 1207 µmol Photons m-2 s-1, thus measuring NPQ as a function of
increasing light intensities. The settings of the used PAM fluorometer were adjusted as
follows: “actinic light” = 20, “delay” = 60, “clock” = 30 and “duration” = 375.

Real-time PCR
Isolation of RNA and cDNA synthesis
Cells were harvested by a brief centrifugation for 1 min at room temperature. The pellet
was immediately shock-frozen in liquid N2. Cell pellets were homogenised by grinding the
frozen pellets under liquid N2. 1ml Trizol (Invitrogen, Carlsbad, CA, USA) was added to
the deep frozen grinded powder, which was further homogenised in subsequent steps by
vortexing and shaking the solution at room temperature. After adding 200µl of
chloroform, rigorous mixing and centrifugation at 4°C, the aqueous phase was
transferred into pre-cooled tubes. After adding 1 volume of ethanol (70%) the solution
was transferred into RNeasy RNA purification columns (Qiagen, Hilden, Germany).
Subsequent RNA purification steps were performed according to the manufacturer’s
instructions using the provided RW1 and RPE buffers. Although both Trizol and the
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RNeasy purification are designed to remove genomic DNA from the RNA extract, we
additionally treated aliquots of the extracted RNA with Turbo-DNase (Ambion, Woodward,
TX, USA). The obtained genomic DNA-free RNA was reverse transcribed using the
reverse transcriptase provided by the QuantiTect reverse transcription Kit (Qiagen,
Hilden, Germany). Complete removal of genomic DNA from RNA samples was verified by
PCR amplification of intergenic regions after cDNA synthesis. The resulting genomic DNA
free cDNA was further used for Real-time PCR assays.

Real-time PCR assays
Real-time PCR was performed using the Real-Time PCR System 7500 (Applied
Biosystems, Lincoln, CA, USA). The following program was utilized for all genes: 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 real-time PCR 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. All samples were analysed in six replicates per experiment and each
experiment was repeated independently at least twice. At the end of each reaction, the
Cycle threshold (Ct) was manually set at the level that reflected the best kinetic PCR
parameters, and melting curves were acquired for analysis.
Data analysis using the 2-ΔΔCt method and its validation
In this work, the 2−ΔΔCt method for relative quantification (Livak & Schmittgen, 2001) was
used to analyse the generated data and to calculate relative dde transcript quantities.
This method allows the estimation of copy numbers in unknown samples. The method
requires the existence of at least one calibrator for which the transcript quantity is
assumed to be 1. Further a house-keeping gene (endogenous control) constantly
expressed in all samples is required, to perform normalization of the quantitative data. In
this work, wildtype cDNA was used as calibrator, while GapDH served as the endogenous
control gene in all experiments. The ΔΔCt calculation for the relative quantification of
target was used as follows ΔΔCt = (Ct, target genesample − Ct, endogenous controlsample) −
(Ct, target genecalibrator − Ct, endogenous controlcalibrator). For amplification of the target
(dde) fragment the primers No. RT-10 and No. RT-11 were used, the endogenous control
fragment (GapDH) was amplified using the primers No. RT-12 and No. RT- 13. After
validation of the method, the results for each sample were expressed in N-fold changes
compared to the calibrator (wildtype) target copies. Therefore the results for each
sample were normalized to the endogenous control GapDH relative to the copy number
of the target copies in the calibrator sample, according to the following equation: amount
of target = 2−ΔΔCt. The resulting normalised N-fold changes of target copy numbers
compared to the calibrator were expressed in relative quantities (RQ).
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All performed experiments were repeated using the actin gene as endogenous control
(primers No. RT-14 and No. RT-15) in order to confirm the obtained results.

RNaseIII assays
In order to distinguish between the amounts of single-stranded and double-stranded dde
transcript quantities determined by real-time PCR, an aliquot of each RNA extract was
treated

with

ShortCut

RNase

III

(NEB,

Ipswitch,

MA,

USA)

according

to

the

manufacturer’s instructions. RNase III converts long double-stranded RNA into a
heterogeneous mix of short (18-25 bp) RNAs which cannot serve as template for realtemplate PCR. The digested RNA samples were reverse transcribed and the resulting
cDNA analysed via real-time PCR. The obtained results were compared to relative dde
transcript quantities in cDNA from untreated dsRNA containing (total) RNA.
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II.3.4

Results

Fragments of the diadinoxanthin de-epoxidase (dde) (Fig. 2A) gene were ligated into
pPha-T1 in reverse complementary (antisense) orientation downstream of the fcpA
promoter (Fig. 2B). Hence the resulting plasmids pPha-T1 DDE AS 509 and pPha-T1 DDE
AS187 were designed to mediate transcription of antisense fragments of 509bp and
187bp length. The antisense fragments were amplified from the N-terminal not
conserved part of dde to avoid unspecific cross-reactions of the antisense transcripts with
transcripts of other de-epoxidases (Fig. 2A). In addition the plasmid pPha-T1 DDE-RNAi

Figure 2: (A) Fragments of the non-conserved N-terminal part of the dde gene were cloned into
pPha-T1 in antisense orientation. (B) fragments of the N-terminal part of dde were cloned into
pPha-T1 in sense (S) and antisense (AS) orientation separated by a linker sequence. The
amplified fragments are indicated by light grey bars, the dde gene by the dark greay bars.
HindIII and BamHI restriction sites were added by PCR primers. “Rq-PCR” indicates the fragment
amplified during relative quantification of dde transcripts.

Figure 3: Resulting transformation vectors. The plasmids contan either 509bp (pPha-T1 DDE
AS509)or 187bp (pPha-T1 DDE AS187) of N-terminal dde sequence in antisense orientation
downstream of the fcpA promoter or a self complementary fragment of a 509bp dde sense
fragment and a 272bp dde antisense fragment separated by fcpA-5’UTR and eGFP (pPha-T1 DDERNAi).

was designed to mediate the transcription of complementary inverted repeats which
can fold back on themselves to form a dsRNA hairpin-like structure. Therefore 509bp
of dde (sense orientation) were ligated to the fcpA 5’UTR followed by the eGFP gene.
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Downstream of eGFP followed a 272bp dde fragment in antisense orientation. Instead of
the commonly used intron linker between sense and antisense fragment we used eGFP as
a

linker

featuring

reporter

gene

function.

Since

it

was

still

unclear

whether

Phaeodactylum tricornutum was suitable for RNA interference mediated gene silencing,
the reporter linker was designed to potentially indicate transcript degradation vs. stability
via fluorescing after its expression from the pPha-T1 DDE RNAi transcripts. Since dde
contributes to NPQ by driving the conversion of diadinoxanthin to diatoxanthin in excess
light, silencing of the dde gene was expected to result in an altered NPQ phenotype. NPQ
is measurable via PAM imaging techniques, therefore examination of putative silenced
transformants could easily be performed.

Figure 4: (A) NPQ as function of light intensity measured for six AS-strains. Transformation of
cells with dde antisense vectors resulted in a significant decrease of NPQ compared to wildtype
(corresponds to WT 3 in figure 4B. (B)Accuracy of PAM imaging fluorescence measurements.
NPQ was measured as a function of the light intensity in three different wildtype (WT) cultures
in independent experiments.
PAR
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0,022
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0,051

0,031
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0,000
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0,094
-36,23
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-41,66
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-54,55

0,086
-41,66

0,110
-25,37

0,082
-44,37

457

0,176

0,106
-39,81

0,094
-46,62

0,075
-57,41

0,102
-42,08

0,122
-30,72

0,102
-42,08

1207

0,221

0,145
-34,33

0,129
-41,58

0,118
-46,56

0,133
-39,76

0,153
-30,71

0,133
-39,76

NPQ [%]

NPQ [%]

NPQ [%]

AS
187 3

Table 2: NPQ in Antisense (AS) strains and wildtype at various light intensities. ΔNPQ
[%] indicates increase or decrease in NPQ compared to wildtype.
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All three vectors were transformed into
Phaeodactylum
methods.
zeocin

The

resistant

(cfu’s)

cells

biolistic

transformation
colony

with

cfu’s/transformed

using

forming units

rates
cell.

yielded
10-7

of

The

phenotype

NPQ of 50 obtained cfu’s was analysed
via Imaging PAM, measuring the NPQ
parameters Fm and Fm´ as a function of
light

intensity.

