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“You are
what you eat”
W. Ford Doolittle (1998)

I. Introduction
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I.1

Zusammenfassung

Diatomeen und eine Vielzahl andere Algen sind aus einem Prozess hervorgegangen,
der als sekundäre Endocytobiose bezeichnet wird: Eine photoautotrophe
eukaryotische Alge wird durch eine eukarotische heterotrophe Zelle aufgenommen
und im Laufe der Evolution zu einem Organell umgewandelt.
Eine Konsequenz der sekundären Endocytobiose ist, dass die Diatomeen-Plastiden
von vier Membranen umhüllt sind. Kernkodierte Plastidenproteine weisen Nterminale, bipartite Präsequenzen auf, die aus einer Signal- und einer
Transitsequenz bestehen, und den Import in die Plastiden ermöglichen.
Der Mechanismus dieses Protein Transportes in die Plastiden der Diatomeen ist
jedoch weitgehend unbekannt. In dieser Arbeit wurde untersucht, wie die
Proteinimportmaschinerie der Diatomeen-Plastiden evolutionär entstanden sein
könnte.
Es wurde ein Modell zur Entstehung der Transportsysteme in sowohl primären als
auch sekundären Endocytobiosen entwickelt, welches in beiden Fällen eine
Beteiligung des sekretorischen Apparates des Wirtes fordert.
Weiterhin wurde der Proteintransport in die Plastiden der Diatomeen charakterisiert,
indem GFP-Fusionsproteine in der Diatomee Phaeodactylum tricornutum in vivo
exprimiert wurden. Es konnte gezeigt werden, dass GFP gezielt in verschiedene
Organellen und Membranen transportiert werden kann. Außerdem wurde ein
induzierbarer Promotor identifiziert.
Untersuchungen des Proteintransports in die Diatomee-Plastiden demonstrierten,
dass die die Signalsequenzen der bipartiten Präsequenzen mit solchen aus ERlumenalen Proteinen austauschbar sind und dass die Transitsequenzen beinahe
vollständig entfernt werden können, ohne den Import zu beeinflussen.
Allerdings wurde ein konserviertes Sequenzmotiv zwischen den Signal- und
Transitsequenz-Domänen identifiziert, welches auch in den Präproteinen anderer
Algen vorkommt, die ebenfalls durch sekundäre Endocytobiose entstanden sind.
Mutagenesen belegen, dass eine einzige Aminosäure (Phenylalanin) innerhalb
dieses Motives essentiell für den Transport in die Plastiden der Diatomen ist.
Außerdem deuten die Ergebnisse dieser Arbeit darauf hin, dass einige
Hüllmembranen der Plastiden durch einen vesikulären Transportschritt überquert
werden.
Darüber hinaus konnte gezeigt werden, dass Gene, die bei der sekundären
Endocytobiose von dem Endosymbionten in den Wirt transferiert wurden,
möglicherweise durch einen „Exon-Shuffling“-ähnlichen Prozess genetische
Elemente erhalten haben, die für Präsequenzen kodieren.
Schließlich konnte auch belegt werden, dass die ursprünglichen Fructose-1,6Bisphosphatasen der Diatomeen Plastiden durch lateralen Gentransfer substituiert
wurden.
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I.2

Abstract

Diatoms and a variety of other algae evolved by secondary endocytobiosis, i.e. by
uptake of a eukaryotic alga into a eukaryotic host cell and the subsequent
transformation of the endosymbiont into an organelle.
Due to this explicit evolutionary history diatoms possess plastids bound by four
membranes. Nucleus encoded plastid preproteins in diatoms have N-terminal
bipartite presequences consisting of a signal and a transit peptide domain,
respectively, to enter the plastids. However, only little information is available about
the mechanism how the actual import reaction occurs. Here, the possible evolution of
such protein transport systems is discussed and targeting of polypeptides within
diatoms characterized. DNA constructs using green fluorescent protein (GFP) fused
to targeting sequences have been generated to investigate on in vivo expression in
the diatom Phaeodactylum tricornutum.

Correct in vivo targeting into various

organelles and membranes has been demonstrated. We also isolated and
characterized a tightly regulated, inducible promotor from Phaeodactylum.
Experimental data is provided for the minimal requirements of a diatom plastid
targeting presequence. It is demonstrated i) that the transit peptide of at least one
plastid preprotein is largely removable without affecting plastid import, ii) that the
signal peptides of plastid preproteins and of ER targeted preproteins in diatoms are
functionally equivalent and iii) that a conserved amino acid sequence motif at the
signal peptide cleavage site is present in diatoms and a variety of other secondary
algae. As revealed by site directed mutagenesis, a single phenylalanine within this
motif is crucial for protein transport into the diatom plastids in vivo.
Additional results also show that a vesicular transport step within the envelope
membranes may be involved in the import of plastid preproteins and strongly support
the hypothesis of a multi-step plastid targeting process in chromophytic algae.
Comparing cDNAs and respective genomic DNA fragments encoding diatom plastid
preproteins, single spliceosomal introns in the regions encoding the presequences
were found indicating that the bipartite targeting sequences in these secondary algae
might have been acquired by recombination events via introns.
3

Furthermore, an example for gene substitution has been found: Diatom plastids do
contain class II aldolases which are not originating from the red algal endosymbiont
but rather has been acquired by lateral gene transfer from the host in endocytobiosis
or from bacteria.
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I.3

General introduction

Chloroplasts evolved by a process termed primary endocytobiosis (Fig. 1AB): a free
living photoautotrophic cyanobacterium has been engulfed by a eukaryotic
heterotrophic cell and was subsequently transformed into a chloroplast. One indicator
for this process is the presence of DNA in these organelles which is supposed to be
a remnant of the former cyanobacterial genome (Delwiche 1999).
Eukaryotic algae which evolved by primary endocytobiosis separated into three basal
lineages, which are found today: the red algae, the green algae and the glaucophytes
(Fig. 1). Similar gene content, composition and order in all analyzed chloroplast
genomes from various algal groups suggest that the separation into these three
lineages occurred after the reduction of the genome of the endosymbiont (Delwiche
& Palmer 1997, Douglas 1998, Durnford et al. 1999, Cavalier-Smith 2000).
Not all genes which disappeared from the genome of the endosymbiont were
lost: An analysis of the Arabidopsis genome revealed that as much as 18% of all
nuclear genes have a cyanobacterial origin, thus have been contributed by the
endosymbiont after primary endocytobiosis (Martin et al. 2002).
In a process called secondary endocytobiosis, eukaryotic algae were taken up
by a eukaryotic heterotrophic cell and also were reduced to a plastid (Fig. 1C-E).
Secondary endocytobiosis occurred at least twice in evolution, involving a green or a
red alga as endosymbiont, respectively, as suggested by the photosynthetic
pigmentation of algae evolved that way (Kroth 2002). Secondary endocytobiosis
dramatically increased algal diversity resulting in cryptophyta, euglenophyta,
haptophyta, heterokontophyta, dinophyta and chlorarachniophyta but also in the
colourless apicomplexa (Fig. 1B).

5

Fig.1: Evolution of algae by primary
and secondary endocytobioses.
(modified after Kroth 2002). (A) The
basal lineages of chloroplasts may
be traced back to one primary
endocytobiosis (prim. ECB) event 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 glaucophyta.
(B) At least two secondary
endocytobioses (sec. ECB) events
led to the evolution of a variety of
other eukaryotic algae including
nonphotosynthetic eukaryotes like
Plasmodium
falciparum,
the
infectious agent of malaria – and
trypanosomatids which received a
plastid by secondary endocytobiosis
but then apparently discarded it
(Hannaert et al. 2003).

During

secondary

endocytobiosis

most

eukaryotic

structures

of

the

endosymbiont (including the nucleus) disappeared; however, in chlorarachniophytes
and cryptophytes there is still a vestigial nucleus – the nucleomorph – left between
the membranes surrounding the plastid (Fig. 2D; Foth and McFadden 1994, Douglas
et al. 2001). Like in primary endocytobiosis, not all the genes from this disappearing
nucleus were lost but rather partially relocated to the nucleus of the new host.
Therefore proteins formerly encoded by the endosymbiont had then to be
supplied by the host. Chloroplasts of algae which originated by primary
endocytobiosis have two envelope membranes and import of nucleus encoded
preproteins is mediated by an N-terminal extension, the so called transit peptide. At
least in higher plants transit peptides are recognized by protein translocators termed
Tic and Toc (Translocon of the inner/outer chloroplast envelope membrane) and
imported into the chloroplast stroma (Jarvis and Soll 2001).
Due to their evolutionary history, plastids which evolved by secondary
endocytobiosis are surrounded by more than two – usually three or four –
6

membranes. More envelope membranes usually represent more barriers for the
exchange of substrates between the cytosol and the metabolically active plastids,
including the passage of nucleus encoded plastid proteins. In the case of diatoms
and other heterokontophytes the outermost of the four envelope membranes is
studded with ribosomes and appears to be continuous with the host endoplasmic
reticulum (ER) system. It is therefore designated chloroplast ER (CER, Gibbs 1978).
It is still unknown how proteins encoded by the nuclear genome of the host are
transported across the four membranes of such plastids. So far, all nucleus encoded
stromal plastid proteins in diatoms and other secondary algae appear to be preceded
by bipartite N-terminal extensions consisting of a signal peptide and a transit peptide.
The targeting capabilities of both domains in diatom preproteins have individually
been verified in in vitro experiments (Lang et al. 1998). However, signal peptides
enable protein transport across one single ER membrane whereas transit peptides
are known to facilitate protein transport across the two envelope membranes of
higher plants plastids. This raises the question how two targeting signals fused in
tandem may account for the transport across four membranes of complex plastids.
Fig. 2: Putative processes
involved in primary and
secondary endocytobiosis.
Primary endocytobiosis: (A)
A
phototrophic
cyanobacterium is engulfed
by
a
heterotrophic
eukaryotic
cell
and
transformed into (B) a
primary plastid surrounded
by
two
envelope
membranes. During this
process, most of the
cyanobacterial genome (G)
has been transferred to the
nucleus (N1) of the host cell
(indicated by a bent arrow)
or simply got lost. The
resulting so-called primary
alga may be regarded as the prototype of eukaryotic algae and is represented by modern
glaucophytes, red and green algae. Secondary endocytobiosis: (C) A eukaryotic primary alga is taken
up by a heterotrophic eukaryotic cell and subsequently transformed into a secondary plastid
surrounded by four membranes (D, E). (D) Transformation includes massive gene transfer from the
algal nucleus (N1) to the host nucleus (N2) (indicated by a bent arrow). In an intermediate state –
which may represent the cryptomonads and chlorarachniophytes – most of the endosymbiont´s
cytoplasmatic structures - including the mitochondria (M) – are already missing with the exception of
the vestigial nucleus. (E) Finally, the highly reduced alga is completely integrated in the host cell as a
secondary plastid. It should be noted, that in some algal groups (peridinine-containing dinoflagellates
and euglenophytes) secondary plastids are surrounded by only three membranes – probably due to
the loss of one of the two outermost membranes.
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In both primary and secondary endocytobioses vital genes of the respective
endosymbiont may only have been relocated to the nucleus of the respective host if a
way was found to redirect the respective gene products into the endosymbiont.
Therefore, in both primary and secondary endocytobioses a general pattern is
obvious: the transfer of endosymbiont genes and the efficient redirection of gene
products into the endosymbiont. Hence, the evolution of protein transport
machineries was one prerequisite for the permanent establishment of the
endosymbiont within the host.
After that, copies of respective endosymbiont genes that integrated into the
host nucleus genome had to acquire promoter elements and genes encoding plastid
targeting presequences. If such a gene is expressed and successfully transported
into the plastid, the respective gene copy of the endosymbiont is no longer necessary
and may be deleted (Palmer 2003).
Secondary endocytobiosis obviously was accompanied by a mass gene
transfer: Genes previously transferred from the cyanobacterial genome into the
nucleus genome of the first host (Fig 2B) had to be relocated in a second step into
the nucleus of the second host (Fig 2D). Taken together, there are at least three
requirements which were critical for the very beginning of endocytobiosis: i) the
evolution of a plastid protein import machinery, ii) the transfer of endosymbiont genes
into the host nucleus and iii) the genetic acquisition of plastid targeting signals.
In this study diatoms which belong to the heterokontophytes have been used
as model organisms to understand the processes in secondary endocytobiosis.
Diatoms are unicellular algae which are also particularly interesting due their
importance in the oceans for the global carbon cycles (Treguer et al. 1995, Smetacek
1999). Another interesting feature of diatoms is their cell wall consisting of
polymerized silicic acid showing nanoscale ornaments (see title of this work).
The pennate benthic diatom Phaeodactylum tricornutum has now become a
model organism to invstigate the biology and evolution of diatoms. Phaeodactylum is
a quickly growing diatom (therefore sometimes referred to as “brown yeast”) and
protocols for its stable nuclear transformation are available. In this work this diatom
has been utilized to investigate on the process of secondary endocytobiosis with
regard to evolution and mechanism of plastid the import machinery, gene transfer
processes and presequence acquisition.
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II. Main chapters
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II.1

Evolution of protein targeting into “complex” plastids:
the “secretory transport-hypothesis”

Kilian O and Kroth PG

II.1.1 Abstract
In algae different types of plastids are known, which vary in pigment content
and ultrastructure, giving the opportunity to study their evolutionary origin. One
interesting feature is the number of envelope membranes surrounding the plastids.
Red algae, green algae and glaucophytes have plastids with two membranes. They
are thought to originate from a primary endocytobiosis event, a process in which a
prokaryotic cyanobacterium was engulfed by a eukaryotic host cell and transformed
into a plastid. Several other algal groups like euglenophytes and heterokont algae
(diatoms, brown algae etc.) have plastids with three or four surrounding membranes,
respectively, probably reflecting the evolution of these organisms by so-called
secondary endocytobiosis, which is the uptake of a eukaryotic alga by a eukaryotic
host cell. A prerequisite for the successful establishment of primary or secondary
endocytobiosis must be the development of suitable protein targeting machineries to
allow the transport of nucleus encoded plastid proteins across the various plastid
envelope membranes. Here we discuss the possible evolution of such protein
transport systems. We propose that the secretory system of the respective host cell
might have been the essential tool to establish protein transport into primary as well
as into secondary plastids.

II.1.2 Introduction
According to the widely accepted theory of primary endocytobiosis, the origin
of the chloroplasts in all algal lineages can probably be traced back to a single
endosymbiotic event: A heterotrophic host cell engulfed a prokaryotic free-living
ancestor of the modern cyanobacteria and gradually transformed the now
endosymbiotic cell into an organelle (see Delwiche 1999; Cavalier-Smith 2000;
McFadden 2001). An apparently inevitable evolutionary consequence of such a
10

procedure is the subsequent transfer of genes from the endosymbiont´s genome to
the nucleus of the host cell. This led to a reduction of the former cyanobacterial
genome to about 1-5 % of the original size and must have raised the necessity of a
reimport of essential gene products from those transferred genes back into the
organelle (Martin and Herrmann 1998; Blanchard and Lynch 2000).
According to a variety of analyses it is likely that the primary endocytobiosis
resulted in an evolutionary line that divided into the two main lineages represented by
the modern red and green algae and additionally into a smaller third group, the
glaucophytes (Delwiche and Palmer 1997; Douglas 1998; Durnford et al. 1999;
Cavalier-Smith 2000). Plastids of these three algal groups have two envelope
membranes (the glaucophytes still possess a residual murein sacculus between the
envelope membranes, see Steiner and Löffelhardt 2002), but a rather different type
of photosynthetic pigmentation and thylakoid structure indicating an early branching
of glaucophytes, rhodophytes and chlorophytes (the latter representing the ancestors
of land plants) after the primary endocytobiotic event. However, the period between
establishment of primary endocytobiosis and evolutionary separation into different
lineages apparently was long enough to allow the transfer of most of the genes from
the endosymbiont to the nucleus because gene content and topology of all plastid
genomes analyzed so far are quite similar (Martin et al. 1998).
Chloro- and rhodophytes in turn became the ancestors of plastids of algal
taxa that evolved by secondary endocytobiosis (Gibbs 1981; Cavalier-Smith 1986,
2000; McFadden et al. 1994). In this case eukaryotic photoautotrophic cells were
engulfed by eukaryotic phagocytotic cells as prey and kept in food vacuoles. In some
cases where the photoautotrophs had escaped or resisted digestion they might have
become gradually reduced and turned into secondary plastids. A typical indicator for
secondary plastids is the presence of more than two - usually three or four - plastid
envelope membranes. The outermost plastid membrane is often related to the host
endomembrane system; in cryptophytes and heterokont algae (brown algae,
diatoms, and related algae), which have four-membrane plastids, this membrane
may be continuous with the host´s ER membrane system (Gibbs 1979; Ishida et al.
2000) and is therefore named CER (chloroplast endoplasmic reticulum) (Bouck,
1965). The nature of the second membrane from outside in four-membrane plastids
is unknown, it has been interpreted to be either the former cytoplasmic membrane of
the endosymbiont (Gibbs 1981, Cavalier-Smith 2000) or a second layer of ER
11

membrane resulting from ER wrapped around primary plastids in some kind of
autophagosomal engulfment (Melkonian 2001).
Secondary plastids are assumed to have evolved at least several times
independently (the exact number is still under debate; see Cavalier-Smith 1986,
2000; Delwiche 1999) resulting in different lineages: euglenophytes, peridinincontaining

dinoflagellates

cryptophytes,

(three

chlorarachniophytes,

envelope

membranes),

haptophytes

(four

heterokontophytes,

membranes),

and

the

apicomplexa. The latter group includes human parasites such as Plasmodium or
Toxoplasma that contain secondarily reduced secondary plastids no longer capable
of photosynthesis (Waller et al. 2000). The exact number of membranes surrounding
the apicoplast is controversial – most of the recent publications describe four
surrounding membranes for all apicomplexa analysed (for example Köhler et al.
1997b; McFadden and Roos 1999). There are, however, reports that at least in
Plasmodium three bounding membranes are found (Hopkins et al. 1999).
In most cases secondary endocytobiosis led to a nearly complete reduction of
the former eukaryotic endosymbiotic cells to photosynthetic organelles. Remaining
indicators of the eukaryotic origin of complex plastids are the nucleomorphs in
chlorarachniophytes and in cryptophytes (Gillot and Gibbs 1980; Gilson et al. 1997).
They are found between the second and the third plastid envelope membrane and
are thought to represent vestigial nuclei of the eukaryotic endosymbionts (Douglas et
al. 2001).
More envelope membranes usually represent more barriers for the exchange
of substrates between the cytosol and the metabolically active plastids, including the
passage of nucleus encoded plastid proteins. As during both primary and secondary
endocytobioses most of the genes needed for functional plastids had been relocated
from the endosymbiont to the nucleus of the respective host, the development of
suitable protein targeting pathways into the endosymbionts was the most urgent task
during the establishment of plastids. Here we discuss whether at least two different
cellular protein targeting systems, i.e. the secretory pathway and post-translational
import machineries, respectively, have been utilized to establish primary and
secondary plastids.
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II.1.3 Evolution of a targeting system for plastids with two membranes
Cellular membranes are - and have to be - very conserved with respect to lipid
and

protein

content

(“membrane

heredity”:

Cavalier-Smith

1995),

thus

a

characterization of the plastid envelope membranes might reveal clues about the
origin and the course of events during primary endocytobiosis. The plastidic inner
envelope membrane from land plants and algae is very likely homologous to the
plasma membrane of the gram-negative cyanobacterial ancestor; the origin of the
outer membrane, however, is less clear. In theory it could be assigned either to the
phagotrophic membrane surrounding the endosymbiont or to the outer membrane of
the gram negative cyanobacterial endosymbiont. Biochemical analyses of the
membranes are ambivalent (Joyard et al. 1998). On one hand the outer envelope
membrane has a high content of galactolipids and carotinoids, which is also found in
cyanobacterial outer membranes and which has been interpreted as an indicator for
a prokaryotic origin of the outer envelope membrane (Jürgens and Weckesser 1985).
On the other hand a high content of phosphatidylcholine might point to a eukaryotic
origin of the outer plastid membrane (Joyard et al. 1998).
It is very likely that during primary endocytobiosis the gram-negative
cyanobacterial endosymbiont had been taken up into a phagotrophic vacuole. The
vacuolar membrane together with the two cyanobacterial membranes would at first
have added up to three membranes. If so, one of these three membranes must have
been lost probably at a very early stage of primary endocytobiosis. To explain both
prokaryotic and eukaryotic features of the plastid outer envelope membranes and the
loss of one membrane in the putative initial state of endocytobiosis, the assumption
of a functional “fusion” of the phagotrophic membrane with the outer cyanobacterial
membrane at an early stage of endosymbiosis is tempting (see Cavalier-Smith 1999,
2000). As a direct membrane fusion of two neighbouring membranes is functionally
unlikely, one could assume that a simple loss of one of the two membranes led to an
incorporation of lipids and correspondingly polypeptides, receptors etc. into the
residual membrane resulting in a gradual transformation of this membrane. From this
perspective it does not really matter which membrane actually disappeared: either
the phagotrophic membrane, for example by a simple escape of the “prey” out of the
phagotrophic vacuole into the cytosol (Cavalier-Smith 1982), or the outer
cyanobacterial membrane, for instance during cell/organelle division. In the latter
case, the remaining membrane, already carrying eukaryotic key elements for
13

vesicular transport mechanisms, would naturally be regarded as an interface
membrane as it would delimit the host from the endosymbiont. Therefore, it is likely
that this membrane worked as an acceptor for lipids and proteins from both
organisms leading to a structurally and functionally chimeric membrane. This view is
supported by several peculiar characteristics of chloroplast outer envelope
membranes that have been described recently, including the fusion/fission of vesicles
apparently shuttling between plastid envelopes and vacuoles in Chlamydomonas
reinhardtii (Park et al. 1999) and the visualization of GFP protein migration between
individual plastids of higher plants via connecting channels by fluorescence
microscopy (Koehler et al. 1997a).
In recent years there have been considerable efforts to characterize the
structure and functionality of the protein import system from land plant plastids (Chen
and Schnell 1999; Heins et al. 1998; Keegstra and Cline 1999). In plants nucleus
encoded plastid proteins are synthesized in the cytosol and imported into the plastids
afterwards. Correct targeting is achieved by an N-terminal extension, the so-called
transit peptide. Transit peptides as a group share little similarity with respect to their
amino acid sequences, but usually have typical characteristics regarding their
secondary structure and amino acid content (Bruce 2000). The transit peptide is
thought to facilitate binding of the precursor protein to the outer envelope membrane
followed by an energy dependent transport step across the two envelope membranes
involving

chaperones

(Vothknecht

and

Soll

2000).

Several

proteinaceous

components of the plastid import apparatus have been characterized to date and
were assigned to two complexes, one of the inner membrane (translocator of the
inner chloroplast membrane, Tic complex) and one of the outer membrane
(translocator of the outer chloroplast membrane, Toc complex). Functional studies
show that these complexes form two translocons that interact during transfer of the
preprotein through the membrane channel (Heins et al. 1998). After the import
reaction the transit peptide is cleaved off by a stromal peptidase setting the mature
protein free for its individual task or for further sorting events within the plastid
(Robinson et al. 1998).
It is important to note that with respect to import characteristics and specificity
of transit peptides the protein import mechanism of land plant plastids seems to be
related to plastids of algal lineages that also evolved by primary endocytobiosis,
namely red algae, glaucophytes and green algae (Apt et al. 1993; Jakowitsch et al.
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1996; Kindle and Lawrence 1998). For example, studies using plastid preproteins
from red algae (also harbouring two-membrane plastids) show that those precursors
can be imported into land plant plastids in vitro (Apt et al. 1993). Similar results were
obtained for cyanellar preproteins like pre-FNR of the glaucophycean protist
Cyanophora paradoxa (Jakowitsch et al. 1996). These experiments indicate that the
basic protein import apparatus might have evolved before the three lineages with
primary plastids split and diverged.
The origin of the Tic/Toc-import system presents an intriguing unsolved
problem. In our view it is very unlikely that the plastid protein import machinery as we
know it from land plants was in place fully functional directly after primary
endocytobiosis; rather it had to be developed in intermediate steps. Proteins of the
cyanobacterial secretory system might have served as starting tools for constructing
the translocons. There is evidence that at least four components of the inner and
outer membrane translocons (Toc75, Tic55, Tic 22 und Tic20) have homologues in
cyanobacteria indicating that at least parts of the import machinery originate from the
endosymbiont and not from the host cell (Heins and Soll 1998; Reumann and
Keegstra 1999; Reumann et al. 1999). It has been speculated that the putative
ancestral Toc75-homologue, synToc75, belongs to a group of bacterial proteins
responsible for the export of smaller proteins out of the cell. The cytosolic expression
of the ancestor of Toc75 may have been followed by a subsequent insertion of this
protein into the outer membrane in reverse orientation, thus enabling import functions
(Reumann et al. 1999). Other components of the higher plant plastid translocons do
not show any similarity to cyanobacterial proteins, either because the sequence
similarity is too low or because those proteins do not originate from the
endosymbiont. Mitochondria had been established prior to chloroplasts (see Doolittle
1998; Martin and Müller 1998) and the respective protein import machineries give the
impression of working according to similar principles (Heins et al. 1998; Rassow and
Pfanner 2000). However, no sequence similarities between the respective transport
systems in mitochondria and chloroplasts could be identified so far, suggesting that
they evolved convergently.
How can the individual – and still speculative – histories of plastid envelope
membranes and the protein targeting machinery be combined? It is reasonable to
assume that soon after primary endocytobiosis the host cell and the endocytobiont
inside of the phagotrophic vacuole had to find ways to communicate. Phagotrophic
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vacuoles or endosomes are part of the eukaryotic endosomal/lysosomal system. The
transfer of genes from the endosymbiont to the nucleus probably started early during
the establishment of endocytobiosis and essential proteins destined for the
endosymbiont may have been transferred into this vacuole by the secretory system
(which essentially would represent a transport out of the host cell). The process of
protein transport via the secretory system is mediated by one of the most ancient
protein transport machineries that already existed in prokaryotes and in early
eukaryotes (Walter and Johnson 1994). In eukaryotic cells proteins are inserted
cotranslationally into the endoplasmic reticulum and may be further transported to
different organelles, e.g. via the Golgi apparatus, or exported out of the cell across
the plasma membrane. In contrast to transit peptide dependent import mechanisms
here protein transport is facilitated across a single membrane and depends on a
hydrophobic N-terminal signal peptide. Assuming that at the very beginning of
endocytobiosis the secretory pathway had been the first possible way to target
proteins to the endosymbiont, the essential translation products of genes that were
transferred to the nucleus would have had to be equipped with a signal peptide first
for entrance into the secretory system (Fig.1, A1), i.e. for a passage through the
outermost organellar membrane (Bodyá 1997; Cavalier-Smith 1999). Further
transport into the plastids might have occurred by unspecific channels. A variety of
more or less specific secretory protein channels are present in the inner membranes
of gram negative bacteria which might work in the opposite direction without severe
modifications (Reumann and Keegstra 1999). The delivery of proteins into the
phagotrophic vacuole might have been enabled by an accidental conversion of the
vacuole, e.g., by the functional fusion with the trans-Golgi network. Such a fusion
might have occurred either physically (thereby releasing the content of the
phagotrophic vacuole into the trans-Golgi network) or by modification of t- and vSNARE-proteins which mediate the fusion of vesicles with the correct target
membrane in eukaryotic cells (Bodyá 1997). In the latter case, a modified pair of tand v-SNAREs might have enabled the shuttling of vesicles containing proteins
between the respective compartments (Cavalier-Smith 2002). Similarly, a simple
failure of the packaging machinery regulating the uptake of proteins into vesicles
shuttling between the phagotrophic vacuole and e.g. the ER, might have enabled
unspecific protein exchange between both compartments. The secretory pathway
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would thus have allowed the unspecific transport of nucleus encoded plastid proteins
to the plastids together with all other secretory proteins.
To establish a more specific and efficient delivery of proteins into the plastid, the
existing transit peptides might have been used as additional sorting signals.
However, a specific delivery of proteins directly to the organelle via the
endomembrane system is not a prerequisite for the supposed model. If the
phagotrophic vacuole was part of the endosomal system involved in the bulk flow of
secreted proteins to the plasma membrane no specific targeting within the
endosomal membrane system would be needed.
It is very likely that a plastid specific translocator and the appropriate target
signals co-evolved. But the existence of individual translocator complexes in each
envelope membrane of primary plastids raises the question whether it was necessary
to establish a complete Tic/Toc system to transport a protein into the evolving plastid.
One might speculate that in plastids the Tic complex, especially the pore forming
Tic110 (Heins et al. 2002) might have evolved first (Fig. 1, A2) followed by
establishment of the Toc complex (Fig 1, A3). After the addition of transit peptide
sequences to nucleus encoded plastid preproteins a specificity of the inner
membrane translocon for these transit peptides would have enabled correct and
efficient targeting of proteins into the endosymbiont´s cytoplasm. This would mean
that before the Toc complex evolved plastid proteins had to be equipped with a
bipartite presequence consisting of a signal sequence and a transit sequence,
respectively. This scenario only requires the evolution of a protein translocator at the
innermost plastid membrane first, followed by a step by step addition of signal and/or
transit sequences, respectively, to plastid proteins to accomplish proper targeting of
plastid proteins encoded by the host´s nucleus (Fig. 1, A1-A4). Later, the evolution of
a translocation complex in the outer membrane could consequently bypass the
participation of the host secretory system if it had a specificity for transit peptides or
bipartite presequences. This idea is supported by the finding that Toc159 which
mediates the transit peptide recognition in land plant plastids shows sequence
homology to signal recognition particle receptors (Heins et al. 1998). The subsequent
evolution of a transit peptide-specific import system in the outer plastidic membrane
might have occurred more slowly.
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Fig 1: Evolutionary model describing the possible events that resulted in protein targeting
mechanisms in primary and secondary plastids. A1 to A4: evolution of primary plastids (chlorophytes,
rhodophytes, glaucophytes). The bars below the figures represent the respective structure of the
presequences at the individual developmental stages. B1 to B3: Possible evolution of protein
targeting in plastids with four bounding membranes (for example cryptophytes, chlorarachniophytes,
heterokontophytes) assuming a vesicular transport of preproteins across the periplastidic space. C1 to
C3: Development of plastids with three bounding membranes (euglenophytes, dinoflagellates) by loss
of the former plasma membrane of the endosymbiont. Further explanation is given in the text,
abbreviations are explained below.
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Both transport pathways, the proposed cotranslational step

followed by a

specific transport (mediated by bipartite presequences) and the transport via the
emerging complete transit-peptide-depending Tic/Toc-system might both have
existed in a transient state before the latter system succeeded being much more
powerful for the correct targeting of proteins into the endosymbiont. The presence of
transit peptide-specific translocons in the outer plastidic membrane (Fig.1, A4) might
have initiated the rapid deletion of the now unneeded signal sequences. If the newly
evolved translocons would have had a specificity for signal peptides within the
bipartite leader it is reasonable to assume that such domains subsequent were
modified by coevolution with the respective receptor associated with that translocon.
This might explain the modular structure of transit peptides in plants (Bruce 2000)
and previous results indicating that the N-terminal part of the SSU protein leader
peptide in Chlamydomonas is processed to an intermediate form in the envelope
intermembrane space upon import into chloroplasts (Su et al. 1999).
The obvious bottle-neck of this hypothesis is the assumption of three
successive steps modifying the presequences: the addition of signal peptides,
followed by an addition of transit peptides or replacement of signal peptides by transit
peptides and eventually the loss of the signal peptide domains. A direct development
of a transit-peptide-specific system would only require the addition of transit peptides
to transferred genes. However, this is only true for those genes that were transferred
to the nucleus at an early stage of endocytobiosis. For genes that were transferred
later (when Tic- and Toc- systems were available) in this still ongoing process of
gene migration to the nucleus (Palmer 1997) indeed a “simple” addition of a transit
peptide might have been sufficient. Furthermore, it has been demonstrated that the
addition/deletion of presequences can be moderated by processes like “exonshuffling” or random recombination (Long et al. 1996, Kadowaki et al. 1996). Finally
time might be a less critical factor in evolution than the successive construction of
cellular functionality.

