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Zusammenfassung 

Die Photosyntheseleistung in Kieselalgen, einzellige Algen die auch Diatomeen genannt werden, 

ist erstaunlich hoch. Dies ist eine unerwartete Erkenntnis, denn die Halbsättigungsrate für CO2 

von Ribulose-1,5-bisphosphat Carboxylase/Oxygenase (RubisCO) ist relativ hoch im Vergleich zu 

der im Meerwasser vorherrschenden Konzentration an gelöstem anorganischem Kohlenstoff. 

Diese Abweichung zwischen benötigtem und verfügbarem Kohlenstoff deutet darauf hin, dass 

es sich in Kieselalgen um einen Kohlenstoffkonzentrationsmechanismus (die englische 

Bezeichnung lautet „carbon concentrating mechanism“; CCM) handeln muss, also einer 

Strategie, um die zelluläre CO2 Konzentration zu erhöhen, um ausreichend Substrat für RubisCO 

zur Verfügung zu stellen. Der CCM in höheren Pflanzen ist gut untersucht und kann in zwei 

Kategorien eingeteilt werden, zum einen in den biophysikalischen C3 CCM, der sich durch 

Bicarbonattransporter und pH abhängige Carboanhydrasen auszeichnet, die gemeinsam den 

Einstrom von anorganischem Kohlenstoff aus der Umgebung in den Chloroplasten vermitteln 

und zum anderen in den biochemischen C4 CCM,  der durch Carboxylasen und Decarboxylasen 

gekennzeichnet ist. Zunächst wird im Cytosol HCO3
- vorfixiert, indem es mittels der 

Carboxylasen chemisch an Phosphoenolpyruvat (PEP) gebunden wird, dann wird das 

carboxylierte Produkt (ein C4-Molekül) in den Chloroplasten transportiert und dort wird 

anschließend der gebundene Kohlenstoff als CO2 mittels der Decarboxylasen wieder freigesetzt, 

um RubisCO zur Verfügung zu stehen. Bis heute bleibt die Frage zu klären, ob es sich bei dem 

CCM in P. tricornutum um einen C3 oder C4 CCM handelt. 

In der vorliegenden Arbeit werden die intrazellulären Lokalisierungen aller pflanzentypischen 

C4-Photosynthese-Proteine mittels GFP-Fusionskonstrukten in der Kieselalge Phaeodactylum 

tricornutum gezeigt. Aufgrund einer fehlenden plastidären Decarboxylase ist es jedoch sehr 

unwahrscheinlich, dass P. tricornutum einen pflanzenähnlichen CCM betreibt, denn vorfixiertes 

CO2 kann dort nicht wieder freigesetzt werden (siehe Kapitel 1). Diese Annahme wir durch ein 

weiteres Experiment belegt, in dem der Proteingehalt der Pyruvat-Phosphat-Dikinase (PPDK) in 

P. tricornutum mittels RNA-Interferenz (RNAi) runter reguliert wurde (Kapitel 2). Die PPDK ist ein 

essentielles Enzym des C4 CCM Stoffwechselwegs, denn es stellt PEP zur Verfügung, welches als 
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Substrat zur Bicarbonatcarboxylierung dient. Allerdings zeigten die Mutanten unter CO2-

Mangelbedingungen keinerlei Einschränkungen ihrer Photosyntheseleistung und daraus kann  

ebenfalls geschlossen werden, dass es sich bei dem CCM in P. tricornutum nicht um einen 

pflanzenähnlichen C4 Photosyntheseweg handelt. Des Weiteren wurde untersucht, ob ein 

alternativer C4 CCM Stoffwechselweg, der eine Beteiligung der PPDK ausschließt, in 

P. tricornutum denkbar wäre. Hierfür wurde der Proteingehalt der Pyruvat Carboxylase 2 (PYC2) 

mittels RNAi runter reguliert (siehe Kapitel 3). PYC bindet ebenfalls Bikarbonat allerdings an 

Pyruvat anstelle von PEP, was die Umwandlung von Pyruvat zu PEP mittels PPDK überflüssig 

macht. Auch die Untersuchung der PYC-Mutanten hat ergeben, dass PYC nicht am C4 CCM 

beteiligt ist.  

Interessanterweise zeigen beide Mutantenlinien, sowohl die PPDK- als auch die PYC-Mutanten, 

einen erhöhten Lipidgehalt. Der Grund hierfür liegt vermutlich an der Pyruvatverfügbarkeit, 

denn Pyruvat ist das Substrat beider näher untersuchen Proteine. Des Weiteren kann vermutet 

werden, dass beide Enzyme am Gluconeogenesestoffwechselweg beteiligt sind und dieser mit 

der Lipidsynthese um Pyruvat konkurriert. Beide Mutantenlinien zeigen bereits während der 

exponentiellen Wachstumsphase einen erhöhten Lipidgehalt und sind nicht in ihrem Wachstum 

eingeschränkt. Beides sind Kriterien für eine hohe Lipidausbeute. Weiterhin kann gezeigt 

werden, dass es sich bei den Lipiden der PYC-Mutanten hauptsächlich um die einfach gesättigte 

Fettsäure Palmitoleinsäure (16:1) und die mehrfach gesättigte Fettsäure Eicosapentaensäure 

(20:5) handelt. Beide Fettsäuren gelten als wertvolle industrielle Rohstoffe und somit ist ihre 

Eigenschaft, Lipide bereits während der exponentiellen Phase und ohne Einschränkungen in der 

Wachstumsrate zu synthetisieren, anstatt typischer Weise erst in der stationären Phase und 

nach einer genetischen Modifizierung auch oftmals nur mit reduzierter Wachstumsrate, 

erstrebenswert.  

Außerdem wurden zwei Promotoren untersucht, die die im Zellkern kodierten Gene der 

Nitratreduktase (NR) und des Fucoxanthin-Chlorophyll a bindendes Protein (fcpA) steuern. Erste 

Ergebnisse zeigen, dass der NR-Promotor höhere Genexpression vermittelt als der fcpA-

Promotor. Diese Erkenntnis kann künftig genutzt werden, um genetisch veränderte 

P. tricornutum  Zelllinien zu erzeugen.  



III 

 

Abstract 

The photosynthetic performance of diatoms, unicellular algae, is remarkably high. This is a 

surprising finding because the half-saturation constant of ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RubisCO) for CO2 is relatively high compared to the dissolved inorganic 

carbon (DIC) concentration in seawater. This discrepancy can be explained with the 

performance of a carbon concentrating mechanism (CCM), a strategy to increase the cellular 

CO2 concentration to provide a sufficient amount of substrate to RubisCO. The CCM in higher 

plants is very well investigated and can be divided into two main categories: The first one is the 

biophysical C3 CCM, which is characterized by bicarbonate transporters and pH dependent 

carbonic anhydrases; both drive the inorganic carbon (Ci) influx from the environment into the 

chloroplast. The second one is the biochemical C4 CCM, which pre-fixes HCO3
- to 

phosphoenolpyruvate (PEP) in the cytosol, transports the carboxylation product (a C4 molecule) 

into the chloroplast and subsequently releases CO2 by decarboxylation. Until today, the 

question whether diatoms perform a C3 or C4 type of photosynthesis remains elusive.  

In this work, we have been able to determine the intracellular location of all proteins that are 

putatively involved in C4 photosynthesis of the diatom Phaeodactylum tricornutum by 

expressing GFP fusion proteins (Chapter 1). Due to a lack of a plastidic decarboxylase, it seems 

unlikely that P. tricornutum performs a typical C4 plant like CCM. This view is supported by 

experiments investigating silencing mutants with a reduced pyruvate phosphate dikinase (PPDK) 

level. PPDK is an important enzyme in plant like C4 photosynthesis because it provides PEP the 

substrate for bicarbonate fixation. In PPDK knock down transformants, the photosynthetic 

performance under low CO2 conditions of the algae is not influenced by a low PPDK protein 

level, indicating that P. tricornutum might not perform the typical C4 type CCM (Chapter 2). 

Moreover, the possibility of the presence of an alternative C4 CCM via a pyruvate carboxylase 

(PYC) has been tested. PYC binds bicarbonate to pyruvate and therefore allows a PPDK-

independent bicarbonate pre-fixation. To test for such an alternative C4 CCM pathway, we have 

silenced pyc2 in P. tricornutum via RNA interference (RNAi) (Chapter 3). The results indicate that 

PYC2 is not involved in C4 photosynthesis. Interestingly, in both silencing experiments (PPDK 

and PYC2), the transformed cell lines contain more lipids than wild type cells. This might be 
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explained by pyruvate availability, which is the substrate for both enzymes. Furthermore, it can 

be assumed that both proteins are involved in gluconeogenesis and that pyruvate connects the 

two pathways gluconeogenesis and lipid biosynthesis. The lipid increase in PYC2 and PPDK 

P. tricornutum knockdown transformants is found already during the exponential growth phase 

and growth of the cells is not compromised. Further analyses of the PYC2 silencing 

transformants show a significantly increased lipid content regarding the mono unsaturated fatty 

acid methylpalmitoleate (16:1) and the poly unsaturated fatty acid methyleicosapentaenoate 

(20:5). Both fatty acids are valuable feedstock for industrial purposes and therefore, the ability 

of the transformants to synthesize lipids already during exponential growth phase and without 

compromising growth, instead of in the stationary phase and usually with reduced growth rates 

after cells have been genetically modified, is highly desired. 

Additionally, two nuclear promoters from P. tricornutum have been characterized and first 

evidence is provided that the nitrate reductase (NR) promoter causes higher gene expression 

than the fucoxanthin-chlorophyll-protein A (fcpA) promoter under the same culture conditions 

(Chapter 4). This finding allows future work improved genetical engineering of the diatom 

P. tricornutum.  
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General Introduction 

Increasing CO2 emission is a delicate and ongoing topic all over the world since it influences the 

biosphere in many different aspects. Atmospheric CO2 concentrations drastically increased from 

280 ppm (pre-industrial level) to about 400 ppm (nowadays) within the last 200-250 years due 

to the consumption of the key resource fossil fuels, to the production of cement when calcium 

carbonate is burned and due to changes in land usage, especially deforestation (Castillo et al. 

2014)(www.co2now.org). High concentrations of the greenhouse gas CO2 are directly 

pronounced in changing temperatures on the earth’s and sea surface (Castillo et al. 2014). Due 

to the high degree of gas exchange between the atmosphere and the ocean, an increase in 

atmospheric CO2 concentration is reflected in a decrease of seawater pH, a process known as 

ocean acidification (Xu and Gao 2012). Temperature and pH changes in seawater strongly affect 

calcification processes of calcifying organisms like corals (Kleypas et al. 1999, Beaufort et al. 

2011), planktonic foraminifera (Moy et al. 2009) and Coccolithophyceae (Riebesell et al. 2000). 

Also diatoms, biomineralizers with a silica cell wall (frustule) build from silicic acid, are affected 

by changing seawater chemistry because the external pH of the seawater influences their cell 

growth, the silica content per cell and the structure of their frustules (Raven and Giordano 2009, 

Herve et al. 2012).  