The

fluorescence

measurements revealed a majority of
examined cfu’s expressing phenotypes
different from wild type. 64.3% of cfu’s
obtained from transformations with pPhaT1 DDE AS 509 (AS509 strains), 62.5%

Figure 5: NPQ as function of light intensity
measured
for
two
RNAi-strains.
Transformation of cells with dde RNAi vectors
resulted in a significant decrease of NPQ
compared to wildtype
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of Phaeodactylum tricornutum cells. After
three to four days of incubation at
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-46,24
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seawater. Cell suspensions (50 µl) were
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RNAi 5
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identified by NPQ measurements were
6

RNAi 4

ΔNPQ [%]

with repressed NPQ. For more precise
fluorescence measurements the strains

WT

Table 3: NPQ in RNAi strains and wildtype at
various light intensities.
NPQ [%] indicates
increase or decrease in NPQ compared to
wildtype.

constant illumination (35 µmol photons
m−2 s−1) the layers were dark adapted for three to six hours and analyzed via Imaging
PAM measurements. NPQ parameters were measured at different light intensities and
plotted in comparison to wild type cells. To confirm the reliability of both cell layer
production and the fluorescence measurement protocol, the NPQ was measured for
different wildtype cultures in three independent experiments performed on different
days. The results - each obtained from five replicates - are shown in Figure 4A. The
wildtype NPQ-light curves differ slightly between the independent experiments, but the
standard deviations for the different curves (indicated by error bars) were below 0.024 at
light intensities above 287µE (µmol photons m-2 s-1), thus demonstrating the accuracy of
the method.
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In subsequent experiments wildtype cells and the NPQ repressed strains were always
analysed in the same experiment. At least 80% of the AS or RNAi strains showed a
decrease in NPQ by more than 10%. However, the majority of the examined
transformants showed between 30% to 46.6% reduction in NPQ compared to wild type
cells (Fig 4A, Fig 5). A selection of strains featuring prominent phenotypes is listed in
Table 2 and Table 3. The maximal reduction in NPQ was observed for AS187-11 (46.6%
NPQ reduction), AS509-4 and -16 (both: 39.8% NPQ reduction) and RNAi-5 (46.2% NPQ
reduction). The strong NPQ phenotype suggested successful silencing of dde. In order to
confirm these results, the transcript levels of the diadinoxanthin de-epoxidase gene were
determined in selected AS and RNAi strains compared to wildtype via relative
quantification using real-time PCR. Six different strains featuring the most prominent
NPQ phenotypes were analysed regarding their dde transcript levels by applying the 2Ct

method. RNA was extracted and reverse transcribed from cultures grown under

normal light conditions (45µmol photons m-2 s-1). The relative quantities (RQ values)
(Table 4) were obtained from experiments using the GapDH gene as endogenous control.
Remarkably, all analysed AS strains showed an increased dde transcript level compared
to wildtype. Relative transcript quantities for the strains AS187-11, AS509-4 and AS50916 were 6 to 10 fold higher. Only for AS187-15 the measured RQ was 3 fold higher than
the wildtype transcript level. In contrast to these findings the detected dde RQ values in
the RNAi strains and in the wildtype were the same. No significant increase or decrease
in the dde transcript level could be observed. RNase III assays were performed in order
to investigate whether the elevated transcript levels in the AS strains resulted from an
accumulation of dsRNA in the cytoplasm. Total RNA from wildtype, AS- and RNAi strains
was treated with RNase III, thus degrading all dsRNAs prior to reverse transcription and
real-time PCR. The results shown in table 4 clearly demonstrate that the relative
amounts of single-stranded (ss) dde transcript detected in the AS strains were
approximately equal than in the wildtype. RNase III treatment led to a significant
decrease of dde RQ values for all AS strains compared to wildtype (Fig. 6), thus
indicating that the relative increase of dde transcripts in total RNA of AS strains resulted
from accumulating dsRNAs. RNase III treatment had no significant effects on the relative
amounts of dde transcript in the RNAi strains. RQ values detected for reverse transcribed
total RNA were not significantly different from those observed in reverse transcribed total
RNA of RNAi 4 and RNAi 5.
All monitored RNAi strains were also analysed via fluorescence microscopy for eGFP
expression from the RNAi transcripts, but no fluorescence was observed for any of the
analysed transformants.
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sample

RQ

RQ min

RQ max

AS 187AS 187-

7,35
3,04

6,08
2,10

8,90
4,51

AS 509AS 509-

9,99
6,20

8,31
4,81

12,03
8,00

RNAi 4
RNAi 5

1,49
0,76

1,16
0,55

1,94
1,07

WT

1,00

0,80

1,26

AS 187AS 187-

1,96
0,91

1,45
0,75

2,64
1,12

AS 509AS 509-

0,66
0,64

0,35
0,43

1,30
0,96

RNAi 4
RNAi 5

0,81
1,34

0,58
0,88

1,15
2,04

WT

1,00

0,63

1,58

total

ss RNA

Table 4: Relative quantification of dde transcripts via Real-time PCR.
Relative transcript quantities (RQ) were determined in reverse transcribed
total RNA obtained from wildtype (WT), AS- and RNAi strains. Transcript
levels were also quantified in reverse transcribed RNase III treated total
RNA (ssRNA). RQ min and max represent the deviation from the average
values.

Figure 6: Relative quantification of dde transcripts in total RNA and ssRNA
via Real-time PCR. Error bars indicate the deviations from the average RQ
values.
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II.3.5

Discussion

The purpose of this study was to establish a protocol for gene silencing in the diatom
Phaeodactylum tricornutum. In order to induce RNA interference we transformed the cells
with pPha-T1 AS plasmids designed to provide transcription of short (187bp) or long
(509bp) fragments complementary (antisense) to the target gene. The second strategy
implied the usage of the transformation vector named pPha-T1 RNAi which allows
expression of a self- complementary hairpin-like construct with a 5’-sense overhang (Fig.
2). The two complementary flanking regions of the construct were separated by a linker
consisting of the fcpA 5’-UTR followed by the eGFP gene. Both plasmid types AS and RNAi
were designed to generate different dsRNA fragments homologous to target gene
transcripts.
The diadinoxanthin de-epoxidase gene dde served as target for the gene silencing
approaches. Since the dde mediated conversion of diadinoxanthin (DD) to diatoxanthin
(DT) under excess light conditions is an inevitable reaction for NPQ, the silencing of this
gene was likely to induce a clearly identifiable phenotype. Indeed the silencing
approaches generated transformants with a phenotype clearly distinguishable from
wildtype cells. Both approaches yielded similar rates of NPQ repressed transformants.
Also the extent of NPQ reduction compared to wildtype was similar for AS and RNAi
strains. Altering the lengths of the dde antisense fragments from 187bp to 509bp did not
further affect the phenotype. In some cases NPQ was decreased by more than 40%
compared to wildtype with a maximal observed decrease of 46.6%. Since NPQ is a
complex process which is certainly influenced by various factors and genes, the observed
impact of silencing the dde gene on NPQ is remarkable and demonstrates once more the
importance of the de-epoxidation of DD for the thermal dissipation process. PAM imaging
fluorescence measurements were shown to be accurate and suitable to identify algal
strains impaired in NPQ (Fig 4A, 4B). Differences in absolute NPQ values may occur when
analysing cells in independent experiments performed on different days. However the
relative extents of NPQ decrease in silenced strains compared to wildtype remains the
same. Nevertheless, dark adaptation and fluorescence measurements of wildtype and
silenced strains should preferably be performed simultaneously and by applying the same
experimental conditions.
Quantification of the dde transcript levels via Real-time PCR revealed significant
differences between the wildtype and AS strains. The relative transcript quantities in AS
strains were up to ten fold increased compared to wildtype. RNase III assays revealed
that the increased transcript levels are mainly attributed to an accumulation of doublestranded target RNA. These findings indicate that dde mRNA effectively hybridises with
the antisense fragments, thus forming dsRNA that which is not translated. Potential
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attempts of the diatom to compensate negative effects of dde silencing might result in an
upregulation of the endogenous dde transcription which would consequently lead to an
increasing mRNA-antisenseRNA hybrid formation. The assumption that the formation of
these dsRNAs is more efficient than the subsequent target RNA degradation explains the
accumulation of dsRNA, as observed in this study. Another mechanism which is known to
generate dsRNA molecules of the target RNA prior to its degradation involves cellular
RNA-directed