II.1.4 Evolution of protein targeting systems for plastids with more than two
envelope membranes
A variety of algal groups are supposed to have evolved by secondary
endocytobioses, such as euglenoids, dinoflagellates, heterokonts, haptophytes,
apicomplexa,

cryptomonads,

and

chlorarachniophytes

(Cavalier-Smith

2000;
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Delwiche and Palmer 1997). One of the reasons that secondary endocytobioses
apparently have occurred several times successfully during evolution might be the
fact that in these cases both partners - host as well as endosymbiont - were
eukaryotic cells, therefore mutual adaptation might have been easier due to the
similarity of basic structures and functions. For example, genes that were transferred
from the nucleus of the secondary endosymbiont to the nucleus of the host were
already equipped with eukaryotic promotors. Protein import machineries did not have
to be invented de novo (see above), but were already present and simply had to be
combined. In fact, although there are distinct differences between secondary plastids
(number of envelope membranes, presence or absence of CER or nucleomorph),
presequences of stromal plastid proteins in the various algal lineages all show
structurally similar bipartite presequences, consisting of a signal peptide followed by
a transit peptide domain, which is apparently functionally homologous to the transit
peptides of land plants (Lang et al. 1998; Inagaki et al. 2000). This indicates that
despite of the differences in plastid structure in all those lineages similar import
pathways may have been evolved independently to enable protein targeting into
complex plastids. To explain such parallel developments we propose that secondary
endocytobiosis followed a similar scheme involving three different protein transport
systems that might have been combined to establish protein targeting to the plastids
of the endosymbiont: (i) the secretory system of the host cell, (ii) the secretory
system of the endosymbiont and (iii) the plastid import machinery. We argue that
differences of the individual import pathways in different secondary plastids might be
due to partial modification and/or deletion of various steps of the complex protein
transport pathways in order to meet the requirements of the individual cell lineages.
The probably best characterized import system for complex plastids are in the
three membrane plastids from Euglena (Schwartzbach et al. 1998). Although there
are no visible connections of the outer plastid membrane with the cellular ER system
it has been shown that plastid protein precursors from Euglena can be inserted
cotranslationally into ER membranes (Sulli et al. 1999). The complete transfer into
the ER seems to be prevented by stop-transfer domains within the presequences. In
vivo pulse-chase experiments have demonstrated that in Euglena plastid preproteins
first are synthesized at cytosolic ER membranes, followed by a subsequent passage
through the secretory pathway (Golgi apparatus) and a further vesicular transport
across the cytoplasm before entering the plastids (Muchhal and Schwartzbach 1992).
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Sulli et al. (1999) proposed that the vesicles fuse with the outermost plastid
membrane and that preproteins are subsequently transported across the three
plastid envelope membranes simultaneously. Apparently, in Euglena the secretory
system of the host as well as a plastid translocator are involved in plastid targeting
whereas the secretory system of the endosymbiont may have been reduced
completely.
Plastids having four surrounding membranes are found in different algal
groups that partially have evolved independently, like heterokonts, haptophytes,
cryptomonads, chlorarachniophytes, and presumably the apicomplexa (McFadden
1999). While ribosomes are attached to the outermost membrane of plastids in some
of those lineages, the respective membranes from others are smooth, indicating that
protein transport into the different complex plastids might be achieved by individual
mechanisms. However, the structural similarity of plastid targeting presequences and
the few experimental data available indicate that similar pathways might be involved.
Waller et al. (2000) demonstrated that protein import into the reduced plastids from
Plasmodium called apicoplasts can be dissected in vivo into at least two independent
transport steps involving the secretory (ER)-system and a transit-peptide-depending
system. Similar results were obtained for the photosynthetic plastids from the diatom
Phaeodactylum tricornutum (Apt et al. 2002). In contrast to apicoplasts, the
outermost membrane of diatom plastids is studded with ribosomes. Functional
analysis of diatom plastid presequences in vitro demonstrates that the signal
sequences enable transport into pancreatic microsomes (Bhaya and Grossman
1991; Lang et al. 1998). In vivo-experiments also demonstrated that the complete
targeting information for transport across the four membranes must be located within
the presequence and not within the mature protein (Waller et al. 2000; DeRocher et
al. 2000; Apt et al. 2002).
As the two demonstrated import steps (cotranslational transport mediated by a
signal peptide and posttranslational translocation through one or both inner envelope
membranes mediated by a transit peptide) may only account for the passage across
a maximum of three membranes, at least one additional transport step (specific or
unspecific) has to be assumed. Generally, there are two plausible possibilities for
proteins to be transported into four membrane plastids (Gibbs 1979; Kroth and
Strotmann 1999; Cavalier-Smith 2002). These two options differ in the way how
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preproteins cross the second membrane from outside (thus leaving the ER system)
and how the preproteins are transported across the periplastidic space (Fig.2):
-

The vesicular shuttle model

There is evidence from a variety of electron microscopical data that vesicular or
reticular structures are present in the periplastidic space of heterokont algae (Gibbs
1979). Gibbs postulated that a vesicular shuttle system might be involved in targeting
of nucleus encoded plastid proteins based on experiments employing inhibitors of
plastidic or cytosolic protein synthesis resulting in an increasing or decreasing
amount of such vesicular structures, respectively (Smith-Johannsen and Gibbs,
1972).
-

The translocator model

Plastid proteins first enter the ER/CER by a cotranslational import reaction. In
heterokonts and cryptophytes they are directly in the right position for further
transportation across the next (second from outside) membrane. In organisms
without CER a vesicular shuttle from the ER across the cytosol to the plastids would
have to occur as demonstrated for Euglena. The translocation into the periplastidic
space may occur via a specific or unspecific translocator. If a specific transporter
should be involved, the targeting information for this transporter should be located
within the transit peptide domain as the signal peptide is likely to get cleaved off by a
signal peptidase during the first cotranslational transport step. Therefore it has been
proposed that this putative transporter might be an additional Toc-complex working in
tandem with the Toc complex of the second membrane (counted from inside)
(Cavalier-Smith 1999; McFadden 1999; Bodyá 2002).
Based on the postulated involvement of the vesicular or reticular structures in
the periplastidic space in protein targeting (Smith-Johannsen and Gibbs 1972), we
want to focus on the question how protein transport into complex plastids may have
evolved and try to explain why there might be a general pattern underlying the
evolution of plastid protein targeting mechanisms. Secondary endocytobiosis
probably followed a typical course of events: The endosymbiont was taken up by
phagocytosis, and therefore was surrounded by an endosomal membrane. It is likely
to assume that initial protein targeting to the plastid had involved the secretory
system of the host to transport proteins into the endosome after the transfer of the
respective genes. This is supported by the finding that all preproteins targeted to
complex plastids reveal N-terminal signal peptides, indicating that the secretory
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system is still involved in plastid protein targeting (in whatever way) in all organisms
with secondary plastids.

Fig 2: Models for protein translocation into plastids with four surrounding membranes. In the vesicular
shuttle model proteins are transported cotranslationally into the lumen of the chloroplast endoplasmic
reticulum (CER), then cross the periplastidic space (PS) via vesicles and are released into the inter
envelope space (IES). Final import occurs via a Tic translocator. In the translocator model proteins are
transferred into the periplastidic space by an additional translocator (T) in the second membrane (as
counted from outside), followed by a transport into the plastid stroma via two additional translocators
similar to the Toc and Tic translocators in land plant plastids. See text for further details (R: ribosome,
V: vesicle).

The second membrane for plastid proteins to cross after entering the secretory
system is the former plasma membrane of the endosymbiont, which originally should
have been able to take up substances by phagocytosis and target these substances
into its endosomes/lysosomes or to its ER/Golgi system (Fig. 1, B1/C1). It is plausible
to assume that after a reduction of the endosymbiont´s secretory system proteins
might have been transferred directly through the endosymbiont´s cytoplasm (the
periplastidic space) by endocytotical uptake and vesicular transport, followed by
fusion of these vesicles with the outer envelope of the two-membrane plastids as
postulated above for early primary plastids (Fig. 1, B2). Such a transport step would
direct preproteins between the inner and outer plastid envelope membranes,
therefore requiring a further import across the final membrane solely by an inner
membrane (Tic) transport system (Fig. 1, B3). At this intermediary stage plastid
preproteins that were still encoded by the nuclear genome of the endosymbiont might
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additionally have been transported into the plastid by a cooperation of the Tic and the
Toc apparatus, respectively (Fig. 1, B2). This would imply that at the very beginning
of secondary endocytobiosis two parallel import systems might have existed,
essentially as we have proposed for early primary endocytobiosis. Assuming that at
this time the outer envelope membranes of primary plastids still were capable to fuse
with vesicles of the secretory system (and maybe still are, see Park et al. 1999), the
establishment of secondary endocytobiosis would have been dramatically simplified,
because at this stage plastid preproteins, whose genes had been translocated to the
nucleus of the secondary host and which were still equipped with bipartite
presequences, could easily enter the plastids by the secretory/vesicular pathway
using the still existing signal peptides (Fig. 1, B1/C1).
The respective intermediate stage (Fig. 1, B2) might already represent the
situation we find in chlorarachniophytes. These organisms presumably have to
translocate plastid preproteins from the cytoplasm as well as from the periplastidic
space into the plastids (Häuber et al. 1994, Bodyá 1997). As they do not have a CER
it is likely that plastid preproteins have to enter the secretory pathway of the
secondary host before further plastid targeting is possible. Experimental data from
Apicomplexa plastids also having four membranes and no ribosomes attached
indeed support this view (DeRocher et al. 2000; Waller et al. 2000).
Remarkably, the nucleomorph encoded plastid proteins in the cryptophyte Guillardia
theta are carrying targeting sequences which completely differ from the transit
peptides of the respective nucleus encoded preproteins (Douglas et al. 2001). Wastl
and Maier (2000) succeeded in the isolation of import competent Guillardia theta
chloroplasts harbouring the two inner envelope membranes only thus offering a
unique system to investigate the protein transport across the two innermost
membranes of four membrane plastids of cryptophytes. Interestingly, import
experiments showed that transit peptides of nucleomorph encoded plastid
preproteins as well as the transit peptides of higher plant plastid preproteins are
capable to direct proteins into isolated G. theta chloroplasts. However, the transit
peptide of a nucleus encoded plastid protein from G. theta failed to enable import into
isolated G. theta chloroplasts whereas import of the same precursor into isolated pea
chloroplasts has been successful. This structural and functional difference between
the respective transit peptides of nucleus and nucleomorph encoded plastid proteins
led to the assumption that both types of preproteins utilize different transport systems
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to traverse the third membrane (Wastl and Maier 2000). This means that
nucleomorph encoded proteins might be transported via the Tic/Toc system, while
nucleus encoded proteins would be shuttled in vesicles through the periplastidic
space.
From the described intermediate stages (Fig. 1, B1/C1) the other complex
plastids and transport types can be easily derived. A reduction of the second
membrane (from outside) and the cytosol of the host might have resulted in the three
membrane plastids of euglenophytes (Fig. 1, C2/C3). In these organisms plastid
preproteins are still intracellularly translocated by the ER and the Golgi system,
followed by a fusion of the vesicles with the outermost of the three membranes and a
further transport utilizing supposedly Toc- and Tic-like mechanisms. If euglenophyte
plastids originally had four membranes there is the question which of the two
outermost membranes may have disappeared. There are several hypotheses how
the three-membrane plastids from euglenophytes evolved. Gibbs (1978) proposed
that the phagocytic outer membrane might have been lost; similarly Schnepf (1993)
pointed out that the unusual myzocytotic feeding habits of euglenophytes might
explain primary plastids with three membranes (“Kleptochloroplasts”). On the other
hand Cavalier-Smith (2000) proposed the loss of the former plasma membrane of the
endosymbiont. Considering the given protein import characteristics, we think this
scenario is more likely.
In heterokonts a transformation of the phagotrophic membrane into an ERtype membrane might have enabled the cotranslational entry of plastid preproteins
across the outermost plastid envelope membrane (CER). This landmark step in
plastid evolution may not so much be the possibility to enable cotranslational
transport at the CER membranes but to allow functional connections between the
chloroplast ER and the cytosolic ER. Such connections have been demonstrated by
electron microscopy of cells with few plastids (see Gibbs 1981) and more recently for
multiple plastids-bearing heterokont organisms (Ishida et al. 2000). If the
translocation of preproteins across the periplastidic space indeed occurs in a
vesicular way, Toc proteins would not be necessary for the final transit peptide
depending protein transport step (Fig. 1, B3). Furthermore Toc proteins would be
useless because no nucleomorph is present in heterokonts that would require protein
targeting from the periplastidic space to the plastid stroma. This hypothesis could be
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substantiated by investigating the presence of Toc- und Tic genes or proteins in
heterokont algae.

II.1.5 Comparison to other models
We have described a possible model of the evolution of primary and
secondary plastids. We argue that the first protein import system in ancestral primary
plastids might have been the host´s secretory system, which later was replaced by
modern, transit sequence specific translocation machineries. This model predicts that
the evolution of a bivalent import mode in ancient primary plastids – i.e. the utilization
of bipartite and transit sequences in parallel – might have been present over a longer
period of time while the conversion of a cyanobacterium into a well integrated
organelle progressed.
In the last years the consciousness about the cellular complexity and
difficulties of the conversion of a eukaryotic alga into an organelle during the process
of

secondary

endocytobiosis

strongly

increased.

In

these

independent

endocytobioses transport pathways must have been evolved to deliver proteins as
well as metabolites into the organelle. Especially the mass transfer of nuclear genes
from the endosymbiont to the nucleus of the host and their subsequent alteration by
the addition of transport signals led to the development of different theories trying to
explain the establishment of secondary plastids. According to Häuber et al. (1994)
organisms with secondary plastids originally contained primary plastids that were
replaced by eukaryotic algae. Bodyl proposed that primary plastids originally had
three surrounding plastids and then lost one membrane (Bodyá 1997). He also
speculated that secondary plastids might have been replaced by eukaryotic algae,
thus by other secondary plastids (Bodyá 2002). The weakness of these models is the
assumption of a punctual event (replacement of plastids or loss of a membrane) and
the unability to explain how the modification of about 2000 to 3000 preproteins may
have occurred in such a short time period. Another problem is the compatibility of
proteins from different plastids. Concerning the various plastid protein complexes that
consist of plastid and nuclear encoded subunits, it is rather unlikely that a plastid
which just replaced another plastid is able to cope with the set of proteins that were
functional in the former plastid.

In contrast, our model presented here describes the

evolution of primary and secondary protein transport machineries by successive step
by step events. As indicated in Fig. 1 (A3) it also predicts that early in evolution
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primary algae may have been more “competent” for the transformation into a
secondary plastid. This increased probability of secondary endocytobiosis is due to
already established transport systems which simply have been reutilised during
secondary endocytobiosis. As signal peptide dependent protein transport may have
disappeared during further evolution of primary plastids also the probability of
secondary endocytobioses might have decreased dramatically. This might explain
why we do not find more recent secondary endocytobioses.
Endocytobiosis may have occurred frequently during evolution, but only a few cell
lines were able to develop an intimate host/endosymbiont relationship that persisted
over the long term. One of the main reasons for endocytobioses may have been the
possibility to enable substrate transport between both partners. Therefore in future
the analysis of general metabolite transport systems might help to understand how
endocytobioses might have occurred. Here especially the transport systems of
organisms with complex plastids might reveal the potential of cells to recombine
while preserving cellular functionality.
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II.2

In vivo characterization of diatom multipartite
plastid targeting signals

Apt KE., Zaslavkaia L, Lippmeier JC, Lang M, Kilian O, Wetherbee R, Grossman AR
and Kroth PG

II.2.1. Abstract

Plastids of diatoms and related algae are delineated by four membranes: the
outermost membrane (CER) is continuous with the endoplasmic reticulum while the
inner two membranes are homologous to plastid envelope membranes of vascular
plants and green algae. Proteins are transported into these plastids by
presequences that have two recognizable domains. To characterize targeting of
polypeptides within diatom cells, we generated constructs encoding green fluorecent
protein (GFP) fused to leader sequences. A fusion of GFP to the presequence of BiP
(an ER-localized chaperone) resulted in accumulation of GFP within the ER; a
construct encoding the presequence of a plastid protein fused to GFP was directed
into the plastids. Additional constructs demonstrated that the amino-terminal region
of the bipartite plastid targeting presequence was necessary for transport of
polypeptides to the lumen of the ER, while the carboxy-terminal region was shown to
enable the proteins to traverse the plastid double envelope membrane. Our data
strongly support the hypothesis of a multi-step plastid targeting process in
chromophytic algae and raises questions about the continuity of the ER and CER
and the function of the latter in polypeptide trafficking.

II.2.2 Introduction

Diatoms (Bacillariophyceae) are a diverse and ubiquitous group of
photoautotrophic, aquatic organisms. They are abundant primary producers and are
responsible for fixing a significant portion of carbon in the oceans (Werner 1977;
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Tréguer et al. 1995). Taxonomically, diatoms have been allied with the
Phaeophyceae (brown algae) and Chrysophyceae within the kingdom Chromista
(Cavalier-Smith 1986, 2000) (familiarly called chromophytes). These algal groups are
characterized by a photosynthetic apparatus that contains xanthophylls (fucoxanthin)
and chlorophylls a/c as dominant light harvesting pigments (Grossman et al. 1995).
Diatoms and other chromophytic algae also possess ‘complex plastids’ delineated by
four distinct membranes (Gibbs 1979). This feature has been proposed to reflect the
origin of chromophytic plastids by a secondary endocytobiotic event; i.e. engulfment
of a eukaryotic alga by a nonphotosynthetic eukaryote which led to permanent
residence of the photosynthetic organism within the host tissue and subsequent
evolution of a plastid. The ancestral chromophytic plastid is thought to be related to
red algae (Martin et al. 1998), which themselves arose by primary endocytobiosis.
Organelle evolution appears to be linked to a massive transfer of genes from the
genome of the engulfed photosynthetic organism to the host nuclear genome (Martin
and Herrmann 1998; Delwiche 1999). While the endosymbiotic establishment of a
plastid resulted in enhanced complexity of the chimeric cell, the evolution of a
successful permanent residency required the modification of a number of cellular
processes, such as the trafficking of both metabolites and proteins between the
cytoplasmic and plastid compartments.
Four membranes delineate the chromophytic plastid. The inner two appear to
be homologous to the double membrane envelope of plastids from red algae, green
algae and vascular plants. A third unique membrane completely surrounds the
plastid envelope and is thought to represent the former plasma membrane of the
endosymbiont while the outermost membrane may have evolved from the
vacuolar/plasma membrane of the host organism. This outermost membrane has
been observed to be continuous with the endoplasmic reticulum (Gibbs 1981; Ishida
et al. 2000). The portion of this ER-like membrane directly adjacent to plastids (and
which appears to completely encase the plastid) is commonly referred to as the
chloroplast ER or CER (Bouck 1965).
Since many genes required for plastid function were lost from the genome of
the endosymbiont and relocated to the nuclear genome of the host organism, it was
critical to develop efficient transport of nuclear-encoded proteins across the four
membranes that delineate the plastid. Early observations suggested that nuclearencoded plastid polypeptides of diatoms and other chromophytic algae required a
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multi-signal presequence to facilitate trafficking of polypeptides into plastids (Gibbs
1979). Characterization of genes encoding several nuclear-encoded plastid
polypeptides from chromophytic algae (Grossman et al. 1990; Pancic and Strotmann
1993) predicted presequences with bipartite structures. The amino terminal regions
of these presequences are similar to classical signal sequences while the carboxyterminal regions have characteristics of transit peptides, sequences required for the
transport of polypeptides into vascular plant plastids. In vitro studies demonstrated
that the putative ER targeting domain could facilitate co-translational import of
precursors of the fucoxanthin chlorophyll a/c binding proteins (FCP) into isolated
canine microsomal vesicles (Bhaya and Grossman 1991; Lang et al. 1998).
Furthermore, the putative transit peptide region of the presequence was sufficient to
direct in vitro transport of polypeptides into isolated pea or spinach plastids (Lang et
al. 1998). With the development of a relatively easy means of introducing genes into
the nuclear genome of diatoms, we have started to dissect the role of specific
domains of the presequence associated with nuclear-encoded plastid polypeptides in
the multi-step transport process that delivers these proteins to their site of function
within the plastid.

II.2.3 Materials and Methods

II.2.3.1 Culture Conditions Phaeodactylum tricornutum Bohlin (University of Texas
Culture Collection, strain 646) was grown at 20°C with continuous illumination at 75
µmol photon m-2 s-1 in Provasoli’s enriched seawater medium (Starr and Zeikus
1993) made with 0.5X Instant Ocean™ (I.O.) artificial seawater. Solid medium
contained 1.2% agar and liquid cultures were bubbled with air containing 1% CO2.
II.2.3.2 Plasmid Constructs All GFP fusions (Fig. 1) were inserted into the EcoRI
and HindIII sites of the P. tricornutum transformation vector pPha-T1 (Zaslavskaia et
al. 2000). This vector contains the sh ble (Zeo) gene fused with the fcpB promoter
region and the fcpA terminator region. A multiple cloning site is flanked by the fcpA
promoter region and the fcpA terminator region. Fusion of presequences to EGFP
were generated either by creating restriction sites by “full-circle”-PCR or by fusionPCR that utilized the fusion primers (36 bp) according to Pont-Kingdon (1997). For
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the carboxy-terminal addition of the 6XHis residues, individual PCR primers were
designed containing a (CAC)6TAA motif added in frame 3´ of the last four codons of
the GFP fusion genes. His-tagged polypeptides were partially purified from P.
tricornutum transformants by fractionation of cells into soluble and membrane
compartments.

Soluble

fusion

protein

was

further

purified

by

Ni-affinity

chromatography (Qiagen NTA-column) and the isolated polypeptide sequenced from
its amino-terminus.

II.2.3.3 Microparticle bombardment Cells were bombarded using the Bio-Rad
Biolistic PDS-1000/He Particle Delivery System fitted with 1,350 or 1,500 psi rupture
discs. The tungsten particles M17 (1.1 µm median diameter) were coated with 0.8 µg
plasmid DNA in the presence of CaCl2 and spermidine, as described by the
manufacturer. Approximately 5 x 107 cells were spread in the center one third of a
plate of solid 0.5 X I.O. medium 1 h prior to bombardment. The plate was positioned
at the second level within the Biolistic chamber for bombardment. Bombarded cells
were illuminated for 24 h (cells divided once during this period) prior to suspension in
0.5 ml of sterile 0.5 X I.O. medium; 100 µl of the cell suspension (~1x107 cells) was
plated onto solid medium containing 100 µg/ml Zeocin. Plates were placed under
constant illumination (75 µmol photon m-2 s-1) for 2-3 weeks and resistant colonies
re-streaked onto fresh solid medium containing 100 µg/ml Zeocin.

II.2.3.4 Fluorescence Microscopy Standard microscopical analyses and confocal
laser scanning microscopy were performed using a Leica TCSNT system.
Separation of GFP fluorescence and chlorophyll autofluorescence was achieved with
a 525/550 nm band pass filter and a long pass filter of 590 nm. For threedimensional images, 50-90 individual scans of one cell were saved as a raytrace
script build by the program “KLMtoPOV”, which served to reconstruct the 3D
structure by the program “POV-RAY”.

II.2.3.5 Electron microscopy Cells of transformed Phaeodactylum strains were
grown as clonal cultures in 250 ml erlenmeyer flasks containing 100 ml of sterile Kmedium containing added silicates (Andersen et al. 1997). The cultures were
maintained at 16ºC in a 16 h light \ 8 h dark photoperiod under cool white and Grolux
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fluorescent lights. 50 ml aliquots of each strain were collected and centrifuged in 50
ml tubes at 2500 rpm for 5 min. The supernatant was discarded and droplets of the
remaining cell suspension were sandwiched between two freezer hats (Type A,
ProSciTech), with well depths of 100 µm, ensuring that all air bubbles were
excluded. The enclosed cell suspensions were then frozen using the Leica EM High
Pressure Freezer. The freezer hats enclosing the tissue samples were split apart,
and the hats to which the frozen cell pellets were adhered were stored under liquid
N2 in cryovials prior to freeze-substitution. Frozen cell pellets were freeze-substituted
in 0.1% uranyl acetate in acetone at -90oC for 72 h, and the temperature raised to 50oC at 1oC/h. The cell pellets were scraped out of the freezer hats and rinsed three
times for 30 min each in 100% acetone. Samples were then infiltrated with a graded
series of HM20 low temperature resin in acetone consisting of 10% resin (5 h), 30%
resin (overnight), 50% resin (8 h), 70% resin (12 h), 90% resin (8 h), and 100% resin
(12 h). The infiltrated samples were placed in a fresh change of 100% resin in gelatin
capsules, polymerised under UV light for an additional 48 h at 50oC, and brought
slowly to room temperature. The soft sample blocks were then hardened under UV
light for a further 48 h at room temperature. Polymerised blocks were sectioned on a
Reichert Ultracut microtome and gold sections collected onto formvar coated 50
mesh hexagonal gold grids. Prior to immuno-gold-labelling, the sections on grids
were blocked in PBS containing 0.8 % BSA and 0.01 % Tween 20 for 30 min. Grids
were then incubated, section side down, on 30 µl droplets of anti-GFP primary
antibody, diluted 1:200 with blocking agent, for 3 h at room temperature. The grids
were washed 4 times on drops of blocking agent for 10 min each. Rinsed grids were
then incubated on 30 µl droplets of goat anti-rabbit secondary antibody (diluted 1:20
with blocking agent), conjugated to 15 nm gold particles, for 12 h at 4oC. Labelled
grids were rinsed once on droplets of blocking agent, three times on droplets of PBS
and then immersed two times for 30 sec immersions each time in distilled water.
Negative controls were performed by using secondary antiserum only. The grids
were then air dried and sequentially stained with uranyl acetate for 10 min and Triple
Lead Stain for 5 min (Sato 1968) and viewed in a Phillips Biotwin transmission
electron microscope at 100 kV.
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II.2.4 Results
II.2.4.1 Targeting sequences To examine in vivo targeting of polypeptides to diatom
ER or plastids, DNA sequences encoding the signal sequence of the ER lumenal
chaperone BiP (Fig. 1A) or the presequence of AtpC (J subunit of plastid ATP
synthetase) (Fig. 1B; AtpC1GFP) from the diatom Phaeodactylum tricornutum, as
well as modified forms of the AtpC presequence, were fused to the GFP gene (the
constructs are designated AtpCGFP2-9, as shown in Fig. 1B). These gene fusions
were inserted into the multiple cloning site of the pPha-T1 vector (Apt et al. 1996;
Zaslavskaia et al. 2000) and transformed into the diatom P. tricornutum. The
presequence on the BiP:GFP chimeric protein used for these studies contained the
complete signal sequence (21 amino acids) plus the first 12 amino acids of the
mature protein (Fig. 1A).

Fig.
1:
Presequences of fusion proteins of (A) BiP (B) and AtpC from Phaeodactylum tricornutum fused to
GFP, and various fusions in which part of the AtpC presequence was deleted. The signal sequences
and the N-terminus of GFP are in small letters, while the transit peptide domains are shown in capital
letters. The bars below schematically represent the signal sequences (black), transit peptides (grey),
N-termini of BiP and AtpC (white) and GFP (stripes). Arrows mark probable cleavage sites for signal
sequences. Cleavage sites were determined by N-terminal sequencing, as described in the results.

The presequence of the nuclear-encoded AtpC protein from P. tricornutum is
54 amino acids (Fig. 1B) with a putative signal sequence from amino acids 1-16. The
signal sequence domain is characterized by an arginine at position 2 followed by a
region of hydrophobic amino acids. A transit peptide-like domain, with a high
proportion of the hydroxylated amino acids serine and threonine, extends from amino
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acid 17 to 54. A similar transit peptide-like sequence is present on the unprocessed
AtpC subunit of the centric diatom Odontella sinensis (Pancic and Strotmann 1993)
and on several other diatom plastid precursor proteins (Kroth and Kilian,
unpublished). All of the chimeric genes analyzed were expressed from the fcpA
promoter, which was previously shown to effectively drive expression of GFP in P.
tricornutum (Zaslavskaia et al. 2000, 2001); localization of GFP in the cell was
readily visualized by fluorescence microscopy.

II.2.4.2 ER targeting of GFP Previous studies have demonstrated that GFP
expressed in P. tricornutum becomes localized to the cytoplasm (Zaslavskaia et al.
2000, 2001). As presented in the right panel of Fig. 2A, GFP devoid of a targeting
sequence (vector designation pPTEGFP) appeared to accumulate in the cytoplasm,
mostly toward the center of the cell in the region of the nucleus. The GFP
fluorescence was excluded from plastids and vacuoles; the plastids are clearly
visualized as brown-pigmented structures in the cell (Fig. 2A, left).
When a DNA fragment encoding the presequence of the P. tricornutum ER-localized
chaperone BiP (Apt et al. 1995) was fused to GFP and the chimeric gene (BiP:GFP)
expressed in P. tricornutum, GFP fluorescence was observed in a network of
membranes traversing the entire length of the cell (Fig. 2B, right). These membranes
are thought to represent the ER. Addition of a diatom ER retention sequence (DDEL;
Apt et al. 1995) to the carboxy terminus of the BiP:GFP fusion protein made no
observable difference in GFP localization (data not shown). Western blots did not
show detectable amounts of GFP in the culture medium of BiP:GFP-expressing
Phaeodactylum cells, indicating that also BiP:GFP without DDEL might not be
secreted out of the cell. However, an effect of the DDEL domain on ER retardation of
the BiP-GFP construct cannot be ruled out as GFP expression varies in independent
transformants, and BiP-GFP without DDEL might be secreted/targeted to vacuoles
followed by proteolytic degradation.
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Fig. 2: P. tricornutum expressing GFP. Light
microscopical images of cells are shown on the left
while their corresponding fluorescence images
(GFP) are presented on the right (excitation with UV
light). (A) Cytosolic ex-pression of GFP without a
targeting sequence. (B) GFP targeted to the ER
(BiPGFP construct). (C) GFP targeted to the plastids
(AtpC1GFP construct). The scale bars at the lower
right corners represent 2 µm.

Confocal images of cells harboring BiP:GFP have a distinct sphere of GFP
fluorescence near the middle of the cell (Fig. 3A) which, based on DAPI staining (not
shown), corresponds exactly to the position of the nuclear envelope. The GFP
fluorescence, in part, also delineates the position of the plastid. As shown in the
three-dimensional reconstitution of a confocal image series (Fig. 3B), a meshwork of
GFP fluorescence extends throughout the cell (the position of the plastid was
determined by red chlorophyll autofluorescence). There is the consistent appearance
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of ER membranes that associate with and form around the plastid, mostly
longitudinal with respect to the plane of the cell. While results from electron
microscopy suggest that diatom plastids reside within the lumen of the ER (see
Introduction for references), the BiP signal sequence-targeted GFP was not
observed in the compartment that isolates the plastid from the cytoplasm of the cell.
These results suggest that detectable levels of BiP:GFP were not able to enter the
CER segment of the intra-cellular membrane system.
To determine the exact site at which the BiP presequence was cleaved, we
constructed a vector encoding an N-terminal 6xHis-tagged BiP:GFP fusion. This
vector was transformed into P. tricornutum cells, and GFP was observed to localize
to the ER in a pattern identical to that observed for the analogous construct devoid of
the 6xHis tag. The fusion protein was isolated from transformants by affinity
chromatography using the Ni2+-affinity column and the amino terminus of the purified
polypeptide was sequenced. The results demonstrated that the transport of GFP into
the ER involved cleavage of the chimeric polypeptide after alanine at position 21
(Fig. 1A).

Fig. 3: GFP accumulation in the ER of P. tricornutum expressing a BiP:GFP fusion protein. (A)
Images from a confocal laser scanning microscope. Upper left: green GFP fluorescence; upper right:
red chlorophyll fluorescence indicating the location of the plastid; lower right: overlay of the
fluorescent images. (B) Reconstruction of 3-dimensional images from a series of confocal
fluorescence micrographs of GFP fluorescence (upper), and combined GFP and chlorophyll
fluorescence (lower). GFP is primarily located in cytosolic ER strands and the nuclear envelope. P:
plastid; N: nucleus. The scale bars in the lower right corners represent 2 µm.
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II.2.4.3 Plastid targeting Expression of GFP fused to the complete presequence of
the plastid-localized AtpC subunit (pATPC1GFP in Fig. 1B) resulted in accumulation
of GFP in plastids; there is an exact congruence of GFP fluorescence with the
position of the plastid as observed by both light (the plastid is apparent as brown
pigmented structure in Fig. 2C) and fluorescence microscopy (chlorophyll
autofluorescence, not shown). The congruence was also visualized in the analysis of
a confocal image series in which the relative position of GFP fluorescence was
compared to that of chlorophyll autofluorescence (data not shown).

II.2.4.4 Removal of the ER targeting domain of AtpC In the construct AtpC8GFP,
the region encoding the 14 amino acids following the initiator methionine at the
amino terminus of the AtpC8GFP fusion protein was removed (Fig. 1B). GFP
expressed from this construct accumulated in the cytoplasm of the cell. The pattern
of accumulation was identical to that observed for GFP without a presequence (Fig.
2A); no GFP fluorescence was apparent in either the plastid or ER. These results
suggest that plastid-targeted polypeptides must enter the ER prior to plastid
localization; the transit peptide-like domain alone is not sufficient for routing
polypeptides into plastids in vivo.

II.2.4.5 Deletions of the transit peptide While the size of the signal sequence is
very similar among a variety of plastid pre-proteins characterized in chromophytes,
the length of transit peptide-like domains may vary considerably. As in vascular
plants, it is difficult to identify sequence motifs within transit peptides that might be
critical for import function; however, all transit peptides (in vascular plants as well as
in algae) appear to contain a high proportion of hydroxylated amino acids (von Heijne
et al. 1989; Liaud et al. 1997). The AtpC1GFP chimeric gene was modified to
generate deletions in the transit peptide segment of the presequence. Constructs
AtpC2GFP, AtpC3GFP and AtpC4GFP, shown in Fig. 1B, encode a series of
AtpC:GFP deletions from the carboxy-terminal end of the transit peptide domains. As
many as 24 amino acids of the transit peptide could be removed, with 14 amino
acids of the original transit peptide remaining, without an observable effect on plastid
localization. Hence, the majority of the transit peptide-like domain of AtpC is not
absolutely necessary for importing polypeptides into plastids. The addition of the
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putative ER retention sequence, DDEL, to the carboxy terminal ends of these
chimeric polypeptides made no observable difference in the level of GFP that
accumulated in plastids (data not shown). Surprisingly, the chimeric AtpC5GFP
polypeptide, which only contains 3 amino acids of the presumed transit peptide (see
Fig. 1B), also accumulated in the plastid, although the efficiency of transport and
accumulation is not known (the signal seems generally lower than in cells harboring
the full length AtpC:GFP construct). Interestingly, when an ER retention signal was
fused to the carboxy terminus of AtpC5GFP (AtpC5GFPDDEL construct), GFP
fluorescence was visualized as strands of fluorescence extending over the length of
the cells, and encircling the nucleus and plastids. This localization pattern appeared
identical to that observed for cells expressing the BiP:GFP fusion (Fig. 2B and 3A),
suggesting that fusion of the ER retention sequence to AtpC5GFP strongly interfered
with the transfer of the precursor polypeptide from the ER to the plastid.
Immunocytochemical

localization

of

GFP

in

cells

transformed

with

the

AtpC5GFPDDEL construct confirmed that GFP was concentrated around the nuclear
envelope (Fig. 4A) and the ER emanating from the envelope. In a number of
sections, high levels of GFP were also visualized close to the plastid surface (Fig.
4B); localization at the plastid surface might reflect the position of the ER rings that
were observed to encircle plastids in cells expressing BiP:GFP.
To determine the position at which the AtpC precursor protein is cleaved by
the signal peptidase in vivo, an AtpC4GFP construct was 6xHis tagged (fused to the
carboxy terminus) and transformed into P. tricornutum. As in the case of the original
AtpC4GFP construct, GFP expressed from the 6xHis tag-modified construct
localized to the plastid (data not shown). The tagged polypeptide was purified from
transformants by Ni2+ affinity chromatography and its amino terminal sequence was
determined to begin with TTQ. This placed the ER-recognized cleavage site between
amino acid 16 (phenylalanine) and 17 (threonine) of the AtpC presequence (Fig. 1B)
and shows that cleavage by the stromal peptidase does not occur, probably because
the recognition site for the protease was deleted in this construct. Interestingly, in
cells harboring AtpC4GFP fused to a 6xHis tag, GFP fluorescence accumulated
within a distinct region of the plastid near its mid-point (Fig. 5A).
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Fig. 4: Accumulation of GFP in the (A) nuclear membrane and (B) on the plastid surface of P.
tricornutum expressing AtpC5-DDEL. Localization was demonstrated by immuno-electron microscopy
using an antiserum against GFP (see methods for details). Arrows indicate areas that exhibit high
GFP accumulation. P: plastid; N: nucleus; M: mitochondrion.