Microalgae counterbalance high atmospheric CO2 concentrations by primary production when 

they corporate inorganic carbon into biomass (Allen et al. 2005). They are most effective during 

springtime (and partially in autumn), when they form large phytoplankton blooms while 

nutrition is high and sun light is available (Allen et al. 2005, Yoshimura et al. 2014). The fate of 

phytoplankton blooms is diverse, the cells can be consumed by grazers, which means that the 

carbon moves up the food chain, or the cells might sediment to the sea floor where the carbon 

is remineralized by benthic biological activity or stored (Lutz et al. 2007, Moy et al. 2009). This 

process of export from atmospheric inorganic carbon via organic carbon to the sea floor by 

microorganisms is called biological pump (Honjo et al. 2014) and it is influenced by changes in 

seawater chemistry. Due to the high photosynthetic performance of diatoms (Nelson et al. 

1995, Field et al. 1998, Geider et al. 2001), they are of public interest and their photosynthetic 

http://www.co2now.org/
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metabolism is investigated excessively (Roberts et al. 2007b, Hopkinson et al. 2011, Matsuda et 

al. 2011, Nakajima et al. 2013, Tanaka et al. 2014).  

 

Diatoms arose from secondary endosymbiosis 

Diatoms are phototrophic microalgae with a secondary plastid of the red lineage (McFadden 

2001, Falkowski et al. 2004) and use light as sole energy source and inorganic carbon as sole 

carbon source to build up biomass. They are a very diverse group and widely distributed for 

example in upwelling regions of the ocean, which are characterized by high nutrient contents, in 

polar regions and in freshwater ecosystems (Morel and Price 2003, Mann 2010, Chattova et al. 

2014). In this work, we mainly worked with the diatom Phaeodactylum tricornutum, which has 

been isolated in 1951 from a supralittoral rock pool from the Island of Segelskår near Tvarminne 

in Finland (De Martino et al. 2007). 

During their evolutionary history, a gram negative cyanobacterium has been taken up by a 

heterotrophic host cell which gave rise to all eukaryotic photosynthetic organisms, especially to 

those with a primary plastid as is can be found in Glaucophytes, red algae and green algae 

(Figure 1) (McFadden 2001, Falkowski et al. 2004). This process, known as endosymbiosis, is 

accompanied by structural rearrangements and horizontal gene transfer from the genome of 

the symbiont to the genome of the host.  Heterokonts (from which diatoms developed) as well 

as Haptophytes, Cryptophytes and others developed in a second round of endosymbiosis, as a 

red alga (McFadden 2001, Falkowski et al. 2004) has been engulfed by a heterotrophic host cell, 

causing again structural rearrangements and horizontal gene transfer. Endosymbiosis is not a 

single event in history but occurred several times leading to increasing diversity of organisms. 

Secondary endosymbiosis due to the take up of a green alga by a eukaryotic cell gave rise to e.g. 

Euglenids and Chlorarachniophythes (Keeling 2013). 

Due to secondary endosymbiosis, diatoms are equipped with a plastid surrounded by four 

membranes, the outermost connected to the endoplasmic reticulum, accompanied by 

additional intermembrane spaces (Lang et al. 1998, Apt et al. 2002, Keeling 2013). As a 

consequence, nuclear encoded proteins which are located in the plastid need to overcome four 

membranes. Therefore, they possess an N-terminal pre-sequence, consisting of the signal 
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peptide, which guides the protein through the endoplasmic reticulum, followed by the transit 

peptide, which targets the protein into the stroma (Kilian and Kroth 2005, Gruber et al. 2007).  

 

 

Figure 1: Diatoms arose from secondary endosymbiosis. 
During primary endosymbiosis, a heterotrophic host cell engulfed a cyanobacterium and gave 
rise to autotrophic eukaryotes. During secondary endosymbiosis, probably the red plastid 
eukaryote has been engulfed again by a heterotrophic host, giving rise to e.g. Haptophytes, 
Cryptophytes and Heterokonts. Diatoms belong to the Heterokonts. 
 

 

Another interesting feature in diatom genomes is their high content of bacterial genes. The 

genome of the pennate diatom Phaeodactylum tricornutum contains 10,402 predicted genes of 

which 784 (7.5 % of the entire genome) derive from bacteria. This can only partially be 

explained by the uptake of a cyanobacterium during the first endosymbiosis (see Figure 1). 

Furthermore, 1,328 genes (12.8 % of the entire genome) are diatom specific genes, which could 
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not be found in other eukaryotes (Bowler et al. 2008). The genome of the centric diatom 

Thalassiosira pseudonana contains 11,242 protein-coding genes, of which 1,407 (8 %) are 

diatom specific genes (Armbrust et al. 2004, Bowler et al. 2008). The high degree of horizontal 

gene transfer due to the evolutionary history of diatoms might explain their extended and 

efficient metabolic pathways (Bowler et al. 2008, Allen et al. 2011). 

 

Carbon concentrating mechanisms (CCMs) 

The high photosynthetic performance of diatoms is well known (Nelson et al. 1995, Field et al. 

1998, Geider et al. 2001) and might be based on their evolutionary history because the cellular 

and genetic rearrangements in diatoms influenced their metabolic pathways fundamentally. At 

the same time, these rearrangements are the reason why, until today, the exact strategy of how 

diatoms fix CO2 is not yet fully revealed. 

The high photosynthetic performance of diatoms is a rather surprising finding because RubisCO 

(ribulose-1,5-bisphosphate carboxylase/oxygenase), the first enzyme of CO2 fixation, has a high 

CO2 half-saturation constant (K0.5(CO2)) of about 40-60 µM (McGinn and Morel 2008). This is 

very high compared to the total amount of dissolved inorganic carbon (DIC) in seawater, which 

is mainly present as bicarbonate and equals a CO2 concentration of only 10-15 µM at pH 8.2 

(Riebesell et al. 1993). This inconsistency between DIC availability and DIC necessity leads to the 

assumption that diatoms perform a carbon concentrating mechanism (CCM).  

A CCM is a strategy to increase the cell’s internal CO2 concentration in close proximity to 

RubisCO to guarantee a better photosynthetic efficiency when being in a CO2 limited 

environment. A high CO2 concentration is an important feature of photosynthesis because 

RubisCO has competitive carboxylase and oxygenase functions. Phosphoglycerate, the 

oxygenation product of RubisCO, inhibits further carboxylation activity and therefore promotes 

further oxygenation (Giordano et al. 2005). 

There are two main pathways to increase cellular CO2 concentrations, the biophysical C3 CCM 

and the biochemical C4 CCM.  
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The biophysical CCM 

The uptake of HCO3
- from seawater is the first critical step of a CCM because charged molecules 

have a low solubility in membrane lipids and cannot diffuse through membranes (Raven 1997). 

Special bicarbonate transporters in the plasma membrane overcome this problem and are 

therefore one criteria of a CCM. Bicarbonate transporters from freshwater cyanobacteria have 

different affinities for HCO3
- to optimize bicarbonate import according to changing 

environmental conditions (Omata et al. 1999, Price et al. 2004). An alternative Ci uptake is 

performed by extracellular carbonic anhydrases (CAs), enzymes which catalyze the inter-

conversion of HCO3
- and H+ to CO2 and H2O (and vice versa). After bicarbonate is formed into 

CO2, it can diffuse through the plasma membrane into the cell. Because of the high permeability 

of membranes for small uncharged molecules such as CO2, algae, which are not surrounded by a 

waxy cuticle like plants, are leaky (Gutknecht et al. 1977, Hopkinson et al. 2011). To maintain a 

high Ci concentration within the cell, CAs inter-convert CO2 back to HCO3
-. Bicarbonate 

transporters as well as CAs maintain the pH within a narrow range and therefore control the Ci 

transport (influx and efflux) across the membranes (Tachibana et al. 2011). 

After the DIC has actively been taken up by the cell, it needs to be transported from the cytosol 

into the plastid in order to supply RubisCO with CO2. This requires further bicarbonate 

membrane transporters and CAs (see Figure 2). 

Another important feature of a CCM is the pyrenoid, a small region within the stroma 

characterized by a high concentration of RubisCO (Giordano et al. 2005). Due to their large 

surface-to-volume ratio, pyrenoids are needed to optimize the Ci influxes to increase the CO2 

concentration for efficient photosynthesis (Hopkinson et al. 2011). 

 

The biochemical CCM 

The biochemical CCM requires a special set of proteins which first pre-fix Ci, via carboxylases in 

the cytosol, and later on release CO2, via decarboxylases in the plastid, in close proximity to 

RubisCO to increase the local CO2 concentration (Braeutigam et al. 2014) (see Figure 2). The 

classical carboxylases for Ci fixation are phosphoenolpyruvate carboxylase (PEPC), which binds 

HCO3
- to the C3 molecule phosphoenolepyruvate (PEP), and PEP carboxykinase (PEPCK), which 
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binds CO2 to PEP (Giordano et al. 2005). Oxaloacetate, the formed intermediate after Ci fixation, 

is a C4 molecule and therefore this pathway of chemical pre-fixation is often referred to as C4 

CCM (Reinfelder 2011).  

 

Figure 2: Carbon fluxes of carbon concentrating mechanisms (CCM). 
CO2 and HCO3

- are the dominant forms of dissolved inorganic carbon (Ci) in seawater. A cell has 
two possibilities to take up Ci, either CO2 diffuses passively across the plasma membrane 
(shown in blue) or HCO3

- is actively imported by bicarbonate transporters (grey boxes). Internal 
and external carbonic anhydrases (CAs) inter-convert CO2 into HCO3

- and vice versa and 
according to the cell’s internal pH gradient, Ci is transported into the pyrenoid where it is fixed 
by RubisCO. Shown in black is a simplified biophysical CCM. Shown in red is the biochemical 
CCM, which includes pre-fixation of Ci via the carboxylases phosphoenolpyruvate carboxylase 
(PEPC) and phosphoenolpyruvate carboxykinase (PEPCK). Both carboxylases form a C4 molecule 
which is transported into the plastid where it is subsequently decarboxylated by PEPCK or malic 
enzyme (ME) to set free CO2 for photosynthesis. After decarboxylation, the C3 molecule is 
transported back into the cytosol where it can be carboxylated again (redrawn and modified 
after Giordano et al. (2005).  
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The function of the C4 intermediate is to transport Ci from the cytosol, the place of Ci 

availability, into the plastid, or the pyrenoid within, to the place of consumption (Giordano et al. 

2005, Tachibana et al. 2011). In the plastid, the chemically bound Ci needs to be released by 

decarboxylases to provide CO2 to RubisCO (Wang et al. 2014). Typical C4 decarboxylases in 

higher plants are PEPCK and malic enzyme (ME) (Häusler et al. 2002, Detarsio et al. 2008, 

Alvarez et al. 2013).   

 

The crassulacean acid metabolism (CAM) 

A similar but independently evolved pathway to C4 photosynthesis is the crassulacean acid 

metabolism (CAM) (Christin et al. 2014) which is widely distributed in succulent plants e.g. 