RNA

polymerases

(the

abbreviation

for

plant

RNA-directed

RNA

polymerases genes was recently changed from RdRP to RDR (Xie et al. 2004;
Wassenegger and Krczal 2006)). RDR were shown to be involved in silencing pathways in
plants (Dalmay et al. 2000; MacAlpine et al. 2000; Mourrain et al. 2000), fungi (Cogoni
and Macino 1999), and C. elegans (Smardon et al. 2000; Sijen et al. 2001). This class of
polymerases recognises abnormal or “aberrant” transcripts in cells and subsequently
mediates primer-independent synthesis of the complementary RNA strand (Schiebel et
al. 1993; Makeyev and Bamford 2002), thus generating double-stranded target RNA
(Dougherty and Parks 1995; Baulcombe 1996). Neither this recognition mechanism nor
are all the characteristics which classify aberrant RNA are completely understood,
however the generated dsRNA further leads into downstream silencing pathways.
Therefore it could be hypothesised that an RDR related mechanism also recognises the
antisense transcripts as aberrant and consequentially initiates the synthesis of the
complementary strand, thus increasing the amount of double-stranded target RNA in the
cell.
Both approaches induced the same NPQ repressed phenotype in AS- and RNAi strains,
the maximal extend of NPQ repression was in both cases ~45%. In contrast to the ASstrains the dde transcript levels in the RNAi-strains did not vary from wildtype. The
RNase III assays did not reveal any accumulation of double-stranded dde transcripts.
These findings suggest the presence of different underlying silencing mechanism in
Phaeodactylum tricornutum. The RNAi strains were further analysed via fluorescence
microscopy in order to investigate the pPha-T1 RNAi transcript stability. The linker in the
self-complementary construct contained the eGFP gene equipped with an upstream fcpA
5’-UTR to guarantee the translation of eGFP. However, green fluorescence was not
detected in any of the monitored RNAi strains. The absence of eGFP fluorescence might
indicate an active RNA interference phenomenon which prevents not only the expression
of the diadinoxanthin de-epoxidase but also of eGFP. The fact that NPQ reduction was
observed while dde transcript levels in RNAi strains were not reduced compared to the
wildtype hints to a silencing mechanism involving translational repression. The
translational repression mechanism was already previously shown to reduce specifically
protein synthesis without affecting mRNA levels (Bartel 2004).
In conclusion, the results presented in this study clearly demonstrate the feasibility of
effective gene silencing in Phaeodactylum tricornutum. Our approaches to silence the dde
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gene revealed strains displaying significantly reduced NPQ capacities. However, the data
suggest the presence of different RNA interference mechanisms in diatoms. To date the
underlying mechanisms leading to gene silencing are unclear – we emphasize that the
mechanistic assumptions made in this report are speculative and require further
investigations.
Future physiological and molecular examinations of the generated strains will provide
further insights in the xanthophyll cycle in diatoms and help to increase our knowledge
about photoprotection.

79

II.4
Quantification and visualisation of organellar genomes
Materna, A.C.1, Gruber, A.1 and Kroth, P.G.1
1 Department of Plant Ecophysiology, University of Konstanz, Germany

II.4.1

Abstract

Great progress has been made in sequencing genomes of a variety of different
organisms. In contrast to sequence analysis which reveals the genetic information
encoded in the nucleotide composition of DNA, this study presents two techniques
focusing on the genomes themselves as structural entities, safely maintained and
replicated within nuclei and organelles. We developed a protocol for the diatom
Phaeodactylum tricornutum, to allow selective in vivo visualisation of chloroplast
nucleoids. This labeling method was also applied to mitochondrial nucleoids. Further a
high throughput capable method was designed to quantify organellar genomes thus
determining ploidies with high accuracy. The method bases on a specially designed
quantitative Real-time PCR protocol and was confirmed by fluorescence measurements.
These techniques allow determination and monitoring of organellar ploidies and of
nucleoid numbers per organelle. Further the subcellular localisation of nucleoids inside
the organelles, as well as their genome contents can be studied.

Key words: Phaeodactylum tricornutum, chloroplast, plastid genome, mitochondria,
mitochondrial genome, nucleoid, DNA content, genome copy number.
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II.4.2

Introduction

Organelles, such as plastids and mitochondria are derived from prokaryotic ancestors,
which have been engulfed by a eukaryotic host cell. In this endocytobiosis, both, genome
and structure of the endosymbiont have been reduced during evolution of host and
organelle likewise. Genes of the prokaryote have been deleted or predominantly
transferred into the nucleus to be furthermore under control of their host. However,
recent organelles still harbour reduced but functional circular genomes with sizes ranging
from 120 to 160 kb for plastid genomes (plastomes) of higher plants (Sugiura 1992) and
up to 190 kb for those of photosynthetic protists such as rhodophytes (Reith and
Munholland 1995; Hagopian et al. 2004). In contrast the sizes of mitochondrial genomes
(chondriomes) vary widely. While higher plants display 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 (Backert et al. 1997; Gray et al. 1998). Organellar
genomes still contain a set of functional genes. Plastid genomes usually harbour
approximately 120 genes while the chondriomes have a lower coding capacity and
usually contain only approximately 60 genes. Organellar genes mainly encode for
ribosomal RNA’s, ribosomal proteins, and elongation factors, as well as for genome
specific tRNA’s to drive the formerly prokaryotic machinery for protein biosynthesis.
Further genes encoding proteins involved in secretion, translocation, and in energy
conservation (ATP Synthase subunits; NAD(P)H dehydrogenases) are also generally
found in both mitochondrial and plastid genomes. Finally, organellar genomes contain a
varying number of function specific genes involved in either photosynthesis in the case of
plastomes (like the psa- and psb-genes, and the ycf ORF’s) or in the oxidative electron
transport for the mitochondrial genomes (e.g. cox-genes).
Plant and algal cells contain both organellar types, plastids and mitochondria. Therefore
their entirety of inheritable traits is distributed among three different genomes localised
in the compartments of the organelles and the nucleus. In contrast to the nucleus, the
organelles are highly polyploid leading to genome copy numbers of up to 10,000
chloroplast genome copies in a single leaf cell(Kuroiwa 1982; Bendich 1987; Kuroiwa
1991; Coleman and Nerozzi 1999). The organellar genome copies usually are attached to
each other thus forming several clusters per organelle, the so called nucleoids. Nucleoids
usually bind to intraorganellar membranes employing special proteins with DNA binding
and membrane binding domains(Jeong et al. 2003; Sato et al. 2003; Dai et al. 2005).

Visualising Nucleoids
The distribution of nucleoids in plastids is in the focus of several investigations since
nucleoid localisation is believed to be subject to dynamic changes during plant cellular
development(Sato et al. 2003). In accordance to these findings also nucleoids of
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mitochondrial origin are involved in dynamic changes during organellar propagation(Dai
et al. 2005). In the previous studies visualisation of organellar genomes has already been
achieved in some rare cases. In order to study their function the thylakoid-associated
nucleoid-binding proteins MFP1 and PEND have been fused to GFP (green fluorescent
protein) resulting in fluorescing nucleoids inside the chloroplasts (Jeong et al. 2003;
Terasawa and Sato 2005a, 2005b). These proteins and their homologues have been
detected in various angiosperms, including Arabidopsis thaliana, Brassica napus,
Medicago truncatula, Cucumis sativus (cucumber) and Prunus yedonensis (cherry).
Monocot homologues have been also detected in barley and rice, but sequence
conservation was low in monocots. However, related sequences have not been identified
in non-flowering plants and any algae so far (Terasawa and Sato 2005a). Labelling of
nucleoids in mitochondria has been achieved as well, however only in the budding yeast,
Saccharomyces cerevisiae. The nucleoids have been labelled using the HMG-box DNAbinding protein Abf2 fused to GFP in order to monitor mitochondrial dynamics during
meiosis and sporulation in the yeast(Gorsich and Shaw 2004).
Further fluorescence dyes such as DAPI have been widely used in the past for unspecific
staining of nucleic acids, thus visualising organellar nucleoids (Williamson and Fennell
1975; Coleman 1979; Williamson and Fennell 1979; Stevens 1981). When using intact
cells for exact localisation or even quantification experiments however, this technique is
hardly the method of choice since the strongest source of fluorescence is the nucleus
therefore outshining the nucleoids of nearby organelles. Furthermore fluorescence dyes
like DAPI or SYBR Green are lethal to cells and therefore cannot provide access to in situ
monitoring of living cells.