Immunocytochemistry of the transformed cells confirmed that the 6xHistagged GFP was present in the plastid, and highly concentrated in a region
corresponding to the “lobe” that is positioned central to the plastid (Fig. 5B); the lobe
region is associated with plastid division (Borowitzka et al. 1977; Borowitzka and
Volcani 1978). The presence of a 6xHis tag on plastid-targeted GFP may cause a
spurious association of the polypeptide with components of the plastid division
apparatus.
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Fig. 5: Accumulation of Histagged GFP (AtpC4-His) in
the central region of the
plastid in P. tricornutum. (A)
Above: GFP fluorescence;
below: superimposed GFP
and chlorophyll fluorescence
(the
red
chlorophyll
fluorescence marks the two
lobes of the plastids, P). The
fusion protein appears to
accumulate between the two
plastid lobes. (B) Electron
micrograph of a P. tricornutum
cell immuno-decorated with
antisera against GFP. GFP
ac-cumulates in the central
region of the plastid (arrow),
where two plastid lobes are
connected. Py: Pyrenoid; M:
mitochondrion; N: nucleus; V:
vacuole. The scale bar in the
lower right corner of A
represents 5 µm, in B 0.2 µm.

II.2.4.6 Deletions in the pre-sequence junction Constructs AtpC6GFP and
AtpC7GFP encode fusion proteins with deletions that extend from the carboxyterminal end of the transit peptide into the carboxy-terminal end of the signal
sequence (Fig. 1A). In both cases GFP fluorescence accumulated in structures near
the center of the cell and adjacent to the plastids (Fig. 6A). Reconstitution of confocal
images of strains transformed with AtpC6GFP and AtpC7GFP showed that the
centrally-located GFP was spatially distinct from plastids and appeared to be within
structures wrapped around the central portion of the plastid (Fig. 6B). Analysis of
GFP localization by immunocytochemistry demonstrated that the GFP protein was
found both in mitochondria and plastids, additional analysis using the fluorescent dye
“Mito-Tracker” supports this result (data not shown). In P. tricornutum a single, multilobed mitochondrion is typically present in the center of the cell and directly adjacent
to the plastid. The extensive truncations of the AtpC presequences associated with
the AtpC6GFP and AtpC7GFP constructs apparently resulted in a highly anomalous
localization pattern, with most GFP accumulating in mitochondria. Previous studies
with yeast have demonstrated that a variety of randomly generated presequences
can promote the promiscuous entry of polypeptides into mitochondria (Allison and
Schatz 1986; Baker and Schatz 1987).
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Fig. 6: Accumulation of GFP (AtpC6GFP) in mitochondria of P. tricornutum. (A)
Confocal image of combined green GFP and red chlorophyll fluorescence. (B) Three
dimensional reconstruction of GFP and chlorophyll fluorescence of two dividing cells
having two separated plastids each. Note the close association of plastids (P) and
mitochondria (M).

II.2.5. Discussion
Primary and secondary endocytobiosis occurred as a consequence of uptake
by and permanent establishment of prokaryotic and eukaryotic photoautotrophs,
respectively, with heterotrophic hosts. While substantial evidence suggests that all
plastids can be traced back to a single primary endocytobiosis (which led to the
evolution of plastids in green algae, land plants, red algae, and glaucophytes; see
Delwiche and Palmer 1997; Martin et al. 1998; Moreira et al. 2000), secondary
endocytobiosis probably occurred several times as independent events, resulting in
different algal lineages (chromophytic algae, cryptophytes, euglenophytes, and
dinoflagellates) (Delwiche 1999) and some nonphotosynthetic organisms like the
Plasmodium or Toxoplasma parasites. These latter organisms contain organelles
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designated apicoplasts that represent reduced secondary plastids (Waller et al.
2000).
The

evolution

of

organelles

from

free-living

organisms

following

endocytobiosis must have involved extensive transfer of genetic material from the
genome of the endosymbiont to the nucleus of the host organism (Martin and
Herrmann 1998). Hence, the synthesis of many polypeptides required for diverse
functions of the symbiont moved to the cytoplasm of the host cell. These events
made it imperative that the associated organisms develop efficient pathways for
importing polypeptides into evolving plastids. Recent information has added
considerably to our understanding of the transport of polypeptides into plastids that
are

delineated

by

a

double

envelope

membrane

(evolved

from

primary

endocytobiosis) (see Chen and Schnell 1999; Heins et al. 1998). In vascular plants
and green algae, nuclear-encoded plastid polypeptides are translated in the cytosol
of the cell and an amino terminal transit peptide directs post-translational import of
polypeptides into plastids. In contrast, little is known about processes required for
routing polypeptides into the complex plastids that have evolved from secondary
endocytobiosis (van Dooren et al. 2001).
Complex plastids have been observed in a variety of algal lineages. Plastids
from these algae are delineated by multiple membranes (either three or four distinct
membranes, with a CER only present in chromophytes and cryptophytes). Although
strategies for routing polypeptides into complex plastids evolved following distinct
endosymbiotic events, there are functional parallels among the different algal
lineages with respect to mechanisms by which polypeptides are routed to plastids.
All known presequences necessary for the import of polypeptides into complex
plastids are multipartite. For some organisms, the secretory system is involved in the
primary targeting step (McFadden 1999). In the euglenophytes, the plastids are
delineated by three membranes but are not associated with a CER (Gibbs 1978).
Cell fractionation studies have demonstrated an association of plastid pre-proteins
with both Golgi and ER membranes, suggesting that precursor polypeptides initially
pass through the cytosolic ER with subsequent translocation to the plastids via the
Golgi system (Sulli et al. 1999). Secretory system-dependent transport has also
been demonstrated for Plasmodium (four membranes with no CER) (Waller et al.
2000).
Diatoms, a diverse group of organisms with four membranes that delineate
42

the plastid (Gibbs 1981), are representative of the chromophytic algae. The
chromophytes

include

the

Bacillariophyceae

(diatoms),

Eustigmatophyceae,

Phaeophyceae, and Chrysophyceae. Based on electron microscopy, plastids of
chromophytic algae were proposed to be completely compartmentalized within the
lumen of the ER, with those ER-like membranes immediately around the plastid
being designated CER (Bouck 1965; Gibbs 1981). Gibbs (1981) suggested that
polypeptides routed into chromophytic algal plastids must pass through the CER
prior to translocation across the plastid envelope. This implied that targeting of
polypeptides to plastids would require multiple targeting signals. In accord with this
hypothesis, characterization of nuclear-encoded plastid polypeptides from various
chromophytic algae were shown to have leader sequences with two putative
targeting domains (Grossman et al. 1990; Apt et al. 1994, 1995; Kroth and
Strotmann 1999). The first domain resembles a classic signal sequence that appears
to be required for transport into the ER (Walter and Johnson 1994). The second
domain of the presequence is variable in length but has characteristics similar to
those of transit peptides (Heins et al. 1998), which are enriched for the hydroxylated
amino acids serine and threonine.
Some experiments have been performed to help establish the functions of the
different

presequence

domains

associated

with

plastid-localized

diatom

polypeptides. These presequences could drive co-translational import of proteins in
vitro into canine microsomes (Bhaya and Grossman 1991; Lang et al. 1998), a
system extensively used to study the role of the signal sequence in transporting
polypeptides into the ER. This work demonstrated that nuclear-encoded plastid
polypeptides in the diatoms contain a functional ER targeting signal. Furthermore,
the transit peptide-like domain, found on nuclear-encoded plastid polypeptides of
diatoms, facilitated the import of polypeptides into isolated vascular plant plastids
(Lang et al. 1998). Together, these studies illustrate that the different targeting
signals present on nuclear-encoded plastid polypeptides of diatoms can facilitate the
transport of those polypeptides across both ER and plastid envelope membranes.
These results also demonstrate that no additional import signals within or at the Cterminus of the mature protein are necessary for the targeting process.
The generation of a complete in vitro system for elucidating events in the
transport and processing of plastid polypeptides in the chromophytes will be
extremely difficult as such a system would require cell disruption followed by the
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isolation of, or enrichment for plastids enclosed by four intact membranes. Wastl and
Maier (2000) demonstrated that a preprotein encoded on the genome of the
periplastidic nucleomorph of Guillardia theta, and therefore containing a transit
peptide only, could be imported post-translationally into isolated homologous
complex plastids. Therefore, the outer membranes must have been lost or severely
disrupted during the preparation of plastids.
To bypass the difficulties of developing an in vitro system, we have begun to
examine targeting of polypeptides to diatom plastids, as well as to other subcellular
compartments, using an in vivo system. In this in vivo system, constructs were
generated that encode fusions between the presequences of polypeptides targeted
to different locations in the cell with GFP. In initial experiments we demonstrated that
the complete presequence of the AtpC precursor and of other plastid preproteins
(Kilian and Kroth, unpublished) are sufficient to drive the import of GFP into diatom
plastids in vivo. Therefore, no other potential targeting signals within the mature
region of diatom plastid precursors are required for transport of proteins across the
four membranes that separate the stromal compartment of the plastid from the
cytoplasm. The signal sequence-like domain of the AtpC presequence fused to GFP
directed GFP into the ER lumen. Removal of this domain from the fusion protein
resulted in cytoplasmic accumulation of GFP, while removal of most of the transit
peptide, coupled with the addition of an ER retention signal (AtpC5GFPDDEL, Fig.
1), resulted in accumulation of GFP in the ER. The short transit peptide present on
the AtpC5GFPDDEL construct did not prevent localization directed by the ER
retention signal. These results strongly suggest that the first step in targeting
polypeptides to plastids in chromophytic algae requires passage of that polypeptide
into the ER. The GFP that accumulated in the ER appeared as thread-like strands
present throughout the cytoplasm and extending laterally within the cell. A sphere of
fluorescence also encased the nucleus, probably representing the nuclear envelope.
Immuno-electron microscopy confirmed that the GFP was localized to cytoplasmic
ER and the nuclear envelope, which is continuous with cytoplasmic ER.
Furthermore, a distinct ring of GFP fluorescence was shown to encircle plastids in
the region of the valvar axis. A three dimensional reconstruction of confocal images
demonstrates that this GFP ring does not completely encase the plastid. Based on
EM studies of P. tricornutum, other diatoms and other chromophytes, an ER-like
membrane called the CER is closely appressed to the plastid envelope membranes
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and completely surrounds the organelle (Crawford 1973; Borowitzka and Volcani
1978; Gibbs 1981). The CER also appears to be continuous with cytoplasmic ER
membranes. Furthermore, the periplastidic space between the CER and the plastid
envelope membranes contains vesicular and tubular structures that have been
hypothesized to be directly involved in transporting polypeptides from the ER to the
outer envelope membranes of the plastid (Smith-Johannson and Gibbs 1972; Gibbs
1979, 1981). We never observed either ER- or plastid-targeted GFP in these
vesicles (although it is possible that the small size of these vesicles and relatively low
GFP content precluded their visualization). Hence the role of these vesicles in
polypeptide trafficking remains uncertain.
The transit peptide domains in chromophytic algae are variable in both size
and amino acid sequence. Diatom FCP presequences have transit peptides of about
15 amino acids while those of AtpC are 37 or 40 amino acids. Interestingly, our
results indicate that a significant portion of the carboxy-terminal region of the AtpC
transit peptide domain is not required for targeting GFP to plastids (Table I); as few
as the 3 amino acids (TTQ) at the amino terminus of this domain targeted GFP into
plastids. Those regions that were deleted from the transit peptide might function to
improve the efficiency of the import process.
Construct
GFP
BiP:GFP
BiP:GFPHis
AtpC1
AtpC2
AtpC3
AtpC4
AtpC4His
AtpC5
AtpC6
AtpC7
AtpC8

w/o DDEL
cytoplasm
ER
ER
plastid
plastid
plastid
plastid
plastid
plastid
Mitochondria/plastid
Mitochondria/plastid
cytoplasm

w/ DDEL
n.d.
ER
n.d.
n.d.
plastid
plastid
plastid
n.d.
ER
n.d.
n.d.
n.d.

Tab.: Location of GFP accumulation
as analyzed by light and confocal
fluorescence
microscopy.
The
structures of individual constructs
are shown in Figure 1. n.d.: not
determined; w/o: without, w/: with
DDEL sequence added to the
carboxy-terminus of GFP.

Localization of GFP bearing AtpC presequences appears to be unaffected by
the presence of an ER retention signal, except in the case of the AtpC5GFP. GFP
accumulated in plastids when transformants expressing the AtpC5GFP chimeric
protein were devoid of an ER retention signal. However, when the DDEL sequence
was attached to the carboxy terminal of this fusion protein, GFP accumulated in the
ER. Since the DDEL sequence had no apparent effect on fusion proteins targeted to
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the ER by the BiP signal sequence or to plastids by the complete AtpC presequence,
it is unlikely that an ER retrieval mechanism accounts for the accumulation of the
AtpC5GFPDDEL polypeptide in the ER. An altered conformation of this polypeptide
as a consequence of the attached DDEL sequence may interfere with plastid routing.
There may be no distinction between plastid- and ER-targeted polypeptides at the
first import step. The exchange of polypeptides between the cytosol and plastid
compartments may involve the entire network of ER membranes rather than just the
CER. Routing of plastid-localized polypeptides through the general secretory
pathway offers a potentially larger surface area for the exchange of substrate
between plastids and cytosol, which may be advantageous for systems in which four
membrane barriers constrain polypeptide trafficking. Other signals on plastid preproteins may function in the subsequent targeting of polypeptides to the CER,
although there is no direct evidence that links the CER to the targeting process (e.g.
it may function in metabolite transport).
The work presented in this manuscript demonstrates the power of using in
vivo analyses to dissect polypeptide trafficking in diatoms. Along with other studies
on protein targeting into complex plastids (Sulli et al. 1999; Waller et al. 2000), our
results demonstrate the fundamental importance of the secretory pathway for the
establishment and maintenance of secondary endocytobiosis. We also demonstrate
that a signal sequence accounts for passage of polypeptides into the ER lumen,
while only a small portion of the transit peptide-domain appears absolutely necessary
to mediate transport across the double envelope membrane of the plastid.
Furthermore, these studies raise significant questions with respect to the way in
which polypeptides traverse the second most distal of the four membranes that
delineate plastids, the function of the carboxy terminal region of the transit peptide
and the role of the CER in polypeptide targeting.
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II.3

Protein transport into complex diatom plastids depends on a
conserved motif within the presequence

Kilian O and Kroth PG

II.3.1 Abstract

A variety of algae evolved by secondary endocytobiosis which is the uptake of
a eukaryotic alga into a eukaryotic host cell and the subsequent transformation of the
endosymbiont into an organelle. Due to this explicit evolutionary history such algae
possess plastids that are bound by either three or four membranes. Nucleus encoded
plastid preproteins in these organisms have N-terminal bipartite presequences
consisting of a signal and a transit peptide domain, respectively, to enter the plastids.
This suggests that different protein targeting systems may have been combined
during the establishment of secondary endocytobiosis to enable the transport of
proteins into the plastids. However, only little information is available about the
mechanism how the actual import reaction occurs. We analyzed protein targeting into
the plastids of diatoms and identified a conserved amino acid sequence motif near
the signal peptide cleavage site which is present in a variety of secondary algae. We
addressed this question by expressing different diatom plastid presequence:GFP
fusion proteins in the diatom Phaeodactylum tricornutum. As revealed by site directed
mutagenesis, a single phenylalanine is crucial for protein transport into the diatom
plastids in vivo, thus indicating the presence of a new type of acceptor. We also
provide experimental data for the minimal requirements of a diatom plastid targeting
presequence and demonstrate that the signal peptides of plastid preprotein and of
ER targeted preproteins in diatoms are functionally equivalent. Moreover we show
that treatment of the cells with Brefeldin A also arrests protein transport into the
diatom plastids suggesting that a vesicular transport step within the plastid
membranes may occur.
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II.3.2 Introduction

Endocytobiosis apparently was one of nature’s most efficient tools to improve
eukaryotic cellular structures by combining and unifying different cells in a synergistic
manner like for example the endosymbiotic establishment of important organelles like
mitochondria and chloroplasts (Hoffmeister and Martin 2003; McFadden 2001).
These organelles originally evolved in a primary endocytobiosis which is defined as
an uptake of a prokaryotic organism into a eukaryotic host cell and the transformation
into an organelle. However, also more complex endosymbiotic processes occurred in
which the products of primary endocytobiosis, unicellular red or green algae were
taken up themselves into other eukaryotic cells forming more complex structures.
This process which is called secondary endocytobiosis led to the evolution of several
algal groups like heterokontophytes, cryptophytes, euglenophytes, but also to
colorless parasitic organisms like the apicomplexa.
As the establishment of primary and secondary endocytobionts resulted in the
transfer of most of the genes from the endosymbiont to the nucleus of the host cells,
suitable protein targeting machineries had to be developed to enable the transport of
nucleus encoded proteins into the newly acquired plastids. For primary plastids
considerable knowledge about the import process has been gained in the past
(Jarvis and Soll 2001). In organisms with such plastids preproteins contain Nterminally cleavable transit peptides. These targeting signals are either directly or
indirectly recognized by protein translocator complexes called Tic and Toc
(translocators of the inner/outer chloroplast envelope membrane) which mediate
protein import into the chloroplast stroma (Jarvis and Soll 2001). Plastids which
evolved by secondary endocytobiosis are surrounded by more than two – usually
three or four – membranes. In the case of diatoms and other heterokontophytes the
outermost of the four envelope membranes is studded with ribosomes and appears
to be continuous with the host endoplasmatic reticulum (ER) system and is therefore
designated chloroplast ER (CER, Gibbs 1978). It is still a major obstacle how proteins
encoded by the host nuclear genome are transported across the four membranes of
such plastids.
So far, all nucleus encoded stromal plastid proteins in secondary algae appear to be
preceded by bipartite N-terminal extensions each consisting of a signal peptide and a
transit peptide. The targeting capabilities of both domains have individually been
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verified in in vitro experiments (Lang et al. 1998). However, signal peptides enable
the protein transport across one single ER membrane whereas transit peptides are
known to facilitate protein transport across the two higher plants plastid envelope
membranes. This raises the question how two signals fused in tandem may account
for the transport across four membranes of complex plastids. The two innermost
membranes of such four membrane bounded plastids are probably originating from
the two envelope membranes of the primary chloroplast whereas the second
membrane counted from outside is probably derived from the plasma membrane of
the captured eukaryotic alga (Kroth 2002). The outermost membrane is thought to
represent the host phagotrophic vacuole membrane in which the primary alga once
has been taken up.
Two models try to explain how protein transport into four membrane plastids
might occur (Fig. 1) (Kilian and Kroth 2003): In both models it is supposed that the
outermost membrane is traversed by the aid of the signal peptide which is
subsequently cleaved off. In the translocator model (Fig. 1B) it is proposed that
protein transport is accomplished by protein translocators embedded within the
respective membranes. In contrast, the vesicular shuttle model (Fig. 1A) suggests the
presence of a protein translocator within the innermost membrane only. Proteins
would traverse the space between the two remaining middle membranes (the
periplastidic space, the former cytosol of the endosymbiont) by a vesicular shuttle
system as indicated in Fig. 1A. Indeed vesicles have been found in the periplastidic
space by electron microscopy (Gibbs 1979). However, for both models it is unknown
which transport signals are recognized and responsible for individual transport steps
within the envelope membranes.
Previously,

we

have

shown

that

bipartite

diatom

plastid

targeting

presequences fused to the green fluorescent protein GFP are sufficient for the
successful transport of proteins into the plastids of the diatom Phaeodactylum
tricornutum in vivo (Apt et al. 2002, Kilian and Kroth 2004, Domergue et al. 2003).
We also demonstrated that the transit peptide of a bipartite presequence of a diatom
preprotein fused to the green fluorescent protein (GFP) is largely removable without
affecting protein transport into diatom chloroplasts. As few as three amino acids of
the transit peptide of the J subunit of the diatom chloroplast ATPase (ATPC)
preceded by the ATPC signal peptide were sufficient to direct a C-terminal fused
GFP protein into the diatom stroma in vivo. These experiments suggest that the main
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targeting information relies in the very N-terminus of the transit peptide (Apt et al.
2002). Here we demonstrate that only the first amino acids of the transit peptide
domain are necessary for accurate protein targeting into diatom plastids in vivo and
that the exchange of a single, highly conserved amino acid within this region strongly
impairs protein import in vivo.
Fig.1: Models for the mechanism
of protein transport into diatom
plastids:
Preproteins
are
translated by ribosomes (r) and
inserted into the chloroplast ER
(CER) due to the presence of a
signal peptide (S) which is
subsequently
cleaved
off.
Insertion into the CER occurs
through sec protein translocators
(PT). (A) in the vesicular shuttle
model
the
remaining
intermediate
preprotein
still
possessing a transit peptide (T)
is loaded into vesicles which
shuttle
in-between
the
periplastidic space (PS). As
indicated, vesicles may also pass the periplastidic reticulum (PR). (B) in the translocator model both
middle membranes delineating the periplastidic space would be traversed by the aid of protein
translocators (PT) embedded within these membranes. In both models it is suggested that preproteins
localized within the inter envelope space (IES) are translocated across the innermost membrane by
the aid of protein translocators. Once arrived in the stroma, the transit peptide is processed thereby
releasing the mature (m) protein.

II.3.3 Materials and Methods

II.3.3.3 Culture conditions and nuclear transformation of Phaeodactylum
tricornutum Phaeodactylum tricornutum Bohlin (University of Texas Culture
Collection, strain 646) was cultivated as described previously (Apt et al. 2003) with
the exception that cultures have been grown in flasks under rigorous shaking (120
rpm). Nuclear transformation has been performed using a Bio-Rad Biolistic PDS1000/He Particle Delivery System fitted with 1350 psi rupture discs as described
previously (Apt et al. 2003).

II.3.3.4 Microscopical analysis Cells were grown in Provasoli’s enriched seawater
medium (Starr and Zeikus 1993) made with 1/2 Tropic Marin artificial seawater has
been inoculated and the cells have been cultured as described previously (Apt et al.
2003). Microscopy has been performed using a Olympus BX51 Microscope equipped
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with a Nikon DX1200 digital camera system. Green GFP fluorescence and red
chlorophyll autofluorescence of the cells have been dissected using the fluorescence
filtersets HQ480/20 and U-MWSG2, respectively. For 3D images, section images
have been captured using a Leica TCSNT system. Here, separation of GFP
fluorescence and chlorophyll autofluorescence was achieved with a 525/550 nm
band pass filter and a long pass filter of 590 nm. The individual scans of the cells
have been calculated to 3D images using the programs ‘KLM to POV’ and ‘PovRay’
as described previously (Apt et al. 2003). For osmotic breakage of Phaeodactylum,
cells were harvested as described before and resuspended in 0.33 M sorbitol. Then
50 µl of the cell suspension were mixed with double distilled water and incubated for
5 minutes. Subsequently the cells were osmotically stabilized by mixing the solution
with 0.66 M sorbitol.
II.3.3.5 Plasmid constructs All presequences used in this work [from the
phosphoribulokinase (PRK, Genebank gi:6469450), the J subunit of the chloroplast
ATPase (ATPC, gi:28565374), the oxygen-evolving enhancer protein 1 (OEE1,
gi:28565362), the fructose-1,6-bisphophate aldolase (FBAC1, gi:28565370), the
phosphoenolpyruvate phosphate/phosphate translocator (TPT1 gi:28565366) and the
ER lumenal chaperone BiP (BiP gi:912575)] are based on cDNAs derived from
Phaeodactylum tricornutum with the exception of the PRK presequence which is from
the centric diatom Odontella sinensis. GFP fusions (Fig. 2 A) were inserted into the
EcoRI and Hind III restriction sites of the Phaeodactylum transformation vector pPhaT1 (Zaslavskaia et al. 2000). Unmodified presequences including the Kozak regions
upstream of the start methionine (Kozak 1990) have been amplified with homologous
primers containing an EcoRI and NcoI restriction site within the upstream or
downstream primers, respectively, using the polymerase chain reaction (PCR).
Fusions of the plastid preprotein presequences to the enhanced green or cyan
fluorescent protein (EGFP or ECFP) have been realized by using a NcoI restriction
site containing the start codon of the EGFP gene (BD bioscience, Palo Alto).
Construction of the GFP fusions BiP:GFP, OEE1:GFP, TPT1:GFP, FBAC1:GFP and
ATPC:GFP have been described more detailed previously (Apt et al. 2003, Kilian and
Kroth 2004 (in press)). The GFP fusion sOEE1:GFP has been made as described
above with the exception that the downstream primer for presequence amplification
contained the restriction sites XbaI and XhoI leading to the derived artificial amino
acid sequence “RMLE” shown in Fig. 2A. Here, the presequence has been fused to
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the EGFP gene via an XhoI restriction site. The GFP fusions sFBAmBiP and
sBiPtFBA have been done by amplifying respective Phaeodactylum genes with
fusion primers showing each half identity to both fragments fused together. After PCR
amplification of the upstream fragment the PCR product was isolated and used as a
primer for a second round of PCR. The artificial CFP fusions sBiP-FA:CFP and sBiPFATTP:CFP were done by incorporating additional sequence information into the
downstream primers used for PCR amplification, respectively. Again, nucleotide
sequences coding for presequences have been fused to CFP via an NcoI restriction
site. Point mutagenesis has been performed with the QickChange mutagenesis Kit
(Stratagene, Jolie) according to the manufacturer. Modification of or insertion of
artificial sequence information has been done with special regard to the codon usage
in Phaeodactylum tricornutum.

II.3.3.6 SDS PAGE and Western blots For Western blot analysis cultured cells were
harvested as described previously (Apt et al. 2002) and broken in a French press at
5000 psi. Whole cell lysate were mixed with the appropriate amount of sample buffer
and proteins were separated by SDS PAGE in 15% acrylamide gels (Laemmli 1970).
The sizes of the GFP fusion proteins were estimated by Western blot analysis using
a monoclonal antibody against GFP (BD Bioscience, Palo Alto).

II.3.3.7 Sequence analysis of Thalassiosira pseudonana preproteins Chloroplast
proteins within the Thalasssiosira pseudonana genome have been identified by
searching the respective internet database at http://genome.jgi-psf.org/diatom/ with
the keyword “chloroplast precursor”. Additionally, proteins involved in photosynthesis
were searched specifically. Protein sequences were deduced and verified, i.e., intron
containing genes were omitted if no additional EST data was available. Deduced
proteins were considered to be chloroplast proteins if the following parameters were
fullfilled: a) a high homology to known chloroplast proteins, b) the presence of a
signal peptide (according to SignalP available at www.cbs.dtu.dk/services/SignalP2.0/, (Nielsen et al. 1997)), and c) a distance of at least 10 amino acids between the
calculated processing site of the signal peptide and the region of high homology to
respective proteins of other organisms. Using this dataset Phaeodactylum
tricornutum DNA dabatases have been searched for respective homologues and
processed as described above.
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II.3.4 Results and discussion

II.3.4.1 A conserved motif is present within the signal peptide cleavage site
within preproteins destined for secondary plastids We have compiled data sets
of plastid targeting presequences of different secondary algae which are available in
public sequence databases. A remarkable feature of such presequences is the
presence of a conserved motif – namely ASAF or AFAP – positioned at the cleavage
site of the respective signal sequences (Fig. 2).

Fig. 2: A conserved motif within the plastid presequences of secondary algae: A compilation of
presequences of different secondary algae is shown which can be divided into two groups: bipartite
presequences consisting of a signal and a transit peptide directing preproteins into secondary
chloroplasts (CP) and signal peptides of preproteins not destined for the chloroplast but for, e.g., the
endoplasmic reticulum (ER). All presequences are aligned to their respective signal peptide cleavage
sites. The conserved motifs ASAF and AFAP within the bipartite presequences are highlighted in red.
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This motif is missing at the signal peptide cleavage site of respective proteins
putatively targeted to other destinations within the endomembrane system (e.g. into
silica deposition vesicles or into the ER).
Recently the whole nuclear genome sequence of the centric diatom
Thalassiosira pseudonana has been made public available (http://genome.jgipsf.org/diatom/) giving us the opportunity to analyze bipartite presequences derived
from one diatom only in a genomic approach. We extracted bipartite presequences of
55 putative chloroplast preproteins as described in Material and Methods and aligned
them at the signal peptide cleavage sites calculated by signalP (Nielsen et al. 1997).
Similarly

we

identified

39

plastid

preproteins

within

DNA

databases

of

Phaeodactylum tricornutum. Deduced char diagrams reflecting the frequency of
single amino acids (AA) within that region (Fig. 3) show that the motifs ASAF and
AFAP are also highly represented within the bipartite presequences of Thalassiosira
pseudonana and Phaeodactylum tricornutum. Intriguingly, a phenylalanine is located
exactly after the signal peptide cleavage site in all analyzed chloroplast preproteins.
Additionally, this phenylalanine is preceded by an alanine in most cases.

Fig. 3: Distribution of AA within
the signal peptide cleavage
sites
of
diatom
plastid
preproteins:
55
and
39
chloroplast preproteins of the
diatoms
Thalassiosira
pseudonana
and
Phaeodactylum tricornutum have
been identified, respectively,
and aligned at their signal
peptide cleavage sites. The
frequencies of individual amino
acids at the different positions
in regard to the signal peptide
cleavage site (indicated by a
grey arrow) have been clarified
by the height of the chars
representing the one letter AA
code.
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II.3.4.2 Signal sequences of the diatom ER lumenal BiP protein and of
chloroplast preproteins are exchangeable To analyse the targeting properties of
the individual signal peptides and the importance of the conserved signal peptide
cleveage site motifs we have constructed a set of presequence:GFP fusion proteins
as shown in Fig. 4. In the following signal peptides of preproteins will be addressed
with a ‘s’, transit peptides with a ‘t’, and regions of a mature protein with an ‘m’. If no
prefix is given the whole presequence has been fused to the GFP protein.

Fig. 4: GFP fusion proteins used in this work: Not modified presequences of either plastid targeted
preproteins or of the ER lumenal BiP protein fused to the GFP protein are shown in the upper panel.
Modified constructs fused to GFP or CFP are shown in the lower panel. The AA sequence is
represented by the one letter AA code. Individual target domains are indicated by different colours, the
signal peptide of the endoplasmic reticulum lumenal BiP protein is shaded. ER, endoplasmic
reticulum; CP, chloroplast; BLS, Blob like structure

The N-terminal portion of the diatom ER lumenal preprotein BiP (Apt et al.
1996) was genetically fused to the GFP protein (BiP:GFP) and expressed in
Phaeodactylum. In a previous work this construct has been shown to accumulate
within the diatom ER in vivo (Apt et al. 2002), indicating that the information for ER
targeting lies within the signal peptide only. Similarly, the complete bipartite
presequence of a chloroplast fructose-1,6-bisphosphate aldolase (FBAC1) of
Phaeodactylum tricornutum fused to the GFP protein (FBAC1:GFP) led to an
accumulation of GFP within the plastid, also suggesting that the complete targeting
information can be found within this presequence (Kilian and Kroth 2004). Here we
genetically exchanged the signal peptides of these constructs at the calculated
cleavage sites resulting in the constructs sFBAC1mBiP:GFP and sBiPtFBAC1:GFP
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(Fig.

4).

After

expression

of

sFBAC1mBip:GFP

and

sBiPtFBAC1:GFP

in

Phaeodactylum tricornutum, GFP accumulated either within the ER or the plastid,
respectively, strongly suggesting that both ER and plastid preproteins first enter the
ER system and subsequently have to be further sorted (Fig. 5).

Fig. 5: Fluorescence micrographs of Phaeodactylum cells expressing sBiPtFBAC1:GFP or
sFBAmBiP:GFP. The red colour is due to the chlorophyll autofluorescence of the chloroplasts (CP),
green colour is due to the fluorescence of the GFP protein. Left: in sBiPtFBAC1:GFP GFP
fluorescence is congruent with chlorophyll fluorescence suggesting that GFP has entered the
chloroplasts. Right: sFBAmBiP:GFP shows GFP fluorescence in reticular structures protruding into the
cell. Such a phenotype is typical for transformants accumulating GFP within the ER. The size is
indicated by a scale bar (10 µm).