Crassulaceae, Cactaceae and Agavaceae which grow in arid climate. Photosynthesis requires 

(sun) light and CO2, which is taken up by the stomata of their leaves. Light drives the electron 

transport chain which provides energy in form of ATP and reducing agents in form of NADPH; 

both are needed to fix CO2 in the Calvin Cycle. In arid conditions, light availability is related to 

high temperatures during daytime when CO2 uptake via open stomata would cause high water 

losses due to evaporation. Therefore, the atmospheric CO2 uptake in CAM plants is shifted to 

nighttime, when the external temperature is reduced. This strategy requires CO2 pre-fixation by 

PEPC to form oxaloacetic acid (OAA; the conjugated acid of oxaloacetate). OAA is converted into 

malate, via malate dehydrogenases (MDHs), and stored in vacuoles until the next day, when 

light is available. During daytime, malate is exported from the vacuoles, enters the chloroplast 

and is either directly decarboxylated by ME or prior to this converted back into OAA before it is 

decarboxylated by PEPCK. Hence, CO2 is available for RubisCO during daytime and 

photosynthesis can be operated without high losses of water (Osmond 1978, Tikhonov 2013, 

Christin et al. 2014). 

 

RNA interference (RNAi) 

RNAi has been used in this work as a molecular tool to reduce the protein concentration of 

PPDK and PYC (Chapter 2 & 3). The following paragraph is written to improve the understanding 

of this method. 
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Double stranded RNA (dsRNA) regulates gene expression on a post-transcriptional level in many 

eukaryotic organisms for example Saccharomyces cerevisiae, Arabidopsis thaliana, Drosophila 

melanogaster and Caenorhabditis elegans (Meister and Tuschl 2004). It is known as a self-

defense mechanism against viruses and transposable DNA elements in plants (Waterhouse et al. 

2001). The introduction of long dsRNAs into the eukaryotic cell triggers the silencing mechanism 

and is referred to as RNA interference (RNAi). The integration of the dsRNA is species specific 

and can for example be performed by direct injection into Drosophila (Kennerdell and Carthew 

1998) and C. elegans (Fire et al. 1998) or via plasmid DNA, containing a sense antisense 

construct, by particle bombardment into diatoms (Haimovich-Dayan et al. 2013, Tanaka et al. 

2014). The sense anti-sense fragments on the plasmid are transcribed into mRNA which folds 

back due to its complementary structure and forms dsRNA (Siomi and Siomi 2009).  

The following explanation of RNAi is very general and referrers only to the common core 

components of this mechanism because it is very complex and species specific. 

The long dsRNA is processed into short interfering RNAs (siRNA) of about 20-30 nucleotides by 

dsRNA specific RNase-III-type endonucleases (Dicer or Dicer like protein), which contains dsRNA-

binding domains and a catalytic RNase-III.  In a next step, the siRNA is unwound by a yet 

unknown protein into a guide strand and a passenger strand. While the passenger strand will be 

digested, the guide strand will be loaded onto an Argonaute protein, to activate the RNA-

induced silencing complex (RISC). The active RISC is guided by the guide strand to the 

homologous target mRNA of the transcriptome and arrays the RISC internal endonuclease to 

cleave the target mRNA (Meister and Tuschl 2004, Siomi and Siomi 2009). Some RISCs seem to 

lack an internal endonuclease and so they might repress translation of the target mRNA instead 

of digesting it (Cerutti et al. 2011). 

RNAi seems to be widely distributed among algal lineages, is very species specific and until 

today poorly understood (Cerutti et al. 2011). 

 

Objectives 

The aim of my work is to investigate the nature of the CCM in the single cell diatom 

P. tricornutum. The determination of the locations of the putatively in C4 CCM involved proteins 
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(Chapter 1), the knockdown of PPDK (Chapter 2) and of PYC2 (Chapter 3) shall help to discover 

more details about this strategy. Furthermore, I try to understand how the CCM contributing 

proteins might influence other carbon metabolic pathways (Chapter 1). Due to the high usage of 

genetical engineering in this work, I characterize two promoters which are used for 

transformation in P. tricornutum to optimize future work (Chapter 4). 

P. tricornutum has been chosen as model diatom organism because its genome is already 

sequenced (Bowler et al. 2008) and a transformation protocol for genetic modifications is 

available (Zaslavskaia et al. 2000). Besides this, its nature of CCM is still not fully revealed even 

though, as a member of the diatoms, its highly efficient photosynthetic performance is known 

for a long time (Nelson et al. 1995, Field et al. 1998, Geider et al. 2001). 
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1.1 Abstract  

Carbon fixation in diatoms is extremely efficient even though the availability of inorganic carbon 

(Ci) in the sea is relatively low. This is a clear indication of the operation of carbon concentrating 

mechanisms (CCM). However, the exact functionality of these processes especially in diatoms is 

still not fully resolved. The diatom Phaeodactylum tricornutum possesses genes encoding for all 

enzymes required to operate a potential C4 pathway. However, silencing of pyruvate phosphate 

dikinase (PPDK), an enzyme involved in the C4 route, did not alter the apparent photosynthetic 

affinity of P. tricornutum to CO2. In this study, we have determined the intracellular location of 

all putative C4 enzymes in P. tricornutum by expression of GFP fusion proteins and revealed an 

unusual intracellular distribution of these enzymes in comparison to higher plants. Especially the 

apparent lack of a plastidic decarboxylase in P. tricornutum together with a strictly organellar 

location of the various carboxylases indicates that P. tricornutum may not perform a classical 

C4-like CCM. Furthermore, we show that the PPDK, an enzyme dually targeted to the cytosol 

and chloroplast in land plants, might also be dually targeted in P. tricornutum. 
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1.2 Introduction 

Among all photosynthetic organisms, diatoms (Bacillariophycae), unicellular algae belonging to 

the Heterokonta, operate a very efficient photosynthesis (Falkowski et al. 1998). Diatoms are 

thought to contribute substantially to the global carbon fixation (Nelson et al. 1995, Field et al. 

1998, Geider et al. 2001). Marine aquatic organisms have a limited supply of CO2, the substrate 

of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), because in seawater dissolved 

inorganic carbon (DIC) is mostly available as bicarbonate. The RubisCO enzymes found in 

diatoms have a CO2 half-saturation constant (K0.5(CO2)) of about 40-60 µM (McGinn and Morel 

2008) while the total amount of DIC in seawater equals a CO2 concentration of about 10-15 µM 

at pH 8.2 (Riebesell et al. 1993). This discrepancy indicates that diatoms operate a CO2-

concentrating mechanism (CCM) to increase the efficiency of carbon fixation. Indeed, calculated 

from oxygen evolution rates of Phaeodactylum tricornutum cells, the intracellular concentration 

of inorganic carbon (Ci) is thought to be 4-6 times higher than outside the cells (Badger et al. 

1998). 

In general, CCMs increase the cellular CO2 concentration in spatial proximity to RubisCO which 

leads to a higher carbon fixation rate in a CO2 limited environment. For diatoms, the exact 

mechanism used for the CCM is not yet clarified in detail and the mode of CCM may be 

classified into several types even in diatoms. The two main mechanisms of CCMs so far 

suggested to operate in diatoms are biophysical and/or biochemical type CCMs (Reinfelder 

2011).  

Biophysical CCMs are characterized by active Ci accumulation from the environment into the 

chloroplast via specific transporters at the plasma membrane (Nakajima et al. 2013) and most 

probably at the chloroplast envelopes, and via carbonic anhydrases (CA), which catalyze the 

inter-conversion of CO2 and H2O to HCO3
- and H+ (or vice versa). Both elements together, the 

transporters and the CAs, must control the intracellular flux of DIC to optimize the CCM 

(Giordano et al. 2005, Roberts et al. 2007b, Kroth et al. 2008, Matsuda et al. 2011, Hopkinson et 

al. 2013, Samukawa et al. 2014). 

Biochemical CCMs involve the formation of an intermediate molecule typically comprising four 

carbon atoms which is subsequently decarboxylated in close proximity to RubisCO to increase 
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the local CO2 concentration (Braeutigam et al. 2014). Therefore, they are also referred to as C4 

CCMs (Reinfelder 2011). In plants, chemical pre-fixation of Ci requires carboxylases (like 

phosphoenolpyruvate carboxylase (PEPC)), which are located in the cytosol of the mesophyll 

cells and decarboxylases (e.g. malic enzyme (ME)), which are located in the chloroplasts of the 

bundle sheath cells releasing CO2 in close proximity to RubisCO (Sage et al. 2012). 

The genomic sequences of multipolar centric species, Thalassiosira pseudonana (Armbrust et al. 

2004) and raphid pennate species, P. tricornutum (Bowler et al. 2008) strongly suggested the 

presence of several carboxylases and decarboxylases, that potentially could be utilized for a C4-

like CCM, in diatoms (Kroth et al. 2008). Furthermore, both diatoms possess a pyruvate 

phosphate dikinase (PPDK), converting pyruvate into PEP, the initial three-carbon molecule to 

accept HCO3
- in the C4 CCM in higher plants (Kroth et al. 2008, Sage et al. 2012). However, 14C 

labeling experiments, designed to identify the primary product of the Ci fixation, did not support 

the presence of a C4-like CCM in P. tricornutum (Holdsworth and Colbeck 1976). Neither the 

recent study on the localization of de/carboxylases in T. pseudonana (Tanaka et al. 2014) nor 

the PPDK silencing experiment via RNA interference (RNAi) in P. tricornutum (Haimovich-Dayan 

et al. 2013) support the possibility that a biochemical C4 route is essential for CO2 fixation in this 

organism. On the other hand, it was recently suggested that diatoms might operate an atypical 

C4-type CCM utilizing the reaction of pyruvate carboxylase (PYC) (Kustka et al 2014), but the 

capacity of the diatom PYC as a decarboxylase is yet to be established. 

In this work, we present an overview of the presence of enzymes that might be involved in the 

C4 metabolism in P. tricornutum. We clarified the intracellular locations of the relevant gene 

products via expression of green fluorescence protein (GFP)-fusion genes and discuss the results 

in comparison to the location of the respective enzymes in the plants Zea mays (a C4 plant) and 

Arabidopsis thaliana (a non-C4 plant). 

 

1.3 Material and Methods 

Strains and culture conditions 

Phaeodactylum tricornutum strain UTEX 642 and UTEX 646 (University of Texas, The culture 

collection of algae, Austin, Texas, USA) were grown at different culture conditions. 
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Strain UTEX 642 grew in 30 PSU artificial seawater (Harrison et al. 1980), enriched with f/2 

nutrition (Guillard and Ryther 1962) under continuous illumination (photosynthetic photon flux 

density of 50 μmol m-2 s-1 at 20 °C, constant aeration with atmospheric air). Solid media 

contained 1.2 % Agar (Wako, Osaka, Japan). Phaeodactylum tricornutum strain UTEX 646 was 

grown in 16.6 PSU artificial seawater (Tropic Marine, Dr. Biener GMBH, 

Wartenberg/Angersbach, Germany) enriched with modified f/2 nutrition (Guillard and Ryther 

1962). The modifications included a reduced MnCl2 content of 0.09 µM instead of 0.9 µM. Solid 

media contained 1.2 % Bacto Agar (Becton, Dickinson and Company, Le Pont de Claix, France). 

Cells were cultivated at 20 °C and at 75 µE continuous light in Erlenmeyer flasks on a 2D shaker. 

 

Sequence Analyses 

Protein sequences of P. tricornutum can be found at the JGI database via their respective 

protein IDs (http://genome.jgi-psf.org/Phatr2/Phatr2.home.html; (Bowler et al. 2008, Grigoriev 

et al. 2012a)) and Arabidopsis thaliana sequences can be found on “tair” 

(http://www.arabidopsis.org). www.uniprot.org (Consortium 2014), www.maizegdb.org 

(Schaeffer et al. 2011) and NCBI (www.ncbi.nlm.nih.gov, (Altschul et al. 1997)) have been used 

for the identification of Zea mays proteins. 