Quantification of organellar genomes
Not only the nucleoids’ localisation, but also the overall copy numbers of organellar
genomes are of interest, especially since many efforts have been made recently to
monitor potentially occurring changes in plastid genome copy numbers (Oldenburg and
Bendich 2004; Rowan et al. 2004; Li et al. 2006). Initially, transcription, replication and
segregation of organellar genomes independent from the nuclear genome was shown in
the sixties and seventies(Gibbs 1968; Gibbs and Poole 1973). The distribution of
radioactively labelled DNA among progeny chloroplasts was therefore determined from
autoradiographs via light microscopy(Gibbs 1968; Gibbs and Poole 1973). From the
obtained data the amount of genomes (or segregating units) was calculated. Later
techniques for determining genome DNA contents and ploidies based on reassociation
kinetics of
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I-labelled or UV spectrometricaly detected dsDNA(Gelb et al. 1971; Rawson

and Boerma 1976; Ersland et al. 1981; Ersland and Cattolico 1981). Recent studies
conventially rely on fluorophore staining of nucleic acids with subsequent fluorescence
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quantification via fluorescence microscopy, thus allowing the determination of genome
copy numbers(Misumi et al. 2001).
However, fluorophores such as DAPI provide only restricted capabilities to quantify
genome copies via fluorescence due to the strong unspecific staining of different cellular
structures as e.g. frustules of diatoms or sugars, such as extracellular polysaccharides,
which are secreted by many microalgal species. Removal of these extracellular sugars is
possible, however, by harsh treatments only which are lethal and therefore provide
impact on the subcellular structure. In addition, the unspecific staining of all nucleic acids
further contributes to the background fluorescence and therefore potentially produces
errors during genome copy number determinations. When utilising isolated organelles for
fluorescence quantification it is crucial to remove the chromosomal DNA during organelle
isolation which might also lead to degradation of organellar DNA. Hence, fluorophore
staining techniques are predominantly useful for monitoring changes in genome copy
numbers, however they suffer from the incapability to reveal exact results. That applies
equally to Southern blot hybridization of genome specific probes with total cellular DNA
which has been recently demonstrated to be the most reliable method (Li et al. 2006)for
monitoring changes in genome copy numbers.
In this study we are presenting techniques which allow the visualisation of organellar
nucleoids selectively and in vivo in the diatom Phaeodactylum tricornutum. Furthermore
a protocol was developed which allows for the first time to determine the level of ploidy,
i.e.

genome

copy

numbers

of

all

three

compartments

-

nucleus,

plastid

and

mitochondrium utilising a SYBR Green I detection based quantitative real time PCR (RTqPCR) technique taking into account PCR efficiencies. The planktonic brackish water alga
Phaeodactylum tricornutum provides unique conditions to study organellar genome
distribution since it harbours only one large chloroplast (up to 10 µm in length) and
generally one mitochondrial network including two to three major protuberances. The
diatom can be genetically modified via transformation(Apt et al. 1996) and is a
convenient object for microscopy. Recently the nuclear- and organell-genomes of P.
tricornutum have been sequenced (http://genome.jgi-psf.org/Phatr1/Phatr1.home.html,
Bowler et al., in preparation) and the knowledge of the sequences will inspire and
accelerate further physiological studies. Our new techniques to determine DNA contents,
genome ploidies and nucleoid localisation allow physiological investigations on the
structural aspects of the genomes.
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II.4.3

Material and Methods

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 Provasoli’s
enriched seawater (Starr and Zeikus 1993) using ‘‘Tropic Marin’’ artifcial seawater at
50% concentration, compared to natural seawater. Solid media contained 1.2% Bacto
Agar (Difco). Escherichia coli strain XL-1 Blue (Stratagene, Cedar Creek, TX, USA) was
grown over night at 37°C in Luria Broth medium, using a shaker for liquid cultures
(Sambrook et al. 1989). Solid media contained 1.5% Bacto Agar (Difco).

Sequence analysis and prediction programs
To identify proteins putativly targeted to the nucleoids, we searched the current
Phaeodactylum

tricornutum

genome

sequencing

project

(http://genome.jgi-

psf.org/Phatr1/Phatr1.home.html, Bowler et al., in preparation) for sequences with
homology to recombinases using the BLAST algorithm (Altschul et al. 1997). Resulting
hits were screened for the presence of signal peptides by help of the program SignalP
(Bendtsen et al. 2004). For cleavage site predictions the results of SignalP’s Hidden
Markov Models (Nielsen and Krogh 1998) were used, for chloroplast or mitochondrial
transit peptide prediction, the programs ChloroP (Emanuelsson et al. 1999) and TargetP
(Emanuelsson et al. 2000) (Horton et al. 2006)were used. All these prediction servers
can be found at http://www.cbs.dtu.dk/services/. For the construction of a mitochondrial
targeted recombinase we used a known mitochondrial targeting sequence from the
Phaeodactylum

tricornutum

phosphoglycerate

kinase

precursor

(PGK2,

GeneBank

Accession AF108452), (Liaud et al. 2000).

PCR and construction of plasmids
Standard cloning procedures were used (Sambrook et al. 1989). PCR was performed in a
Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant Pfu
polymerase (Fermentas, Ontario, Canada) according to the manufacturer’s instructions.
Small letters in primer sequences below indicate degenerated nucleotides. All eGFPfusion constructs have been ligated into the Phaeodactylum tricornutum transformation
vector pPha-T1 (Apt et al. 1996) which allows transformation of the diatom selecting for
positive transformants using zeocin. In a first step eGFP has been amplified using the
primers

Fw

(CGGTCAGGCCTATGGTGAGCAAGGGCGAGGAG)

and

Rev

(CGCTTTACTTGTACAGCTCGTCCATGCCGAGAGTGATC) thus substituting the start codon
ATG with the recognition site for StuI allowing in frame cutting. PPha-T1 was linearized
using EcoRV and the modified eGFP fragment was ligated into the plasmid in the
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orientation of 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 sequence

encoding for the mature RecA protein without presequence was amplified using the
primers

Fw

(5’-TTCGgaTATcGGACCCCTGTTAGCACGCAG-3’)

and

Rev

(5’-

ATTCCAAAAATATCTGCTCGTCAACTTCTAG-3’) thus adding an EcoRV restriction site to the
5’-end of the recA fragment which allows in-frame-cutting of the sequence. The modified
amplicon was ligated in pPha-T1-eGFP after digesting the plasmid with StuI. Insertion
upstream and in the orientation of eGFP resulted in the vector recA-eGFP. The
presequence

of

recA

was

amplified

using

the

primers

Fw

(5’-

TGTATGATGCATCGAAAGATTGCG -3’) and Rev (5’- CTTTCATGTTGTCCGCGTCACCGAG-3’).
The amplicon was ligated in frame with and upstream of eGFP into pPha-T1-eGFP after
digesting the plasmid with StuI resulting in Pt-eGFP. The presequence of the
mitochondrial

PGK

was

amplified

using

TTTGATATCATGTTCCGTATGTTGACTTC-3’)

and

the

primers
Rev

Fw

(5’(5’-

CTTGGATCACTGGGGCAGCGTGAAAGC-3’). The obtained amplificat was ligated upstream
of and frame with eGFP either in pPha-T1-eGFP after digesting the plasmid with StuI
resulting in the plasmid PrePgk:GFP or in Ma-recA-eGFP after digesting the plasmid with
EcoRV resulting in the plasmid PrePgk:RecA:GFP.

Biolistic transformation
Cells were bombarded using the Bio-Rad Biolistic PDS-1000/He Particle Delivery System
(Bio-Rad Laboratories, Hercules, Canada) fitted with 1350 psi rupture discs. Tungsten
particles (0.7 µm median diameter) were coated with 5 µg of plasmid DNA in the
presence of CaCl2 and spermidine, as described by the manufacturer. One hour prior to
bombardment approximately 108 cells were spread in the center of a plate containing 20
ml of solid medium. The plate was positioned at the second level within the Biolistic
chamber for bombardment. Bombarded cells were allowed to recover for 24 h before
being suspended in 1 ml of sterile 50% artificial seawater medium. 250 µl of this
suspension were plated on solid medium containing 50 µg/ml Zeocin. The plates were
incubated at 20°C under constant illumination (35 µmol photons·m−2·s−1) for three
weeks.

Microscopy
Transformants were screened for the expression of GFP using an Olympus BX51
epifluorescence microscope equipped with a Nikon DXM1200 digital camera system
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(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. Six transformant lines expressing GFP in a detectable amount
were selected. All lines displayed varying numbers of nucleoids in the plastids of
individual cells which were analysed by counting fluorescing nucleoids during focusing
through the chloroplast at 40x magnification (UplanFL objective, Olympus). A total of 313
cells randomly chosen from the transformant lines in equal amounts were examined.
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 end concentration of the dye) prior to
microscopical observation.
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 63x/1.4 Oil DIC objective (Carl Zeiss).
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 Fluorophores within a cell.