II.3.4.3 Signal peptides including the ASAF or AFAP motif only are directing
GFP into Blob-like structures To analyse the targeting properties of the
ASAF/AFAP motifs we fused GFP to signal peptides including the ASAF/AFAP motif,
but not the full transit peptide domains, of plastid preproteins that are targeted to two
further compartments within the plastids (see Fig. 4, sOEE1:GFP and sTPT1:GFP):
The triose phosphate translocator (TPT1) of the inner plastid envelope membrane
and the oxygen evolving protein 1 (OEE1) of the thylakoid lumen. In first experiments
we were able to show that the complete TPT1 presequence is capable of directing
GFP efficiently into the diatom stroma in vivo, while including transmembrane protein
domains of the mature part resulted in an effective envelope membrane insertion
(Kilian et al. manuscript in preparation). Similarly, we could provide evidence that the
whole presequence of OEE1 which is tripartite dues to the presence of an additional
thylakoidal signal peptide is capable of directing GFP into diatom thylakoids in vivo
(Ammon, Kilian and Kroth, unpublished data).
Remarkably, after expression of this fusion proteins in Phaeodactylum, they
did not accumulate within the ER as observed for the GFP protein fused to the signal
peptide of BiP but within ‘blob’-like structures (BLSs) which are tightly associated with
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the diatom plastids (Fig 6). These BLSs appeared to consist of smaller reticular
structures as observed by fluorescence microscopy (Fig. 6).

Fig. 6: Diatom preprotein signal peptides retaining the conserved cleavage site motif fused to GFP are
directed into Blob like structures (BLS). Here, cells are shown which express (A) sTPT1:GFP or (B)
sOEE1:GFP. Green GFP fluorescence appears in reticular structures closely attached to the red
chloroplasts. The size is indicated by a scale bar (10 µm).

II.3.4.4 A single conserved phenylalanine within the signal sequence cleavage
motif of diatom plastid protein presequences is crucial for protein targeting
In order to investigate on the possible role of the conserved phenylalanine within the
cleavage motifs of signal peptides of bipartite chloroplast targeting presequences we
performed site directed mutagenesis experiments. First, we constructed vectors in
which the complete bipartite presequences of five plastid preproteins of
Phaeodactylum tricornutum [phosphoribulokinase (PRK), ATPC, OEE1, FBAC1 and
TPT1] were fused to the GFP protein as indicated in Fig. 4 yielding the fusion
proteins PRK:GFP, ATPC:GFP, OEE1:GFP, FBAC1:GFP and TPT1:GFP. All these
preproteins contained the conserved motifs ASAF or AFAP. After expression in
Phaeodactylum in all cases GFP accumulated within the plastids suggesting that the
respective presequences are sufficient to efficiently drive import of a fused GFP
protein into the diatom plastid in vivo (Kilian and Kroth 2004). Next, we performed site
directed mutagenesis of the conserved motif. Analyzing import characteristics we
found that the exchange of ASAF into AGAF or ARAF in ATPC:GFP did not affect
import of the respective fusion proteins into the plastids (see Fig. 7). However,
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substitution of the phenylalanine within the conserved motifs (ASAFÆASAM/ASAT,
AFAPÆAMAP) in all cases led to a strong inhibition of protein import (Fig. 7). GFP
accumulated in BLSs similar in shape and plastid associated as observed before for
the constructs sOEE1:GFP and sTPT1:GFP (see Fig. 6).

Fig. 7: Site directed mutagenesis of plastid targeted GFP fusion proteins. Shown are bright field and
fluorescence microscopy images of Phaeodactylum cells expressing different GFP fusion proteins, on
the left and right side, respectively. In transformants in which the conserved motif has been changed
at the position of the phenylalanine (ASAFÆASAM or AFAPÆAMAP) GFP fluorescence is visible
within ‘Blob’ like structures (BLSs). In contrast, GFP is still imported into the chloroplasts if other AA
within this motif are modified (ASAFÆARAF or ASAFÆAGAF). The size is indicated by a scale bar
(10 µm).
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To analyze processing of the preproteins we performed Western Blot analysis
with cell lysates of transformants expressing the modified and unmodified ATPC:GFP
proteins. GFP fusion proteins with 31.2 and 28.7 kDa in size, corresponding to fusion
proteins with or without a transit peptide, respectively, have been detected (Fig 8).
This result implies that in transformants accumulating GFP in the chloroplasts
[ATPC5:GFP(ASAFÆARAF/AGAF)] the transit peptide is processed, whereas in
those

transformants

directing

GFP

into

the

BLSs

[ATPC5:GFP(ASAF

ÆASAM/ASAT)] only the signal peptide is cleaved off suggesting that removal of the
transit peptide is performed after transport into the plastid stroma. The fact that in all
transformants the signal peptide is processed gives additional evidence that the
respective GFP fusion proteins have first entered the ER before accumulating within
the BLSs in [ATPC5:GFP(ASAFÆARAF/AGAF)].
Fig. 8: Western blot analysis of cells
expressing ATPC:GFP fusion proteins, with or
without modification. (A) GFP is present in two
different sizes, as a 31.2 and a 28.7 kDa
protein. In cells directing GFP into the plastid
(ATPC:GFP(ASAF, ASAFÆARAF and ASAF
ÆAGAF) GFP is predominant as a 28.7 kDa
protein. In those cells accumulating GFP in
BLSs fusion proteins show a higher molecular
weight
(31.2
kDa).
(B)
Schematic
representation of the ATPC:GFP presequence.
The positions of the signal peptide (sp), the
transit peptide (tp) and the conserved motif are
indicated. Bars mark calculated N-termini
corresponding to a 31.2 or 28.7 kDa fusion
protein.

II.3.4.5 A single ‘Blob’-like structures are probably located in-between the
diatom envelope membranes The BLSs visualized by the accumulation of GFP
protein appear to consist of small vesicles or vesicular structures located at the
periphery of the plastid. We tried to isolate these structures but could not develop any
efficient procedure to enrich whole cell lysate fractions with these structures. We
therefore performed osmotic shock experiments. As no efficient procedure for the
isolation of chloroplasts from Phaeodactylum tricornutum has yet been established,
we tried to see whether these BLSs are attached to the plastids after osmotic shock
and subsequent stabilization of the diatom cells in hypo- and iso-osmotic media,
respectively. In some cases this treatment led to the breakage of cells and the
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release of single, swollen plastids into the media. In such cases the BLSs were still
associated with the chloroplasts (Fig. 9A). We also observed that some BLSs
released their GFP content (probably due to the osmotic treatment), forming a sphere
around the chloroplast (Fig. 9B). These experiments strongly suggest that BLSs are
located between the membranes surrounding the plastids. In diatoms and other
heterokontophytes, the CER is continuous with the ER protruding into the cell (Gibbs
1979). However, we never observed GFP fluorescence within the ER in cells
directing GFP into BLSs as no typical reticular ER network throughout the cell was
visible (as observed for sBiPmBiP:GFP). Hence, we conclude that in transgenic
diatoms directing GFP into BLSs i) GFP has already left the CER/ER and ii) is
located behind at least the second plastid membrane counted from outside. This
indicates that the conserved cleavage site motif might be recognized and utilized for
further transport steps in those proteins already located within the ER/CER.
Fig. 9: Osmotic shock experiments
with
Phaeodactylum
cells
accumulating GFP within BLSs.
Single swollen chloroplasts released during the osmotic shock
and subsequently stabilized have
been analyzed by fluorescence
microscopy. (A) Green GFP
fluores-cence of BLSs is still
plastid associated and co localizes
with
the
red
chlorophyll
fluorescence of the chloroplast
periphery. (B) in some chloroplasts GFP fusion proteins appear to be released into a narrow
compartment in between the envelope membranes forming a sphere.

A

B

II.3.4.6 What is the minimal targeting information for diatom chloroplast
preproteins ? In order to estimate the minimal requirements for a diatom plastid
targeting transit peptide two presequences fused to the cyan GFP variant CFP have
been constructed utilizing the signal peptide of the diatom ER lumenal BiP
chaperone. The signal peptide has been extended by the amino acids ‘FA’ or
‘FATTP’ yielding the constructs designated sBiP-FA:CFP and sBiP-FATTP:CFP,
respectively (Fig. 4). After expression in Phaeodactylum tricornutum in both cases we
observed CFP fluorescence within the previously mentioned BLSs. However, in sBiPFATTP-CFP, CFP also accumulated within the plastids suggesting that the small
peptide ‘FATTP’ located immediately behind the BiP signal peptide may contain
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sufficient plastid targeting information (Fig. 10). However, the efficiency of this small
peptide in directing proteins into the diatom plastids is reduced as about half of the
CFP still accumulates within the BLSs.

Fig. 10: Expression of sBiP-FATTP:CFP in Phaeodactylum. Cells have been analyzed by bright field
and by fluorescence microscopy (red: chlorophyll autofluorescence, blue: CFP fluorescence),
respectively. CFP colocalizes with the chlorophyll fluorescence indicating that CFP has entered the
chloroplast. Even higher CFP fluorescence is also visible in BLSs suggesting that CFP is also
accumulating within BLSs. The size is indicated by a scale bar (10 µm).

II.3.4.7 Protein transport into diatom plastids is arrested by Brefeldin A
treatment Brefeldin A (BFA) is known to impair the budding of vesicles from the golgi
apparatus. In order to test if vesicular transport steps in the periplastidic space may
participate in the transport of proteins into the complex plastids of diatoms we
investigated plastid import of GFP fusion proteins in the presence of BFA. GFP is
relatively stable in Phaeodactylum plastids, so we took advantage that our constructs
are based on the light-driven Fcp promoters of the diatom transformation vector
pPha-T1. After keeping the Phaeodactylum cells for one week in the dark (which
does not affect the viability of the cells) GFP expression was induced by transferring
the cells into normal light conditions in the presence or absence of BFA (10µg/ml),
respectively. After incubation for 24 hours the cells synthesized enough GFP protein
to be analyzed by fluorescence microscopy. In the control cells GFP was localized
exclusively within the plastids (Fig. 11). In contrast, in BFA treated cells GFP protein
accumulated within small vesicular structures close to the chloroplasts. In Fig. 12 a
three dimensional reconstruction of such a cell is shown clearly indicating that GFP
accumulates at the boundary of the plastid. Additionally, we treated cells directing
GFP protein into the ER (BiP:GFP) or into BLSs (sOEE1:GFP) with BFA. In cells
expressing BiP:GFP, GFP fluorescence appeared in small vesicles scattered
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throughout the cytoplasm which was not plastid associated (data not shown). In cells
directing GFP into the BLSs we could not observe any difference compared to control
cells upon BFA treatment (data not shown) suggesting that BLSs are different from
the ER.
Control

BFA

ATPC:GFP

FBAC1:GFP

PRK:GFP

TPT:GFP

Fig. 11: Brefeldin A treatment of Phaeodactylum cells directing GFP into
chloroplasts. BFA has been applied after GFP expression has been
induced (for details see text). In all cases the control cells show GFP
accumulating within the chloroplasts (left panel) whereas in cells treated
with BFA GFP accumulates within small vesicle like structures (green)
attached to the chloroplasts (red)
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Fig. 12: Three dimensional reconstruction of a cell accumulating GFP in a vesicle like structure due to
BFA treatment. A single chloroplast (red) is shown, with a small vesicle structure (green) containing
GFP protein. The same chloroplast has been cut in sillico, demonstrating that the GFP containing
structure is tightly attached to the boundary of the chloroplast.

II.3.4.8 What is the possible role of the AFAP/ASAF motifs in protein targeting?
Apparently protein targeting into complex plastids is a process that consists of
various steps. In previous works protein import into secondary plastids of two more
algae has been studied, although those plastids are structurally different. In the
unicellular alga Euglena the plastids are delineated by three membranes but are not
associated with a CER (Gibbs 1978). Cell fractionation studies have demonstrated an
association of plastid preproteins with both Golgi and ER membranes, suggesting
that precursor polypeptides initially pass through the cytosolic ER and are
transported subsequently to the plastids via the Golgi system (Sulli et al. 1999). The
colourless apicoplasts from the mainly parasitic apicomplexa possess four bounding
membranes, which also are not connected to the ER. For the human pathogenic
Plasmodium and Toxoplasma it has been demonstrated that plastid preproteins are
first translocated into the ER system and then transported across the outermost
plastid membrane probably by vesicles which may fuse with the outermost plastid
membrane. However, it is completely unknown so far how proteins are further
transported across the remaining three membranes. Both examples demonstrate that
vesicular transport of plastid preproteins through the cytoplasm to the plastids is
feasible. In diatoms the plastids are located in a sac of rough ER (CER, see above)
so the import of proteins does not necessarily have to involve the ER/Golgi system of
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the cell. Here, we have demonstrated that signal peptides of ER and plastid
preproteins are exchangeable, which proofs that the cytosolic and the plastidic ER
system must be at least functionally connected to avoid complicated post-transport
sorting processes. Instead our data indicate that there might be a vesicular transport
step (after chloroplast preproteins have entered the CER) which may be involved in
the subsequent further import process. According to the vesicular transport model
(Fig.1) vesicular traffic bridges the periplastidic space, thus occurs in a compartment
that originally represented the cytosol of the secondary endosymbiont. Still, there is
the question what type of vesicular transport system might be involved. EM
micrographs of periplastidic vesicles never showed any coat surrounding the
vesicles. According to our data the phenylalanine at the very N-terminus of
intermediately processed preproteins devoid of the signal peptide is highly important
for their efficient transport into diatom plastids as the substitution of this amino acid
diminishes plastid import. This particular amino acid may therefore be important for
subsequent transport processes. Interestingly, protein sorting into caveolae which are
membrane structures forming in the process of endocytosis (Parton 1996) require the
specific interaction with aromatic AA residues including phenylalanine of the protein
cargo with transport components (Guillermo et al. 1997). A similar interaction may
participate in a sorting process within the CER in order to load plastid proteins into
vesicles budding into the periplastidic space. However, the molecular target of the
conserved motif in diatom plastid preproteins identified in this work remains to be
elucidated.
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II.4

Presequence acquisition during secondary endocytobiosis
and the possible role of introns

Kilian O and Kroth PG

II.4.1 Abstract
Targeting of nucleus-encoded proteins into chloroplasts is mediated by Nterminal presequences. During evolution of plastids from formerly free-living
cyanobacteria by endocytobiosis, genes for most plastid proteins have been
transferred from the plastid genome to the nucleus and subsequently had to be
equipped with such plastid targeting sequences. So far it is unclear how the gene
domains coding for presequences and the respective mature proteins may have
been assembled. While land plant plastids are supposed to originate from a primary
endocytobiosis event (a prokaryotic cyanobacterium was taken up by a eukaryotic
cell), organisms with secondary plastids like diatoms experienced a second
endocytobiosis step involving a eukaryotic alga taken up by a eukaryotic host cell. In
this group of algae, apparently most genes encoding chloroplast proteins have been
transferred a second time (from the nucleus of the endosymbiont to the nucleus of
the secondary host) and thus must have been equipped with additional targeting
signals. We have analyzed cDNAs and the respective genomic DNA fragments of
seven different plastid preproteins from the diatom Phaeodactylum tricornutum. In all
of these genes we found single spliceosomal introns, generally located within the
region coding for the N-terminal plastid targeting sequences or shortly downstream of
it. The positions of the introns can be related to the putative phylogenetic histories of
the respective genes indicating that the bipartite targeting sequences in these
secondary algae might have evolved by recombination events via introns.
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II.4.2 Introduction
It is now widely accepted that mitochondria and chloroplasts arose by
independent

primary

endocytobioses,

that

is

by

uptake

of

a

free-living

proteobacterium or a cyanobacterium, respectively, by a eukaryotic host cell
(Delwiche and Palmer 1997, Martin et al. 1998, Martin and Müller 1998).
Furthermore, phylogenetic analyses support the view that the plastids of red algae,
glaucophytes, green algae and land plants may be traced back to a single
endocytobiotic event (Moreira et al. 2000, Delwiche and Palmer 1997, Palmer 2003).
The subsequent transformation and reduction of the prokaryotic endosymbiont into
an organelle led to the extinction of 90 - 95% of the genes from the endosymbiont
compared to free living cyanobacteria, most of them being transferred to the nucleus
of the host cell (Martin et al. 2002). However, the protein content of the
endosymbionts/organelles was not reduced that drastically: A large number of
organelle specific reactions like photosynthesis and the production of typical
secondary plant metabolites still take place inside the chloroplasts. A recent study
estimated that ~4500 genes in the Arabidopsis genome have been acquired from the
former cyanobacterium, whereas the gene products of almost half of those is
apparently targeted back into the plastids (Martin et al. 2002) mediated by
translocators embedded in the plastid envelope membranes (Keegstra and Cline
1999, Jarvis and Soll 2001).
Plastid-specific protein targeting in land plants occurs post-translationally
utilising an N-terminal presequence (“transit peptide”), which is cleaved off after the
successful transport of the protein into the organelle (Van der Vere et al. 1995, Bruce
2000). The coding sequences for transit peptides supposedly were not included in
the respective genes before they were transferred from the genome of the
endosymbiont to the nucleus, thus the respective sequence information must have
been acquired during or after integration of the genes into the host genome. It is yet
unclear whether the genetic domains of transit peptides may have been fused to
genes of plastidic proteins or whether they evolved by mutation. In a few cases the
presence of introns in the respective regions indicates that processes like exon
shuffling may be involved (Gantt et al. 1991, Waller et al. 1998). In mitochondria
there is also some evidence that processes like simple DNA recombination or exon
shuffling might have been the driving force towards the phylogenetic fusion of transit
peptides and mature proteins (Long et al. 1996, Kubo et al. 1999, Wischmann and
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Schuster 1995). In metazoans the latter process, which is mediated by recombination
between introns, is thought to have played an important role in fusion of gene
modules encoding functional domains of different enzymes (Patthy 1999). Problems
for identifying possible indicative introns (which originally might have been involved in
exon shuffling) mainly arise from additional intron integration/excision processes that
occurred after the primary endocytobiosis, resulting in a large number of introns per
gene as observed in Arabidopsis thaliana (The Arabidopsis Genome Initiative 2000).
A variety of algal genera like diatoms, brown algae, cryptophytes and
euglenoids have evolved by a process termed secondary endocytobiosis (McFadden
2001, Delwiche and Palmer 1997, Cavalier-Smith 2000). In this process, which is
supposed to have happened successfully at least twice during evolution, eukaryotic
algae (ancestors of red and green algae) were engulfed by eukaryotic host cells and
transformed into plastids (Fig. 1A). Algae that evolved this way are typically
characterized by possessing ‘complex’ plastids that are surrounded by more than two
- usually three or four - envelope membranes (van Dooren et al. 2001). In most of
those algae, including diatoms, secondary endocytobiosis led to a complete
extinction of the nucleus of the endosymbiont; only in cryptophytes and
chlorarachniophytes a drastically reduced genome is still present between the
second and the third membrane of the respective chloroplast envelope (Douglas et
al. 2001, Gilson and McFadden 2002). As a consequence, most of the genes
encoding plastid proteins formerly located in the nucleus of the endosymbiont had to
be transferred to the nucleus of the new host to preserve functionality of the plastids
(Fig. 1A). This second round of intracellular gene translocation resulted in a new
challenge: New transport pathways and the respective targeting signals had to be
developed to enable targeting of plastid proteins across the additional plastid
envelope membranes (Cavalier-Smith 1999, van Dooren, Schwartzbach, Osafune,
and McFadden 2001, Kroth 2002). Nuclear encoded chloroplast proteins in these
organisms have bipartite presequences, consisting of a signal peptide followed by a
transit peptide (Fig. 1A). The functionality of these two domains has been
demonstrated for various organisms with secondary plastids (Lang et al. 1998, Sulli
et al. 1999, Waller et al. 2000). In diatoms apparently a first cotranslational transport
step (presumably at the outer endoplasmic reticulum (ER) membrane surrounding
the plastid (called Chloroplast ER, CER) (Gibbs 1981)) and at least one further
translocation step are involved (Bhaya and Grossman 1991, Lang et al. 1998); it is
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unclear yet, however, whether additional targeting signals within the presequences
are needed.
So far there are only a few indications how the bipartite presequences of
nucleus encoded proteins destined for secondary plastids may have been
assembled, but similarly to the obvious acquisition of transit peptides in the course of
primary endocytobiosis, the recombinatory addition of a gene fragment encoding
either a signal peptide or a complete bipartite presequence (Waller et al. 1998,
Schaap et al. 2001) may have contributed to the huge task of supplying a high
number of transferred genes with adequate presequence domains.
We have analyzed seven genes from the diatom Phaeodactylum tricornutum
and found single introns that might reflect the origin of the individual targeting
domains and the way that they were fused to previously relocated genes in
organisms with secondary plastids.

Fig. 1: Schematic drawing describing the putative situation during establishment of secondary
endocytobiosis. (A) Genes for plastid proteins located either on the chloroplast (CP) genome or the
nucleus of the endosymbiont (NE) were transferred into the nucleus of the secondary host (NH) (grey
arrows). Gene products of these genes have to be transported into the four membrane-bound plastids
depending on additional targeting signals (black arrows, see text). S: signal peptide; T: transit peptide;
M : mature protein. (B) Suggested topology and location of gene products prior (in red algae or
secondary host) and after secondary endocytobiosis (in diatoms). Abbreviations were used as in (A).
S´: thylakoidal signal peptide. The topology in red algae is based on known genes: PsbU (GenBank
AB023805), PsbO (AV432421), PsbM (AV438629), Tpt1 (the presence of a transit peptide is based on
the absence of this gene on red algal plastid genomes and on the analysis of incomplete Porphyra
EST fragments (av435094, av432927)), AtpC (AV433223), PetJ (NC_000925, AB040818, AB040818),
and FBA (gene phylogenies indicate that the diatom plastid aldolase is related to cytosolic enzymes of
the putative secondary host or to bacterial enzymes; Kroth, Schroers, and Kilian, unpublished).
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II.4.3 Materials and Methods
II.4.3.1 Culture conditions and cell harvesting Phaeodactylum tricornutum Bohlin
(University of Texas Culture Collection, strain 646) was cultivated as described
previously (Apt et al. 2002) under continuous light (35 µmol photons m-2 s-1). Cells
were grown to log phase and directly subjected to fluorescence microscopy. For
nucleic acid isolation or for transformation the algae were harvested by centrifugation
at room temperature in 500 ml beakers (10 min., 3.000g).

II.4.3.2 RNA isolation and mRNA purification Cells were harvested as described
above, frozen in liquid N2 and crushed in a mortar. Four volumes of pre-warmed
(50oC) homogenisation medium (0.33 M sorbitol, 0.2 M Tris-Cl pH 8.5, 10 mM EDTA,
10 mM EGTA, 2% SDS, 0.1 % di-ethyl-pyrocarbonate) and two volumes of warm
(50oC) TE-saturated phenol (supplemented with 0.2% E-mercaptoethanol) were
added and the mixture was rigorously shaken for 20 min. After centrifugation for 15
min at 3.000g, the upper phase was extracted with 3 volumes of chloroform and was
centrifuged again. The water-soluble phase was isolated and precipitated over night
at -20oC by adding one volume of cold isopropanol and 1/20 volume of sodiumacetate (pH 6.0). Precipitated nucleic acids were collected by centrifugation (30 min.
at 10.000g), gently dried, resuspended and subjected to LiCl-precipitation (2M LiCl,
12h incubation on ice). The RNA was collected by centrifugation (4oC, 30 min. at
10.000g), washed with 70% ethanol and resuspended in water containing 0.1%
DEPC. mRNA enrichment was performed using the Oligotex mRNA Purification
System (Qiagen, Hilden) according to the manual.

II.4.3.3 DNA isolation Cells were pelleted as described above and one volume of
2xCTAB-buffer (100mM Tris/HCl pH 8, 1.5 M NaCl, 20mM EDTA, 2%
cetyltrimethylammonium bromide, supplemented with 0.2% beta-mercaptoethanol
prior to use) was added. The mixture was incubated at 65oC under gentle shaking,
supplemented with one volume chloroform:isoamyl-alcohol and incubated one
additional hour under gentle shaking at room temperature. After centrifugation (15
min., 3.000 g, room temperature) the liquid phase was mixed with the same volume
of isopropanol and the DNA was precipitated by incubation at –20oC over night. The
DNA was pelleted by centrifugation (4oC, 30 min., 10.000g) and subsequently

69

washed with ethanol (70%). After gentle air-drying the DNA was resuspended in TEBuffer and stored at 4oC.

II.4.3.4 Library construction and sequencing Purified mRNA has been reverse
transcribed and cloned into Lambda Zap vector by the aid of the Lambda ZAP-CMV
XR Library Construction Kit (Stratagene, La Jolla) according to the instructions of the
manufacturer. Isolated plasmids have been subjected to mass sequencing.

II.4.3.5 Construction of GFP-fusion proteins and transformation into diatoms
The gene for the enhanced green fluorescence protein (GFP, Clontech, Palo Alto)
was fused with DNA sequences encoding complete presequences by using NcoIrestriction sites, cloned into the pPha-T1-vector and transformed into Phaeodactylum
tricornutum as described previously (Zaslavskaia et al. 2000). Fluorescence
microscopy of transformed diatoms was done with an Olympus BX51 fluorescence
microscope equipped with a Nikon DMX-1200 camera using the filter sets HQ480/20
for GFP-, and U-MWSG2 for chlorophyll-fluorescence (Olympus, Hamburg).

II.4.3.6 Isolation of genomic sequences Genomic sequences corresponding to the
previously isolated cDNA clones were isolated by standard PCR techniques using
Taq polymerase (Eppendorf, Hamburg). The oligonucleotides (22 and 24 nucleotides
length) matched the 5’ and 3’ untranslated regions of the corresponding cDNAs. PCR
fragments were separated by agarose gel electrophoresis, isolated, cloned into the
pGEM-T vector (Promega, Madison) and sequenced.
II.4.4 Results and discussion

II.4.4.1 Isolation of diatom genes encoding organellar proteins and prediction
of the subcellular localization of their products
The nucleotide sequences of seven cDNA fragments from the diatom
Phaeodactylum tricornutum were determined: PsbU: extrinsic 12 kDa protein of
photosystem II (PSBU), PsbO: oxygen-evolving enhancer protein 1 (OEE1), PsbM:
subunit M of photosystem II (PSBM), Tpt1: triose phosphate/phosphate translocator
(TPT1), AtpC: J subunit of chloroplast ATPase (ATPC) (Apt et al. 2002), PetJ:
cytochrome c553 (PETJ), and FbaC1: fructose-1,6-bisphosphate aldolase (FBA). Six
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of them were found to encode plastid proteins (being homologous to higher plant
proteins), whereas the FbaC1 gene encodes a fructose-1,6-bisphosphate aldolase
(FBA), which is homologous to bacterial and fungal class II FBA enzymes (see
below). We further amplified and characterized the corresponding genomic DNA
fragments by PCR techniques (the genomic sequence of PetJ has also been
deposited in Genbank by other authors, accession number AB078084). All of the
deduced amino acid sequences contain similar N-terminal bipartite (FBAC1, TPT1,
PSBM, J subunit of chloroplast ATPase) or tripartite (PSBU, OEE1, Cyt c553)
presequences (Fig. 3A,B).
In diatoms the bipartite presequences are necessary for targeting of proteins
from the cytosol to the plastid stroma, whereas tripartite leader peptides – consisting
of a eukaryotic signal peptide, a plastidic transit peptide and a prokaryotic signal
peptide – are essential for correct targeting into the thylakoid lumen or the thylakoid
membranes. Such complex tripartite presequences have also been found in other
organisms with secondary plastids like Euglena gracilis (Vacula et al. 1999) or in
dinoflagellates (Norris and Miller 1994). Computer analysis of the derived
presequences by the program “SignalP” (http://www.cbs.dtu.dk/services/SignalP/
(Nielsen et al. 1999)) in all cases predicted the presence of one N-terminal signal
peptide which was supported by high probability values. The regions of the
presequence cleavage sites in diatom plastid preproteins are very conserved and
usually contain the motif “ASAF” or “AFAP” (Kroth 2002). The second presequence
domain following the N-terminal signal peptide was analysed by “ChloroP”
(http://www.cbs.dtu.dk/services/ChloroP/ (Emanuelsson et al. 1999)) and resulted in
moderate scores for transit peptides. However, the ChloroP-derived prediction of the
stromal peptidase cleavage site probably is not accurate as the neural network used
in ChloroP is trained on higher plant sequences. Earlier experiments, however,
already had demonstrated that diatom transit peptides are functionally and
structurally related to transit peptides of land plants (Lang et al. 1998). For thylakoidal
proteins with tripartite presequences the additional third presequence domains were
clearly identified as prokaryotic signal peptides by the “SignalP” program. In all cases
the predicted transit peptide cleavage site is located in regions, where the
corresponding mature homologous proteins from other organisms have been
processed, if preceded by a presequence at all.

71

In order to demonstrate the functionality of the plastid targeting sequences in
vivo we genetically fused all seven presequences (of AtpC, FbaC1, Tpt1, PsbO,
PsbM, psbU, PetJ) individually to the N-terminus of GFP as described in “Material
and Methods” and cloned these constructs into a diatom transformation vector. After
transformation and selection of Phaeodactylum cells as described earlier (Apt et al.
2002) we analysed those strains expressing GFP by fluorescence microscopy. We
found GFP fluorescence in cells transformed with four of the constructs (AtpC,
FbaC1, Tpt1, PsbO fused to GFP) to be generally located within the plastids (Fig. 2).
For the OEE1:GFP-construct (PsbO) we were also able to demonstrate the
localization of GFP within the diatom thylakoids by purification and analysis of intact
thylakoids (Ammon, Kilian and Kroth, unpublished). Although we performed several
transformation experiments, we never obtained transformants expressing psbM:GFP,
psbU:GFP and PetJ:GFP.
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Fig. 2: Localization of GFP-fusion proteins in Phaeodactylum tricornutum. Cells expressing GFP
without any presequence (A, control), and presequence:GFP-fusion proteins (B-E) have been
analysed by bright field and fluorescence microscopy. In the second and third row, red chlorophyll
auto-fluorescence or green GFP fluorescence is shown, respectively. In the first row, images obtained
by bright field and fluorescence microscopy of the same cells are merged, clearly showing that in B-E
chlorophyll and GFP-fluorescence are co-localized and that the GFP-fusion proteins accumulate within
the diatom chloroplasts (Cp), whereas unaltered GFP (A) accumulates within the cytosol (Cy). Scale
bar: 10 µm.
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II.4.4.2 Single spliceosomal introns located within the regions of genes
encoding the presequence of plastid preproteins
A comparison of the cDNA sequences of the seven genes with their respective
genomic DNA fragments obtained by PCR revealed the presence of one single
spliceosomal intron in each gene. Interestingly, all introns were found in regions
coding for presequences or the very N-terminus of the mature proteins as indicated
in Fig. 3A and Fig. 3B. All of them contain 5’-GT and 3’-AG borders which are typical
for spliceosomal introns (Tolstrup et al. 1997). Additionally, polypyrimidine stretches
are present in the regions adjacent to the 3’-acceptor sites. The intron/exon borders
are poorly conserved, the derived consensus sequence for the sample set is:
---(G/C)*GTXX(A/G)(T/C)-----(T/C/G)(G/C/A)CAG*---- (‘*’ marks the splice positions).
Intron size ranges from 182 to 632 bp. Putative branch point sequences (bps) are
present in a distance of 27-36 bp upstream of the acceptor site. The consensus
sequence of the bps is NNCT(G/C)A(T/C) and is not as strictly conserved as
observed in yeast (TACTAAC) (Tolstrup et al. 1997). Four introns (out of seven
introns analyzed) are in phase zero. Nuclear genes of P. tricornutum generally have
a relatively high GC-content of about 55% (Scala et al. 2002). The GC-content of the
analysed introns is about 10 % lower than that of the adjacent downstream exons
and most of the exons positioned upstream of the respective introns have a GCcontent comparable to the downstream exon. Comparisons in pairs and total
alignments of the introns did not reveal significantly homologous regions.
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Fig. 3: Position of introns found in this work. (A) Intron localization in genomic DNA sequences of
Phaeodactylum tricornutum analysed in this work. The domains within the deduced amino acid
sequences are shown; the length of the scale bar represents 50 amino acids. Shaded boxes stand for
the respective targeting domains as indicated below. Triangles represent the positions of introns in the
respective genes; the intron sizes in nucleotides (nt) are shown above. (B) Deduced amino acid
sequences of the N-terminal parts of diatom plastid preproteins refer to the gene names. Signal
peptides, transit peptides and thylakoid targeting signal peptides are printed in bold letters, underlined,
or in italics, respectively. Symbols indicate putative protease processing sites for the signal peptide (*),
the transit peptide (ź) and - if present - the thylakoid signal peptide (-). Open triangles indicate the
intron positions within the respective DNA sequences. The individual phases of the introns are
indicated.