CBS (Center for Biological Sequence Analysis) Prediction Servers (Technical University of 

Denmark DTU; http://www.cbs.dtu.dk/index.shtm) offer several options to predict putative 

enzyme localizations. The programs used in this study are TargetP 1.1 Server (Emanuelsson et 

al. 2000), SignalP 3.0 Server (Dyrløv Bendtsen et al. 2004) and SignalP 4.1 Version (Petersen et 

al. 2011) for plants. Furthermore, the TMHMM Server 2.0 (http://www.cbs.dtu.dk/services/ 

TMHMM) has been used to predict transmembrane helices in proteins and NetStart 1.0 

(Pedersen and Nielsen 1997) to identify putative start codons. 

 

Transformation vector and plasmid constructions 

Standard cloning procedures were used for plasmid construction (Sambrook et al. 1989). The 

pPha-T1 P. tricornutum transformation vector (GenBank accession AF219942.1)(Zaslavskaia et 

al. 2000), equipped with a bleomycin (sh ble)-resistant cassette has been used for these gene 

http://genome.jgi-psf.org/Phatr2/Phatr2.home.html
http://www.arabidopsis.org/
http://www.uniprot.org/
http://www.maizegdb.org/
http://www.ncbi.nlm.nih.gov/
http://www.cbs.dtu.dk/index.shtm
http://www.cbs.dtu.dk/services/
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localization studies. The enhanced green fluorescence protein (egfp) gene has been fused to the 

3´ends of the studied gene sequences. In case of full length constructs, the stop codons of the 

target genes have been deleted.  

 

Biolistic transformation 

Cells were genetically transformed using the Biolistic PDS-1000/He Particle Delivery System (Bio-

Rad, Hercules, CA, USA) fitted with 1350 and 1550 psi rupture discs as described in Zaslavskaia 

et al. (2000). After transformation, cells were allowed to recover for 24 hrs before being plated 

onto an f/2 medium containing 75-100 µg/ml Zeocin (Invitrogen, Carlsbad, CA, USA). The plates 

were incubated at 20-22 °C under constant illumination (50-75 µmol m-2 s-1). The resulting 

Zeocin resistant clones were retrieved and GFP positive clones were further screened from 

them. 

 

MitoTracker labeling 

To label mitochondria, MitoTracker® OrangeCMTMRos (Molecular probes, Eugene, OR, USA) 

was added to the cell culture at a final concentration of 500 nM. After the incubation at 20 °C 

for 60 min, the cells were washed with f/2 ASW three times and were re-suspended in f/2 ASW.  

 

Fluorescence microscopy 

Analyses of the transformed cell lines have been conducted with the laser-scanning confocal 

microscopes A1Rsi (Nikon, Tokyo, Japan) or LSM 510 META (Carl Zeiss MicroImaging GmbH, 

Göttingen, Germany) or with an epifluorescence microscope, Olympus BX51 (Olympus Europe, 

Hamburg, Germany). 

The A1Rsi was equipped with Plan Apo VC 60x/1.4 Oil DIC objective (Nikon). Using the A1Rsi 

microscope, the following settings have been used: chlorophyll a/c autofluorescence was 

detected at 662–737 nm emission by 638 nm laser excitation; for GFP fluorescence 500–550 nm 

emission by 488 nm excitation; for MitoTracker fluorescence 570–620 nm mission by 561 nm 

excitation.  
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The LSM 510 META was operated using a Plan-Apochromat 63 ×/1.4 Oil DIC objective. GFP and 

chlorophyll fluorescence was excited at 488 nm, filtered with a beam splitter (HFT 488/543), and 

detected by two different photomultiplier tubes with a band pass filter (BP 505–530) for GFP 

fluorescence and a low pass filter (LP 650) for chlorophyll (Chl) auto fluorescence. Transmitted 

light was detected at 488 nm excitation light. Maximum intensity z-projections were calculated 

from slices of image stacks to ensure complete detection of fluorochromes within a cell. The 

Olympus BX51 was equipped with a Zeiss AxioCam MRm digital camera system (Carl Zeiss 

MicroImaging GmbH, Göttingen, Germany). To view transmitted light images (100xUplanFL 

objective, Olympus), Normarski’s differential interference contrast illumination was used; for 

Chl auto-fluorescence, the mirror unit U-MWSG2 (Olympus) was used; and for GFP detection, 

the filter set 41020 (Chroma Technology Corp, Bellows Falls, VT, USA). 

 

1.4 Results & Discussion 

The biochemical C4 CCM pathway  

To operate an efficient C4 CCM pathway, carboxylases are required to fix HCO3
- by binding it to 

a C3 molecule, which results in the formation of C4 acids that can be efficiently transported and 

subsequently decarboxylated, thereby raising the concentration of CO2 in close proximity to 

RubisCO (Reinfelder 2011, Braeutigam et al. 2014). This can either take place within a single cell 

or require a specialized anatomy involving two different cell types (bundle sheath and 

mesophyll cells) (Sheen and Bogorad 1987, Offermann et al. 2011). In higher plants, e.g. in the 

C4 CCM performing plant Zea mays, the carboxylases PEPC and phosphoenolpyruvate 

carboxykinase (PEPCK) fix Ci in the cytosol of mesophyll cells and later on release it from the 

resulting C4 molecule as CO2 via the decarboxylases such as malic enzyme (ME) or PEPCK in the 

chloroplasts of the bundle sheath cells (Sage et al. 2012) (Figure 1 & online resource Table I). 

The bundle sheath cells lack cytosolic CAs, so that CO2 which diffuses into the cytosol does not 

lead to cytosolic accumulation of bicarbonate. Maintenance of a cytosolic CO2 concentration 

close to the plastidic CO2 level therefore prevents loss of CO2 by diffusion. Similarly, in some 

variations of the Kranz-type C4 pathways, ME or PEPCK may release CO2 in the cytosol or the 

mitochondria (Braeutigam et al. 2014). However, in a single cell type C4 pathway, the release of 
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CO2 in direct vicinity of RubisCO is essential for the operation of an efficient C4 photosynthesis 

(Wang et al. 2014).  

 

 

Figure 1: Localization of putative C4 proteins in P. tricornutum, A. thaliana and Z. mays.  
The diagram shows the proposed cellular distribution of the investigated C4–type enzymes. A 
detailed overview of the protein IDs and the experimentally demonstrated localizations can be 
found in Table I and in the online resource Table I. Enzymes (in bold): MDH: Malate 
Dehydrogenase; ME: Malic Enzyme; PEPC: PEP Carboxylase; PPDK: Pyruvate Phosphate 
Dikinase; PYC: Pyruvate Carboxylase; RP1(2): PPDK Regulator Protein 1(2). Substrates & 
Products: PEP: Phosphoenole Pyruvate; OAA: Oxaloacetic Acid. 
 

Interestingly, the C3 plant A. thaliana (Li et al. 2014c) also possesses all the necessary “C4 CCM 

genes” (Figure 1 & online resource Table I) without actually performing C4 photosynthesis. The 

respective genes are nevertheless required for other processes, like the shikimate pathway or 

the anaplerotic link between the TCA cycle and glycolysis (Brown et al. 2010). 
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The diatom P. tricornutum possesses an unusual set of carboxylases and decarboxylases 

(Figure 1 & Table I). In addition to the common carboxylases PEPC and PEPCK, the cells contain 

two extra isoforms of pyruvate carboxylase (PYC), an enzyme which cannot be found in higher 

plants (Tsuji et al. 2012). Furthermore, P. tricornutum contains two isoforms of the 

decarboxylases ME and the single gene copy of PEPCK which, in higher plants, performs the 

main decarboxylating activity (Cannata and Stoppani 1963). 

 

Table I: Putative C4 CCM proteins and their localizations in P. tricornutum. 
Each gene which has been experimentally localized by GFP fusion experiments is listed below. 
The column “cloned amino acid sequence” refers to the length of the protein which has been 
cloned for each gene starting with the start codon. PEPCK for instance has been cloned twice, 
once the first 41aa and a second time the “full length” of the gene without the stop codon. 
(Images of all GFP localization experiments can be found in Figure 2 and in the online resource 
Figure 1.)  

 

 

Phospoenolpyruvate carboxylase (PEPC) 

Comparing the three model organisms P. tricornutum, A. thaliana and Z. mays (Figure 1), our 

sequence analyses revealed that the PEPC enzymes appeared to be strictly cytosolic in higher 

plants (online resource Table I), while in the diatom we located them inside the organelles 

(Figure 2 & online resource Figure 1). Our GFP fusion experiment confirmed the location of 

PEPC2 in the mitochondrion (online resource Figure 1). PEPC1 was plastid membrane associated 

in our experiments (Figure 2); however, it is unclear in which plastidal compartment of the four-

Protein Name Protein ID (JGI)

cloned amino acid 

sequence GFP localization

PEPCK (Phosphoenolpyruvate Carboxykinase) 55018 41 aa mitochondrion

full length mitochondrion

ME1 (NAD dependent Malic Enzyme1) 56501 94 aa mitochondrion

full length mitochondrion

ME2 (NADP dependent Malic Enzyme 2) 27477 full length mitochondrion

PEPC1 (Phosphoenolpyruvate Carboxylase 1) 56768 full length plastidic membranes

PEPC2 (Phosphoenolpyruvate Carboxylase 2) 56769 full length mitochondrion

PYC1 (Pyruvate Carboxylase 1) 30519 55 aa mitochondrion

PYC2 (Pyruvate Carboxylase 2) 49339 67 aa stroma

PPDK (Pyruvate Phosphate Dikinase) 21988 112 aa cytosol

full length cytosol

RP1-PPDK (PPDK regulator protein1) 49027 full length stroma

MDH1 (NAD dependent Malate Dehydrogenase 1) 51297 full length mitochondrion

MDH 2 (Malate Dehydrogenase 2) 54834 full length mitochondrion



20 

 

layered plastid envelope system the enzyme is located. Analyses of GFP fusion proteins by 

fluorescence microscopy allowed the exclusion of a stromal or thylakoidal location (Figure 2). 

 

Figure 2: Localization of the PEPC1 (Phosphoenolpyruvate Carboxylase 1). 
The scale bar represents 5 µm. The suffix “full” after the enzymes name indicates that the full 
protein sequence of the enzyme has been cloned. PEPC1 is located in the plastidic membranes. 
 

It has been demonstrated that in A. thaliana, PEPC might be involved in amino acid synthesis; 

PEPC fixes HCO3
- to OAA (oxaloacetic acid) which then enters the TCA cycle forming 2-

oxoglutarate, the precursor of glutamate (Taylor et al. 2010). Glutamate and its derivative 

glutamine are synthesized in the chloroplasts of A. thaliana and are known as transport 

compounds for nitrogen (Taylor et al. 2010). 

Such a pathway appears also to be possible in P. tricornutum. Our GFP localization experiment 

indicates that carboxylases like e.g. PEPC2 are located in the mitochondrion (Table I & Figure 3) 

and according to its pre-sequence analysis, the glutamate synthase in P. tricornutum (ID 

Pt_56605) has been predicted to be plastidic (online resource Table II), just like in A. thaliana 

((Taylor et al. 2010) & online resource Table II). 