Real-time PCR

Isolation of nucleic acids
Total nucleic acids were isolated from cells grown on solid media and from liquid cultures
by a cetyltrimethylammoniumbromide (CTAB)-based method (Doyle and Doyle 1990).
After collecting the cells by centrifugation and removal of the supernatant a small
amount (of the final volume) of CTAB buffer containing 1% β-Mercaptoethanol was added
first, followed by crushing the cells using a pistil fitting into the 1.5 ml reaction tubes.
After subsequent precipitation the DNA pellet was washed with 80% Ethanol.
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Oligonucleotide primer design
Real-time PCR oligonucleotide primers were designed using two different programs.
Every primer set was initially computed using the Primer express software (Applied
Biosystems, Lincoln,CA,USA). Subsequently the primers revealed by this program have
been checked, where required adapted, or even discarded to assure maximal efficiency
and sensitivity, according to the following parameters: avoidance of the formation of self
and hetero-dimers, hairpins, and self-complementarity, primer length, and melting
temperature. These properties were verified using DNASTAR primer select software
(version 4.0). All primers were designed to generate an amplicon size of 100 (± 1)
nucleotides at an average annealing temperature of 60°C. To verify the suitability for
quantitative real-time PCR all oligonucleotide primers were tested by PCR with
subsequent electrophoresis of the amplicons on 2% agarose TAE gels. Primers which led
after 40 cycles of amplification to unspecific product bands, primer dimer bands or
anything else than to a single distinct band were discarded. Further all primers were
controlled by melting curve analysis; specific reactions should result in a single melting
peak corresponding to the PCR product being amplified. In contrast, multiple melting
peaks imply that that the reaction is either unspecific, generating more than one
amplicon or that primer dimers are being formed. Only primer pairs leading to effective
and specific amplification were used for RT-qPCR experiments.

Real-time PCR assays
Real-time PCR was performed using the Real-Time PCR System 7500, (Applied
Biosystems, Lincoln,CA,USA). The default program was utilised for all genes: 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 real-time PCR 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. At the end of each reaction, the Cycle threshold (Ct) was manually set at the
level that reflected the best kinetic PCR parameters, further melting curves were acquired
and analysed.

Data analysis and determination of real-time PCR efficiencies
For genome copy number determination sequences of the mitochondrial and plastid
genome were amplified together with a sequence of the nuclear genome from the same
template via real-time PCR. The amounts of individual organellar genome copies in the
template were quantified relatively to the amount of nuclear genomes which serve as
calibrator. Since the ploidy of the nuclear genome is known (diploid), the absolute
number of organellar genomes is calculated by multiplying the relative quantities by two.
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Instead of relying on the commonly used 2−ΔΔCt method we decided to apply a method
which incorporates the various PCR efficiencies of the amplifications of the genome
specific sequences. Therefore a convenient mathematical model for RT-qPCR which
includes efficiency correction for independent amplificats (Pfaffl, M.W. 2001), used by the
software tool REST© (Pfaffl et al. 2002), was utilised. This model allows determination of
gene expression in a target sample relative to a control sample. The equation of this
mathematical model was adapted for relative quantification of genes located in the
different genomes which constitute a total DNA extract [1]:

copy number =

(E t gen )

ΔCt t gen(n gen sample - t gen sample)

(E endo )

ΔCt endo(n gen endo - t gen endo)

[1]

The target genome copy number is calculated basing on the efficiencies (E) and the Ct
(Cycle threshold) difference (Δ) of an unknown sample, in which a sequence from the
target genome is amplified versus the amplification of the calibrator, a nuclear genome
encoded sequence ΔCt(n

gen sample − t gen sample).

For computing relative expression levels in

different templates the target gene expression is usually normalized by an endogenous
control (Eendo), e.g. a housekeeping gene transcript. Since for the purpose of relative
genome copy quantification the same template is used for the amplification of organellar
genome sequences and of a nuclear genome sequence (calibrator), all samples contain
the same amount and ratio of template molecules. Therefore the denominator of
equation [1] becomes 1, which leads to the equation [2] for genome copy quantification
via RT-qPCR:

copy number = (E t gen )

ΔCt t gen(n gen sample - t gen sample)

[2]

In order to determine PCR efficiencies for each amplified sequence Phaeodactylum
tricornutum genomic DNA was diluted in serial 10-fold ranges and the Ct value at each
dilution was measured. When ploting the Ct’s depending on the dilutions (on a
logarithmic scale) the slope of the resulting curve is used for efficiency calculated
according to the equation [3] (Bustin 2000):

E = 10(−1/slope) [3]
The theoretical maximal and optimal value for PCR efficiencies is 2, indicating a
duplication of amplicons during every cycle. The coefficient of variation (CV) was
calculated according to equation [4]:
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CV = standard deviation / mean 100 [4]

Preparation of artificial templates
Artificial templates were prepared from three different plasmids, pCR Script DDE, pGEMT FBA, and pCR Script PSBA which harbour sequences of the dde gene, thus representing
the nuclear genome, and of the fba (a fructose bis-phosphate aldolase; class II) gene
and the psbA gene representing the chondriome and the plastome respectively. After
calculating the molecular weights of the vectors from their length and basepair
composition, stock solutions of each vector were prepared containing the same amount
of vector 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.
Fluorometric DNA detection
Phaeodactylum tricornutum was grown in liquid culture and the cell concentration was
determined using a haemocytometer (Thoma chamber, 0.1 mm depth). To stain nucleid
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 medium containing the
staining agent using a Axiovert 200 M epifluorescence microscope (Carl Zeiss
MicroImaging GmbH, Göttingen, Germany) and a 63x oil immersion objective. (PlanApochromat 63x/1.40 Oil DIC M27, Zeiss). Autofluorescence of the cells was minimized
by the combination of Zeiss Filter Set 44 (Excitation: 455-495 nm, Beam Splitter: 500
nm, Emission: 505-555) with the excitation system Lambda DG-4 (Sutter Instrument
Company, Novato, CA, USA) containing an additional bandpass filter (485 to 502 nm),
resulting in narrow banded excitation of the cells at 485-495 nm wavelength and
emission detection at 505-555 nm wavelength. 12 bit grey level images were aquired
with a AxioCamMR3 (Zeiss) controlled by the software AxioVision (Zeiss). Controll images
of unstained cells were taken using the same setup and the same settings directly after
aquisition of the measurement images to evaluate the background caused by
autofluorescence of the cells and by scattered light.
Silhouettes of the cells (transmitted light chanel) and the nuclei (fluorescence chanel)
were drawn into the images using AxioVision’s outline spline function. The number of
pixels (densitometric area, DensArea), the sum of grey values (densitometric sum,
DensSum) and the mean grey value of the outlines (densitometric mean, DensMean) was
then determined for the fluorescence chanel. To correct the data for background
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fluorescence, DensMean of a circle with 10 µm radius nearby the cells was determined
and the fluorescence (Fluor.) of a outline was calculated by substraction of the
background fluorescence from the Dens Sum of the outline: Fluor.
– DensArea

outline

* DensMean

background.

outline

= DensSum

outline

Cells were rejected if their DensMean did not

exceed the DensMean of the background at least fourfold.
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II.4.4

Results

Labelling of organellar nucleoids
In vivo labelling and visualisation of organellar nucleoids is only available for few species
so far – mitochondrial labelling even for budding yeast only. A more general and species
independent but especially organelle-independent application of this technique was not
accessible so far. Our aim was to design a visualisation tool, potentially useful for a wider
range of species which can be targeted to the organelle of interest. Therefore the RecA
protein was deployed. RecA is evolutionary conserved with functional and structural
analogs

in

all

kingdoms

of

life(Edelmann

and

Kucherlapati

1996;

Seitz

and

Kowalczykowski 2000; Wyman and Kanaar 2004). During homologous recombination
RecA forms closely packed nucleoprotein filaments leading to a so called presynaptic
complex of dsDNA and ssDNA, and
therefore features salient DNA binding
capabilities(Wyman and Kanaar 2004).
We identified a RecA homologue in
Phaeodactylum

tricornutum

which

posesses a putative N-terminal plastid
targeting sequence and prepared a set
of vectors suitable to label organellar
nucleoids (figure 1). To verify plastidic
localisation of the gene product, a
fragment coding for the presequence
only was fused to eGFP (PreRecA:GFP,
figure 1). Phaeodactylum tricornutum
transformants expressing this fusion
protein

showed

colocalised
Figure 1: Transformation vectors for thelabelling
of nucleoids. RecA:GFP fusions were ligated into
the pPha-T1 transformation vector.

with

GFP
the

fluorescence
chlorophyll

autofluorescence (Figure 2 b), the RecA
protein of P. tricornutum is therefore
indeed targeted to the chloroplast.