II.4.4.3 Different routes of gene traffic during the establishment of secondary
endocytobiosis
From Fig. 1B it is obvious that genes transferred during secondary
endocytobiosis must have been equipped with additional targeting signals. As
described below a complete bipartite presequence had to be fused to the FbaC1 and
PetJ proteins to allow targeting into the secondary plastids, in all other cases only a
signal peptide had to be added (either by direct addition of a signal peptide or by
exchange of the existing transit sequence by a bipartite presequence). Fig. 1B is
based on the assumption that the ancestor of diatom plastids essentially had the
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same distribution of nuclear and plastid genes as modern red algae. According to this
we can assign three different types of gene transfers / substitutions:
Transfer of nuclear genes within the same cell: Genes related to
photosynthesis (PetJ, PsbU, PsbM, PsbO, AtpC) most likely originate from the
cyanobacterium taken up during primary endocytobiosis. All these genes, with the
exception of PetJ, are nucleus encoded in red algae as evidenced by available public
sequence databases (see legend Fig. 1 for details). As these genes are also nucleus
encoded in diatoms, we conclude that PsbO, PsbM, PsbU and AtpC were transferred
twice in evolution: in a first step from the cyanobacterial genome to the nucleus of the
first host, then in a second step to the nucleus of the second host cell. The triose
phosphate/phosphate translocator TPT1 apparently derived from the host of the
primary endocytobiosis, as there is no known prokaryotic counterpart; therefore the
respective gene probably should already have been present in the nuclear genome
of the first host.
Transfer of a chloroplast gene into the host nucleus: PetJ is still located in the
chloroplast genome of red algae (Reith and Munholland 1995), therefore it probably
was also there in the ancestor of diatom plastids. This would mean that the gene was
transferred directly from the plastid genome into the nuclear genome of the
secondary host.
Gene substitution: FBAs occur in two different forms called class I and class II.
Class I FBAs are usually found in the cytosol as well as in the plastids of higher
plants. The more ancient class II FBAs are common in bacteria, fungi and
oomycetes; the last group of organisms is supposed to be related to the host of the
secondary endocytobiosis leading to diatoms and related algae (Plaumann et al.
1997). Phylogenetic and enzymatic analyses clearly indicate that the nucleus
encoded FbaC1 gene presented here encodes a class II enzyme that is targeted to
the plastid (Kroth, Schroers and Kilian, unpublished). Therefore, either a gene
encoding a class II-aldolase originating from the secondary host may have been
duplicated or a eubacterial gene may have been recruited by lateral gene transfer,
followed by a redirection of the gene product into the plastid, replacing the original
aldolase of the endosymbiont. However, in both cases a complete bipartite
presequence had to be added.
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II.4.4.4 Introns dissecting chloroplast genes may be remnants of recombination
events
One of the key questions is whether the introns are related to recombination
events, which during secondary endocytobiosis led to the addition of presequences
to the gene products after relocation of the respective genes to the nucleus of the
host. If so, they should have been introduced after secondary endocytobiosis. We
compared the location of introns in respective genes from Arabidopsis to see whether
they might share a common history. In some of the respective genes from
Arabidopsis (AtpC, Tpt1) there are no introns. Other genes do not share a common
history: PsbM is plastid encoded in land plants, PetJ is nucleus encoded in
Arabidopsis, but still plastid encoded in red algae; there is no homologous gene for
plastidic class II aldolases in Arabidopsis, whereas PsbU was not found on the
Arabidopsis genome. Thus the only possibly relevant introns are present in PsbO of
Arabidopsis, but the positions do not match to the intron position in the respective
diatom gene.
There are at least two scenarios to explain the fusion of coding DNA
sequences:

direct

recombination

of

coding

sequences

within

exons

and

recombination within introns via exon shuffling. While simple recombination merely
depends on random in-frame combination of coding DNA fragments, exon shuffling is
supposed to occur locally within introns which are present in both genes involved in
this process (Patthy 1999). Recombination within these intron regions may result in
fusion of protein domains provided that the intron/exon borders are in the same
phase. Is it likely that presequence acquisition during secondary endocytobiosis in
the predecessors of diatoms occurred with the assistance of introns? If not, the
respective transferred genes may have integrated randomly into pre-existing genes
already preceded by sequence information encoding the needed targeting signal.
Indeed, such a phenomenon has been observed by Adams and coworkers (2000)
who identified several recent independent losses and transfers of mitochondrial
genes in a variety of different angiosperm genera. There are numerous examples in
different genera demonstrating that gene products of individually transferred
mitochondrial ribosomal protein genes (rps) were redirected into mitochondria
(Adams et al. 2002, Kadowaki et al. 1996, Kubo et al. 1999, Kubo et al. 2000). For
example, mitochondrial import signals were generated by activation of internal
transport signals (Kuboet al. 2000) or by random in-frame recombination with other
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nuclear genes encoding mitochondrial proteins already equipped with transit
peptides. An indicator for such “parasitism” of pre-existing nuclear genes can be the
inclusion of parts of the transit-peptide donating gene within the resulting gene as
demonstrated by Adams et al. (2000). In diatom plastid preproteins, however, we
were not able to identify any remnants of such recombination events, indicating that
the signal peptides may not have been added this way. Also, regions within the
mature protein that by chance might act as transport signals can be ruled out,
because all nucleus encoded chloroplast preproteins in diatoms identified so far are
preceded by a signal sequence. Finally, individual transformation of transit peptide
domains into bipartite presequences simply by mutation is also unlikely regarding the
large number of the genes (approx. 1000 to 3000 genes) that had to acquire a signal
peptide after secondary endocytobiosis.
Therefore the singular occurrence of introns and their position within the
presequence encoding domains in all diatom genes analysed in this work indicates a
participation of these introns in the process of targeting sequence addition. Single
introns in the region coding for presequences of plastid proteins have also been
demonstrated in other organisms with secondary plastids. In the brown alga
Laminaria one intron was found in the gene for an FCP protein (Caron et al. 1996)
and also in a GAPDH gene of Phaeodactylum (Liaud et al. 2000). In the malaria
parasite Plasmodium introns also were shown in apicoplast precursors and have
been discussed to be involved in exon shuffling (Waller et al. 1998, Schaap et al.
2002), however, in these genes several introns are present.
A classical exon shuffling process is rather unlikely, as it would implicate that
not only the donor genes but also all relocated acceptor genes needed suitable
introns. So, are there any other possible explanations for this recombination
processes? The introns within the diatom sequences are located either shortly
upstream (PsbU), within (PetJ, PsbM, PsbO, FbaC1) or shortly downstream (AtpC1,
Tpt1) the region encoding the putative transit peptide. Assuming that the respective
genes of the endosymbiont had the same presequence topology as modern red
algae (as shown in Fig. 1B) then the intron positions correspond either to the 5’untranslated region (UTR) or the transit sequence encoding region of the respective
genes before the transfer events. One possibility is that genes donating e.g. signal
peptides contained introns that recombined with acceptor genes lacking introns, a
process which might be called “semi-exon shuffling” (Fig. 4). We propose that
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recombination might have occurred between the introns of the donating genes and
the 5’-UTR or the transit peptide encoding domains of the acceptor genes (Fig. 4A
and 4B, respectively). Random AG-nucleotides could have served as functional 3’intron boundaries (if situated in the same phase as the respective 5’-GT border) to
enable correct splicing of the respective transcripts. In cases where the original
branching point sequences of the intron of the donating gene may have been lost, a
new site had to be generated, which is not unlikely considering the poor conservation
of putative branching point sequences we observed.

Fig. 4: Model for recombination events ("semi-exon-shuffling") which could explain the results
discussed in this work. Examplary, the addition of a gene encoding a signal peptide to a acceptor
gene already preceded by a transit peptide encoding region is shown: recombination between a donor
gene (consisting of a region encoding a signal peptide (SH), an intron and the region for the mature
protein) and an acceptor gene (without intron) may result in the addition of a signal peptide. The origin
of the introns and the 5´-untranslated regions (5´-UTR) is indicated by straight lines (donor gene) or by
broken lines (acceptor gene), respectively. Intron borders are indicated by “GT” (5´) and “AG” (3´) in
circles. Recombination might occur between the intron and (A) the 5´-UTR or (B) the sequence
encoding the transit peptide domain. Next, new 3´-intron borders may be generated by utilizing
random AG-nucleotides. Boxes labeled S, T and M represent the DNA sequences encoding protein
domains: S: Signal peptide; T: transit peptide; M: mature protein; suffix H: originating from the host;
suffix E: originating from the endosymbiont
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The recombination of an intron with the acceptor gene either within the 5´-UTR
region or within the sequence encoding the transit peptide domain (see Fig. 4A, 4B)
might explain the different locations of the introns we found, but also the variable
lengths of the transit peptides in diatoms. Instead of signal peptides also complete
bipartite presequence may have been added this way – partially replacing transit
peptides if existing. This might have been the case for the FbaC1, AtpC, and Tpt
genes.
It is still an open question why primary endocytobiosis of plastids apparently
occurred only once successfully (which means to prevail in evolution), whereas we
know of at least two and maybe more cases of successful secondary
endocytobioses. Part of the reason may be that during secondary endocytobiosis
essential genes had to be redirected from one eukaryotic to another eukaryotic
compartment within the same cell. It is possible that the reutilization of regulatory
elements, e.g. promotors and polyadenylation sites, may have sped up the process
of secondary gene transfer. The proposed modified way of exon shuffling with an
intron-free accepting gene might also have been helpful for enhancing the
establishment of secondary plastids.
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II.5

Genetic substitution of plastid aldolases in diatoms

Kilian O, Schroers Y and Kroth PG

II.5.1 Abstract

We identified genes encoding fructose-bisphosphate aldolases (Fba) from the
centric diatoms Odontella sinensis (os) and Thalassiosira pseudonana (Thaps) and
from the pennate diatom Phaeodactylum tricornutum (pt) by cDNA library screening,
applying PCR techniques or database searches. Our data strongly suggest that in
those diatoms four different aldolases are present: two plastid targeted class II
(FbaC1 and FbaC2) and each one cytosolic class II (FbaC3) and class I (FbaC4)
enzyme. We have verified the classification of the different aldolases by enzymatic
characterization of isolated diatom chloroplasts and whole cell extracts. Expression
of GFP proteins fused to the presequences of the ptFbaC1 and osFbaC1 aldolases
in Phaeodactylum tricornutum and in vivo-localisation studies demonstrate that the
respective enzymes are in fact plastidic proteins. Phylogenetic analysis and intron
positions strongly imply that both chloroplast targeted class II enzymes evolved from
an ancestral Fba gene prior to the divergence of centric and pennate diatoms and
that the individual Fbas of different diatoms are related to each other. Diatom plastids
are supposed to have evolved by secondary endocytobiosis from a red alga taken up
by a host cell. The identification of class II enzymes in diatom plastids is surprising
because red algae apparently contain class I aldolase isoforms only. We suppose
that the red algal plastid FBA enzyme in diatoms has been replaced providing a new
example for gene substitution in algae.
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II.5.2 Introduction
The eukaryotic cell is strongly compartmentalized. Metabolic reactions that
occur in different compartments therefore often utilize individual isoenzymes.
Prominent isoenzymes in plants are found to be involved in primary reactions in the
cytosol as well as in the chloroplasts (Martin and Herrmann 1998). One of these
isoenzymes is the fructose-1,6-bisphosphate aldolase (EC 4.12.1.13). This enzyme
catalyzes the reversible aldol condensation of dihydroxyacetone-3-P (DHAP) and
glyceraldehyde-3-P (GAP) to fructose-1,6-bisphosphate (FBP), which is an essential
reaction in the glycolysis, in the Calvin cycle (reductive pentose phosphate pathway),
and in gluconeogenesis (Martin et al. 2000). Two different forms of aldolases named
class I and class II enzymes are known from prokaryotic as well as from eukaryotic
organisms (Marsh and Lebherz 1992). Both types do not show any significant
sequence homology and are characterized by different enzymatic mechanisms.
Class I enzymes form a Schiff-base with the substrate via condensation of the Hamino group of an active-site lysine residue with the carbonyl group of the substrate.
Class II enzymes require bivalent cations, usually Zn2+, as co-factors and can be
inhibited by EDTA. Class I enzymes are homotetramers, while class II enzymes are
homodimers. Structural analyses of both enzyme types (Blom and Sygusch 1997) as
well

as

sequence

alignments

(Pelzer-Reith

et

al.

1993)

and

enzymatic

characterization (Flechner et al. 1999) clearly demonstrate that class I and class II
enzymes are phylogenetically not related and have evolved convergently.
The phylogenetic distribution of class I and II FBA enzymes is very complex.
Class I enzymes are within the plastids and in the cytosol of plants (Martin et al.
1996), green algae (Schnarrenberger et al. 1994, Pelzer-Reith et al. 1995), red algae
(Gross et al. 1999) and in the cytosol of metazoa. Fungi contain class II enzymes
only (Mutoh and Hayashi 1994), while in eubacteria and archaebacteria both types of
enzymes can be found (Witke and Götz, 1993, Bult et al. 1996). So far Euglena
gracilis is exceptional among eukaryotes as it contains a class I aldolase in the
chloroplast while a class II enzyme is in the cytosol (Plaumann et al. 1997). The
glaucophyte Cyanophora paradoxa on the other hand has a plastidic class II enzyme
operating the Calvin cycle (Gross et al. 1994). In cyanobacteria, which are the
prokaryotic ancestors of plastids, both types of aldolases can be found in the
respective genome database (http://www.kazusa.or.jp/cyanobase/); however, it is
unknown, which of both is used primarily. Class II enzymes are further separated into
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two families, type “A” and “B”, which may result from an early duplication within
eubacteria (Henze et al. 1998).
Diatoms (Bacillariophytes) are especially interesting due to their importance
for the global carbon cycles in the oceans (Treguer et al. 1995, Smetacek 1999) as
well as to their evolution by secondary endocytobiosis. While the plastids of all
photosynthetic eukaryotes probably are the result of a primary endocytobiosis event,
in which a prokaryotic cyanobacterium has been taken up by a eukaryotic host cell
(for an actual discussion about a mono- or polyphyletic origin of plastids, see Palmer
2003), diatoms and other heterokont algae are supposed to have evolved in an even
more complex fashion. In a secondary endocytobiosis event a eukaryotic alga,
probably an ancestor of modern red algae, was taken up by a eukaryotic host cell
and subsequently transformed into a plastid (Delwiche and Palmer 1997; Kroth 2002;
McFadden 2001). This means that in heterokonts and other algal groups that evolved
in a similar way, two eukaryotic cells including their genomes and their enzyme
equipments have been recombined, thus increasing the complexity of the resulting
chimeric cell. While the photosynthetic chloroplast was retained, most other
organelles and cytosolic structures of the respective endosymbiont vanished during
this process. Most of the nuclear genes of the endosymbiont were probably
redundant to the host genome and therefore also were lost, while others like nuclear
genes encoding plastid proteins were moved intracellularly (Martin and Herrmann
1998).
Early experiments on aldolase activity in diatoms indicated different types of
aldolases in pennate and centric diatoms, respectively (Antia 1967). In order to
investigate the distribution of isoenzymes in diatoms we have cloned and sequenced
cDNAs encoding plastidic aldolases from the diatoms Odontella sinensis and
Phaeodactylum tricornutum and analysed enzymatic activities in plastidic and cellular
extracts. The finding of class II aldolases in diatom plastids is surprising because red
algae chracterized so far do not have class II enzymes at all, underlining the complex
evolutionary history of Fba genes.
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II.5.3 Material and methods

II.5.3.1 Cultivation of diatoms Odontella sinensis (Grev. Grunow) is an isolate from
the North Sea and was cultivated axenically in artificial seawater (Tropic Marin,
Wartenberg, Germany) as described (Pancic und Strotmann, 1991). The cells were
grown at 16ºC in 10 l flasks at a light density of 15 µEm-2s-1 in a 14:10 hours
light:dark cycle. Cells were harvested through a 50µm gauze and washed with 3,5%
NaCl solution prior to preparation. Phaeodactylum tricornutum (Bohlin, University of
Texas Culture Collection, strain 646) was grown at 22°C with continuous illumination
at 35 µEm-2s-1. The media consisted of 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% Bactoagar (Diffco).

II.5.3.2 Isolation of genomic DNA Cells were pelleted as described above and one
volume of 2xCTAB-buffer was added (100mM Tris/HCl pH 8, 1.5 M NaCl, 20mM
EDTA, 2% cetyltrimethylammonium bromide (CTAB), supplemented with 0.2% betamercaptoethanol prior to use). The mixture was incubated for one hour at 65oC under
gentle shaking, supplemented with one volume chloroform:isoamyl alcohol and
incubated for one additional hour under gentle shaking at room temperature. After
centrifugation (15 min., 3.000 g, room temperature) the liquid phase was mixed with
the same volume of isopropanol and the DNA precipitated by incubation at –20oC
over night. The DNA was pelleted by centrifugation (4oC, 30 min., 10.000g) and
subsequently washed with ethanol (70%). After gentle air drying the DNA was
resuspended in TE-Buffer and stored at 4oC.

II.5.3.3 Genetic transformation of Phaeodactylum tricornutum Transformation
was performed according to the protocol described in Zaslavskaia et al. (2000). In
contrast to the described procedure Tungsten particles with an average size of 0,7
µm (M10, BioRad, Hercules) and a helium pressure of 1350 psi were employed.
Cells were selected on plates containing 75 µg/ml Zeocin (Invitrogen) under
continuous light for two to three weeks. Transformants were replated on Zeocin
plates and were checked for GFP fluorescence. Fluorescence microscopy of
transformed diatoms was done with an Olympus BX51 fluorescence microscope
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equipped with a Nikon DMX-1200 camera using the filter sets HQ480/20 for GFP-,
and U-MWSG2 for chlorophyll-fluorescence (Olympus).

II.5.3.4 Cloning of the Fba genes from diatoms For cloning of Fba genes from the
diatom Odontella sinensis a cDNA library was utilised as described in (Pancic and
Strotmann 1993). Random sequencing of clones resulted in one fragment displaying
homology to Fba sequences from different organisms. This cDNA was completely
sequenced and PCR primers were designed according to the 5´- and 3´-end of the
Fba gene. With these primers the respective genomic region were amplified from
genomic DNA from Odontella sinensis using the “High Fidelity Expand” PCR Kit
(Roche) according to standard protocols. The PCR product was purified by gel
elution and directly cloned into the pGEM-T vector (Promega) for further sequencing.
For cloning of the Fba genes from Phaeodactylum EST sequences from a mass
sequencing program were screened and positive sequences were used for isolation
of the complete genes by RACE-PCR. Total RNA from Phaeodactylum was reverse
transcribed and a poly-G tail was added at the 5-ends using a terminal transferase
according to the protocol of the supplier (MBI Fermentas), but incubation occurred in
the presence of 1 mM dGTP for 30 minutes. The modified cDNA was used as
template for PCR employing a Poly-C-primer (15-mer) and a gene specific primer.

II.5.3.5 Isolation of diatom plastids Odontella cells were harvested on a 50 µm
nylon gauze. Preparation of intact plastids was performed according to Wittpoth et al.
(1998). After isolation the plastids were washed thoroughly. Morphological integrity
was routinely checked by measuring CO2 dependent oxygen evolution of the plastids
in an oxygen electrode (Hansatech, Norfolk) as described before (Wittpoth et al.
1998) and after addition of NaHCO3. To obtain stromal extracts plastids were
ruptured by osmotic shock for 30 sec in a small volume of 50 mM Tricine, pH7,
containing 1 mM of the protease inhibitor phenyl methylsulfonyl fluoride (PMSF). The
plastids were additionally sheared by pipetting them up and down in a narrow tip.
After the plastids were completely ruptured, the thylakoids were centrifuged at 15.000
g for 30 minutes and the supernatant containing the stromal extract was stored on ice
for further enzymatic analysis.
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II.5.3.6 Enzymatic assay Protein concentrations of the stromal extracts were
determined by the Bradford assay (BioRad, Hercules) according to protocols by the
manufacturer. Enzyme activity was measured in a coupled test in which the aldolase
catalyses the reaction of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate
(GAP) and dihydroxyacetone-phosphate (DHAP). Addition of the enzyme triosephosphate-isomerase (TIM) ensures the equilibrium between both products. The
inclusion of glycerole-3-phosphat dehydrogenase (GDH) results in the reduction of
DHAP to glycerole-3-phosphate and the consumption of NADH. The decreasing
concentration of NADH is an indicator for the primary aldolase reaction and can be
monitored spectrophotometrically at O= 366 nm. The reaction assay contained: 100
mM Tricine, pH 7.5; 10 mM MgCl2; 1 U TIM; 1U GDH; stromal extract (varying
volumes). The reaction at 25°C was started by the addition of 2 mM fructose-1,6bisphosphate. If necessary, stromal extracts were preincubated in the presence of
bivalent ions (10 mM either MgCl2, CaCl2, MnCl2, CoCl2, ZnCl2) or 10 mM EDTA on
ice for one hour.

II.5.3.7 Phylogenetic analyses For calculation of phylogenetic trees FBA sequences
(without presequences) were aligned using the program ClustalX (Thompson et al.
1997), followed by subsequent calculation of trees by the neighbour joining method.
Bootstrap values were determined with a replicate number of 1000.

II.5.4 Results

II.5.4.1 Identification and cloning of Fba genes from diatoms

Screening of a cDNA library from Odontella sinensis resulted in the identification of
an open reading frame homologous to Fructose-1,6-bisphatases (FBAs). As the
cDNA fragment was apparently artificially recombinated with a partial gene encoding
a ribosomal protein, we derived primers and amplified the complete gene which was
named osFbaC1 (Fig. 1) from cDNA. By screening an EST database from
Phaeodactylum tricornutum and subsequent combining individual cDNAs to contigs
we additionally obtained Fba sequences designated ptFbaC1, ptFbaC2 and ptFbaC3
(Fig. 1). The respective ptFbaC3 sequence was not complete therefore we isolated
the respective full length clone by applying the RACE technique.
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Similarly, we identified three class II aldolases (named by similarity to the
respective ptFbas ThapsFBAC1, ThapsFBAC2 and ThapsFBAC3) within the genome
of the centric diatom Thalassiosira pseudonana by searching the respective
database (accessible at http://genome.jgi-psf.org/thaps1; Armbruster et al., in
preparation). We could not identify class II aldolases in the complete genome
sequence

of

the

red

alga

Cyanidioschyzon

merolae

(accessible

at

http://merolae.biol.s.u-tokyo.ac.jp/; Matsuzaki et al. 2004).
Looking for class I aldolases in the genomes of the diatom Thalassiosira and
the red alga Cyanidioschyzon and within the EST database of Phaeodactylum, we
found one class I aldolase in Thalassiosira and in Phaeodactylum (named ptFbaC4
and ThapsFbaC4, respectively) and two class I aldolases in Cyanidioschyzon
(named CmFba1 and CmFba2).

Fig. 1: Schematic presentation of the structure of the aldolase genes analysed in this work.(A): Inscale presentation of the structure of the Fba genes showing the localization of the signal (S) and
transit (T) peptide domains and the introns (grey bar above). Length of the introns and GT-AG borders
are shown above the bars in nucleotides (nt). The size of the genes and the deduced gene products is
given in nucleotides (nt) or amino acids (aa), respectively. (B): Amino acid sequences of the N-termini
of the FbaC1 and FbaC2 genes from Odontella (os) and Phaeodactylum (pt). A vertical line indicates
putative cleavage sites between signal and transit peptides and the mature proteins. Filled arrows
indicate the position of introns on the respective DNA strands.
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II.5.4.2 Intron sequences

We compared the cDNA fragments of osFbaC1, ptFbaC1 and ptFbaC2 with
respective DNA fragments obtained by PCR amplification using genomic DNA as
template. In all three DNA fragments we found insertions starting with “GT” and
ending with “AG”, which is characteristic for spliceosomal introns (Fig. 1; Tolstrup et
al. 1997). The intron sequences found in the Fba genes from Odontella and
Phaeodactylum have lengths of 632 bp (osFbaC1), 182 bp (ptFbaC1), and 481 bp
(ptFbaC2). Structural analyses revealed that they apparently can not form significant
secondary structures. Possible branching points (Tolstrup et al. 1997) have been
found in all three sequences and fit to a possible consensus sequence deduced from
six other diatom introns: NNCT(G/C)A(T/C) (Kilian and Kroth, in press). We also
observed typical accumulations of thymidine bases (“pyrimidine stretch”) in the 3´regions of the introns. All introns are inserted in phase 0 of the respective genes. The
FbaC1 introns displayed a much lower GC content than the respective coding
regions (Odontella: 49% GC in the intron region versus 62% in the coding region;
Phaeodactylum FbaC1: 45% GC versus 63%;), while in the FbaC2 gene the GC
content of the intron is slightly higher (53% GC versus 52%). We were not able to
demonstrate that these introns are in fact related. Alignments of the introns are
possible without introducing larger gaps, but the individual sequence identity between
the sequences generally is less than 50%.
Analysis of the Thalassiosira genome revealed that the introns found in the
respective FbaC1 and FbaC2 sequences are at similar positions. Unfortunately, the
sequence for ThapsFbaC1 is not completely deposited in the diatom database. In
addition to an intron at the position identical to the respective ptFbaC2 from
Phaeodactylum, ThapsFbaC2 contains two additional introns which are in the region
encoding the mature protein (data not shown).
However, the identical locations of one intron in FbaC1 of Phaeodactylum,
Odontella and Thalassiosira and in FbaC2 of Phaeodactylum and Thalassiosira
strongly indicate that FbaC1 and FbaC2 have the same origin, respectively, thus they
were probably already present prior to the separation of pennate and centric diatoms.
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II.5.4.3 Functional characterisation of the plastid targeting domains

Comparison of the translated reading frames of the diatom class I and class II
aldolase genes with other cytosolic aldolase sequences revealed an N-terminal
extension of about 30 amino acids in all FbaC1 and FbaC2 genes with the exception
of ThapsFbaC1 where the sequence information is missing. Such an extension is not
found in the FbaC3 and FbaC4 and might be excluded at least in ptFbaC3 as a stop
codon is located immediately upstream of the putative start of translation of
respective Phaeodactylum ESTs. Similarly, a putative presequence upstream of the
region encoding the mature ThapsFbaC3 protein could not be identified in the
respective genomic DNA sequence.
The N-terminal extensions found in FbaC1 and FbaC2 genes have a structural
similarity to a variety of other plastid targeting domains from diatoms (Apt et al.
2002). Plastid targeting presequences in diatoms apparently consist of two domains:
a hydrophobic domain resembling a signal peptide for cotranslational ER import and
a more hydrophilic domain with characteristics of transit peptide domains necessary
for targeting proteins into plastids of green algae and higher plants (Kroth 2002).
Computer analyses (SignalP: http://www.cbs.dtu.dk/services/SignalP/ ((Nielsen et al.
1999) and ChloroP: http://www.cbs.dtu.dk/services/ChloroP/ (Emanuelsson et al.
1999)) indicated a cleavage site for a signal peptidase between amino acids 15/16,
16/17, and 16/17 (osFBAC1, ptFBAC1, and ptFBAC2, respectively), and a transit
peptide cleavage site between positions 30/31, 30/31, and 37/38, respectively (Fig.
1). To verify that these presequences are in fact plastid targeting domains we have
fused the complete presequences of osFbaC1 and ptFbaC1 together with a small
portion (13 and 29 amino acids, respectively) of the putative mature FBA sequences
in frame to GFP protein by combining the respective DNA fragments. The constructs
were cloned into a diatom transformation vector and transformed into wild type cells
of Phaeodactylum by particle bombardment as described previously (Zaslavskaia et
al. 2000). GFP localization was analyzed in transformands by epifluorescence
microscopy. Fig. 2 shows that expressed GFP is clearly located inside the plastids;
the red chlorophyll autofluorescence serves as a marker for the plastid boundaries.
As found for other stroma targeted GFP fusions expressed in diatoms, GFP was not
distributed homogenously within the plastids, probably due to local GFP
accumulation in areas devoid of thylakoids and pyrenoids (Apt et al. 2002). Because
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of the utilization of a light-dependent Fcp-promoter (Apt et al. 1996) GFP
accumulated in the light only. Cells grown in the dark for several days did not show
GFP, while shortly after the cells had been transferred into the light GFP started to
accumulate within the plastids. The observation that no GFP was visible outside of
the plastids demonstrates the FBAC1 presequences are specific und effective plastid
targeting signals.

Fig. 2: In vivo targeting of FbaC1-presequence:GFP fusion proteins from Odontella sinensis (A) and
from Phaeodactylum tricornutum (B) in Phaeodactylum tricornutum (for details of the construct see
text). Left: Light microscopical image of cells with the brownish chloroplasts (cp). Right: corresponding
fluorescence image (GFP) using UV light excitation. Autofluorescence of chlorophyll is red, while GFP
fluorescence is green. The scale bars at the lower right corner represent 2 µm.

Analysis of the respective Cyanidioschyzon class I aldolases also revealed an
N-terminal extension in cmFba2 compared to cmFba1. Analysis of the AA sequence
by ChloroP (Emanuelsson et al. 1999) suggests the presence of a chloroplast
targeting transit peptide.
Taken together, these results strongly suggest that the diatom FbaC1 and
FbaC2 aldolases and the red algal cmFba2 are directed into the respective
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chloroplasts, while the diatom FbaC3 and FbaC4 and the red algal cmFba1 are
cytosolic enzymes (Tab.1).
Class I

Class II

diatom plastid

---

FbaC1, FbaC2

diatom cytosol

FbaC4

FbaC3

red algal plastid

cmFba2

---

red algal cytosol

cmFba1

---

Tab. 1: Distribution of class I and
class II aldolases in diatoms and red
algae.

II.5.4.4. Phylogenetic analysis of the Fba gene in diatoms

We have aligned the obtained reading frames of the putative mature domains of the
diatom FbaC1, FbaC2, FbaC3 and FbaC4 genes with class I and class II aldolase
sequences from other organisms, clearly identifying FbaC1, FbaC2 and FbaC3 to be
class II enzymes and FbaC4 to be a class I enzyme, respectively.
Class II enzymes:

Individual comparisons of the diatom class II aldolases

sequences with class II enzymes from other organisms resulted in similarities
between 34% and 60% identical amino acids for class II aldolases of the A-type from
bacteria and fungi, while the similarity to B-type enzymes from Cyanophora paradoxa
or Synechocystis PCC 6803 was significantly lower (15-20%). The identity between
the Fba sequences of the same type was rather high (68%-86%) whereas the identity
between the different isoforms (e.g., FbaC1 vs. FbaC2) was only 47%-59% thus
indicating that the three individual Fbas (FbaC1, FbaC2 and FbaC3) have been
present in diatoms before centric and pennate diatoms diverged.
Indeed, phylogenetic analyses of diatom class II Fbas and other organisms
clearly demonstrate that the individual diatom Fbas of the same type are related to
each other (Fig. 3). The respective FbaC1 and FbaC2 enzymes are also clustering
together with each other suggesting that prior to the divergence of pennate and
centric diatoms a duplication of an ancestral Fba gene into the FbaC1 and FbaC2
types occurred.
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Fig. 3: Phylogenetic analysis of class IIaldolases using the deduced amino acids
sequences of the mature class II FbaC1,
FbaC2 and FbaC3 diatoms together with
the respective aldolases from Edwardsiella
ictaluri (O52402), Haemophilus influenza
(NP_438682),
Phytophtora
infestans
(https://xgi.ncgr.org/pgc/;
CON_004_00378); Aspergillus oryzae
(BAB12232); Saccharomyces cerevisiae
(NP_012863);
Kluyveromyces
lactis
(CAC29023);
Cyanophora
paradoxa
(CAB46249);
Synechocystis
6803
(Q5564);
Prochlorococcus
marinus
(NP_892899) ;
Bacteroides
thetaiotaomicron (NP_810604) ; nostoc
commune
(Q9XDP3);
Pasteurella
multocida
(NP_246800);
Aspergillus
oryzae (Q9HGY9); Thermosynechococcus
elongatus
(NP_681166).
The
Fba
sequence of Bacteroides thetaiotamicron
served as a outgroup. Bootstrap values
are given at the respective nodes as the
numbers of results per 1000 bootstrap
trials

The phylogenetic analysis also shows a deep branching separation between
the A- and B-type enzymes, clearly demonstrating that the diatom class II aldolases
are A type enzymes (Fig. 3) whereas cyanobacterial Fbas and the respective
enzyme from the glaucophyte Cyanophora are B type enzymes. In the phylogram A
type aldolases are further separated into two groups, one containing eukaryotic fungi
and a second clade consisting of the diatom proteins, the Fba of the oomycete
Phytophtora infestans and eubacterial sequences.
Altough the eubacterial sequences apparently are more closely related to the
diatom sequences the distance between these two groups and Phytophtora is rather
close, so this analysis cannot answer the question where the diatom FbaC1 and
FbaC2 sequences originate from.

Class I enzymes: We then performed phylogenetic analysis with the cytosolic
diatom class I aldolases ThapsFbaC4 and ptFbaC4 (Fig. 4). A related Fba sequence
from Mycobacterium avium has been used as a outgroup. Interestingly, the diatom
class I Fbas were clearly related with the class I enzyme from Synechoscystis though
the bootstrap values were rather low. However, the class I Fbas from diatoms and
Synechocystis were clearly separated from other bacterial class I Fbas and class I
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Fbas from higher plants and red algae which each formed a separate branch in the
phylogenetic tree.
Fig. 4: Phylogenetic analysis of class I-aldolases
using the deduced amino acids sequences of the
mature FbaC4 from diatoms together with the
respective aldolases from Pisum sativum
(Q01517);
Solanum
tuberosum
(T07418);
Nicotiana paniculata (BAA77603); Fusobacterium
nucleatum
(NP_603229);
Clostridium
acetobutylicum
(NP_149228);
Treponema
denticola (NP_970954); Synechocystis sp. PCC
6803
(NP_441723);
Mycobacterium
avium
(NP_963242 ). Bootstrap values are given at the
respective nodes as the numbers of results per
1000 bootstrap trials

II.5.4.5 Enzymatic characterization of diatom aldolases

To analyse the abundance of class I and class II aldolases in the chloroplasts and
cytosol of diatoms we measured aldolase activity in cell and stromal extracts,
respectively, and investigated the amount of class I and class II aldolase activity by
the specific inhibition of class II aldolases by EDTA. So far, the centric diatoms
Odontella sinensis and Coscinodiscus granii are the only diatoms where intact
chloroplasts can be isolated (Wittpoth et al. 1998). We isolated plastids from
Odontella purified them on a Percoll gradient before they were broken by osmotic
shock as described in Materials and Methods.
The specific aldolase activity of stromal extract was rather low (0.4 mU/mg
protein) compared to the activity of Odontella cell extract (26 mU/mg protein). One
hour of incubation with 10 mM EDTA led to a complete inhibition of FBA activity in
stromal extracts (Fig. 5). This effect was reversible: subsequent addition of Mn2+- or
Mg2+-ions in higher concentrations than the added amount of EDTA recovered
aldolase activity.
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Comparative analyses of stromal extracts from isolated spinach plastids did
not show significant effects of bivalent cations or EDTA on the aldolase activity (data
not shown). This is in agreement with a previous work demonstrating that plastidic
class I aldolases from land plant plastids do not depend on bivalent cations (Flechner
et al. 1999). Our data clearly show that class II aldolases are the dominant if not the
only FBAs in Odontella sinensis under standard growth conditions.
Analyses of the Odontella aldolase activity in stromal extracts at various pH
values revealed a narrow pH range for the diatom enzymes. Maximal activity was
observable at pH 7.5 while only 50% of the activity we found at pH 6.7 or 8.5,
respectively. This narrow range is also typical for class II-enzymes (Rutter 1964). In
parallel control experiments, stromal class I enzymes from spinach also shared a pH
optimum at pH 7.5, but still revealed 70% of maximal activity at pH 10.0 (data not
shown). These results strongly suggest that in Odontella chloroplasts only class II
aldolases are active.
stromal extract
35
30
rel. activity

25
20
15
10
5
0
no add.