The location of the glutamine synthetase (GLN) (ID Pt_51092; AT1G66200.1), required for 

conversion from glutamate to glutamine, however, is different. In P. tricornutum, the GLN has 

been predicted to be located in the plastid (online resource Table II) while in A. thaliana it is 

most likely cytosolic (online resource Table II). If the -ketoglutarate for amino acid synthesis in 

P. tricornutum should be derived from the TCA cycle, it would have to be transported across six 

membranes to be converted into glutamate within the chloroplast. 

In P. tricornutum, an alternative pathway might be operating. Pyruvate, deriving from cytosolic 

glycolysis, might be transported into the chloroplast where it can be carboxylated to OAA by 

PYC2, the plastidic localized isoform of PYC (online source Figure 1 & Figure 3). OAA could then, 

Bright field Chlorophyll GFP Merged
PEPC1full
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by the aspartate aminotransferase 4 (AAT4; please see predictions of AAT4 in the online 

resource Table II), be converted into -ketoglutarate, a substrate for the glutamate synthase 

(Figure 3). 

 

Figure 3: Enzyme composition in P. tricornutum. 
green: enzyme location has been confirmed by localization experiments; blue: enzyme location 
has been investigated in silico only; underlined: some of the isoforms have been experimentally 
located, the others are only predicted; dotted arrow: the gene of one of the subunits cannot be 
found in the genome so far; grey oval: the enzymes in this oval are located either in the IES, PPS 
or ER lumen. Abbreviations: Enzymes: AAT-Aspartate Aminotransferase; CA-Carbonic 
Anhydrase; GLN-Glutamine Synthetase; GLU-Glutamate Synthase; MDH-Malate Dehydrogenase; 
ME1-Malic Enzyme (NAD dependent); ME2-Malic Enzyme (NADP dependent); PEPC-PEP 
Carboxylase; PDC-Pyruvate Dehydrogenase Complex; PK-Pyruvate Kinase; PPDK-Pyruvate 
Phosphate Dikinase; PYC-Pyruvate Carboxylase; RP1-PPDK regulator protein 1. Substrates & 

Products: -KG – -Ketoglutarate; PEP-Phosphoenole pyruvate; OAA-oxaloacetic 

acid.Transporter: MC – Malate/-Ketoglutarate Carrier; P-T – Pyruvate Transporter; PEP-T – PEP 
Transporter; SLC4 – solute carrier 4 family HCO3

- transporter. The direction of the transported 
substrate, indicated by arrows, is assumed and not proven yet. Compartments: IEP-inter 
envelope space; PPS-periplastidic space. 
All enzymes and transporters including protein IDs and their references are listed in Table S1. 
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Pyruvate carboxylases (PYC) 

Database analyses showed that PYCs can be found in stramenopiles while it is completely 

lacking in higher plants and in cyanobacteria (Tsuji et al. 2012). We could also find PYC encoding 

genes in non-photosynthetic organisms like e.g. in Phytophthora parasitica, in Blastocystis 

hominis as well as in insects e.g. Drosophila melanogaster (Altschul et al. 1997). 

So far, studies in Saccharomyces cerevisiae (Stucka et al. 1991) and E. huxleyi (Tsuji et al. 2012) 

revealed an anaplerotic function of PYC by supplying the TCA cycle with OAA. Hence, it is not 

surprising that we found one isoform of PYC in the mitochondrion of P. tricornutum (online 

resource Figure 1)).  

The second isoform of PYC in P. tricornutum (Pt_PYC2) was located in the plastid (online 

resource Figure 1 & Table I), similar to a PYC isoform of E. huxleyi (Eh_PYC1) (Tsuji et al. 2012). 

Tsuji et al. (2012) report an inhibition of Eh_PYC1 activity by L-malate, the reduced form of the 

PYC-product OAA, indicating a negative feedback loop of the enzyme’s activity. As aspartate, a 

C4 product derived from OAA by AAT, has a much weaker inhibitory influence on PYC, it more 

likely might be involved in accumulation of C4 molecules (Tsuji et al. 2012). This indicates that 

PYC might be involved in amino acid synthesis rather than in a C4 metabolism. 

In P. tricornutum, we did not find a plastidic MDH (online resource Table I), thus OAA cannot be 

converted into malate and as a consequence, there might be no malate to inhibit Pt_PYC2 in the 

plastid (Figure 3). This makes Pt_PYC2 a good candidate for OAA production, the precursor of 

amino acid synthesis. In C3 plants, MDH plays a major role in the redox regulation between the 

chloroplast and the cytoplasm (Buchanan 1991). In view of its absence in the diatom’s plastid 

and cytosol it is not clear how this essential function is being performed.  

A further aspect supporting a different role of PYC is based on 14C labeling experiments in 

E. huxleyi (Tsuji et al. 2009). Here, similar to P. tricornutum (Holdsworth and Colbeck 1976), the 

first initial products of 14C labeled carbon metabolites are phosphate esters, followed by lipids, 

aspartate, alanine and glutamate. Aspartate concentrations, however, remain constant over 

time, which is interpreted as a non C4 CCM fixation product. Since Eh_PYC1 and Pt_PYC2 have 

the same evolutionary origin (Tanaka et al. 2014) and both are located in the plastid, it can be 

assumed that the PYC2 enzyme in P. tricornutum also serves for the amino acid synthesis.  
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In addition to being involved in the replenishment of the TCA cycle and amino acid synthesis, 

PYCs are also known in gluconeogenesis. In P. tricornutum, gluconeogenesis might be used to 

shuttle fixed Ci to produce chrysolaminaran via the nucleotide sugar uracil-diphosphate glucose 

(UDP-Glc) (Chauton et al. 2013). So far, the intracellular location of the different steps of 

chrysolaminaran biosynthesis in diatoms are unknown, PYC2 might well participate in this 

process. 

 A different hypothesis has been put forward recently by Kustka et al. (2014). They investigated 

the carbon metabolism in T. pseudonana under low CO2 conditions and identified 

T. pseudonana as a C4 CCM candidate based on a potential decarboxylating activity of the 

plastidic PYC. A proteomic analysis demonstrated a 1.8 fold increase in PYC abundance under 

low CO2 conditions. Kustka et al. (2014) assumed a decarboxylating activity of PYC based on the 

isolated PYC protein from chicken liver, which has 10% decarboxylating activity (Attwood and 

Cleland 1986). In return, this activity test also proves a 90% carboxylating performance. For an 

efficient C4 metabolism to work, the carboxylation activity of PYC needs to be considerably high. 

But so far, such a protein activity test has not been tested experimentally for diatom PYC yet. 

Furthermore, the biochemical CCM was not supported either by the isotope labeling 

experiments (Roberts et al. 2007a) nor by localization analysis of C4 related enzymes (Tanaka et 

al. 2014) in T. pseudonana. 

 

Pyruvate Phosphate Dikinase (PPDK) – its two main functions 

PPDK converts pyruvate into PEP (Parsley and Hibberd 2006), which can either be provided to 

gluconeogenesis or to bicarbonate pre-fixation within the biochemical CCM.  

PEP is the essential receptor for bicarbonate in the C4 metabolism and therefore, the discovery 

of a PPDK in P. tricornutum first initiated speculations about C4 CCM in this alga. Haimovich-

Dayan et al. (2013), however, generated PPDK RNAi silencing transformants of P. tricornutum 

with a reduced PPDK activity and could not find any effects on photosynthetic activity under low 

HCO3
- conditions. 
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PPDK – its two splice variances 

Both, A. thaliana and Z. mays (online resource Table I), possess one gene copy of ppdk. This 

single gene copy contains two start codons, separated by an intron, which results in the 

formation of two different mRNAs. One mRNA carries a signal sequence and therefore, its 

protein will be located in the chloroplast, while the second mRNA carries no signal sequence 

and therefore, its protein will be located in the cytosol (Parsley and Hibberd 2006). This 

phenomenon is also known from the ppdk of Oryza sativa (accession number D87745) and 

Flaveria trinervia (accession number X79095) (Parsley and Hibberd 2006). 

The PPDK of P. tricornutum shows a common evolutionary origin with enzymes in green algae 

and higher plants (Tanaka et al. 2014), indicating that in diatoms a dual targeting mechanism 

might also be possible.  

In addition to our Pt_PPDK:GFP localization experiment, which indicates a cytosolic location 

(online resource Figure 1), we did further inspections of the nucleotide and protein sequence. 

Even though, the ppdk nucleotide sequence of P. tricornutum does not contain any intron (as 

observed in higher plants), its amino acid sequence shows four more methionines within the 

first 111 amino acids, just before the beginning of the mature N-terminus (Figure 4). A 

prediction of potential translation starts by NetStart (Pedersen and Nielsen 1997), followed by a 

localization prediction by TargetP (Emanuelsson et al. 2000) identified the methionines at 

position 71, 77 and 100 as putative start codons for a cytosolic localization. 

 

Figure 4: The gene model of PPDK from P. tricornutum. 
The red makers at amino acid position 1, 21, 71, 77 and 100 represent the methionines within 
the first 111 amino acids; the blue marker indicates the transit peptide at the amino acid 
position 21-26 with the amino acids IFS-FVM and the grey oval represents the conserved 
domain of the protein. (The image has been generated with http://prosite.expasy.org/cgi-
bin/prosite/mydomains.) 
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The PPDK regulator protein 1 (RP1) 

As the data above indicates a possibility of the dual targeting of PPDK for the cytosol and the 

plastid, we investigated the PPDK regulator protein of P. tricornutum (Table I & online resource 

Figure 1). A. thaliana possesses two isoforms of PPDK regulator proteins, RP1 is located in the 

chloroplast and RP2 in the cytosol (Chastain et al. 2008). Accordingly, in the C4 plant Z. mays, 

only a chloroplastidic regulator protein has been found (Smith et al. 1994), even though the 

second ppdk splice variant is leading to a cytosolic isoform. There are two putative explanations 

for this: i) the regulator protein for the cytosolic form has not been found yet or ii) the cytosolic 

PPDK is not regulated by such a regulator protein. In the latter case it is not clear how a futile 

ATP dissipation in the dark may be eliminated.  

The cytosolic Pt_PPDK protein (online resource Figure 1) could be involved in gluconeogenesis, 

while a putative second plastidic PPDK could be involved in the shikimate pathway like it is 

proposed for A. thaliana (Hibberd and Quick 2002). Our targeting investigation of the initial 

enzyme of the shikimate pathway, the 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase 

(Tzin and Galili 2010), in P. tricornutum (Pt_DAHPS_24353) indeed, indicated a plastidic 

localization (online resource Table II). Therefore, we propose that a putative plastidic Pt_PPDK 

could be involved in this pathway. 

 

Phosphoenolpyruvate Carboxykinase (PEPCK) 

Like RubisCO, PEPCK utilizes CO2 as substrate for carboxylation but in crassulacean acid 

metabolism (CAM) plants, PEPCK functions as a decarboxylase, producing PEP from OAA as the 

second step in gluconeogenesis (Häusler et al. 2002). The PEPCKs of Z. mays (Consortium 2014) 

and A. thaliana (Brown et al. 2010) are located in the cytosol (online resource Table I), while our 

experiments have shown that the single gene product in P. tricornutum is located in the 

mitochondrion (online resource Figure 1 & Table I). A high PEPCK activity in A. thaliana, might 

cause CO2 provision to photosynthesis (Brown et al. 2010). 