In order to label plastic nucleoids in Phaeodactylum tricornutum the chloroplast targeted
recA gene was fused to eGFP (RecA:GFP, figure 1). Phaeodactylum tricornutum
transformants expressing this fusion protein showed GFP fluorescence associated with
the chlorophyll autofluorescence, but restricted to small spots at the periphery of the
chloroplasts (figure 2 c). Within these spots GFP fluorescence colocalised with the
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Figure 2: Selective labeling of plastidic 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: Localisation of preRecA:GFP, Nomarski’s differential
interference contrast (DIC), Chlorophyll autofluorescennce (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 (y) reveals plastidic nucleoids (orange arrows) in the Hoe
chanel, 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: Localisation of RecA:GFP,
plastidic nucleoids can be recognised in the Hoe chanel 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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fluorescence of DNA stained with Hoechst 33342, but nuclear DNA which showed the
brightest fluorescence in the Hoechst 33342 stain was not labeled with GFP (figure 2 c).
Remarkably two different phenotypes occurred, displaying either one big nucleoid (figure
2 c, upper row) or several smaller nucleoids randomly distributed in proximity to the
chloroplast’s inner membrane (figure 2 c, lower row).
For labelling of the mitochondrial nucleoids a fusion protein of mature RecA and eGFP
was N-terminally fused with the presequence of the mitochondrial phosphoglycerate
kinase (Pgk) to provide the import of the fusion protein into the mitochondrial
compartment (prePgk:RecA:GFP, figure 1). The PGK-presequence only was fused to eGFP
for verification of correct mitochondrial import of the constructs (prePgk:GFP, figure 1).
The labelling of mitochondrial nucleoids revealed only one spot of GFP fluorescence in the
mitochondrial network of the diatom for all analysed transformants. Until now we could
not show the presence of DNA in these spots, probably because the amount of
mitochondrial DNA is only 0.25 times the amount of chloroplast DNA (Table 4). The
correct localisation of the PrePgk:RecA:GFP fusion protein was verified via fluorescence
microscopy of the PrePgk:GFP transformants which clearly displayed a green fluorescing
mitochondrial network wrapped around the chloroplast (data not shown).

Quantification of plastidic nucleoids
To determine the average number of nucleoids, the chloroplast RecA:GFP transformants
were analysed via fluorescence microscopy. While focusing through the chloroplast the
fluorescing nucleoids have been counted for 313 individual diatoms. The ratio of cells
containing only one big nucleoid (157 cells) to cells with several small nucleoids (156

Figure 3: Number of nucleoids
per
plastid.
Two
major
phenotypes
could
be
distinguished, containing either
one large or several small
nucleoids
per
plastid.
The
frequencies of the different
nucleoid counts observed in the
second phenotype followed a
Poisson-distribution
with
a
maximum at 3.9.
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cells) was 1.01. On average plastids contain 3.90 nucleoids, the standard deviation is
1.274. The maximum number of nucleoids per chloroplast was 9. However in 82.2% of
all observations the chloroplasts contained 3 to 5 nucleoids as shown in figure 3. An
average of 3.9 nucleoids in the cells with several plastidic nucleoid would mean an
average of ~26 genome copies per plastidic nucleoid.

Real-time PCR quantification of organellar genomes
The heterocontophyte Phaeodactylum tricornutum harbours three different genome
types, the diploid nuclear genome and the polyploid organellar genomes located in the
chloroplast and mitochondrial network. In order to determine the genome copy numbers
via relative quantification, short sequences of genes specific for the three individual
genome types were amplified during RT-qPCR. Different sets of primers have been
derived and tested for best suitability in RT-qPCR experiments as described in Materials
and Methods. The primer pairs chosen for the experiments amplify the nuclear encoded
gene dde, the chloroplast encoded psbA gene and the chondriome gene cox1. In order to
cover possible variations generated by either the PCR reactions themselves or by
differences in DNA extractions, all reactions have been performed in replicates using
templates from three independent DNA extractions originating from three independently
grown cultures. The amplification efficiencies of the three genome specific primers were
determined previous to the relative quantification of the different genomes in a first RTPCR experiment. Therefore the DNA extractions have been pooled as recommended
(Bubner et al. 2004) and diluted in 5 serial 10 fold dilution steps. Efficiencies were
calculated from the slopes of Ct/log dilution plots according to equation [3]. The three
amplicons amplify with similar efficiencies of 2.29 (dde genes), 2.27 (psbA) and 2.04
(cox1) as shown in figure 4.

Figure 4: Calculation of different PCR efficiencies for the RT-qPCR primer pairs
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For determining genome ploidies RT-qPCR was performed, the amount of psbA or cox1
copies have been quantified relatively to the nuclear calibrator dde. Each PCR reaction
was performed in six replicates per template and per run. All runs have been repeated
independently twice. The cycle threshold (Ct) values obtained from RT-qPCR vary only
slightly within the six replicates, standard deviations were usually below 0.1 cycles, in all
cases below 0.17 cycles. (table 1). Differences in average Ct values obtained by two
independent RT-qPCR experiments are always below 0.3 cycles as suggested by Bubner
& Baldwin(Bubner and Baldwin 2004) thus confirming the reproducibility of results. The
relative quantities of the three genomes were calculated from the respective Ct values,
taking into account the PCR efficiencies of the genome specific primers according to
equation [2] (see Materials). Ct values and relative quantities are shown in table 1. In
order to obtain absolute genome copy numbers the relative quantities obtained for the

Template - Run
I-1

I-2

I mean
II-1

II-2

II mean
III-1

III-2

III mean

n
Ct mean
standard
CV [ % ]
RQ
n
Ct mean
standard
CV [ % ]
RQ
RQ
n
Ct mean
standard
CV [ % ]
RQ
n
Ct mean
standard
CV [ % ]
RQ
RQ
n
Ct mean
standard
CV [ % ]
RQ
n
Ct mean
standard
CV [ % ]
RQ
RQ

deviation

deviation

deviation

deviation

deviation

deviation

Nucleus

Plastid

Mito

6,000
24,041
0,066
0,275
1,000
6,000
24,270
0,056
0,231
1,000
1,000
6,000
29,743
0,014
0,047
1,000
6,000
30,010
0,058
0,193
1,000
1,000
6,000
27,802
0,087
0,313
1,000
6,000
28,052
0,058
0,207
1,000
1,000

6,000
19,076
0,040
0,210
58,569
6,000
19,209
0,024
0,125
63,365
60,967
6,000
24,968
0,007
0,028
50,121
6,000
25,201
0,055
0,218
51,538
50,830
6,000
23,343
0,018
0,077
38,683
6,000
23,560
0,026
0,110
39,744
39,213

6,000
20,241
0,048
0,237
15,017
6,000
20,418
0,066
0,323
15,585
15,301
6,000
26,087
0,136
0,521
13,552
6,000
26,304
0,166
0,631
14,044
13,798
6,000
24,018
0,017
0,071
14,847
6,000
24,214
0,013
0,054
15,430
15,138

Table 1: RT-qPCR results. Quantification of relative DNA amounts in total DNA extractions
from three independent cultures. Listed are n: number of replicates per run, Ct: Cycle
threashold and standard deviation, CV: coefficient of variance, and the RQ: relative quantity.
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psbA and cox1 genes have to be multiplied with the number of dde copies in the nucleus.
The dde primers amplify the nuclear encoded diadinoxanthin de-epoxidase gene which
serves as calibrator. Since the nuclear genome is diploid it contains altogether 2 copies of
the calibrator gene. Hence the detected relative quantities of plastome specific psbA and
of the chondriome specific cox1 gene are therefore multiplied by 2. Analysis of all data
obtained from different RT-qPCR runs using three independent templates reveal an
average plastome copy number of 100.7, the average chondriome copy number is 29.5
(table 2, figure 5).

Table 2 and Figure 5:
Ploidies of organellar
genomes obtained by
RT-qPCR
based
quantification relative
to the diploid nuclear
genome. The copy
numbers
represent
the
average
value
calculated from the
analysis
of
three
independent cultures.
It is remarkable that
plastid ploidies vary
within
different
cultures
while
chondriome
ploidies
remain constant

Genomes per
average Copy No.:
standard deviation
CV [%]

Nucleus

Plastid

Mito.

2,0
0,0
0,0

100,7
19,7
19,6

29,5
1,6
5,4
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While the chondriome copy numbers obtained from different runs and different templates
vary only slightly (coefficient of variation = 5.4%) the plastome copy numbers vary by
19.6%. PsbA replicates containing the same template produced very similar results,
hence relative quantities (RQ) obtained from two independent RT-qPCR runs differed by
only 1.4 or 1 copies for template II and III respectively. Only for template I the relative
psbA quantities obtained from two runs differed from each other by ~4.8 copies (table
2). Since plastome copy numbers remained stable during independent quantification
experiments using the same template, the variance in the plastome copy numbers must
be attributed to differences emanating from the three independent templates. This
variance seems to be rather a culture and chloroplast specific feature than due to
unsteadiness in preparation of different templates. The constancy in chondriome copy
numbers, even in different templates, provides evidence for this assumption (figure 5).