Mg 2+

Ca 2+

Mn 2+

EDTA

Fig. 5: Relative activity of fructose-1,6-bisphosphate aldolases in stromal extracts of Odontella
sinensis. Rupture of purified plastids by osmotic shock, preparation of stromal extracts and
determination of enzymatic activity were performed as described in Material and Methods. The stromal
extracts were preincubated for one hour without or with 10 mM of either Mg2+, Ca2+, Mn2+, and EDTA,
respectively, as indicated.
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In contrast, in cell extracts of Thalassiosira and Odontella aldolase activity was
not completely inhibited by EDTA (Fig. 6). These data suggest that in both centric
diatoms a considerable amount of class I aldolase activity is present. As no class I
aldolase activity remained in stromal extracts incubated with EDTA, class I aldolases
are located only within the cytosol of Odontella. However, it is unclear, whether the
decrease of class II aldolase activity in Thalassiosira cell extract by EDTA is mainly
due to an inhibition of the identified cytosolic or chloroplast class II enzymes.
Interestingly, aldolase activity of Phaeodactylum cell extracts was not affected at all if
preincubated with EDTA (Data not shown).

Effect of EDTA
control

1,2

EDTA

rel. activity

1
0,8
0,6
0,4
0,2
0
Odo

Thaps

Fig. 6: Relative activity of fructose 1,6-bisphosphate aldolases in cellular extracts of Odontella
sinensis and Thalassiosira pseudonana with or without EDTA incubation. Standard deviation is given
within the bars.

We also analyzed the dependence of diatom aldolase activity on bivalent
cations. Preincubation of bivalent cations dramatically increased aldolase activity
within the stromal Odontella extracts up to 30 fold if manganese cations have been
used (Fig. 5) implying a loss of ions during the preparation of the cell extract. Finally,
incubation of Thalassiosira cell extracts with different bivalent cations revealed Zn2+
as the preferred ion (Fig. 7).
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Fig. 7: Relative activity of fructose 1,6-bisphosphate aldolases in cellular extracts of Odontella
sinensis (Os) and Thalassiosira pseudonana (Thaps). Cells have been incubated in 10 mM bivalent
cations. Standard deviation is given within the bars.

II.5.5 Discussion
Primary and secondary endocytobioses represent a permanent establishment
of prokaryotic and eukaryotic photoautotrophs, respectively, within heterotrophic
eukaryotic host cells. The evolution of organelles from free-living organisms following
endocytosis must have involved extensive transfer of genetic material from the
genome of the endosymbiont to the nucleus of the host organism (Martin and
Herrmann 1998). Although still controversial (Stiller 2003), substantial evidence
suggests that all plastids can be traced back to a single primary endocytobiosis event
(which led to the evolution of plastids in green algae, land plants, red algae, and
glaucophytes; see Delwiche and Palmer 1997, Martin et al. 1998, Moreira et al. 2000,
Palmer 2003), whereas secondary endocytobiosis probably occurred several times
as independent events, resulting in different algal lineages (Cavalier-Smith 2000,
McFadden 2002, Palmer 2003). Secondary endocytobiosis dramatically enhanced
cellular complexity by combining two different eukaryotic organisms including their
genomes and their cellular structures. In most secondary algae the nucleus of the
eukaryotic endosymbiont disappeared during evolution; therefore various genes of
the endosymbiont must have been transferred to the nucleus of the secondary host
before. For example most of the nuclear genes for plastid proteins had to be
transferred from the nucleus of the endosymbiont to the nucleus of the secondary
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host to prevent a loss of the genes and the respective gene products. This process
also infers that the gene products of such relocated genes now had to be targeted
from the new site of biosynthesis into the complex plastids. The mechanism of
protein targeting into plastids surrounded by four membranes is still obscure,
although individual transport steps have been identified (Bhaya and Grossman 1991;
Lang et al. 1998; Waller et al. 2000; Apt et al. 2002). At least two import signals can
be identified in presequences that target proteins into various secondary plastids: a
hydrophobic signal peptide for cotranslational transport across ER membranes, and
a second domain resembling transit peptides which are necessary for posttranslational transport of proteins into primary plastids. The presequences of the
FbaC1 and FbaC2 gene products from diatoms also have such bipartite
presequences. We were able to show that these presequences are sufficient for
targeting of proteins into diatom plastids in vivo as was demonstrated in a previous
report for the presequence of the J subunit of the chloroplast ATPase (Apt et al.
2002).
We have identified cDNAs for genes encoding plastidic class II aldolases in
the pennate diatom Phaeodactylum tricornutum as well as in the centric Odontella
sinensis, indicating that a similar set of enzymes is active in diatom plastids from both
lineages. Our analysis of the Thalassiosira genome and of the emerging
Phaeodactylum EST data available in Genbank indicates that in diatoms four
aldolases are present: two plastid targeted class II aldolases (FbaC1 and FbaC2),
one cytosolic class II aldolase (FbaC3) and one cytosolic class I enzyme (FbaC4).
We found aldolase activity in total extracts from the diatoms Odontella,
Thalassiosira and Phaeodactylum. Aldolase activity in Odontella and Thalassiosira
increased after preincubation with bivalent cations indicating that class II aldolases
are present which regained activity lost during the preparation of the cell extracts.
EDTA treatment of the same cell extracts led to a drastic decrease but not to a
disappearance of aldolase activity suggesting that in these diatoms class I aldolases
are also present. At least in Thalassiosira, this is also supported by the existence of
the respective ThapsFbaC4 gene within the Thalassiosira genome.
In contrast, treatment of stromal extracts of Odontella with EDTA resulted in a
complete inhibition of aldolase activity indicating that class II type aldolases are the
dominant – if not the only type of – aldolases in plastids of centric diatoms. Again,
these data are consistent with our analysis of the Thalassiosira genome and the
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Phaeodactylum EST data which apparently contain only one class I aldolase gene
lacking sequence information for a plastid targeting presequence but two putative
chloroplast targeted class II aldolase genes.
In an early report it was shown that in acetonic cell extracts from diatoms
either mainly class I or class II enzyme activity can be found (Antia 1967). In the
pennate diatom Phaeodactylum tricornutum aldolases were not considerably
inhibited by EDTA indicating that they either do not contain class II enzymes at all or
in a minor quantity. This result was astonishing as Phaeodactylum comprises a
similar distribution of class I and class II enzymes like the centric diatoms Odontella
and Thalassiosira. We therefore had a closer look for the cytosolic Fbas at the
Thalassiosira and Phaeodactylum EST databases and found that in Phaeodactylum
the cytosolic class I enzyme is highly represented whereas in Thalassiosira only EST
for the class II enzyme are present indicating that cytosolic aldolase activity in centric
and pennate diatoms may mainly be due to class II or class I enzymes, respectively.
It is also unclear why there are two plastid targeted class II aldolases and
each one cytosolic class I and class II aldolase in as well Phaeodactylum as in
Thalassiosira. The Phaeodactylum genes were obtained from cDNA, indicating that
they do get expressed and are functional. Either FBAC1/FBAC2 and FBAC3/FBA4 in
Phaeodactylum are simply redundant enzymes, respectively, or each one of them
might also be involved in a different enzymatic reaction. In eubacteria it has been
shown that B type class II aldolases might have other substrate specificities, e.g for
tagatose-1,6-bisphosphate or deoxyribose (see Plaumann et al. 1998).
The finding of class II aldolases in diatom plastids is surprising because all red
algae analysed so far have class I aldolases in the cytosol as well as in the plastids
(Gross et al. 1999; Nikaido et al. 2000). This result is also consistent with the
presence of only each one cytosolic (cmFba1) and one putatively plastid targeted
(cmFba2) class I aldolase but no class II aldolase at all in the genome of the red alga
Cyanidioschyzon merolae. Assuming that, similarly to land plants like Arabidopsis,
red algae also do not have additional class II-aldolases the enzymes found in diatom
plastids apparently are not “native” chloroplast enzymes. So where do they come
from? There are two possible scenarios: (i) The FbaC1 and FbaC2 genes were taken
up by lateral gene transfer from a eubacterium - this would explain the close
proximity of the diatom sequences to the respective eubacterial protein sequences
(Fig. 3). One similar example of such a lateral gene transfer in algae might be the
98

presence of bacterial-type RubisCo in red and in chromophytic algae (Palmer 1993).
The recent ultrastructural demonstration of the close intracellular association of
bacteria and diatoms (Schmid 2003) has stimulated the discussion about interactions
between bacteria and eukaryotic algae in the early history of algal lineages, which
might have promoted lateral gene transfer (Kowallik 2003). (ii) A second possibility
simply is the utilization of a gene from the secondary host cell. Ancestors of modern
oomycetes are thought to have served as host cells in secondary endocytobioses
that led to evolution of the heterokont algae including the diatoms (Cavalier-Smith
2000). Unfortunately, there are no reports on aldolase activity in oomycetes, but we
have identified a class II aldolase with high sequence similarity to the diatom FBAs in
an EST database of the oomycete Phytophtora infestans (https://xgi.ncgr.org/pgc/).
Therefore it is likely to assume that an Fba gene of the secondary host might have
been duplicated and that one copy was subsequently equipped with a targeting
sequence for plastid import allowing the deletion of the gene coding for the plastidic
class I aldolase of the red algal endosymbiont. Striking examples for such
intracellular relocation and substitution processes of organellar enzymes have been
found by analysing the phylogenetic history of a variety of Calvin cycle enzymes in
land plant plastids (Martin and Schnarrenberger 1997). One example of such a
relocation process in diatoms is the recent demonstration of a fusion protein of the
glycolytic enzymes triose-phosphate-isomerase and glyceraldehyde-3-phosphate
dehydrogenase to be located in the mitochondria of Phaeodactylum (Liaud et al.
2000). Future analyses on the function and the origin of metabolic enzymes in
diatoms might help to unravel the complexity of processes and gene transfers during
the establishment of secondary endocytobioses.
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II.6

In vivo expression and targeting of GFP in diatoms

Kilian O and Kroth PG

II.6.1 Abstract

The jellyfish (Aequorea victoria) green fluorescent protein (GFP) and its cyan variant
CFP have been used for localization studies in the diatom Phaeodactylum
tricornutum. We fused presequences of mitochondrial, ER-lumenal and plastidic
diatom preproteins to GFP and transformed the respective gene fragments into
Phaeodactylum tricornutum. Subsequent analysis of the transformants expressing
GFP or CFP by epifluorescence microscopy or by confocal laser scanning
microscopy suggests that the GFP protein is a versatile reporter protein in diatoms.
Here we demonstrate for the first time targeting of GFP into diatom mitochondria,
thylakoids and into envelope membranes. We also succeeded in the simultaneous
expression of CFP and GFP and identified, cloned and characterized a switchable
Phaeodactylum promotor which is tightly switched off if not induced. In higher plants
metabolites are exchanged between cytosol and chloroplasts by translocators
embedded within the innermost envelope membrane. Due to their evolution of by
secondary endocytobiosis diatom plastids are bound by four envelope membranes in
contrast to the plastids of higher plants which only possess two envelope membranes
We found that in diatoms phylogenetically related translocators may occur in pairs,
one possessing a plastid targeting presequence, the other not.

II.6.2 Introduction

Diatoms are especially interesting due to their importance for the global carbon
cycles in the oceans (Treguer et al. 1995; Smetacek et al. 1995) as well as to their
evolution by secondary endocytobiosis (see chapters II.2, II.3, II.4 and chapter II.5).
Additionally, diatoms provide a source for the production of long chain poly
unsaturated fatty acids (Cohen et al. 1995). Due to their complex evolutionary history,
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diatoms have some unusual characteristics, like for instance the presence of
glycolytic enzymes within the mitochondria (Liaud et al. 2000). Another interesting
feature of diatoms is the structure of plastid preproteins: Diatom plastid preproteins –
but also those from other organisms evolved by secondary endocytobiosis – are
preceded by a bipartite presequence (Kilian and Kroth, 2003; Kroth 2002) consisting
of a signal and a transit peptide thus raising the question how protein transport into
diatom plastids might occur (see Apt et al 2002, Kilian and Kroth 2003; but also
chapter II.3. of this work). Thus, GFP has been used as a vital marker for protein
transport studies in diatoms, thereby allowing the structural dissection of the diatom
plastid presequences (Chapter II.2 and II.3 of this work).
Another application of GFP is the labelling of membranes. Phaeodactylum has
now become a model diatom as it is relatively well characterized on the genetic level
(more then 10.000 ESTs are available in public available databases). However, the
isolation of individual organelles and membranes, like for instance mitochondria and
envelope membranes, is still difficult. Therefore, one approach for the successful
establishment of isolation protocols might be the labelling of such organelles or
membranes by the fluorescing GFP protein. We performed in vivo targeting of GFP
into different compartments of diatoms providing the first examples for GFP targeting
into thylakoids, mitochondria and plastid envelope membranes.

II.6.3 Material and methods

II.6.3.1 Plasmid cloning and transformation into Phaeodactylum tricornutum All
procedures for the cloning of GFP fusion constructs have been described previously
as also transformation, selection and subsequent microscopical analysis (Apt et al
2002), with the exception that analysis of CFP expressing cells has been done with
Olympus BX51 microscope equipped with a U-MF2 filter set.
For promotor studies the GATEWAY vector system (Invitrogen) has been used. The
Fcp promoter upstream of the ATPC Expression vector described previously (Apt et
al. 2002) vector pPha-T1 had been replaced by the ccdB cassette of the GATEWAY
vector construction Kit (Invitrogen) according to the protocol of the manufacturer. The
GATEWAY promoter cloning vector was named PromGate. Promotor fragments have
been amplified by PCR using primers with incorporated att-sites and then cloned into
the PromGate vector as recommended by the manufacturer.
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II.6.3 Results and discussion

II.6.3.1 GFP targeting into different compartments of diatoms In order to
demonstrate that GFP might be expressed in diatoms as a reporter protein we
amplified different diatom genes encoding presequences by PCR and fused them
genetically to the GFP protein. After inserting the respective gene fragments into the
diatom transformation vector pPha-T1 we transformed Phaeodactylum cells as
described previously (Zaslavskaia et al. 2000). After selection on media containing
Zeocin we analyzed Phaeodactylum cells by epifluorescence microscopy. The
presequences used in this work are listed in Tab. 1. As shown in Fig. 1 GFP can be
targeted into the respective compartments.

Source
none
pt mitochondrial MDH
pt mitochondrial Atpase G chain
pt ER lumenal BiP protein
pt CP FBAC1
os CP FBAC1
pt Atpc
Pt OEE1
pt XPT1
pt XPT2
pt FCP1
os PRK1
hs Glut3

Type
TM
TM
SER
SERTCP
SERTCP
SERTCP
SERTCPSthyl
SERTCP
SERTCP
SERTCP
-

Localization
cytosol
M
M
ER
CP stroma
CP stroma
CP stroma
thylakoids
CP membrane
CP membrane
CP stroma
CP stroma
Plasma membrane

Tab.1: Type and source of presequences fused to the GFP protein. Proteins
are localized in the cytosol, the mitochondria (M), the endoplasmic reticulum
(ER), plastid thylakoids, within chloroplast (CP) membranes or the plasma
membrane dependent on the presequence fused to the GFP proteins. The
structure of the presequence is indicated: (TM), mitochondrial transit peptide;
(SER), ER targeting signal peptide; (TCP), chloroplast targeting transit peptide;
(Sthyl), thylakoidal signal peptide. The sources of the genes were
Phaeodactylum tricornutum (pt), Odontella sinensis (os) and homo sapiens (hs).
MDH, malate dehydrogenase; FBA, fructose bisphosphatase; XPT,
phosphate/phosphate translocator; FCP, fucoxanthine chlorophyll a/c binding
protein; PRK, phosphoribulokinase; Glut, glucose transporter. Footnotes:
Transformants indicated with footnotes are a gifts from (1) Markus Lang,
University of Düsseldorf and (2) Kirk Apt, Martek Bioscience, Maryland
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Fig. 1: Expression and accumulation
of GFP within different compartments
of
Phaeodacytlum.
Bright
field
microscopy images (left panel) and
fluorescence images (right panel) are
shown. The brownish chloroplasts
visible in the bright field microscopy
appears
red
by
fluorescence
microscopy
due
to
chlorophyll
autofluorescence. The GFP fusion
constructs used are indicated (S,
signal peptide; TM, mitochondrial
transit peptide; TCP, plastidic transit
peptide;
Glut,
human
glucose
transporter). Dependent on the
presequence fused to GFP protein
GFP fluorescence is located within the
endoplasmic reticulum (ER), the
plastid, mitochondria, or the plasma
membrane. GFP without a presequence accumulates within the
cytosol.
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II.6.3.2 GFP localization within the cytosol, the chloroplast stroma, the
thylakoids and the ER Expression of GFP resulted in accumulation within the
cytosol (Fig. 1). We already demonstrated that GFP fused to an ER targeting
presequence derived from ER lumenal proteins accumulate within the ER after
expression in Phaeodactylum. Furthermore we demonstrated the successful plastid
targeting of GFP proteins fused to bipartite presequences of diatom plastid
preproteins (Apt et al. 2002; Kilian and Kroth 2004; see also chapter II.3 and II.4).
In another approach we investigated the targeting capabilities of presequences
directing preproteins into the diatoms thylakoids: After transport of the preproteins
into the stroma they have to be imported into the thylakoids. For this step several
transporters are known which depend on different presequences. Thus, some diatom
thylakoid preproteins have a tripartite presequences consisting of an ER targeting
signal peptide, a transit peptide and a thylakoidal signal peptide. In order to dissect
the functionality of these three domains we cloned the tripartite presequence of the
Phaeodactylum oxygen evolving enhancer protein subunit 1 (OEE1) and fused the
GFP protein to different parts of the tripartite presequence as indicated (Fig. 2).
OEE1 STS GFP and OEE1 ST GFP appeared both to accumulate GFP within the
chloroplasts (data not shown). As fluorescence microscopy can not resolve between
stroma and thylakoids western blots had been performed (Ammon, 2003): Cells
expressing OEE1 STS GFP revealed two sizes of GFP: one corresponding to GFP,
and the other to GFP still possessing the thylakoidal signal peptide, respectively
(data not shown). This result suggests that the thylakoidal signal peptide has been
correctly processed while being transported into the diatom thylakoids (Ko and
Cashmore 1989). However, it is not clear yet whether GFP partially remained within
the stroma or if the processing of the thylakoidal signal peptides is decreased due to
the presence of the adjacent GFP protein.

Fig. 2: Structural dissection of the Phaeodactylum OEE1 tripartite presequence. The individual
presequence domains of OEE1 (gi:28565362) have been genetically fused to the GFP protein as
indicated. Note, that the tripartite presequence of OEE1 contains one signal peptide for the
cotranslational insertion into the endoplasmic reticulum (ER), one transit peptide for further transport
into the plastid stroma and one prokaryotic signal peptide mediating the import into the diatom
thylakoids (thyl).
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OEE1 S GFP did not accumulate within the ER as suggested by the presence
of an ER targeting signal peptide but accumulated in Blob like vesicles. However,
within that construct a small portion of the transit peptide had been retained to ensure
processing of the signal peptide during import of the ER. In diatom bipartite
presequences this region is conserved and already contains plastid targeting
information thus explaining why OEE1 S GFP did not accumulate within the ER (see
chapter II.3.).

II.6.3.3 GFP targeting into mitochondria of Phaeodactylum As shown in Fig. 1
GFP proteins fused to the transit peptides of mitochondrial preproteins from
Phaeodactylum are transported into structures wrapped around the chloroplast.
However, we confirmed that this structures are really mitochondria by additional
fluorescence labelling the mitochondria with the reduced form of Mitotracker orange
ros (Molecular probes) and observed that fluorescence was indeed congruent with
the green GFP fluorescence (data not shown).
Interestingly, the shape of the mitochondria changed drastically depending on
light conditions. In Phaeodactylum expressing the presequence of the mitochondrial
malate dehydrogenase fused to the GFP protein mitochondria appeared as single
rings, partially furcated and tightly associated with the chloroplasts (Fig. 3). However,
if densely grown cultures had been transferred into the dark, GFP fluorescence
appeared within small egg like structures within the whole cell (Fig. 3). We took
advantage of these observations and in first pilot experiments we tried to isolate
mitochondria from such transformants. Dark adapted cells were broken in isoosmotic
medium (330 mM sorbitol, 10 mM MgCl2, 10 mM MnCl2) in a French press (5000 psi)
and analyzed by fluorescence microscopy.

Fig.3: Different shapes of mitochondria. The same transformants directing GFP into mitochondria
(green) grown at different light conditions. Dependent on growth conditions, mitochondria appear as
large rings (grown in light) or egg shaped (in the dark) structures. Chloroplasts are red due to
chlorophyll auto-fluorescence. The scale is indicated by a bar (5µm).
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We observed single fluorescing organelles; therefore we tried to separate the
mitochondria by centrifugation on a continuous percoll gradient (0-80% Percoll, 10
min. at 5000g). Analysis of the fractions by fluorescence microscopy revealed, that
the mitochondria were evenly distributed between the bottom and the top of the
gradient indicating that mitochondria in Phaeodactylum are highly different in density.
Thus, isolation of Phaeodactylum mitochondria by density centrifugation is probably
not possible.

II.6.3.4 Cotransformation of GFP and CFP in Phaeodacytlum For protein
localization studies it might be useful to express two different reporter proteins within
one cell to ensure that target domains direct a protein into the same compartment.
We tested if GFP and the cyan variant CFP might be expressed and directed
simultaneously to different subcellular locations in Phaeodactylum and if it is possible
to trace the individual locations by fluorescence microscopy.
It has been described before that cotransformation of an unselected gene with the
Phaeodactylum transformation vector pPha-T1 may also promote its stable
integration into the genome (Falciatore et al. 1999).

We used two different

expression vectors – one containing the GFP gene fused to the signal peptide of the
ER lumenal chaperone BiP (BiP:GFP, Apt. et al 2002) and another containing the
CFP gene only – and transformed the plasmid mixture into Phaeodactylum. We
checked transformants for fluorescence and observed that about half of the cells
expressed GFP as well as CFP. As within those transformants GFP and CFP are
directed into the ER and the cytosol, respectively, we were also able to dissect the
different compartments at the same time (Fig. 4).
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Fig. 4: Simultaneous expression of CFP and GFP in Phaeodactylum. Cells have been cotransformed
with CFP and an ER targeted GFP gene inserted into the Phaeodactylum transformation vector. The
different fluorescence channels are shown: red the autofluorescence of chlorophyll as a marker for the
chloroplast (CP), blue the fluorescence of the CFP protein which remains within the cytosol, green the
fluorescence of the GFP protein directed into the endoplasmic reticulum (ER). The three individual
channels are combined in the overlaid pictures. The nucleus as an extension of the ER is indicated by
an arrow.

II.6.3.5 Labelling of envelope membranes by translocator:GFP fusion proteins
In higher plants only the innermost membrane of the chloroplast envelope represents
a barrier for the exchange of substrates with the cytosol. The exchange of
metabolites, e.g. carbohydrates synthesized by photosynthesis is enabled by the
phosphate translocators (PTs) embedded within this membrane (Knappe et al.
2003a). PTs comprise a large gene family, however, the specificity of the individual
PTs is only poorly understood (Eicks et al. 2002, Knappe et al. 2003a, Knappe et al.
2003b).
One important task at the beginning of secondary endosymbiosis was to link
the host and endosymbiont metabolism functionally. However, the secondary plastids
of diatoms are surrounded by four membranes which leads to the question how many
PTs mediate the exchange of one substrate and, if not all membranes are equipped
with specific PTs, if similar to higher plants more or less unspecific porins (Bölter and
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Soll, 2001) might participate in the exchange of substrates within the remaining
membranes.
We therefore analyzed the genome database of the centric Thalassiosira
pseudonana and Phaeodactylum ESTs for the presence of PTs and found several
reading frames with a high homology to PTs of other organisms. Additionally we
cloned two PTs genes (XPT1 and XPT2) from Phaeodactylum.
According to signalP and TargetP (Nielsen et al. 1997, Emanuelsson 2000)
ptXPT1, ThapsXPT1a, ThapsXPT1b, ptXPT3, ThapsXPT3, ThapsXPT4b and
ThapsXPT5b are preceded by signal peptides. With the exception of ThapsXPT4b
and ThapsXPT5b all these PTs also show the conserved phenylalanine at the signal
peptide cleavage site (Fig. 5) suggesting that ThapsXPT5b and ThapsXPT4b are
targeted to the ER and that ptXPT1, ThapsXPT1a/b and ThapsXPT3 possess plastid
targeting presequences (see chapter II.3). We additionally checked the 5’ region of
ptXPT2 by applying the RACE technology as described before (chapter II.5.) to
ensure that no plastid or ER targeting presequence is present.

Fig. 5: Presequences of phosphate translocators (PTs) found in this work. According to their signal
peptide cleavage sites (marked by an arrow) the individual PTs are grouped into (A) supposedly
plastid targeted and (B) endoplasmic reticulum targeted preproteins. Note the phenylalanine within the
conserved signal peptide cleavage motif in group A indicated by an arrow (see chapter II.3).

We then analyzed the PTs phylogenetically (Fig. 6) and found that there is a
close relationship between the Phaeodactylum PT ptXPT1, and the Thalassiosira
PTs ThapsXTP1a, ThapsXPT1b and ThapsXPT1c. ThapsXPT1a and ThapsXPT1b
obviously emerged recently by a gene duplication event as both PTs shared a high
similarity on the level of DNA sequence and are facing each other on the respective
chromosome of Thalassiosira; thus, these PTs are referred to ThapsXPT1a/b. There
is a high homology to the respective ThapsXPT1c protein suggesting that the
functions of individual XPTs might be related (Fig. 6). Another putative plastid
targeted PT is XPT3; however, analysis by targetP also predicts a mitochondrial
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presequence. PTs, which do not show a targeting sequence (XPT7, XPT1c and
XPT2) may insert into membranes by hydrophobic domains.
Other pairs are formed by XPT5a/b and XPT6/7 (each containing one
homologue predicted to be mitochondrial) and ThapsXPT4a/b (Fig. 6). Thus, only two
PTs (XPT1 and XPT3) seem to be targeted to the plastid.
Fig. 6: Phylogenetic relationship
of phosphate translocators (PTs)
from Phaeodactylum (pt) and
Thalassiosira (Thaps). Only parts
of the sequences have been
aligned and the tree was created
based on corrected distances
using clustal X (v1.8) and treeview
v1.6.6.
PTs
are
coloured
according
to
targeting
sequences. Note the boxed pair of
ThapsXPT1 proteins. Bootstrap
values are given at the respective
nodes as the numbers of results
per 1000 bootstrap trials. Note the
distribution of targeting peptides
within the group of related PTs
indicated by the bar.

Next,

we

investigated

the

targeting

properties

of

the

respective

Phaeodactylum PTs ptXPT1 and ptXPT2 by fusing different parts of the respective
cDNAs to GFP as shown in Fig. 7. Again, when fusing the signal peptide of XPT1
including parts of the cleavage site, GFP is targeted to BLSs which is typical for
signal peptides from bipartite presequences fused to GFP as described above (data
not shown, but see chapter II.3: sTPT-GFP). However, if the whole N-terminal
extension was fused to GFP without including any parts of the mature protein
(ptXPT1-Leader-GFP) GFP accumulates as a soluble protein within the chloroplasts
(data not shown).
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Fig. 7: Structure of wildtype and GFP fusions of ptXPT1 and ptXPT2. The structure of the wildtype
proteins (ptXPT1 and ptXPT2 is indicated. Parts of the presequence or the whole presequence of
ptXPT1 (in two cases including transmembrane domains) have been fused to the GFP protein and
expressed in Phaeodactylum. Similarly, a part of ptXPT2 (which lacks a presequence) including
transmembrane domains has been fused to GFP and transformed into Phaeodactylum. The observed
localization of GFP is indicated. ER, endoplasmic reticulum; BLSs, Blob like structures.

Therefore, XPT1 is preceded by a stroma targeting bipartite presequence.
GFP fused to the complete presequence including the N-terminal part of the mature
XPT1 protein which contains a transmembrane helix (ptXPT1-NT-GFP) GFP
accumulated in small dot like structures at the boundary of the chloroplasts (Fig.8A).
Breaking the cells osmotically did not result in the release of GFP protein as
observed by fluorescence microscopy. We suggest that these structures are
composed of membrane bound fusion protein aggregates. We then fused the whole
ptXPT1 preprotein to GFP (ptXPT1-full-GFP). After expression in Phaeodactylum,
GFP appeared as a fluorescing sphere around the chloroplasts suggesting that the
fusion protein is inserted in one of the envelope membranes (Fig. 8B). Breaking such
cells we observed that GFP remained within membrane rods instead of being set free
as a soluble protein.

Fig. 8: Expression of (A) ptXPT1-NT-GFP and (B) ptXPT1-full-GFP in Phaeodactylum. (A)
Fluorescence image of a cell expressing ptXPT1-NT-GFP (green) accumulates in green dot like
structures at the boundary of the plastid, which appears red due to chlorophyll autofluorescence. (B)
Brightfield microscopy image and the respective fluorescence image of a cell expressing ptXPT1-fullGFP. GFP (green) appears as a sphere around the plastid (red) suggesting that GFP is trapped within
one of the envelope membranes.
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Similarly, we fused the N-terminal part of the mature region of ptXPT2
including the three transmembrane domains to GFP (ptXPT2-NT-GFP) and
expressed the construct in Phaeodactylum. In those mutants expressing GFP
moderately GFP accumulated at the boundary of the chloroplast (Fig. 9A). In mutants
highly expressing GFP, a considerable amount accumulated within the cytosol, but
GFP was also observed to form a sphere around the chloroplast (Fig. 9B).

Fig. 9: Expression of ptXPT2-NT:GFP in Phaeodactylum. Fluorescence images of
a cells expressing ptXPT2-NT:GFP in different amounts are shown. (A) In weakly
expressing cells green GFP is at or nearby the red plastids. (B) In those cells
expressing ptXPT2-NT:GFP in higher amounts GFP mainly accumulates within the
cytosol. However, GFP also marks the boundary of the plastid which might
represent the outer chloroplast ER (CER) membrane. The endoplasmic reticulum
(ER) in only weakly labelled.

These results suggest that XPT2-NT-GFP may insert with the transmembrane
specifically within the outermost chloroplast membrane. It might also imply that ER
and chloroplast ER (CER) have different membrane properties as GFP was stronger
associated with the chloroplasts than with the cytosolic ER (Fig. 9). Though unlikely,
we can not exclude that some internal targeting signals of XPT2 might have been
recognized to enable additional transport steps toward the plastids stroma.
Our results indicate that ptXPT2 and ptXPT1 may operate within the outermost
CER or innermost envelope membrane, respectively. This is due to the finding that
ptXPT2-NT-GFP does not contain a presequence but nevertheless inserts into
membranes associated with the chloroplasts. PtXPT1 obviously contains a
presequence which directs the GFP protein into diatom plastid stroma. If
transmembrane domains of the mature protein are included GFP is no longer
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transported into the stroma but resides at the boundary of the chloroplast. We
therefore suggest that the transmembrane domains may represent membrane
anchors preventing the complete translocation of ptXPT1 at the innermost envelope
membrane similarly as it has been described for higher plants (Silva-Filho et al.
1997).
The finding that two PTs may operate in tandems – one embedded within the
CER membrane, the other within the innermost envelope membrane – raises the
question how metabolites cross the second and the third membrane of the diatom
plastid envelope. In higher plant plastids this task is fulfilled by porins which mediate
the exchange of various substrates. We searched within the genome database of the
red alga Cyanidioschyzon merolae (Matsuzaki et al. 2004) for homologues of porins
and porin like channels and used the obtained protein sequences as a template to
search within the genome of the diatom Thalassiosira pseudonana. Interestingly, we
obtained no hits indicating that there are no porin genes within the diatom genome.
PTs operating in tandem and the absence of porins may therefore indicate that a
functional connection between the CER and the inner envelope space may be
realized by a vesicular shuttle system within the two middle envelope membranes
(see chapter II.1, chapter II.2 and chapter II.3).