The situation might be similar in P. tricornutum. We identified all enzymes needed for the first 

part of gluconeogenesis (PYC, PEPCK, enolase 2, phosphoglycerate mutase 2, phosphoglycerate 

kinase 3, glyceraldehyde 3 phosphate dehydrogenase_trisoephosphate isomerase fusion 



26 

 

protein) including the PEPCK, to be located in the mitochondrion (Table 1 & online resource 

Table II). The next step in gluconeogenesis, the formation of the C6 sugar fructose-1,6-

bisphosphate should occur either in the cytosol or in the chloroplast, according to our  

localization predictions (online resource Table II). 

 

Malic Enzymes (ME) and the co-localized Malate Dehydrogenases (MDH) 

MEs decarboxylate malate into pyruvate and CO2, and are often located in the same 

compartment as malate dehydrogenases (Figure 1). Both enzymes together catalyze the 

formation of pyruvate from OAA.  

NADP-MEs of eukaryotes and prokaryotes are involved in at least two metabolic pathways, as 

provider of reduction equivalents (NADPH) in lipid biosynthesis (Lai et al. 2002, Hao et al. 2014) 

and as provider of CO2 for RubisCO in C4 CCMs (Jenkins et al. 1987).   

For P. tricornutum, we have demonstrated that MEs and MDHs are strictly localized in the 

mitochondria (Table 1 & online resource Figure 1), indicating that these enzymes might not be 

involved in the biochemical CCM because the released CO2 may have to diffuse via 6 

membranes to the site of RubisCO and most likely converted back to bicarbonate by ample CAs 

on the route (Figure 3). According to Wang et al. (2014) the C4 pathway requires a plastidic 

decarboxylase. 

In a second step we tested if MEs in P. tricornutum are involved in NADPH provision for lipid 

biosynthesis. In plants, lipid biosynthesis is initiated by the plastidic Acetyl CoA Carboxylases 

(ACC) and elongation occurs via the cytosolic ACC (Nikolau et al. 2003). We found that 

P. tricornutum possesses both isoforms of ACCs as well, being localized at the same subcellular 

compartments as in plants (online resource Table II). However, in P. tricornutum the MEs are 

strictly mitochondrial located, making it unlikely that they provide NADPH for the plastidic or 

cytosolic ACC (Figure 3).  

Malate, OAA as well as Acetyl CoA, which derives from pyruvate via the pyruvate 

dehydrogenase complex (PDC), are required for the TCA cycle. Hence, in P. tricornutum MEs 

together with MDHs, the PDC and AAT, which provide -Ketoglutarate and aspartate from OAA 

and glutamate, might contribute to replenish the TCA cycle (Figure 3). 
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1.5 Conclusion 

In this study, the localization of the core C4 CCM proteins has been experimentally determined 

in the diatom P. tricornutum. None of the investigated decarboxylases, neither one of the MEs 

nor the PEPCK, is located in the plastid, which would be a necessity for a single cell C4 CCM 

pathway. These locations of core C4 metabolism enzymes are strikingly similar to that of 

T. pseudonana (Tanaka et al 2014), while the locations of CAs, a critical factor of biophysical 

CCMs, are extremely diverse between the two diatoms (Samukawa et al. 2014). Probably, 

diatom C4 enzymes have maintained their intracellular locations since the split between the 

centric and pennate diatom lineages. In addition to the 14C labeling tests by Holdsworth and 

Colbeck (1976) and the PPDK silencing experiments by Haimovich-Dayan et al. (2013) our results 

indicate that a C4-like CCM does not play an essential role in CO2 fixation in P. tricornutum. 

Instead, the core C4 enzymes seem to participate in other pathways e.g. gluconeogenesis, 

amino acid synthesis or replenishment of the TCA cycle. Another possibility is that the C4 route 

plays a role in dissipation of excess light energy in the diatom (Haimovich-Dayan et al. 2013). 
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1.7 Online Resource 
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Online Resource Figure 1: Images of proteins which have been fused to GFP for localization 
analyses in this study.  
Presented are locations of all investigated genes which might be involved in a putative C4 CCM 
in P. tricornutum. Scale bars of each image represent 5µm. “full” or “pre” suffixes after the 
enzyme’s name indicate if a full length or pre-sequence has been used for plasmid construction.  
PEPC2, PYC1, PEPCK, ME1, ME2, MDH1 and MDH2, are located in the mitochondrion, PYC2 and 
RPA are located in the chloroplast’s stroma and the PPDK could be detected in the cytosol. (The 
image of PEPC1 is presented in Figure 2). 
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Online Resource Table I: Localization of putative C4 proteins in Phaeodactylum tricornutum, 
Arabidopsis thaliana and Zea mays.  
Protein IDs in blue derive from P. tricornutum, in green from A. thaliana and in yellow from 
Z. mays. All enzymes with an experimentally proven location are printed in bold. 

 

 

 

 

chloroplast (associated) mitochondrion cytosol reference

PEPC Pt_56768 Pt_56769 this study

AT1G53310.1-3 The Arabidopsis Information Resource (TAIR)

AT3G14940.1 The Arabidopsis Information Resource (TAIR)

P04711 Consortium 2014

P51059 Consortium 2014

PYC Pt_49339 Pt_30519 this study

PEPCK Pt_55018 this study

AT4G37870.1 Brown et al.  2010

AT5G65690.1 The Arabidopsis Information Resource (TAIR)

Q9SLZ0 Consortium 2014

ME_NAD Pt_56501 this study

AT2G13560.1 Brown et al.  2010

AT4G00570.1 Brown et al.  2010

ME_NADP Pt_27477 this study

AT1G79750.1 Brown et al.  2010

AT2G19900.1 The Arabidopsis Information Resource (TAIR)

AT5G11670.1 Wheeler et al . 2009; Brwon et al.  2010

AT5G25880.1 Wheeler et al . 2009

GRMZM2G085019_P01 & P02 Alvarez et al . 2013

GRMZM2G122479 Alvarez et al . 2014

GRMZM2G118770 Detarsio et al . 2008

AY104511 Consortium 2014

GRMZM5G886257 Alvarez et al . 2013

MDH_NAD Pt_51297 this study

AT5G09660.1-4 The Arabidopsis Information Resource (TAIR)

AT1G04410.1 The Arabidopsis Information Resource (TAIR)

AT5G43330.1   The Arabidopsis Information Resource (TAIR)

AT5G56720.1 The Arabidopsis Information Resource (TAIR)

Q08062 Consortium 2014

MDH_NADP

P15719 Consortium 2014

MDH_NAD or NADP Pt_54834 this study

AT1G53240.1 The Arabidopsis Information Resource (TAIR)

AT3G15020.1-2   The Arabidopsis Information Resource (TAIR)

PPDK Pt_21988 this study

AT4G15530.1 AT4G15530.2 Parsley & Hibberd 2006

P11155-1 P11155-2 Sheen 1991; Parsley & Hibberd 2006

PPDK-RP Pt_49027 this study

AT4G21210.1-2 Chastain et al. 2008

AT3G01200.1 Chastain et al. 2008

Q195N6 Smith et al. 1994
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Online Resource Table II A list of enzymes including protein IDs and localizations that are 
mentioned in this study. 
“Target P” (Emanuelsson et al. 2000) shows the highest probability for the predicted subcellular 
localization. The chosen organism groups are “Non-plant” for P. tricornutum and “Plant” for 
A. thaliana. The output stile is: cTP - chloroplast transit peptide; mTP - mitochondrial transit 
peptide; SP - secretory pathway, other - cytosol), “cleavage site” indicates the sequence motif 
surrounding the signal peptide cleavage site predicted by SignalP 3.0 NN (Dyrløv Bendtsen et al. 
2004)(* indicates manual predictions of the putative cleavage site motif), “localization 
experiment” indicates the results of experimental localizations cited in “reference/comments”. 
 

 

  

Phaeodactylum tricornutum

Protein name Protein ID TargetP cleavage site localization experiment reference / comments

AAT1 (aspartate aminotransferase) 23059 0.976 - SP ACA-LS

AAT2 (aspartate aminotransferase) 23871 0.887 - mTP none

AAT3 (aspartate aminotransferase) 10418 0.844 - other none

AAT4 (aspartate aminotransferase) 22909 0.618 - SP ASA-FVP

ACC1 (acetyl CoA carboxylase) 54926 0.682 - SP ASA-FT
ACC2 (acetyl CoA carboxylase) 55209 0.789 - other none

  -CA I  (carbonic anhydrase) 35370 0.814 - SP VRC-RS plastidic membranes Tachibana et al.  2011

  -CA II  (carbonic anhydrase) 56729 0.941 - mTP AAS-FLR elongated gene model based on Tachibana et al.  2012

  -CA III  (carbonic anhydrase) 55029 0.814 - SP GLG-LN endoplasmatic reticulum Tachibana et al.  2011

  -CA VI  (carbonic anhydrase) 54251 0.858 - SP VAS-FAT* endoplasmatic reticulum Tachibana et al.  2011

  -CA VII  (carbonic anhydrase) 42574 0.906 - SP AEA-DL endoplasmatic reticulum Tachibana et al.  2011

 b -CA 1  (carbonic anhydrase) 42406 0.795 - SP VEA-FN pyrenoid Tachibana et al.  2011

 b -CA 2  (carbonic anhydrase) 45443 0.845 - SP VDA-LN plastidic membranes Kitao et al.  2008

 g-CA VIII  (carbonic anhydrase) 20030 0.662 - mTP none mitochondrion Tachibana et al.  2011

 g-CA IX  (carbonic anhydrase) 36906 0.866 - mTP none Tachibana et al.  2011

 g-CA 3  (carbonic anhydrase) 41375 0.656 - mTP none Moog et al.  2011

DAHPS (3-deoxy-d-arabino-heptulosonate-7-phosphate synthase) 24352 0.845 - SP SEA-FT

Enolase 2 bd_1572 0.949 - mTP none mitochondrion Río Bártulos 2007

FbaC2 (fructose-1,6-bisphosphate aldolase) 22993 0.815 - SP GCA-FAP chloroplast Allen et al.  2012

Fba3 (fructose-1,6-bisphosphate aldolase) 29014 0.837 - other none cytosol Allen et al.  2012

GAPDH_TPI (glyceraldehyde 3 phosphate dehydrogenase _ 

triosephosphate isomerase fusion protein) 25308 0.925 - mTP none mitochondrion Río Bártulos 2007

GLN (glutamine synthetase) 51092 0.712 - SP ASA-FA

GLU (glutamate synthase) 56605 0.668 - SP VLA-FV

MC (malate carrier) 8990 0.447 - mTP none 2 oxoglutarate malate carrier protein

PDC_E1 (pyruvate dehydrogenase complex 1; subunit E1) 20183 0.927 - mTP none

PDC_E1 (pyruvate dehydrogenase complex 1; subunit E1) 45983 0.762 - SP ASA-FV

PDC_E1 (pyruvate dehydrogenase complex 1; subunit E1) 56788 0.857 - other none 2 oxo acid dehydrogenase; lipoyl-binding site