Artificial templates
To verify both, the obtained ploidy levels of organellar genomes in Phaeodactylum
tricornutum and the accuracy of the presented method, a setup was developed in which
artificially prepared templates have been analysed. These artificial templates consist of
plasmid mixtures simulating the different genomes within total DNA extractions. The
composition of the different genomes was virtually represented by the relative amounts
of the respective plasmids in the mixture. Three different plasmids have been used
containing either the dde sequence representing the nuclear genome, the psbA sequence
representing the plastome, or an fba gene representing a chondriome encoded sequence.
The plasmids have been mixed in the same ratio also found for the genomes in
Phaeodactylum tricornutum (1:100:30). Further two more artificial templates have been
prepared containing the dde-plasmid, the psbA-plasmid and the fba-plasmid in the ratios
1:1:1 and 30:1:20. The artificial templates were analysed via RT-qPCR, each reaction
was performed in six replicates. Again relative quantities were calculated using equation
[2], for the 1:1:1 experiment fba was used as calibrator, while for the 30:1:20
experiment psbA served as calibrator. For the experiment which simulates the conditions
found in Phaeodactylum, again dde was used as calibrator. The results of all three
experiments (see table 3, figure 6) reflect the plasmid compositions of the respective
artificial templates which supports the functionality of the relative genome quantification
method. Minor aberrations from expected ratios are most likely due to inaccuracies in
manual adjustment of the artificial template components. The replicate standard
deviations are below 0.02 cycles, demonstrating the very high reproducibility of results
and the accuracy of the RT-qPCR setup.
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dde : psbA : fba

dde

psbA

fba

1:1:1

n
mean
standard deviation
CV [ % ]
RQ

6,000
12,577
0,015
0,119
-1,119

6,000
17,130
0,002
0,012
1,359

6,000
13,234
0,019
0,144
1,000

30 : 1 : 20

n
mean
standard deviation
CV [ % ]
RQ

6,000
12,577
0,015
0,119
29,313

6,000
17,130
0,002
0,012
1,000

6,000
13,234
0,019
0,144
19,377

1 : 100 : 30

n
mean
standard deviation
CV [ % ]
RQ

6,000
18,213
0,018
0,099
1,000

6,000
11,801
0,006
0,051
109,502

6,000
13,893
0,060
0,432
26,754

Table 3 and Figure 6: Virtual ploidies of artificial templates obtained by RT-qPCR based
quantification. The obtined copy numbers confirm the reliability of the method.
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Fluorometric DNA detection
To evaluate the findings of the copy number determination we calculated the distribution
of DNA within a Phaeodactylum tricornutum cell. Genome sizes of the organelles were
multiplied with the respective copy numbers determined in this study and via the average
molecular weight of double stranded DNA (660 g/mol). The average DNA amount per cell
was calculated to be 0.073 pg/cell (Table 1). The ratio of nuclear DNA was calculated to
be 78.4 % on average with a range from 75.5 % to 90.2 % nuclear DNA (Table 4). For
average ratio
Genome size
[bp]
Nucleus
Chloroplast

size
[bp/cell]

weight
[pg/cell]

26000000

2 52000000

0.057

117369

101 11854269

Mitochondrium
Sum

83793
26201162

% of nuclear DNA

ploidy

maximal ratio

30

ploidy

size
[bp/cell]

4 104000000

minimal ratio
weight ploidy
[pg/cell]

size
[bp/cell]

weight
[pg/cell]

0.1144

2 52000000

0.057

122 14319018

0.016

0.013

77

9037413

0.0099

2513790

0.003

27

2262411

0.0025

66368059

0.073

115299824

0.1268

78.4

90.2

31

2597583

0.003

68916601

0.076

75.5

Table 4: Distribution of DNA within the Phaeodactylum tricornutum cell. Genome sizes of the
organelles were multiplied with the respective copy numbers determined in this study and the
DNA ammount per cell was calculated via the average molecular weight of double stranded DNA
(660 g/mol). For the average ratio a diploid set of nuclear DNA was assumed and the average
copy numbers of the plastome and chondriome were used, the maximal ratio was calculated
using the highest theoretical nuclear DNA ammount (4 haploid sets in a nucleus shortly before
division) and the minimal determined copy numbers of the plastome and chondriome, the
minimal ratio was calculated assuming a diploid set of nuclear DNA (pennates do not form free
living haploid cells) and the maximal determined copy numbers of the plastome and chondriome
were used.

the average ratio of nuclear to total DNA of the cell, a diploid set of nuclear DNA was
assumed and the average copy numbers of the plastid genome and the mitochondrial
genome were used, the maximal ratio was calculated using the highest theoretical
nuclear DNA amount (4 haploid sets in a nucleus shortly before division) and the minimal
determined copy numbers of the plastid genome and the mitochondrial genome, the
minimal ratio was calculated assuming a diploid set of nuclear DNA (pennates do not
form free living haploid cells) and the maximal determined copy numbers of the plastid
genome and the mitochondrial genome.
To confirm this ratio, we analysed fluorescence images of a P. tricornutum liquid culture
(1.39·107 cells·ml-1) stained with SYBR Green I (0.5 µl SYBR Green I stock solution into
1.5 ml liquid culture). Bright fluorescent nuclei could be observed in most of the cells and
with adjustments of the display settings brightness (br), contrast (co) and gamma
correction (γ) also extranuclear DNA could be visualised, mostly associated with the
plastids. (Figure 7). In controll images of unstained P. tricornutum cells, equal DensMean
values were measured for outlines of cells and backgrounds of the respective images
(data not shown), autofluorescence of the cells was therefore efficiently excluded from
the measurements. To calculate the ratio of nuclear to total fluorescence of individual
cells (Fluor.nucleus/Fluor.cell) outlines were drawn manualy into the image. Fluor. was
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calculated by substraction of the background from the DensSum of the outline if the
DensMean exceeded the DensMean of the Background at least fourfold (Figure 7). The
originally acquired images were used for the measurements without further adjustment
of display settings. 45 cells showed nuclear fluorescences from 53.5 % to 75.5 % with an
average of 66.3 % (standard deviation 4.6 %) (Figure 8).
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F
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C2 N2
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0

I

4095

br: -0.50
co: 1.00
γ: 1.00

DIC
SYBR Green

10 µm

DensArea DensSum DensMean
[pixel]
[grey]
[grey/pixel]

C3

C1 N1

4095

B: Background (DensMean: 35.97), C: Cell, N: Nucleus

C4
N3

I

br: -0.49
co: 1.04
γ: 0.60

Merge

C1
N1
C2
N2
C3
N3
C4
C5

3825
345
4511
362
4749
506
4423
3014

1354907
824106
736639
378439
1004807
522048
213924
201468

354.22
2388.71
163.30
1045.41
211.58
1031.72
48.37
66.84

Fluor.
[grey]

Nuclear
Fluorescence

1217320
66.7 %
811696
574380
63.6 %
365418
833983
60.4 %
503847
not determined,
DensMean to low

Figure 7: 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
(histogramm 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 manualy into the image to
calculate the ratio of nuclear to total fluorescence of individual cells, measurements are done
on the originally acquired image (see histogramm inserted at lower left and brightness,
contrast and gamma correction settings). e: Densitometric values measured from d,
fluorescence (Fluor.) was calculated by substraction 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 8: Ratio of nuclear
fluorescence
to
total
flourescence of Phaeodactylum
tricornutum cells stained with
SYBR Green I. The ratio of
nuclear
fluorescence
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compared to ratios of nuclear
basepairs calculated from the
genome
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determination of genome copy
numbers. Nuclear fluorescence
ratios were calculated for 45
cells,
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bar,
standard
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II.4.5