II.6.3.6 Three dimensional visualization of GFP labelled structures: In order to
enhance our understanding about the cellular structure of diatoms and to obtain more
detailed information about the exact localization of GFP within cells expressing GFP
fusion proteins we tried to optimize the visualization of GFP observed with a confocal
laser scanning fluorescence microscope. We therefore developed a computer
program designated KLMtoPOV which processes the information of the different
fluorescence channel in respect to fluorescence intensity, position and colocalization
(Apt et al. 2002). KLMtoPOV calculates complex 3 dimensional (3D) RayTrace
scenaria scripts which may subsequently visualized by the Raytrace program
PovRay.
The advantage of this technique is that the understanding of 3 dimensional
structures is drastically enhanced and that respective 3 dimensional bodies obtained
by microscopy may be cut to have a look into the cell. In Fig. 10 the visualization of
cells accumulating GFP within the cytosol are shown. According to the 3D calculation
diatom plastids are not egg shaped as one may assume but rather complex in
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structure (Fig. 10A). Moreover in such visualizations the distribution, size and number
of several vacuoles are obvious. 3D visualizations of Phaeodactylum cells directing
GFP into the ER also impressively show that the ER is a complex network of rods
protruding in to the whole cell (Fig. 11). In such cells, the nucleus appears as
‘wobble’-like structure as the double membrane nucleus envelope is continuous with
the ER membranes.
In Fig. 12A a cell is shown directing GFP into the single mitochondria. The 3D
reconstruction confirms previously observations suggesting that mitochondria in
diatoms are tightly associated with the chloroplasts. Finally, in Fig 12B a cell is
shown accumulating GFP within the plastid stroma. The chloroplast is vertically cut in
silico.

The red chloroplast autofluorescence is overlaid with GFP fluorescence

resulting in mixed colours ranging from green over orange to red dependent on the
intensity of each fluorescence within the three dimensional structure. Fig. 12B clearly
demonstrates that there are certain regions within the chloroplast in which GFP is
highly represented while in other regions. Red stripes might be due to the interruption
of the GFP containing stroma by thylakoids.

Fig. 10: Three dimensional visualization of a Phaeodactylum cell accumulating GFP within the cytosol.
The cytosol has been reconstructed using the GFP fluorescence, the plastid by the red chlorophyll
autofluorescence. Different views are shown: (A) a complete chloroplast, (B) The whole cytoplasma of
the cell, (C) The cytoplasma of cell which is in silico cut, (D) the same like C, but including the red
chloroplasts. Note that vacuoles (V) are visible as holes protruding into the cytosol. The cell is
approximately 15 µm in length.
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Fig. 11: Three dimensional visualization of a Phaeodactylum cell accumulating GFP within the
endoplasmic reticulum (ER). The cytosol has been reconstructed using the GFP fluorescence, the
plastid by the red chlorophyll autofluorescence. (A) The ER of a cell is shown, wrapped around the red
chloroplast. (B) The same cell is shown, but only the ER has been visualized. Note that the nucleus
appears as a ‘wobble’ like structure. The cell is approximately 15 µm in length.

Fig. 12: Three dimensional visualization of a Phaeodactylum cell accumulating GFP within (A) the
mitochondria (M) and (B) within the chloroplast (CP) stroma. (A) a single mitochondrion (M) closely
attached to the chloroplast (CP). (B) GFP accumulation within a red chloroplast which is vertically cut
in silico. Due to the congruent localization mix colours indicate the amount of GFP or photosynthetic
pigmentation revealing several areas within the chloroplast where GFP is dominant. The chloroplast is
approximately 7 µm in length.
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II.6.3.7 Characterization of an inducible promotor in Phaeodactylum (Kilian O,
Kroth PG and LaRoche J): Iron is a limiting element for diatom growth in most areas
of the oceans. Recent works demonstrated that iron supply in iron depleted regions
induces algal blooms consuming large amounts of carbon dioxide in the seawater
(Boyd et al. 2000, Coale et al. 2004).
Diatoms react to iron stress by the expression of flavodoxin which replaces
iron containing ferredoxin. McKay et al. (1997) have shown that in Phaeodactylum
the expression of flavodoxin is tightly regulated and only detectable in media
containing between 0-50 nM Fe3+ and therefore suggested that flavodoxin expression
in diatoms may be used as a biochemical indicator for iron depletion.
To investigate on the possible utilization of the flavodoxin promotor as a iron
depletion marker and a inducible promotor for, e.g. RNAi approaches, we amplified
and cloned the flavodoxin promotors of Phaeodactylum and Thalassiosira upstream
of the gene construct encoding the plastid targeted ATPC:GFP fusion protein.
Putative transformants were named ‘FlavoThaps’ and ‘FlavoPhaeo’ depending on the
origin of the cloned promotor element.
To identify transformants expressing GFP under iron limiting conditions we
cultivated transformants in artificial sea water (ASW) medium without iron made i)
under standard laboratory conditions (iron depleted ASW, ID-ASW) or ii) under ultra
iron depleted (UID-ASW) conditions (no glass, plastic sterile hoods, no contacts with
any metals, double packed into plastic bags; LaRoche et al., in preparation).
We found ATPC:GFP expression in FlavoThaps to be independent from the
supplied iron concentration (data not shown). This demonstrates that the
heterologous Thalassiosira promotor may operate constitutively instead of being
regulated when employed in Phaeodactylum. On the other hand FlavoPhaeo
transformants grown in ID-ASW medium did not show any ATPC:GFP expression at
all (Fig. 13A). However, after transferring transformants into UID-ASW medium GFP
expression was found to be highly induced after several days (Fig. 13B).
Interestingly, GFP did not accumulate continuously, but within one or two days
indicating that GFP expression may have started after iron traces within the medium
or the cells have been sequestrated to a limiting concentration.
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Fig.
13:
Expression
of
ATPC:GFP under the control of
the Phaeodactylum flavodoxin
promotor. The two fluorescence
channels for the red chlorophyll
autofluorescence
(chl),
the
green GFP fluorescence and the
overlaid image are shown. The
exposure times for the green
and red channel were identical
in (A) and (B). (A) A FlavoProm
transformants
grown
under
standard
ASW
medium
([Fe3+]=10µM) is not expressing
GFP. (B) The same mutant
grown several days in highly iron
depleted ASW medium highly
expresses GFP. The scale is
indicated by a bar (10 µm)

Obviously, a critical factor was the purity of the media: In ID-ASW medium
transformants did not show GFP expression even after weeks (Fig. 14A), but the
addition of 1 mM of the iron chelators Ferrozine (Sigma) or diethylene triamine
pentaacetate (DTPA, Sigma) to ID-ASW medium induced GFP expression after a
similar period like observed for cells grown in UID-ASW (Fig. 14B and C,
respectively).
Expression in UID-ASW medium and in chelator containing ID-ASW medium started
after a similar time suggesting that in both media similar apparent iron concentrations
are present. The induction of GFP expression in Ferrozine containing ID-ASW
medium did not start in all cells simultaneously (see Fig. 14B) indicating that the iron
concentration in this medium is in the range of the FlavoPhaeo promotor induction
limit, probably due to a smaller iron binding constant of Ferrozine.
According to July LaRoche (personal communication) flavodoxin transcripts in
wildtype Phaeodactylum cells are not detectable by Real-time PCR if grown in 50 µM
Fe3+ but – if transferred to UID-ASW medium – increase to 1/80th of the respective
28S rRNA transcript level, which is consistent with the extraordinary high expression
of GFP we observed in UID-ASW medium.
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Fig. 14: Expression of ATPC:GFP under the
control of the Phaeodactylum flavodoxin
promotor. The two fluorescence channels for
the red chlorophyll autofluorescence (left)
and the green GFP fluorescence (right) are
shown. The exposure times for the green and
red channel were identical in (A), (B) and (C).
FlavoProm transformants grown in (A) iron
depleted ASW medium (ID-ASW), (B) in IDASW containing 1 mM Ferrozine and (C) IDASW containing 1 mM
diethylene triamine pentaacetate (DTPA).
In cells grown in ID-ASW no GFP was visible
at all, but if Ferrozine or DTPA was added,
high amounts of GFP accumulated. The
scale is indicated by a bar (100 µm)

The flavodoxin promotor characterized here probably provides a useful tool for
further applications: A promotor which is tightly ‘off’ but simply may be induced by
transferring transformants into inductive conditions might be used for the expression
of otherwise lethal genes. For instance, it may also be used to exploit the effect of
RNAi silencing in diatoms. RNAi silencing in diatoms has not shown yet, but genes
for the respective silencing machinery are present in the genome of Thalassiosira
(Chris Bowler, personal communication). Thus, RNAi-constructs under control of the
switchable Phaeodactylum flavodoxin promotor may be used to analyze the effects of
down- and up-regulation of individual transcripts upon addition of DTPA to the
medium. It may also be possible to investigate silencing on such genes which are
necessary for the vitality of Phaeodactylum, for instance putative components of
protein transport machineries, as the constitutive silencing of vital genes by RNAis
would simply kill transformants before selection is possible.
Moreover, FlavoPhaeo transformants may be utilized as a simply-to-use
bioindicator for the identification of iron depleted sea water samples without laborious
and cost-expensive chemical analyses.
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III. Addendum

III.1

Chapter: Molecular Biology and Genetic Engineering in Microalgae

Kilian O and Kroth PG
To be published in the book: Algal Cultures, Analogues of Blooms and
Applications

III.1.1 Abstract

Although eukaryotic microalgae are valuable both as model organisms for
basic biological research and as a resource for the biotechnological industry, the
importance would be significantly enhanced if methods of genetic engineering
became more widely available. So far such methods were developed for only a few
key organisms. In this chapter we take a look at where molecular biology of
microalgae stands today and describe developments of molecular tools like genetic
transfer techniques for cyanobacteria as well as for chloroplasts and nuclei of
eukaryotic algae.

III.1.2 Introduction

Recent advances in techniques and applications in plant molecular biology have
created various opportunities for the genetic characterization and manipulation of
land plants. With some delay interest also focused on algae. In the beginning most
work was performed on “model” algae like the prokaryotic cyanobacterium
Synechocystis sp. PCC 6803 or the eukaryotic chlorophyte Chlamydomonas
reinhardtii, respectively serving as single cell model organisms for either plastids or
higher plant cells. Another boost for algal molecular biology came from taxonomists
who tried to untie the knots of algal phylogeny. Amplifying and sequencing of
plastidic 16S and nuclear 18S ribosomal sequences helped to support or to modify
existing algal phylogenies and nomenclature, which before had been based on
morphological and physiological characteristics. In the recent years the growing
demand for biotechnological algal products is supporting research and development
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of molecular techniques for algae. Unfortunately, we are still far from having a similar
wealth of comparable methods and data as we have for land plants. Although
standard techniques like DNA- or RNA-preparations usually need only little variation
when applied to algae (La Claire II and Herrin 1997), basic methods like genetic
transformation, as well as physiological and biochemical analyses lag far behind the
number of protocols available for land plants. This might be due to the limited amount
of material available from algal cultures as compared to land plants, but also to the
larger diversity of algae regarding the variety of different morphologies, types of cell
walls, storage products, organelle structures and genetic organisation, making it
difficult to develop universal laboratory protocols. Instead, methods often have to be
developed “de novo” for each of the different algal groups or, even worse, for
individual species. Most established methods are available for cyanobacteria, which
have a much simpler genetic machinery than eukaryotic algae, but at least some
protocols for genetic engineering of eukaryotic cells have been developed recently.
In this chapter we focus on the molecular biology of algae and the development
of molecular tools for eukaryotic algae with respect to basic research and to
applications in biotechnology.

III.1.3 Algal Molecular Biology

III.1.3.1 General molecular aspects
One of the first algae to be analysed with respect to molecular biology was the
unicellular Acetabularia mediterranea (now A. acetabulum). The size and structure of
these giant single cells made simple amputation and recombination experiments
possible which led to the postulation of mRNA (“morphogenes”) long before the role
and the structure of DNA/RNA had been discovered (summarized in Hämmerling
1963). In later works it has been shown that distribution and active transport of
specific mRNAs within the giant Acetabularia cells is essential for its development
(Mine et al. 2001, Vogel et al. 2002). Meanwhile mutants of Acetabularia are known
which probably will help to understand the developmental processes (for a review
see Mandoli 1998).
First information about the genetic structure of algae was obtained by the
biophysical characterization of nuclear genomes, mainly on the level of GC content.
Methods like centrifugation in cesium chloride gradients, flow cytometry (Le Gall et al.
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1993), DNA reassociation kinetics (Bot et al. 1989) or microspectrophotometry with
DNA-localizing fluorochromes like DAPI (Kapraun and Dunwoody 2002) were utilized
to elucidate the amount of DNA per cell and the respective genome size. Surveys on
various macroalgae indicated that the genome size and base pair composition could
be highly variable even between related algae and thus have little phylogenetic value
(Le Gall et al. 1993). In contrast to macroalgae, which apparently have a rather
narrow range of DNA content per cell, highly variable DNA quantities (0.1 – 200 pg
DNA per cell) have been found in marine microalgae (Holm-Hansen 1969). The
knowledge of the genome size can be very helpful for deciding which organism might
be suitable for sequencing projects or for genetic manipulation (Scala et al. 2002).
Similar to applicable methods the knowledge about algal nuclear genes is also
behind that of known plant genes. Just 15 years ago, sequences of nuclear genes
from algae were found rather rarely in the public databases, but with the
establishment of cDNA libraries and mass sequencing projects in the recent years
the numbers increased dramatically. Searching Genbank for nucleotide sequences
with the lowly defined keyword “algae” now results in a response of approx. 200.000
hits; during the typesetting of this book it will already be more. A huge number of
these genes are ESTs (expressed sequence tags, randomly sequenced cDNA
sequences), most of them with yet unknown function. The individual EST databases
of for instance Chlamydomonas reinhardtii (Shrager et al. 2003), Porphyra yezoensis
(Nikaido

et

al.

2000),

and

Phaeodactylum

tricornutum

(http://www.szn.it/plant/PhaeodactylumEST/index.html) offer searches by keywords
or by sequence similarity. Although EST databases allow the identification of
expressed genes, they do not contain the regulatory switches of genes, the
promotors, which are a prerequisite to establish recombinant expression systems in
algae. As these regulatory elements of transcription cannot be found in EST libraries
the isolation and analysis of promotors requires the cloning of nuclear DNA
fragments including the 5´regions of respective genes. Thus the recently published
genomes of C. reinhardtii (Shrager et al. 2003) and of the diatom Thalassiosira
pseudonana (Armbruster et al., in preparation) - and those algae to follow – will
reduce this work because after PCR amplification promotor regions can directly be
cloned and analysed.
Like land plants eukaryotic algae not only possess a nuclear genome, but two
more tiny genomes within the mitochondria and the plastids, respectively. Those

121

organelles are supposed to originate from once free-living proteobacteria or
cyanobacteria, respectively (see Margulis and Chapman 1998). The organellar
genomes apparently are remnants of the prokaryotic genomes of the endosymbionts
(Martin et al 2002). This is supported by the finding that the plastids contain
prokaryotic transcription and translation systems (reviewed in Hess and Börner
1999).
DNA from plastids was first discovered and purified in the 1960s (see Kirk
1986), followed by the determination of genome sizes (Kolodner and Tewari 1975)
and the generation of first restriction maps (Bedbrook and Bogorad 1976). Because
of a usually rather low GC content plastid DNA can be separated easily from
genomic DNA by centrifugation in cesium chloride gradients. Meanwhile the plastid
genomes of 32 organisms have been sequenced with nearly half of them being
algae. The known sizes of plastid genomes in algae vary from 118 to 210 kbp
(Kowallik et al. 1996, Reith and Munholland 1995), typically containing 100 to 200
genes (Glöckner et al. 2000). The structure of the circular genomes are very similar
in most organisms containing two inverted repeats flanking a small and a large single
copy region (Stoebe and Kowallik 1999). One striking exception from this rule has
been shown in various species of peridinin-containing dinoflagellates like
Heterocapsa triquetra and Amphidinium operculatum (Zhang et al. 1999, Barbrook
and Howe 2000). These species apparently lack a conventional single plastid
genome, but instead contain a yet undefined number of small circular DNA
molecules, each encoding one or several plastid proteins. So far only a few genes for
plastid proteins have been found on these genomes and it is unclear yet how these
minicircles are functionally maintained in the dinoflagellate plastids (Howe et al.
2003). In contrast to the plastid genomes the mitochondrial genomes in algae and
land plants are much more variable in size and structure (Nosek and Tomaska 2003).
The smallest mitochondrial genome is found in the phylum apicomplexa, which
contains a group of non-photosynthetic human parasites. These organisms have
secondarily reduced plastids, thus might still be counted as algae. Here the
mitochondrial genomes can be as small as 6 kbp, carrying only five genes (Feagin
2000). Land plants possess the largest mitochondrial genomes containing as much
as 50-70 genes on 200 kbp (Lang et al. 1999, Palmer et al. 2000). Recent
sequencing of mitochondrial DNA fragments or complete mitochondrial genomes
from different red algae (Leblanc et al. 1997, Ohta et al. 1998, Burger et al. 1999)
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allowed the comparison of individual algal protein sequences like cob, cox1, cox2
and cox3 and indicated a close relationship of green and red algae (Leblanc et al.
1997) with respect to the phylogenetic origin of their mitochondria. Similarly the
mitochondrial genomes of highly developed green algae like Chara vulgaris strikingly
resemble the respective genomes of lower land plants like the liverwort Marchantia
polymorpha (Turmel et al. 2003).
The phylogenetically inaccurate term “algae” applies to a variety of organisms
thus it is representative for the broad phylogenetic diversity of this group. Together
with “traditional” features like cellular ultrastructure (flagellar hairs and roots, plastidal
and mitochondrial structure, the mitotic apparatus), the metabolism, and phenotypic
and biochemical properties, DNA and protein sequence comparison of algal genes
became an important tool to resolve algal taxonomy and to understand the evolution
of photoautotrophic eukaryotes. Especially conserved ribosomal genes were utilized
to interpret the phylogeny of algae and related organisms (Bhattacharya and Medlin
1995), but also the plastid genomes were compared extensively (Martin et al. 1998;
Palmer 2003). The latter analyses on one hand demonstrated that the plastid
genomes are generally related to cyanobacterial genomes and on the other hand
revealed that the gene content and the gene orders in the different organisms
including land plants can be variable, but still show a high degree of similarity
(Stoebe et al. 1998). This has been taken as indication that apparently all plastids
types we know today may be traced back to a single endosymbiosis event (“primary
endosymbiosis” or more correctly “primary endocytobiosis”), a process in which a
cyanobacterium was taken up by a eukaryotic host cell followed by a transformation
into a plastid (Fig. 1). An apparently inevitable consequence of this “domestication” is
the transfer of most of the endosymbiont genes into the nucleus of the host cell
enhancing the complexity of the resulting chimeric cells. It is thought that the three
basal algal lineages of chlorophytes, rhodophytes and glaucophytes evolved this way
(Delwiche and Palmer 1997). Tracing the relationship of red and green algae by the
history of the host cell’s nuclear genes appears more difficult and results in
contradictory results (Stiller and Hall 1997, Delwiche and Palmer 1997), although a
variety of phylogenetic analyses of ribosomal RNA sequences of the small ribosomal
subunit and different protein sequences also support a common origin (Ragan et al.
1994, Bouget et al. 1995, Moreira et al. 2000).
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As we know today several algal groups are supposed to have evolved in an
even more complex way by secondary endocytobiosis (Fig. 1C-E). Here eukaryotic
algae, themselves possessing plastids have been taken up by host cells and were
transformed into so called ‘complex’ plastids (Delwiche and Palmer 1997) (Fig. 1).
This way eukaryotic cells have been established within other eukaryotic host cells.
Due to redundancy nearly all of the cytoplasmic structures of the endosymbiotic
algae have vanished - usually including the nuclear genome - while the plastids have
been preserved, probably because their photoautotrophic capacity have been highly
attractive for the host cell. It is thought groups like euglenophytes, dinoflagellates,
heterokontophytes, and cryptophytes evolved this way (Palmer 2003). Secondary
endocytobiosis again increased the genetic complexity of the resulting cells, because
genes encoding plastidic proteins again had to be transferred from the nuclear
genome of the endosymbiont to the nucleus of the host cell. In addition host genes
were partially replaced by the homologous nuclear genes of the endosymbiont.
Another factor which probably increased the genetic complexity in algae is the
mixotrophic feeding habits of some algal groups resulting in an increased amount of
lateral gene transfer from prey organisms to the nucleus as shown for the
chlorarachniophyte Bigelowiella natans (Archibald et al. 2003). In addition, all of the
resulting “secondary plastids” contain more than two envelope membranes; the
outermost one or two membranes are probably remnants of the plasma membrane of
the endosymbiont and/or the phagotrophic vacuole membrane of the host cell.
Cryptomonads and chlorarachniophytes represent an intermediate stage of such a
process: in those organisms the endosymbiont´s nucleus did not vanish completely
(Fig. 1D). The residual, strongly reduced nucleus, designated nucleomorph, is
located within the periplastidic space between the two chloroplast membrane pairs.
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Fig. 1: Putative processes involved in primary and secondary endocytobiosis. Primary endocytobiosis:
(A) A phototrophic cyanobacterium is engulfed by a heterotrophic eukaryotic cell and transformed into
(B) a primary plastid surrounded by two envelope membranes. During this process, most of the
cyanobacterial genome (G) has been transferred to the nucleus (N1) of the host cell (indicated by a
bent arrow) or simply got lost. The resulting so-called primary alga may be regarded as the prototype
of eukaryotic algae and is represented by modern glaucophytes, red and green algae.
Secondary endocytobiosis: (C) A eukaryotic primary alga is taken up by a heterotrophic eukaryotic cell
and subsequently transformed into a secondary plastid surrounded by four membranes (D, E). (D)
Transformation includes massive gene transfer from the algal nucleus (N1) to the host nucleus (N2)
(indicated by a bent arrow). In an intermediate state – which may represent the cryptomonads and
chlorarachniophytes – most of the endosymbiont´s cytoplasmatic structures - including the
mitochondria (M) – are already missing with the exception of the vestigial nucleus. (E) Finally, the
highly reduced alga is completely integrated in the host cell as a secondary plastid. It should be noted,
that in some algal groups (peridinine-containing dinoflagellates and euglenophytes) secondary plastids
are surrounded by only three membranes – probably due to the loss of one of the two outermost
membranes.

Recently, Douglas et al. (2001) published the complete nucleomorph sequence
of the cryptomonad Guillardia theta. This nucleomorph genome is comprised of three
mini chromosomes and has a size of 551 kb – the smallest eukaryotic genome
known so far. Analysis of 464 putative protein coding regions on this genome has
shown that most of the identified genes show significant homology to proteins related
with translation, transcription, protein folding, assembly, degradation, mitotic
apparatus, DNA metabolism, cell cycle, signal transduction, and RNA metabolism
and therefore are needed for the maintenance of the nucleomorph genome (Douglas
et al. 2001, Gilson and McFadden 2002).
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Taken together the genetic constitution of eukaryotic algae may be much more
complex than that of other groups of organisms. The prospects of studying full
genomes of algae in future will probably explain more in detail the question which of
the redundant genes, either from the eukaryotic host or from the primary or
secondary endosymbionts predominantly have been recruited.

III.1.3.2 Genetic transformation of microalgae
The baker’s yeast Saccharomyces ceriviseae very early became a model
organism to study general mechanisms in eukaryotic cells. Reasons for this choice
were the small genome, the unicellular nature, and the ability of yeast to grow quickly
in liquid culture as well as on plate. Knowledge about yeast genetics and
biochemistry dramatically increased because mutations causing aberrant phenotypes
were identified on the genetic level. Similarly, eukaryotic algal molecular biology for a
long time was focused on a single organism: Chlamydomonas reinhardtii. This
unicellular microalga is still the favorite model system for studying photosynthesis,
chloroplast biogenesis, and flagellar function and assembly because of its welldefined genetics (Harris 2001). It is capable to grow quickly with a high division rate
in liquid media, the genome is now completely sequenced and the nucleus can be
maintained in a haploid state thus enabling the knock out of genes by insertional
mutagenesis (Tang et al. 1995). A large number of described mutants present in
special collections are also available (see http://www.biology.duke.edu/chlamy/). As a
consequence Chlamydomonas reinhardtii has sometimes been referred to as 'green
yeast' (Rochaix 1995).
Genetic transformation by definition means the stable incorporation of foreign
genetic material into a cell. Such methods have first been optimized in prokaryotic
cells like E.coli by integration of DNA fragments into the genome, by introduction of
self-replicating epichromosomal plasmids into the cells or by viral infection.
Significant progress on gene transfer systems also in eukaryotic algae has mainly
been made in the last 15 years allowing the modification of algae either in order to
obtain strains which produce certain compounds of commercial interest or to gain
information about cellular, physiological or biochemical mechanisms by switching off,
by downregulating or by overexpression of existing or foreign genes, respectively. As
described above the genetic information within eukaryotic algae is located in the
nucleus, the chloroplast and the mitochondrion. Here we want to focus on the
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introduction of new genetic elements into the nuclear and the chloroplast genome
and into the prokaryotic genome of cyanobacteria. Successful transformation of algal
mitochondria has so far only been described in C. reinhardtii (Randolph-Anderson et
al 1993; Boynton and Gillham 1996).

III.1.3.2.1 Genetic transformation of cyanobacteria
Genetic transformation procedures have been developed for many different
cyanobacterial strains and are not significantly different from those used for E.coli. As
they have been reviewed in detail elsewhere (see Koksharova and Wolk 2002), we
will describe this topic very briefly. Synechococcus sp. PCC 7942 and Synechocystis
sp. PCC 6803 are probably the most-studied non-filamentous cyanobacteria, mainly
because they are easily transformable by spontaneous up-take of isolated DNA
without pre-treatment of the cells. Also electroporation of DNA has been shown to be
effective for some cyanobacteria (Moser et al. 1993). For Synechocystis sp. PCC
6803 it has been shown that the respective DNA fragments to be transformed have
to be single stranded in order to be taken up efficiently (Barten and Lill 1995). Other
cyanobacterial species including marine strains are capable to take up DNA by
conjugation processes with the aid of bacterial laboratory strains carrying the
transformation vector for transposition or integration (see Koksharova and Wolk
2002). Transformation efficiencies depend on the organism and the method of
transformation. E.g., spontaneous integration in Synechocystis sp. PCC 6803 has
been reported to occur in a range of 10-3 to 10-5 transformants per µg of DNA
(Vermaas 1996).
Similarly to methods for the modifications of plastid genomes (see below)
cyanobacterial transformation is based on homologous recombination between
foreign DNA flanked by DNA fragments which are identical to bordering sequences
on the cyanobacterial genome and the respective region on the genome (Thiel 1994).
A typical prokaryotic feature of the cyanobacterial and the plastidic transcriptional
machinery is a partially polycistronical organisation of genes within clusters.
Therefore, introduced genes may simply be inserted into - or added downstream of operons without the need to introduce new promotor elements to drive expression
(Fig. 2A). Similarly, gene knock-outs can be performed by introducing a promotor
element followed by a resistance gene into a target gene, which then is either
interrupted or replaced. Site directed mutagenesis can be performed by the
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introduction of mutations into the gene of interest, followed by cloning this gene
between DNA sequences identical to the respective flanking regions of the wild type
gene. Resistance marker genes successfully used for the genetic transformation of
cyanobacteria

confer

resistance

against,

for

example,

chloramphenicol,

erythromycin, kanamycin and spectinomycin (summarized in Vermaas 1996).
A complicating factor for cyanobacterial transformation is the high number of
genome copies within a cell, which depends on the growth rate and the growth stage
(Binder and Chisholm 1990). This means that even if the incorporation of the
modified gene is successful, there are at least several wild type copies present that
are also replicated. If the modified gene construct also carries a selection marker the
selection pressure (e.g. by the presence of an antibiotic substance on plate) towards
the enrichment of the resistance gene finally will result in a complete segregation
(Fig. 2B). If, however, the modified gene is lethal to the cell, the wild type copy is
essential for cell viability and both types of gene copies may remain detectable in the
cells (Osiewacz 1992).
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Fig. 2: Characteristics of cyanobacterial and chloroplast transformation (A) Transformation cassette
design for various integration approaches into a polycistronic gene composed of a promotor (P) and
downstream located genes (G1, G2, and G3). The aadA gene represents a typical selection marker.
Knock out: A promotor-aadA-construct is cloned between the flanking regions of the target gene (G1)
and transformed into the cells/organelles. Homologous recombination results in a replacement of the
gene G1 by the resistance marker gene. Mutagenesis: The wild type gene is modified by site-directed
mutagenesis (white triangle) and cloned together with the aadA cassette between the respective
flanking regions. After transformation the wild type gene can be replaced by the aadA/G1´construct;
recombination may result result in a cistron including the resistance marker as well as the modified
gene G1´. Heterologous expression: An additional gene (M) together with the aadA cassette is cloned
between flanking regions that both stem from the same intergenic region. Upon recombination no wild
type gene is deleted, but the resistance marker and the heterologous gene (M) can be expressed. (B)
Characteristics of genome segregation in cyanobacteria and chloroplast transformants. Chloroplasts
and cyanobacteria contain multiple copies of their genomes. After integration of the construct into one
genome, cultivation under selection pressure will yield heteroplasmic cells/plastids in which similar
amounts of the modified and unmodified genomes are present. If the introduced genetic modification
is not lethal, further cultivation on selective media will yield homoplasmic cells/plastids in which the
wild type genome is no longer detectable.
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III.1.3.4. General considerations for the setup of a genetical transformation
system for eukaryotic microalgae
The introduction of exogenous DNA into an algal cell and the stable expression of
this DNA require numerous optimization steps, each of which has to be achieved for
the individual species. So far there are protocols available for the genetic
transformation for just a handful of eukaryotic algae (Table I). Although the actual
transformation procedures are not too complicated, various parameters have to be
taken into account, which are described in the following paragraphs.
First a suitable organism has to be found which is able to grow reasonably
under laboratory conditions. This can be difficult: while scientists interested in basic
research might be looking for a model organism representing a certain group of
algae, projects focused on the optimisation of a strain used in commercial production
do not have this choice. Next the organism should be maintained as axenic culture,
otherwise it can be overgrown by contaminating organisms after transformation. Also
the optimal conditions for growth and maintenance under selective conditions have to
be established. As most methods rely on the selection of colonies on solid medium
the organism should ideally be capable to grow on agar plates and should be
immobile. Various selection methods utilize antibiotics, which are unstable over a
longer period at culture conditions or in the light. If the organism grows too slowly,
growth inhibition or cell death by the selective antibiotic can be disturbed, giving false
positive colonies.
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resistance against phleomycine
(zeocin)

phleomycin resistance gene sh ble

Lapidot et al. (2002)

Tab. 1.: List of selection marker genes and the respective principles of selections used in stable nuclear and chloroplast
transformation of eukaryotic algae.

Porphyridium sp.

reduced sensitivity to sulfometuron
methyl

mutated form of the wt acetohydroxyacid synthase (AHAS) gene

Bingham et al. (1989)
Dunahay et al. (1995)
Dunahay et al. (1995)
Chlamydomonas reinhardtii
Cyclotella cryptica
Nitzschia saprophila

Bateman and Purton (2000)

Goldschmidt-Clermont (1991)
Doetsch et al. (2001)
Chlamydomonas reinhardtii
Euglena gracilis
Chlamydomonas reinhardtii

Boynton et al. (1988)

Kovar et al. (2002)

Nelson et al. (1994)

Cerutti et al. (1997)

Zaslavskaia et al. (2000)
Zaslavskaia et al. (2000)
Stevens et al. (1996)
Apt et al. (1996)
Hallmann and Rappel (1999)

Hasnain et al. (1985)

Chlamydomonas reinhardtii

resistance against the antibiotic
kanamycin

rescue of photosynthesis of an atpB
deficient C. reinhardtii strain
requiring acetate as carbon source
resistance against the antibiotics
spectinomycin
resistance against kanamycin and
amikacin

reduced sensitivity to cryptopleurine
Chlamydomonas reinhardtii
and emetine
reduced sensitivity to sulfometuron
methyl and related sulfonylurea
Chlamydomonas reinhardtii
herbicides

Chlamydomonas reinhardtii

Phaeodactylum tricornutum
Phaeodactylum tricornutum
Chlamydomonas reinhardtii
Phaeodactylum tricornutum
Volvox carteri

Chlamydomonas reinhardtii

Mayfield and Kindle (1990)

Kindle et al. (1989)
Schiedlmeier et al. (1994)
Dawson et al. (1997)

Chlamydomonas reinhardtii

Debuchy et al. (1989)

Chlamydomonas reinhardtii
Volvox carteri
Chlorella sorkiniana

Reference

Chlamydomonas reinhardtii

Organism

neomycine phosphotransferase gene nptII

aminoglycoside phosphotransferase gene aphA-6

aminoglycoside 3" adenyl transferase gene AadA

mutated form of the wt chloroplast atpB gene

Chloroplast transformation

Mutated form of the wt acetolactate synthase (ALS) gene

mutated form of the wt ribosomal protein S14 (CRY1) gene

resistance against spectinomycin

resistance against nurseothricin
resistance against nurseothricin

nurseothricin acetyl transferase gene Nat
streptothricin acetyl transferase gene Sat-1

aminoglycoside 3" adenyl transferase gene AadA

resistance against kanamycin

rescue of C. reinhardtii ARG7
mutant which requires arginine
rescue of a nit deficient mutant
which is unable to grow on nitrate
as sole nitrogene source
rescue of photosynthesis of a OEE1
deficient C. reinhardtii strain which
requires acetate as a carbon source

Selection

aminoglycoside 3'-phosphotransferase (APH) gene

wildtype oxygen-evolving enhancer protein 1 (OEE1) gene

nitrate reductase (Nit) gene

argininosuccinate lyase (ASL) gene

Nuclear transformation

Selection marker

III.1.3.5 Plastid transformation
Several selection markers have been shown to be functional for plastid
transformation. In first experiments Boynton et al. (1988) rescued a C. reinhardtii
strain that carried a mutated version of the chloroplast AtpB gene by transformation
with the respective wild type gene. Here transformants were selected by their ability
to grow phototrophically on plate without the addition of a carbon source like acetate.
In a different approach Lapidot et al (2002) isolated the gene encoding the
acetohydroxyacid synthase (AHAS) from a strain of the red alga Porphyridium sp.,
which is less sensitive to the herbicide sulfometuron methyl (SMM). As the
insensitivity to SMM was due to a single amino acid exchange in the AHAS gene
(Lapidot et al. 1999), the mutant gene served as dominant selection marker for
organellar transformation under selective conditions.
In contrast to these approaches, which rely on the presence of known mutations in
the organisms, the more versatile use of antibiotics together with respective
resistance genes as dominant selection markers became the method of choice. The
most commonly used selection marker genes for plastids are the bacterial aadA gene
encoding an aminoglycoside 3" adenyl transferase (Goldschmidt-Clermont 1991) and
the aphA-6 gene (Bateman and Purton 2000) encoding an aminoglycoside
phosphotransferase conferring resistance against the antibiotics spectinomycin and
kanamycin, respectively. Similarly to cyanobacteria, transformants have to be
restreaked repeatedly on selective media to obtain full segregation (Fig. 2B).