PDC_E2 (pyruvate dehydrogenase complex 1; subunit E2) 17401 0.963 - mTP none

PDC_E2 (pyruvate dehydrogenase complex 1; subunit E2) 23850 0.653 - SP VDA-FR

PDC_E2 (pyruvate dehydrogenase complex 1; subunit E2) could not be found in the genome of P. tricornutum

PDC_E3 (pyruvate dehydrogenase complex 1; subunit E3) 26432 0.919 - mTP VQG-RR short gene model ID_56787; putative dual targeting

PDC_E3 (pyruvate dehydrogenase complex 1; subunit E3) 30113 0.827 - SP TLA-FA

PDC_E3 (pyruvate dehydrogenase complex 1; subunit E3) 56787 0.527 - other none elongated gene model ID_26432; putative dual targeting

PEP-T (PEP transporter) 56790 0.937 - SP STA-FP

PGAM 2 (phosphoglycerae mutase) 43253 0.870 - mTP none

PGK 3 (phosphoglycerate kinase) 48983 0.959 - mTP none mitochondrion Río Bártulos 2007

PK_1 (pyruvate kinase) 22404 0.672 - mTP GHA-FV assumed to be plastidic due to cleavage site motif

PK_2 (pyruvate kinase) 49098 0.841 - other none

PK_3 (pyruvate kinase) 56445 0.565 - other none

PK_4a (pyruvate kinase) 45997 0.848 - other none

PK_4b (pyruvate kinase) 27502 0.868 - other none

PK_5 (pyruvate kinase) 49002 0.939 - mTP none

PK_6 (pyruvate kinase) 56172 0.958 - mTP IRT-PV

P-T (pyuvate transporter) 45177 0.722 - SP TTA-FA sodium/pyruvate cotransporter

SLC4-2 (solute carrier family HCO3
-
 transporter) AB733621 0.849 -SP none plasma membrane Nakajima et al.  2013

SLC4-6 (solute carrier family HCO3
- transporter) 43194 0.579 - SP GSA-FT Nakajima et al.  2013

SLC4-7 (solute carrier family HCO3
- transporter) 45656 0.817 - SP SAA-FH Nakajima et al.  2013

Atabidopsis thaliana

Protein name Protein ID TargetP reference

GLN (glutamine synthetase) AT1G66200.1 0.862 - other The Arabidopsis Information Resource (TAIR)

GLU (glutamate synthase) AT2G41220 0.863 - cTP The Arabidopsis Information Resource (TAIR)
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Summary 

 Diatoms are important players in the global carbon cycle. Their apparent photosynthetic 

affinity for ambient CO2 is much higher than that of ribulose 1,5-bisphosphate 

carboxylase/oxygenase (Rubisco), indicating that a CO2-concentrating mechanism (CCM) 

is functioning. However, the nature of the CCM, a biophysical or a biochemical C4, 

remains elusive. Although 14C labeling experiments and presence of complete sets of 

genes for C4 metabolism in two diatoms supported the presence of C4, other data and 

predicted localization of the decarboxylating enzymes, away from Rubisco, makes this 

unlikely. 

 We used RNA-interference to silence the single gene encoding pyruvate-orthophosphate 

dikinase (PPDK) in Phaeodactylum tricornutum, essential for C4 metabolism, and 

examined the photosynthetic characteristics. 

 The mutants possess much lower ppdk transcript and PPDK activity but the 

photosynthetic K1/2 (CO2) was hardly affected, thus clearly indicating that the C4 route 

does not serve the purpose of raising the CO2 concentration in close proximity of Rubisco 

in P. tricornutum. The photosynthetic Vmax was slightly reduced in the mutant, possibly 

reflecting a metabolic constraint that also resulted in a larger lipid accumulation. 

 We propose that the C4 metabolism does not function in net CO2 fixation but helps the 

cells to dissipate excess light energy and in pH homeostasis. 
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Introduction 

Diatoms play an important role in the global carbon cycle and it is estimated that they perform 

c. 20% of global CO2 fixation (Falkowski and Raven 2007). Information on the uptake of 

inorganic carbon (Ci) and its fixation by diatoms is rather limited, as only a few model organisms 

such as Thalassiosira weissflogii, Thalassiosira pseudonana, Thalassiosira oceanica, and 

Phaeodactylum tricornutum have been examined. Nevertheless, the K1/2(CO2) of their ribulose-

1,5-bisphosphate carboxylase/oxygenase (Rubisco), c. 28–40 μM (Badger et al. 1998, Whitney et 

al. 2001), is c. 20- to 40-fold higher than the apparent photosynthetic K1/2(CO2) for ambient CO2 

(Burkhardt et al. 2001) and c. three- to fourfold higher than the CO2 concentration in the 

present-day marine environment (Riebesell et al. 1993). Measurements indicated that in most 

cases Ci uptake and carbonic anhydrase (CA) activity are strongly affected by the CO2 

concentrations experienced by the cells during growth. They both increase significantly with a 

declining ambient CO2 from a high concentration (1–5% CO2 in air) to the concentration of CO2 

in air or lower, and that some of the CA encoding genes are up-regulated when the cells are 

exposed to low concentrations of CO2 (Tortell et al. 1997, Burkhardt et al. 2001, Morel et al. 

2002, Cassar et al. 2004, Harada et al. 2005, Tanaka et al. 2005, Tortell et al. 2008, Trimborn et 

al. 2008, Maberly et al. 2009, Matsuda et al. 2011, Tachibana et al. 2011). These findings have 

led to the recognition that, like many other phytoplankton species, the model diatoms must rely 

on CO2 concentrating mechanisms (CCMs) to perform significant rates of CO2 fixation under 

contemporary CO2 concentrations. These data also supported the notion that a CCM is activated 

in cells exposed to declining CO2 concentrations (see Kaplan et al. (1991), Kaplan et al. (1994), 

Kaplan and Reinhold (1999), Badger et al. (2002), Giordano et al. (2005), Price et al. (2008), 

Fukuzawa et al. (2012) for reviews). 

The nature of the CCM operating in diatoms is not clear and the extent of its expression may be 

species-specific and strongly affected by growth conditions (Roberts et al. 2007b, Roberts et al. 

2007a, Reinfelder 2011). Although suggestive, induction of genes and activities involved in Ci 

uptake such as CA cannot and must not be regarded as conclusive evidence for the operation of 

a biophysical CCM. Here, the light energy is used to actively accumulate Ci within the cells and 

thereby raise the CO2 concentrations in close proximity to Rubisco, the carboxylating enzyme 
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that is mostly confined within the carboxysomes in cyanobacteria or pyrenoids in eukaryotes 

(Kaplan and Reinhold 1999, Giordano et al. 2005, Espie and Kimber 2011). The presence of 

pyrenoids and the localization of most of the plastidic Rubisco, together with a beta-CA (PtCA1) 

within these bodies (Jenks and Gibbs 2000, Roberts et al. 2007b, Hopkinson et al. 2011, Ma et 

al. 2011, Matsuda et al. 2011, Reinfelder 2011, Tachibana et al. 2011), provide additional 

support to the notion that a biophysical CCM is functioning in at least some of the diatoms. 

On the other hand, the seminal studies of Reinfelder (2011) (and references therein) suggested 

the existence of a plant-type biochemical C4 metabolism in diatoms. This was based on short-

term 14CO2 pulse-chase labeling experiments, analyses of phosphoenol pyruvate (PEP) 

carboxylase (PEPC) and PEP carboxykinase (PEPCK) activities, the effects of inhibitors on the 

photosynthetic rate, and the effect of CO2 concentrations on gene expression (Reinfelder et al. 

2000, Morel et al. 2002). However, there are opposing conclusions based on the slow rate of C4 

acid accumulation in some diatoms such as T. pseudonana and constitutive expression of C4-

related genes, hardly affected by the CO2 concentrations (Roberts et al. 2007b, Roberts et al. 

2007a). The evidence for C4 metabolism in P. tricornutum rests mainly on the lower rate of 

photosynthesis following inhibition of PEPC and the constitutive high transcript abundance from 

genes encoding enzymes essential for this route (see Reinfelder (2011) and references therein). 

The classical plant C4 metabolism rests on cooperation between two cell types, with the 

mesophyll cell performing the first carboxylation using PEPC and HCO3
- followed by reduction. 

The C4 acid obtained is then transferred to the bundle sheath cells where decarboxylation takes 

place, leading to an elevated CO2 concentration in close proximity to Rubisco confined to these 

cells (Hatch 1992). However, a C4 metabolism functioning in a single plant cell was already 

described in Hydrilla verticillata (Rao et al. 2002), Bienertia cycloptera and Borszczowia 

aralocaspica (Edwards et al. 2004) and was recently proposed for Ulva prolifera (Xu et al. 2012). 

A plant-like C4 activity in diatoms is further supported by the presence of a complete set of 

genes essential for this metabolic route in T. pseudonana and P. tricornutum, for which the 

entire genomic sequence information is available (Armbrust et al. 2004, Bowler et al. 2008). 

However, in silico analyses of the subcellular localization of the relevant enzymes predicted a 

scrambled C4 metabolism (Kroth et al. 2008), possibly a consequence of the evolutionary history 
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of diatoms via secondary endosymbiosis (Armbrust et al. 2004, Kroth et al. 2008, Vardi et al. 

2008). Phosphoenol pyruvate carboxylase 1 (PEPC1) is predicted to be located either in the 

endoplasmic reticulum or in the periplastidic space between the second and the third 

membranes of the four-membrane-bound diatom plastid, representing the former cytoplasm of 

the eukaryotic endosymbiont. PEPC2, one pyruvate kinase (PK) isoform, PEPCK, malate 

dehydrogenase (MDH), malic enzyme (ME) and pyruvate carboxylase (PYC1) are predicted to be 

targeted to the mitochondria, whereas pyruvate phosphate dikinase (PPDK), another PK 

isoform, and PYC2 were predicted to be plastid-targeted. As a result of these subcellular 

localizations, for a functional plant-like C4 metabolism to occur and in the absence of a 

recognized plastidic decarboxylase, the CO2 generated via decarboxylation of the C4 acid in the 

mitochondria must cross six membranes in order to reach Rubisco in the plastid (Kroth et al. 

2008). Owing to the presence of multiple forms of CAs (nine and 13 CA sequences were 

detected in the genomes of P. tricornutum and T. pseudonana, respectively) and their 

localization (Tachibana et al. 2011), the CO2 produced by decarboxylation outside the plastid is 

most likely being converted back to HCO3
-. Consequently, a futile Ci cycling would be expected 

where ATP is consumed during PEP formation from pyruvate. 

From measurements of Ci fluxes and comparisons of the apparent photosynthetic affinity to CO2 

with that of Rubisco, we conclude that a CCM is functioning in diatoms. However, we are unable 

to determine whether a biophysical or a biochemical CCM route is taking place. Therefore, we 

adopted a genetic approach using RNAi technology to down-regulate the single copy gene 

encoding PPDK in P. tricornutum. Regardless of whether the predicted localizations of the 

various enzymes potentially involved in the C4 route (Kroth et al. 2008) are correct, PPDK that 

catalyzes the formation of PEP from pyruvate using ATP performs an essential step for net CO2 

fixation via a biochemical CCM (Hatch and Kagawa 1973); its down-regulation thus enables us to 

assess the role of C4 in P. tricornutum. 
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Materials and Methods 

Strains and media 

Phaeodactylum tricornutum Bohlin (Bacillariophyceae) strain UTEX646 (available at UTEX 

Culture Collection of Algae, University of Texas, Austin, TX; 

http://www.bio.utexas.edu/research/utex/) was grown in 22°C with continuous illumination at 

75 μmol photons m−2 s−1 in seawater-enriched f/2 media (Guillard and Ryther 1962) and 2 mM 

Tris buffer, pH = 8.0. Solid media contained 1.2% Bacto Agar (Difco, Becton Dickinson, France). 