Discussion

In vivo labelling of organellar nucleoids
In this study we presented a protocol for labelling specifically and in vivo organellar
nucleoids in the diatom Phaeodactylum tricornutum. The visualisation of nucleoids in
microalgae as well as the targeted and independent labelling of both, plastid and
mitochondrial nucleoids in the same organism is unique so far. In contrast to previous
studies we designed a fusion protein featuring organelle-independent DNA binding
capabilities. Organelle-specific targeting was achieved via N-terminal fusion of the DNA
binding protein with an appropriate presequence. The RecA protein was utilised to
mediate DNA binding. RecA effects homologous recombination which is a crucial
underlying mechanism for DNA repair and proper cellular replication, furthermore RecA is
believed to be involved in genome evolution via mediating events such as gene
conversion.
Labelling of organellar nucleoids was achieved via targeting RecA-eGFP fusion proteins to
the compartment of interest. Therefore the fusion protein was provided with appropriate
presequences. The specific import of the fusion proteins into either the chloroplast or the
mitochondrial network was confirmed by transforming the cells with preRecA:GFP or
PrePgk:GFP which contain the respective presequences fused to eGFP. The observed
eGFP-fluorescence in the RecA:GFP and PrePgk:RecA:GFP transformants could be
colocalised with fluorescing spots which resulted from DNA staining using the fluorophore
Hoechst 33342, thus confirming the eGFP-labelled spots within the organelles to be rich
of DNA which supports their identification as nucleoids. Taken together these results
strongly suggest the capability of targeted RecA-eGFP fusion proteins to selectively label
plastid or mitochondrial nucleoids.
Older techniques often deployed fluorophores such as DAPI, SYBR Green or ethidium
bromide which have been widely used to stain genomes and even to study organellar
nucleoids via fluorescence microscopy (Coleman 1979; Williamson and Fennell 1979;
Stevens 1981). However, besides suffering from generated background fluorescence,
these methods cannot be directed specifically to a genome of interest. Fluorophores
rather stain all nucleic acids in the cell, thus generating errors when quantifying
nucleoids. In more recent studies nucleoids have been already successfully labelled using
DNA binding proteins such as PEND (Sato et al. 1993; Sato and Ohta 2001), or Abf2
(Gorsich and Shaw 2004). However, these proteins are species and organelle-specific and
not available in most plants, neither in microalgae (Terasawa and Sato 2005a). The
system presented here intends to overcome these restrictions to provide access to both
organelles via utilising a general DNA binding protein which is found ubiquitously in the
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most species. Therefore the evolutionary conserved RecA protein (Edelmann and
Kucherlapati 1996; Seitz and Kowalczykowski 2000; Wyman and Kanaar 2004)was used
to mediate DNA binding. We suggest that RecA-eGFP fusion proteins might generally
contribute to genome sciences by representing a convenient alternative to label
organellar nucleoids in a wide range of species.
Labelling of Phaeodactylum tricornutum’s chloroplast nucleoids revealed the presence of
two different equally distributed phenotypes. The chloroplasts contained either one large
nucleoid or several small nucleoids. In accordance with previous findings the presence of
two different phenotypes clearly demonstrates significant changes in morphology and in
the dynamics of plastid nucleoids. The cause of these changes remains elusive, however
it appears plausible that these changes are linked to cell cycle and organellar propagation
(Sato et al. 2003; Dai et al. 2005). In addition to these findings we further experienced
changes in nucleoid arrangements as a reaction to certain stress conditions (data not
shown).
RecA:GFP fuson protein targetet to the mitochondria leads to one fluorescence spot
within the mitochondrial network of the cells. Assuming the same genome copy number
in mitochondrial nucleoids than found in plastids, it appears possible that the complete
mitochondrial DNA content is concentrated within a single nucleoid. This finding is
surprising insofar as that the whole mitochondrial network of Phaeodactylum tricornutum
usually consists of two to three major protuberances and this would include that some
parts of the mitochondrial network are temporarily DNA depleted.

Relative quantification of organellar genomes
Initially ploidies and amounts of segregating units within organelles were determined via
methods which based on autoradiography (Gibbs 1968, 1979), reassociation kinetics of
125

I-labelled or UV spectrometrically detected dsDNA (Gelb et al. 1971; Rawson and

Boerma 1976; Ersland et al. 1981; Ersland and Cattolico 1981), or fluorophore staining
of nucleic acids with subsequent fluorescence quantification (Misumi et al. 2001). These
techniques involve complex experimental setups which are time consuming, thus lacking
high-throughput capabilities.
The protocol developed here was designed to meet the needs for accuracy as well as for
the capability to analyse a large number of samples at the same time. High throughput
characteristics allow monitoring of different cultures or even species in order to study
influences of genome contents on organellar development and propagation, or
environmental influences on the genome contents. Our protocol was designed to
determine copy numbers of organellar genomes via RT-qPCR. The absolute ploidies were
quantified relatively to the diploid nuclear genome. Since quantification by real-time PCR
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is an amplification-based procedure small fluctuations in the starting conditions of a PCR
reaction lead to large fluctuation of the product amount which is expressed in Ct values.
Our protocol relies on three major steps to keep amplification-based variations low: (i)
All RT-qPCR primer pairs were designed to provide equal conditions regarding annealing
temperature, amplicon length and amplicon TM, further hetero-dimer or self-dimer
formation was avoided. The predicted conditions have been verified by two independent
software tools. In the next step of control the amplicons generated by the primer pairs
were analysed via gel-electrophoresis and by melting curve analysis under RT-qPCR
conditions. Primers pairs producing detectable amounts of either dimers or unspecific
amplicons have been discarded. (ii) Different primer pairs and templates lead to different
amplification efficiencies thus altering Ct values. For determining exact copy numbers via
relative quantification an efficiency corrected mathematical model was applied. (iii) In
our approach the three different genomes in one distinct DNA extraction are quantified
relatively. Therefore all reactions and replicates of one experiment contain exactly the
same template, neither template concentrations need to be equally adjusted, nor an
endogenous control is required to normalize different template concentrations. Since the
Ct total variation is the sum of the variation from sample replicates and from the
endogenous control replicates (Bubner and Baldwin 2004) the possibility to neglect the
latter decreases the standard deviations of the genome quantities. The methodology was
shown to be sensitive, indicated by very low Ct standard deviations which were in most
cases below 0.1 cycles, but always below 0.17 cycles. The reliability of the genome
quantification protocol was further demonstrated by the simulation experiments in which
artificial templates were analysed. Given that manual errors cannot be avoided during
preparation of the artificial templates, the ratios of virtual genomes in these templates
(1:1:1; 30:1:20; 1:100:30) could be determined surprisingly accurate (-1.12:1.36:1;
29.31:1:19.38; 1:109.50:26.75). It is likely that the small deviations from the given
ratios can be attributed rather to the manual adjustments of the artificial templates than
to inaccuracies of the quantification protocol. Finally the results for Phaeodactylum
tricornutum generated by this protocol provide further support for the reliability of the
method: For the three different cultures analysed in this study the plastome content per
chloroplast was found to vary among different cultures by 19.6% due to yet unknown
circumstances.

Supporting

our

findings,

variations

in

plastome

contents

during

chloroplast development have been already detected for green algae (Chelm et al. 1977)
and higher plants (Miyamura et al. 1986; Baumgartner et al. 1989). Plastome content
variations have also been proposed to occur due to cell proliferation and aging in
Chlamydomonas (Misumi et al. 2001) or prior to leaf senescence in higher plants
(Sodmergen et al. 1989; Sodmergen et al. 1991; Inada et al. 1998). However, strongest
support for both, the detected plastome content variations and the reliability of the
genome quantification protocol is provided by the stable chondriome copy numbers
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detected for the P. tricornutum mitochondrial network. In all analysed cultures the copy
numbers of the chondriomes varied by only 5,4% which is the equivalent to 1.89 copies.
This coefficient of variance is mainly due to the template of culture II (see table X)
displaying the highest Ct value standard deviations (SD = 0.136, respectively 0.166)
which even might be reduced by increasing the applied template concentration and
therefore the obtained Ct values (Bubner and Baldwin 2004).
The knowledge of the genome sizes and the respective copy numbers enables us to
calculate the total DNA amount in a P. tricornutum cell (0.073 pg/cell). Previously
determined total cellular DNA contents ranged from 0.0133pg/cell (Scala et al. 2002) and
and 0.12 pg/cell (Darley 1968) to even 0.249 pg/cell (Veldhuis et al. 1997). Since this
significant variance in published results can be hardly satisfying, we wanted to confirm
our finding by applying a different method. Comparison of the observed ratio of nuclear
fluorescence to the calculated ratio of nuclear DNA revealed similar results for both
methods. The observed nuclear fluorescences were slightly lower than the calculated
ratio of nuclear DNA. The systematic underestimation of nuclear DNA ratios by measuring
nuclear fluorescence can be explained by different structures and densities of the
different genomes, resulting in a weaker staining of the densely packed nuclear DNA.
Moreover, the probability of self-absorption of excitation light and quenching of the
fluorescence is higher in the intensely fluorescing nuclei. This finding confirms the copy
numbers obtained with the RT-qPCR approach.

Conclusion
Combining labelling and quantification techniques provides potential support to genome
sciences, especially to studies focusing on organelles. Both techniques together allow to
determine organellar ploidies, the amount of nucleoids per organelle and to estimate the
genome content per nucleoid. Furthermore estimation of genome sizes can be optimized
by including copy numbers and DNA contents of the organelles. Being able to monitor
these data for a set of cultures might increase our knowledge about organellar
propagation and the effects of genome contents on cellular development. Furthermore
little is known yet, about environmental effects on nucleoid localisation, and on the
genome content of both, organelles and nuclei. Thus, the methods presented here might
contribute to recent studies in photosynthetic and non-photosynthetic protists and higher
plants (MacAlpine et al. 2000; Misumi et al. 2001; Gorsich and Shaw 2004; Oldenburg
and Bendich 2004; Rowan et al. 2004; Terasawa and Sato 2005a, 2005b; Li et al. 2006).
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