III.1.3.6 Nuclear transformation of algae
With a few exceptions reported for algae and plants, DNA fragments introduced to
the nucleus usually integrate randomly into the genome. On the first glance this
appears to be disadvantageous, because each transformant cell line is different and
it cannot be excluded that wild type genes may have been modified at the site of
integration. On the other hand with each transformation experiment different
transformants are produced which express the gene of interest with different
intensities, depending on whether the vector has integrated in a more or less active
region of the chromosome. This effect allows the expression of problematic genes
whose products might interfere with the cellular metabolism, if highly expressed.
However, homologous recombination is not excluded in algae, in the haploid green
alga Volvox carteri it has been observed to occur in a ratio of 1:10 and 1:50
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compared to random integration events, giving the opportunity to obtain targeted
gene disruptions (Hallmann et al. 1997).
Like for cyanobacterial and for plastidic transformation vectors, constructs for nuclear
transformation of algae usually are based on standard prokaryotic cloning vectors,
which allow easy propagation within bacteria. In addition, suitable eukaryotic
promotors

and

3’-regulatory

sequences

are

needed

to

achieve

sufficient

transcriptional activity and transcript stability, respectively.
Although several heterologous promotors have been shown to drive expression in
plants and algae, the highest expression rates are usually obtained when the
promotor elements are derived from the same organism to be transformed. Strong
promotors, for example the nuclear RbcS promotor of green algae, may guarantee
the expression of selection markers even if integration of the transformation vector
occurs within chromatin regions with low transcriptional activity (Cerutti et al. 1997). It
has been shown that in some cases it may also be advantageous to introduce introns
that are naturally present within the selection marker gene in order to enhance its
expression (Lumbreras et a.l 1998, Gruber et al. 1996). Additionally, some promotor
elements are known to induce transcriptional activity of constitutive promotor
elements. The HSP70 promotor of C. reinhardtii, which can be induced by both heat
shock and light, increases the transcriptional activity when fused upstream to the
RbcS2 promotor in normal culture as well as upon heat shock (Schroda et al. 2000).

Selection Markers Various selection markers have been developed for nuclear
transformation. A critical factor is a sufficient expression of the respective resistance
gene. Low expression may result if the codon bias differs significantly from the codon
usage in the respective organism. In this case a low concentration of the needed
tRNAs may decrease translation efficiency. Failure to achieve satisfactory expression
of some selection marker genes has also been attributed to posttranscriptional gene
silencing or to incomplete promoters, enhancers, or other regulatory sequences
(Harris 2001).
One of the first strategies in order to identify nuclear transformants has been the
rescue of growth deficient strains by the introduction of the respective wild type gene.
This way, reproducible high frequency nuclear transformation has first been achieved
by the rescue of an arginine-requiring mutant of C. reinhardtii deficient in the ARG7
gene encoding an argininosuccinate lyase (Debuchy et al. 1989). Here the wild type
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gene was utilized to complement the mutation thus enabling transformants to grow
on culture media lacking arginine. Similarly, Kindle (1989) succeeded in
transformation of a C. reinhardtii strain unable to grow in culture media with nitrate as
the sole nitrogen source. Here, rescue was accomplished by the introduction of the
C. reinhardtii NIT1 gene encoding a nitrate reductase. C. reinhardtii strains mutated
in the oxygen-evolving enhancer protein 1 (OEE1) have been reverted to wild type
(Mayfield and Kindle 1990) and selected by their restored ability to grow
autotrophically in the light.
For most species it is difficult to find suitable auxotrophic mutants for
complementation screening, therefore usually genes conferring resistance to
antibiotics are used as selection markers. However, this approach can be hindered
by the finding that some algal groups have significant natural resistance to commonly
used antibiotics and that the effectiveness of the antibiotics appears to be
significantly decreased in saline culture media (Apt et al. 1996). Hasnain et al. (1985)
first demonstrated nuclear transformation of C. reinhardtii with the gene encoding a
bacterial 3'-phosphotransferase gene (APH) linked to the simian virus 40 early
promoter conferring resistance against the antibiotic kanamycin. However, the
frequency of transformation was very low and the obtained transformants were
unstable. A commonly used bacterial resistance marker in algal genetic
transformation is the gene sh ble from Streptoalloteichus hindustanus which encodes
a protein conferring resistance against the antibiotic bleomycin (“Zeocin”) (Drocourt
et al. 1990) as shown in various algae (Stevens et al. 1996, Apt et al. 1996,
Falciatore et al. 1999, Fischer et al. 1999, Hallmann and Rappel 1999). As
bleomycin, once inside the cell, cleaves DNA independent of its origin, this selection
marker has been used widely. Other dominant markers working efficiently in algae
are the genes nat and sat1 (conferring resistance against nourseothricin, Zaslavskaia
et al. 2000), nptII (resistance against G418/kanamycin; Bingham et al. 1989,
Dunahay et al. 1995, Zaslavskaia et al. 2000), and aph7´´ (resistance against
hygromycin B; Berthold et al. 2002).
Another approach to confer resistance is the modification of existing genes to
reduce the sensitivity to selective reagents. Nelson et al. (1994) analysed a mutated
form of the CRY1 gene in a mutant C. reinhardtii strain showing significant resistance
to the eukaryotic translational inhibitors cryptopleurine and emetine. Similarly, Kovar
et al. (2002) isolated the acetolactate synthase (ALS) gene from a mutated strain

134

showing significant insensitivity against sulfometuron methyl and subsequently used
the gene as a selection marker for nuclear transformation of C. reinhardtii. Hallmann
and Sumper (1996) screened for transformants of Volvox expressing a Chlorella
hexose/H+ symporter, which allows the heterotrophic growth of transgenic Volvox on
carbohydrates in the dark.

DNA Delivery into Eukaryotic Algae After the construction of a suitable
transformation vector DNA may be delivered into the cells by various methods. The
cell wall is usually a critical barrier for the introduction of DNA molecules. Cell wall
deficient strains (Lurquin and Behki 1975) or cells treated with the cell wall degrading
enzyme autolysin (Kindle 1990) have been used to enable effective DNA transfer into
C. reinhardtii by electroporation (Shimogawara et al. 1998) or by agitation with glass
beads or silicon carbide whiskers in the presence of DNA (Kindle et al. 1991;
Dunahay 1993). The latter two procedures are thought to cause transient wholes
within the cell membranes; therefore DNA molecules may diffuse into the cells. For
C. reinhardtii the glass bead method is especially recommended, as it requires no
specialized equipment or expensive supplies. Another possibility of gene transfer is
microinjection of DNA into single algal cells like Acetabularia (Neuhaus et al. 1986),
but this method is very time consuming, yields only few transformants and is simply
not applicable for small algae.
The most often used method for transformation of microalgae is the “biolistic”
bombardment with DNA coated tungsten or gold particles (Sanford et al. 1993).
Particle bombardment has been used in a wide range of organisms and seems to be
less dependent on species-specific parameters as other transformation procedures.
Even cell walls can easily be penetrated by the microparticles. C. reinhardtii
transformants resulting from particle bombardment may contain multiple copies of the
DNA, which are usually in a single locus (Kindle et al. 1989), while in diatoms mostly
transformants containing single copies have been obtained (Apt et al. 1996). The
introduction of a second, unselected gene into the nuclear genome is found to occur
with high frequency in C. reinhardtii (Stevens et al. 1996) and in Phaeodactylum
tricornutum (Kilian and Kroth, unpublished).
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III.1.3.7 Scientific aspects of microalgal genetic transformation
Genetic transformation has been used to analyse different functional aspects of
algae, which cannot all be covered here. For example chloroplast transformation
became a powerful tool for the functional analysis of chloroplast genes. For a number
of chloroplast open reading frames (called ycf if there are homologous genes on
other plastid genomes, Hallick et al. 1993) it is not known which function the
respective gene products have within the chloroplast. Reverse genetics – the
modification or the knock out of a specific gene – allows the analysis of gene-function
relationships. For example the genes ycf3 and ycf4 on the chloroplast genome of C.
reinhardtii were knocked-out by Boudreau et al. (1997). The subsequent analyses of
the transformants suggested a participation of the gene products in photosystem I
assembly. Similarly, the gene product of ycf10 has been shown to be involved in
inorganic carbon uptake into the chloroplast (Rolland et al. 1997). In those cases
where the function of a gene is necessary for vitality, segregation of modified
chloroplast genomes is not possible (see above). This effect has been shown for the
Chlamydomonas chloroplast orf712 gene, which is supposed to have an rps3 like
function (Liu et al. 1993). Here, recombinated and wild type genomes equilibrated to
a ratio of approximately 7:1 under selection pressure.
Targeting modified genes to the plastid genome also allows site directed
mutagenesis to obtain information about important amino acids in vivo. Several
sequence-function relationships of chloroplast encoded proteins have been
investigated this way in C. reinhardtii including chloroplast encoded proteins like the
large RubisCo subunit and the photosystem I center protein PsaB (Moreno and
Spreitzer 1999, Sommer et al. 2002). Site directed mutagenesis also was useful for
the identification and understanding of regulatory elements of transcription within
chloroplasts. By replacement and modification of 3’-untranslated regions Rott et al.
(1998) have shown that these regions are important determinants for RNA stability in
chloroplasts. Similarly, Sakamoto et al. (1994) identified regions within the
untranslated region preceding the C. reinhardtii petD gene which mediate
transcriptional activation.
Investigations on photosynthesis, transcription, and regulation by nuclear
transformation so far were also mainly performed in C. reinhardtii (for a
comprehensive description see Rochaix 1995, Harris 2001). However, another green
alga, the colonial Volvox carterii, also became an interesting model organism,
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because the colonies contain two different cell types, somatic cells and asexual
reproductive cells, allowing the study of the transition between

uni- and

multicellularity. Genetic analyses identified the regA gene as a master gene that
plays a role in establishing the germ-soma dichotomy (Meissner et al. 1999). By
complementing mutant Volvox strains with modified internal regA introns, these
introns have been shown to act either as enhancers or silencers of regA expression
(Stark et al. 2001).

Fig. 3: General scheme for
nuclear transformation and
subsequent analysis
The
transformation
cassette
consists of the resistance gene
and the gene to be expressed,
each flanked by eukaryotic
regulatory elements (P: Promotor,
3`-r: 3`-regulatory sequence).
After
transformation
the
constructs integrate randomly into
the
genome.
Putatively
transformed cells are isolated by
cultivation
under
selective
conditions and scaled up in liquid
culture.
Transformants
can
subsequently be analyzed by
detection of the introduced DNA,
the respective transcripts or the
respective expression products.

Nuclear transformation also increased the knowledge about sorting and
transport mechanisms within algae. Especially the green fluorescent protein (GFP)
has been utilized to study protein transport into algal organelles. In some cases
codon-optimized GFP genes have been developed to enable higher expression
levels either in the nucleus or in the chloroplast (Fuhrmann et al. 1999, Franklin et al.
2002). To identify targeting signals, these peptides can be fused to the GFP protein
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genetically. This technique is especially useful to identify transport relevant regions
within the usually poorly conserved targeting peptides. The advantage of analyzing
targeting in vivo instead of using isolated organelles has been demonstrated by
Kindle and Lawrence (1998), who performed in vivo and in vitro import experiments
of C. reinhardtii chloroplast destined proteins. Interestingly, deletions of certain parts
of the chloroplast transit peptide affected in vitro and in vivo protein import differently,
thereby showing that in vitro experiments may not completely describe the situation
in vivo. GFP fusion proteins are also useful in cases where isolation of the respective
organelles is not possible yet. Expression of presequence:GFP fusion proteins in
diatoms and in the malaria parasite Plasmodium - both containing complex plastids
bound by four membranes (Kroth 2002, McFadden 2003) - might help to understand
the protein import pathways into complex plastids (Waller et al. 2000; Apt et al.
2002).
The use of genetic transformation systems also contributed to our
understanding how the delicately ornamented silica cell walls of diatoms are
synthesized and deposited. The mechanism of the biological formation of a cell wall
composed of polymerised silicic acid was obscure for a long time. Important first
information on the assembly and biosynthesis of these cell walls has been obtained
by molecular studies performed by Fischer et al. (1999) in which cell wall proteins
were expressed and localized in Cylindrotheca fusiformis.

III.1.3.8 Biotechnological Aspects of Microalgal Transformation
Algae represent a vast amount of the world’s biodiversity with estimated numbers
ranging from ten thousands to millions of different species (Norton et al. 1996). The
aqueous habitat of most algae, the oceans and the fresh water lakes, cover most of
the surface of our planet. However, from the commercial point of view, algae play a
minor part compared to crops and animal farming. Nevertheless, the actual and
potential biotechnological use of algae covers a wide range of applications, which
cannot be presented comprehensively in this review. There is a variety of literature
available dealing with the various aspects (Cannel 1990, Borowitzka 1992, Allnutt
1996, Metting 1996, Apt and Behrens 1999). Here we want to focus on a few
prominent examples where microalgae are used for the production of special
compounds and how genetic engineering might improve the production.
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The history of microalgal utilization is centuries old, while the mass cultivation
was developed in the recent decades. Most microalgae grow easily under laboratory
conditions, often with reasonable growth rates. Therefore they are ideal for mass
culturing, which can be performed either in open ponds, in enclosed photobioreactors
or in fermentation reactors (Pulz 2001, Janssen et al. 2003). In contrast macroalgae
are more difficult to cultivate, for mass production they are often cultured in coastal
areas or harvested directly from the sea.
Algae can either be used for mass production of chemical products like agar or
for preparation of compounds of pharmaceutical importance. In some cases algae
are used directly as food (for example the red alga Porphyra (“Nori”) or edible kelps),
while whole cell preparations from microalgae like the cyanobacteria Spirulina and
Nostoc or the green algae Dunaliella and Chlorella are taken as food supplement and
have dominated the market for health food (Metting 1996). In these cases no special
compounds are identified or purified, merely the whole cells were supposed to have
healthy effects (Kay 1991). However, in the recent years more and more defined
algal compounds like specialty oils, phycobilisomes and carotenoids have been
purified with the aim to produce them biotechnologically (see Apt and Behrens 1999).

III.1.3.9 Production of poly-unsaturated fatty acids
A variety of algal cells contain oil dropletts initially leading to the idea that they
could be utilized as an alternative source of biofuels. Dunahay et al. (1995, 1996)
attempted to enhance lipid synthesis in the diatom Cyclotella by reintroducing
multiple copies of the diatom’s own Acetyl CoA Carboxylase gene. But as
photoautotrophic algae also consume energy in the form of light in order to grow and
produce oils, this approach did not result in a commercially viable product. However,
characterization of algal lipids resulted in the finding that various algae are able to
produce long chain poly-unsaturated fatty acids (LCPUFAs). The most prominent
ones for human health are docosahexaenoic acid (DHA) and eicospentanoic acid
(EPA). DHA is a six-fold unsaturated, EPA a five-fold unsaturated fatty acid. One of
the reasons why especially DHA plays an important role as a food additive is that
humans contain about 20 % of DHA in the grey matter of the brain and also in large
amounts in the retina, but are not able to produce this fatty acid (Apt and Behrens
1999). As an essential diet, DHA is usually taken up with fish oil or animal meat.
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Various algae have been found to produce LCPUFAs, including diatoms
chrysophytes, cryptophytes, and dinoflagellates (Cohen et al. 1995). Especially
heterotrophic dinoflagellates like Crypthecodinium cohnii are used commercially for
the production of DHA. One advantage is the low cost of heterotrophic cultivation on
glucose; in addition Crypthecodinium produces high levels of DHA without detectable
amounts of any other LCPUFA, which might counteract the effects of DHA (Apt and
Behrens 1999). As it would be interesting to produce LCPUFAs also in other algae or
in land plants (crops), the enzymes involved in their biosynthesis, especially
elongases and desaturases, are highly interesting. In the diatom Phaeodactylum
tricornutum, in which EPA accumulates up to 30% of the total amount of fatty acids,
genes for two desaturases have been identified recently (Domergue et al. 2003).
When expressed in yeast together with a heterologous elongase, detectable amounts
of EPA accumulated within the yeast cells. Similarly a desaturase from the green
alga Chlorella has been characterized (Suga et al. 2002). In contrast to DHA, in most
algae EPA is accumulated in larger amounts as triacylglycerides. Unfortunately,
those algae are generally obligatory photoautotrophs limiting the commercial impact.
However, Zaslawskaia et al. (2001) recently succeeded in the trophic conversion of
the phototrophic P. tricornutum by the introduction of a gene encoding the human
glucose transporter into the diatom genome. Expression and targeting of the protein
into the plasma membrane of P. tricornutum enabled the respective cells to grow in
the dark heterotrophically in culture medium containing glucose. The possibility to
turn obligate photoautotrophic microalgae genetically into heterotrophic cells might
open a wide range of commercial applications in future.

III.1.3.10 Production of carotenoids Carotenoids consist of carotenes and their
oxygenated derivatives, the xanthophylls. Both are integral components of the
photosynthetic apparatus. Several unicellular green algae have been described to
accumulate large amounts of carotenoids when exposed to various stress situations
such as nitrogen and phosphate starvation, salt stress or high light intensities.
Hypersaline species of Dunaliella can accumulate massive amounts of ß-carotene of
up to 10 % of total dry weight including a large percentage of the valuable 9- cis
isomer (Ben-Amotz and Avron 1989). Although ß-carotene is present in various algae
and in plants and also can be synthesized chemically, its biological production from
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red coloured Dunaliella strains is very successful. This highly hydrophobic compound
can easily be isolated and is used as food additive mainly for coloration.
The red coloured carotenoid astaxanthin is utilized by the salmon feed industry
to achieve the coloration of salmon meat by deposition within the tissue (Lorenz and
Cysewski 2000). Most of the astaxanthin on the market is produced by chemical
synthesis, however, the pigment can also be isolated from the green alga
Haematococcus pluvialis. Different stress conditions can lead to the accumulation of
this secondary carotenoid of up to 4% of dry weight (Boussiba 2000). Recently it was
shown that astaxanthin production can also be light induced by affecting
photosynthetic redox control (Steinbrenner and Linden 2003). A critical factor for
astaxanthin production in Haematococcus is that the pigment is produced under
stress conditions only. First experiments have shown that salt stress results in an
increased expression of two key enzymes of astaxanthin biosynthesis, the phytoene
synthase and the carotenoid hydroxylase (Steinbrenner and Linden 2001) indicating
that a stronger expression of these enzymes could result in an increased production
of astaxanthin under non-stress conditions. Therefore the establishment of a genetic
transformation system for Haematococcus appears highly desirable. A first step in
this direction was done by Teng et al. (2002) who demonstrated the transient
expression of lacZ in Haematococcus after particle bombardment. This method,
however, did not result in a stable integration of the gene in the nuclear genome.
However, Steinbrenner et al. recently succeeded in the stable transformation of
Haematococcus. They found that overexpression of the two key enzymes mentioned
above results in increased astaxanthin production (Steinbrenner und Linden,
personal communication).

III.1.3.11 Overexpression of proteins
One of the most striking advantages of genetically modified chloroplasts is the
possibility to overexpress foreign proteins up to 45 % of the total plastid protein as
demonstrated for tobacco plastids (De Cosa et al. 2001). As different sets of
proteases are present in the chloroplast and the cytosol, proteins may also be less
vulnerable to degradation if synthesized within the chloroplast (Bock 2001).
Furthermore, energy consuming reactions may be introduced into the highly
energetic environment of the chloroplast and proteins which may be toxic for the
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organism if accumulating within the cytosol may be stored less harmful within the
chloroplast (Bogorad 2000). Finally, chloroplast genes are usually organized in
operons, which allow the expression of a whole set of genes which may operate a
complete reaction chain in a 1:1 ratio. A recent example for protein overexpression in
algal plastids is the production and assembly of fully active antibodies (Mayfield et al.
2003). In future, the demand for antibodies will probably increase so that their
production cannot be covered by cell cultures or immunized animals. Therefore,
expression in algae is supposed to offer a quick production of antibodies compared
to the production in higher plant chloroplasts, as the propagation via seedlings is not
necessary. Finally, another recent example for protein expression in algal
chloroplasts is the production of the foot-and-mouth disease virus VP1 protein in
Chlamydomonas (Sun et al. 2003), demonstrating that algae may also be used as a
mucosal vaccine source in future.

III.1.4 Outlook
If the development of genetic tools together with the sequencing efforts will
proceed with the same speed as we saw it in the recent years, the genetic
manipulation of algae will probably open a variety of possibilities to use and exploit
the potential of these organisms. One example is the fine and highly ornamented cell
wall structure of diatoms, which is species-specific and thus genetically determined.
Identification, analysis and modification of responsible genes might, in future, allow
the formation of typical nanoscale structures by diatoms that may be used in
nanotechnology, for instance in silica computer chips (Morse 1999, Drum and
Gordon 2003). Furthermore, as described above, genetical modification of algae will
improve the possibilities to use them as a source for food additives. Marine algae
also contain unique secondary metabolites (Blunt et al. 2003) which are not identified
in their variety yet and which may be of highly pharmaceutical interest, e.g., for the
treatment of diseases. Highly effective production of such compounds could easily be
exploited by the optimisation and modification of algal strains. Finally, due to their
global distribution algae are of immense ecological importance and future work will
hopefully improve our understanding for this group of organisms.
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General discussion

Primary and secondary endocytobioses occurred as a consequence of the uptake
and permanent establishment of prokaryotic or eukaryotic photoautotrophs,
respectively (Cavalier-Smith 2000). The basal algal lineages, which are the red
algae, the green algae and the glaucophytes, may probably be traced back to a
single primary endocytobiosis event (Delwiche 1999, but also see Stiller and Hall,
2002, for a controversial view). However, secondary endocytobiosis occurred at least
twice, but maybe several times in evolution resulting in heterokontophytes,
cryptophytes, euglenophytes and dinoflagellates (Delwiche 1999) and also in the non
photosynthetic apicomplexa which secondarily lost photoautotrophy due to their
parasitic life style (Foth and McFadden 2003).
One intriguing property of endocytobiosis is the mass transfer of genes in a
one-way direction from the endosymbiont to the host which led to a significant
reduction or extinction of genetic hereditable material within the respective
endosymbiont (Palmer 1997): Examples for this drastic reduction are the chloroplast
genomes which represent only remnants of a cyanobacterial genome (Martin et al.
1998) or the nucleomorphs of chlorarachniophytes and cryptophytes which are
vestigial eukaryotic genomes of the endosymbionts taken up during secondary
endocytobiosis (Gilson and McFadden 1996, Foth and McFadden 1994, Douglas et
al. 2001). However, most algae which evolved by secondary endocytobiosis do no
longer possess the eukaryotic endosymbiont genomes at all.
The relocation of genes from the endosymbiont genome into the nucleus of
the host required the evolution of efficient protein transport pathways in order to
redirect needed gene products into the endosymbiont (Kroth 2002). Additionally,
relocated genes had to acquire targeting signals to specifically target to the
endosymbiont (Kroth 2002, Palmer 1997). While plastids which can be traced back to
a primary endocytobiosis event are delineated by two envelope membranes, those
which evolved by secondary endocytobiosis are bound by more than two – usually
three or four – plastid membranes (therefore also named ‘complex plastids’). These
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extra membranes represent additional barriers for the import of proteins and other
substrates (Kroth 2002).
The evolution of protein transport pathways, the relocation of genes and the
subsequent genetic acquisition of targeting signals are thought to be a bottle neck for
endocytobioses. The aim of this work was to investigate on how endosymbiont and
host may have met these requirements during endocytobiosis using the diatom
Phaeodactylum tricornutum as a model organism.
Although secondary endocytobiosis is supposed to have happened at least
two times independently, the import of proteins into complex plastids of different
lineages share several functional similarities: All analyzed preproteins destined for
the stroma of complex plastids are preceded by a bipartite presequence consisting of
a signal and a transit peptide (Lang et al.1998, van Dooren et al. 2002, Kroth 2002).
This implies that independently evolved mechanisms for plastid protein import follow
a common scheme (Kilian and Kroth, 2003).
The model describing a possible evolution of protein import pathways into
plastids presented in this work (chapter II.1) predicts that the vesicular shuttle model
might be sufficient to explain protein transport into four membrane bound plastids.
Furthermore, it implies that no homologues to higher plant Toc proteins participate in
the transport of preproteins into complex plastids. The recent publication of the
genome from the centric diatom Thalassiosira pseudonana indeed underlines this
idea: no homologues to the Toc translocator components have been identified (Chris
Bowler, personal communication). Moreover, the proposed delivery of proteins by the
secretory system at the beginning of primary endocytobiosis also allows (but does
not demand) an independent evolution of protein translocators at the outermost
membrane of plastids evolved by primary endocytobiosis. This idea is now supported
by molecular data: Recently, the complete genome of the unicellular red alga
Cyanidioschyzon merolae (Matsuzaki et al. 2004) has been published. Among the
Toc components only Toc34 and Toc75 have been identified within this genome
(Matsuzaki et al. 2004). The similarity of the proposed red algal Toc75 to homologues
of higher plants is only very poor and unequally higher to the proposed
cyanobacterial progenitors which definitely did not deal on the import of plastid
preproteins preceded by transit peptides (see also Reumann and Keegstra, 1999). In
contrast – as suggested by the model presented in this work – putative Tic110
homologues are present in the red algal and diatom genome, the nucleomorph of
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Guilardia theta (Douglas et al. 2001) and in higher plants suggesting that Tic
translocators are indeed more ancestral and common for chloroplasts than Toc
translocators.
For algae evolved by secondary endocytobiosis the model presented here
also suggests that shortly after the separation of primary plastids into the three basal
lineages the probability for subsequent secondary endocytobioses was increased,
which may explain why more secondary than primary endocytobioses led to the
evolution of successful algal lineages. According to the model one reason (and
consequence of the predicted protein transport for primary endocytobiosis, see
chapter II.1) is the functional connection between the host and endosymbiont
endomembrane system and the existence of a vesicular shuttle transport in-between
the second and third membrane of plastids possessing four membranes.
Therefore, in this work the import characteristics of preproteins into diatom
plastids have been examined. The results presented here clearly show that the signal
peptides within the bipartite presequences are exchangeable and only carry
information for an ER import signal (chapter II.3). This finding is not too obvious as
some plastid targeting information might already be located within the signal peptide
domain. Furthermore, the deletions within the transit peptides of bipartite
presequences imply that this domain is of little importance for the transport of plastid
preproteins at least in the case of the ATPC presequence (see chapter II.2).
However, on the other hand we found a conserved motif – ASAF or AFAP – at
the boundary of signal and transit peptides. Substitutions of the conserved
phenylalanine within that motif interrupted transport of respective fusion proteins into
the diatom plastids. Further experiments utilizing the signal peptide of the ER lumenal
BiP protein clearly demonstrate that a signal peptide including a modified cleavage
motif (here: FATTP) might be sufficient to direct a fused protein into the diatom
plastids.
But what is the role of that motif? In the cryptomonad Guillardia theta which
still possesses a vestigial endosymbiont nucleus apparently two modes of plastid
protein import are present (Wastl and Maier 2000): nucleus encoded proteins have to
be transported across the four plastid membranes into the stroma but the
nucleomorph within the periplastidic space also still encodes chloroplast proteins
which have to be transported across the double membrane plastid envelope. Nucleus
encoded plastid proteins in Guillardia are also preceded by bipartite presequences
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containing the conserved motif at the signal peptide cleavage sites. Interestingly, in
vitro import experiments with isolated plastids from Guillardia were successful when
nucleomorph encoded plastid preproteins were used but failed if truncated nucleus
encoded preproteins devoid of the signal peptide are used indicating that the transit
peptide domain may take another route into the plastids (Wastl and Maier 2000). The
similar structure of nucleus encoded preproteins of Guillardia and Phaeodactylum
points to a common protein transport pathway.
For Phaeodactylum this work gives evidence that Brefeldin A (BFA) strongly
diminishes protein delivery to the plastid indicating that a vesicular transport of
proteins might be inhibited. For cryptomonads, Wastl and Maier (2000) have shown
that the two outermost membranes highly dilate after BFA treatment indicating that
membrane flux from the second to the third membrane (counted from outside) and
from the outermost to the cellular endomembrane system might be highly impaired.
According to the proposed model in chapter II.1 both the host and the
endosymbiont endomembrane system are connected. To avoid misrouting of proteins
into the plastids the evolutionary model predicts a specific entry into the proposed
vesicles budding into the periplastidic space. Thus the conserved motif may
represent a sorting motif for the specific package of preproteins into vesicles shuttling
in-between the second and third membrane of diatom and maybe also of
cryptomonad plastids.
. In previous works protein import into secondary plastids of two more algae
has been studied, although those plastids are structurally different. In the unicellular
alga Euglena the plastids are delineated by three membranes but are not associated
with a CER (Gibbs 1978). Cell fractionation studies have demonstrated an
association of plastid preproteins with both Golgi and ER membranes, suggesting
that precursor polypeptides initially pass through the cytosolic ER and are
transported subsequently to the plastids via the Golgi system (Sulli et al. 1999). The
colourless apicoplasts from the mainly parasitic apicomplexa possess four bounding
membranes, which also are not connected to the ER. For the human pathogenic
Plasmodium and Toxoplasma it has been demonstrated that plastid preproteins are
first translocated into the ER system and then transported across the outermost
plastid membrane probably by vesicles which may fuse with the outermost plastid
membrane. However, it is completely unknown so far how proteins are further
transported across the remaining three membranes. Both examples demonstrate that
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vesicular transport of plastid preproteins through the cytoplasm to the plastids is
feasible
As discussed above, the evolution of a protein transport pathway is not the
only difficulty for the permanent establishment of an endosymbiont: Genes
transferred from the endosymbiont to the host nucleus also had to be equipped with
specific targeting signals. Analysis of Phaeodactylum nuclear genes encoding plastid
preproteins frequently revealed the presence of one single intron in the region
encoding the multipartite presequence. One interesting feature shown in this work is
the correlation between intron position and the putative reading frame of the
previously transferred genes. The recent release of the Thalassiosira genome now
gives the opportunity to investigate on intron positions in plastid preprotein genes in a
genomic scale. Introns in Thalassiosira genes are far more frequent than in
Phaeodactylum as analyzed so far but introns in the regions encoding bipartite
presequences are also common. The “semi-exon shuffling model” proposed in this
work tries to explain how individual genes might have acquired genetic elements
encoding signal peptides or bipartite presequences. Thus, “semi-exon shuffling”
might have accelerated the mass gene transfer from the nucleus of the endosymbiont
to the nucleus of the host during secondary endocytobiosis.
But are all chloroplast preproteins originating from the endosymbiont? As
shown in this work there is also the possibility to add presequences genetically to
genes which originate from the host or have been acquired by lateral gene transfer
(Archibald et al. 2003): the diatom fructose1,6-bisphotases (FBAs) operating in the
plastid have been acquired rather from other sources than from the endosymbiont.
For the analysis and reconstruction of the mechanisms and events underlying
secondary endocytobiosis Phaeodactylum has been used as a model organism.
Current knowledge about algal physiology and cell biology is mainly concentrated on
Chlamydomonas mainly due to the wealth of molecular data deposited in public
databases and the existence of established protocols for the transformation of this
alga (Rochaix 1995), see also chapter III.1). However, molecular data about other
algae is now emerging: Diatom genome and EST databases (Armbruster et al., in
preparation; Scala et al. 2002) now enable scientists to investigate these organisms
which are explicitly important due to their role in the global carbon exchange.
Here, significant knowledge about molecular techniques has been collected:
the in vivo expression and targeting of GFP fused to targeting sequences has been
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demonstrated. GFP indeed is a versatile marker protein in diatoms which may be
correctly targeted into several compartments and membranes in vivo.

The GFP

protein has been used to functionally assign functions to the individual domains
within bi- and tripartite presequences. This work also elucidated the feasibility of the
simultaneous expression and detection of two different marker proteins – CFP and
GFP. The simultaneous expression of two fluorescing marker proteins which can be
traced by microscopy might be used for protein colocalization.
The only diatom promotor characterized so far is the Fcp promotor utilized by
the Phaeodactylum transformation vector pPha-T1 (Apt et al. 1996). Here, the
flavodoxin promotor from Phaeodactylum tricornutum has been identified, cloned and
characterized. Flavodoxin in datoms is known to be highly expressed in iron depleted
environments, but tightly down regulated if iron is supplied (McKay et al. 1997). Here
it could be demonstrated that the promotor may be used for the selective expression
of genes in Phaeodactylum thus providing a powerful tool for the further investigation
on diatom biology.
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