Cell cultures were maintained in Erlenmeyer flasks without any forced aeration or bubbling in 

order to impose extreme CO2 limitations, conditions under which various genes essential for 

both types of CCM are likely up-regulated. All the experiments were performed in triplicate, 

using at least three independent cultures of the wildtype (WT) and transformed cell lines. 

 

Construction of plasmids and PCR 

Standard cloning procedures were used for plasmid constructions (Sambrook et al. 1989). PCR 

was performed with a conventional thermocycler (GenePro, Bioer, Arlington, MA, USA) using a 

PrimeSTAR™ HS DNA polymerase (TaKaRa, Tokyo, Japan) according to the manufacturer's 

instructions. The transformation vector pPha-T1 (GenBank accession AF219942.1) was used 

(Zaslavskaia et al. 2000). It contains a she ble gene for Zeocin resistance, thus allowing screening 

for positive colonies of P. tricornutum and an amp gene encoding ampicillin resistance for 

bacterial selection and amplification. A sequence of 469 bp, sense PPDK and a sequence of 

189 bp, antisense PPDK were amplified from P. tricornutum cDNA (Supporting Information, 

Fig S1a) and cloned on each side of an 874-bp loop containing the eGFP gene into the pPha-T1 

vector, giving rise to pPha-T1-PPDK-RNAi (Fig. S1b). 

 

Biolistic transformation 

Cells were bombarded using the Bio-Rad Biolistic PDS-1000/He Particle Delivery System (Bio-

Rad) fitted with 1350 psi rupture discs as described in Kroth (2007). After transformation, cells 

were allowed to recover for 24 h before being plated onto an f/2 medium containing 75 μg ml−1 

http://www.bio.utexas.edu/research/utex/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=Nucleotide&dopt=GenBank&term=AF219942.1
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Zeocin (Invitrogen). The plates were incubated at 22°C under constant illumination 

(75 μmol photons m−2 s−1). 

 

Genomic DNA isolation 

Cells were harvested by centrifugation (3000 g, 10 min) and resuspended in a lysis buffer 

containing 0.2 M Tris-HCl, pH = 9, 0.4 M LiCl and 25 mM EDTA. Glass beads (diameter = 212–

300 μm; Sigma) were added to the cells before they were mechanically broken for 1 min in a 

bead beater. The cell lysate was centrifuged for 5 min at maximum speed and the supernatant 

was transferred to a clean Eppendorf tube containing isopropanol at equal volume, followed by 

a second centrifugation for 10 min at maximal speed. The DNA pellet was air-dried after an 

ethanol wash and resuspended in 30 μl double-distilled water (DDW). Primers, binding to the 

transformation vector, were used to screen for genomic integration of the RNAi construct in 

Zeocin-resistant colonies. 

 

Isolation of RNA and cDNA synthesis 

Fifty milliliters of logarithmic phase cells (c. 106 cells ml−1) were harvested by centrifugation at 

5500 g for 3 min at room temperature. The pellet was resuspended in 1 ml phosphate-buffered 

saline (PBS) and centrifuged at 5500 g, 4°C, for 1 min. Cell pellets were resuspended in 1 ml 

RNAzol (Molecular Research Center, Inc., Cincinnati, OH, USA) and then homogenized by 

mechanical breakdown using acid-washed glass beads (diameter = 212–300 μm) for 20 s in a 

bead-beater. Further RNA isolation steps were performed according to the RNAzol protocol. 

Contaminating DNA was digested with Turbo-DNase (Turbo DNA-free™; Ambion) according to 

the manufacturer's instructions. The RNA obtained was reverse transcribed using ImProm- II™ 

Reverse Transcription System (Promega) according to the manufacturer's instructions. Complete 

removal of genomic DNA from RNA samples was verified after cDNA synthesis by quantitative 

PCR (qPCR) amplification of histon H4 (h4) gene. 
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Quantitative PCR assays 

These were performed using a Rotor-Gene™ 6000 Thermal Cycler (Corbett Research, Brisbane, 

Australia). The primers used are shown in Table S1. Five microliters of diluted cDNA, 

corresponding to 10 ng total RNA, were used in the following program: DNA polymerase 

activation at 95°C for 15 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing 

at 56°C for 15 s, product elongation at 72°C for 20 s, and signal acquiring at 79°C. Amplifications 

were carried out in a total volume of 15 μl using the Absolute Blue SYBR Green ROX Mix 

(Thermo Scientific, ABgene, Rockford, IL, USA) according to the manufacturer's instructions. 

Transcript abundances were examined relative to the level of the gene transcript for histone 4 

(h4) (Siaut et al. 2007). All samples were analyzed in three replicates per experiment and each 

experiment was repeated independently at least three times. 

 

PPDK activity assay 

Pyruvate phosphate dikinase activity was measured essentially as described in Ashton et al. 

(1990) but with several modifications. The procedures developed for the higher plant enzyme 

were used as a starting point because of the presence of a plant-like regulatory protein of PPDK 

(see the 'Results and Discussion' section). Cells maintained in growth conditions or exposed to a 

higher light intensity, 300 μmol photons m−2 s−1, for 1 h were broken as described earlier in 

extraction medium containing 50 mM HEPES-NaOH, pH 8.0, 10 mM MgCl2, 1 mM dithiothreitol 

(DTT), 10 mM EDTA, 1% casein, 1% polyvinylpyrrolidone, 0.25 M mannitol, 0.05% Triton X-100 

and a mix of protease inhibitors 1:100 (Sigma). The assay buffer contained 100 mM HEPES-

NaOH, pH 8.0, 15 mM MgCl2, 0.15 mM EDTA pH 8.0, 5 mM NaHCO3, 5 mM NH4Cl, 2.5 mM 

K2HPO4, 5 mM DTT and 1 mM glucose 6-phosphate. Freshly prepared 0.3 mM NADH, 1.5 mM 

ATP, 10.5 U MDH, 1.25 mM pyruvate and 0.5 U of PEPC were added directly to the quartz 

cuvette and the reaction was initiated by the addition of 20 μl of protein extract; the overall 

reaction volume was 1 ml. The changing absorption at 340 nm was recorded by the 

spectrophotometer (Cary 300 bio, Varian) and the results were normalized to the protein 

content in the reaction. An earlier published alternative protocol developed to assess PPDK 
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activity in certain algae, including P. tricornutum, also used the coupling to PEPC reaction but 

relied on its intrinsic value (Mukerji 1980), which might be rate-limiting for the coupled reaction. 

 

CO2- and light intensity-dependent O2 evolution 

The rate of CO2-dependent O2 evolution as a function of Ci concentrations was determined 

using a Clark type O2 electrode (PS2108, PASPORT dissolved O2 sensor; Pasco, Roseville, CA, 

USA) essentially as described in Kaplan et al. (1988). Approx. 108 cells were harvested by 

centrifugation for 10 min at 3000 g in a swinging-bucket rotor and resuspended in 0.5–1 ml CO2-

free f/2 medium containing 20 mM Hepes. The pH was adjusted to 7.5 with saturated NaOH. 

Two hundred microliters of CO2-free cells were then diluted in 4 ml of the same media and 

incubated in the O2 electrode chamber at 22°C and 1000 μmol photons m−2 s−1. Cells were 

allowed to utilize the Ci in their medium until the CO2 compensation point was reached. 

Aliquots of NaHCO3 of known concentrations were injected to raise the Ci concentration by 

known increments while measuring the resulting rise in the rate of O2 concentration in the 

chamber. For light intensity-dependent O2 evolution measurements, cells were incubated in 

darkness for at least 5 min followed by exposure to increasing light of known intensities. A 

saturating NaHCO3 (10 mM) concentration was added to ensure that the cells were not Ci-

limited. 

 

Photoinhibition experiments 

The photosynthetic rate of cells exposed to 10 mM Ci and 500 μmol photons m−2 s−1 was 

measured as described earlier followed by exposure to excess light of 

2000 μmol photons m−2 s−1 for 1 h. The photosynthetic O2 evolution was then measured after 

lowering the light intensity back to 500 μmol photons m−2 s−1. To inhibit recovery of 

photosystem II during photoinhibition, the cells were exposed to 100 μg ml−1 lincomycin for 

15 min before exposure to excess light. 
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Fluorescence measurements 

Fluorescence emitted by photosystem II was measured by pulse amplitude-modulated (PAM) 

kinetics using a PAM-101 (Walz, Effertlich, Germany). The light intensity (measured at the 

surface of the chamber) of the modulated measuring beam (at 1.6 kHz frequency) was 

0.1 μmol photons m−2 s−1. White actinic light was delivered by a projector lamp at 

1000 μmol photons m−2 s−1. Maximal fluorescence (Fm) was measured with saturating white 

light pulses of 4000 μmol photons m−2 s−1 for 1 s, with 1 min intervals. 

 

Chla measurement 

Cells were centrifuged for 5 min at 12 000 g. The pellet was resuspended in 100 μl methanol 

followed by 900 μl acetone and a short vortex for a final 90% acetone extraction. The extract 

was centrifuged again for 10 min at 12 000 g, and the supernatant was measured in a 

spectrophotometer at 664, 639 and 750 nm. Chla concentration was calculated according to 

(Jeffrey and Humphrey 1975). 

 

Measurement of lipids content using Nile red 

To estimate lipid content, 200 μl of logarithmic-phase cells were loaded in triplicate on a 96-well 

plate and the O.D. 750 nm was measured before staining. Ten microliters of Nile red (500 μg of 

9-diethylamino-5Hbenzo[α]phenoxazine-5-one per 1 ml acetone (Sigma)), a fluorescent probe 

of intracellular lipids and hydrophobic domains of proteins were added to the cells. 

Fluorometric analysis occurred 10 min after staining using a Sequoia-Turner Model 450 Digital 

Fluorometer with a 485 nm narrow-band excitation filter and a 590 nm narrow-band emission 

filter. With this technique, cellular storage or neutral lipids display yellow-golden fluorescence 

(Greenspan et al. 1985, McGinnis et al. 1997). 

 

Fourier transform infrared (FTIR) spectroscopy and macromolecular composition 

For FTIR spectroscopy analysis, cells were harvested by centrifugation at 4000 g for 1 min 

(Centrifuge 5415D; Eppendorf, Hamburg, Germany) and washed with distilled water. After 

centrifugation, the pellet was freeze-dried (Christ Alpha 1-4, B. Braun Biotech International, 
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Allentown, PA, USA) and stored at −20°C before measurement. Cells were resuspended in 

c. 10 μl distilled water to obtain a final cell density of 1.8 × 106 cells μl−1. A volume of 2 μl of 

this cell suspension was placed on a 384-well silicon microplate (with n > 5) and dried in a 

cabinet dryer at 40°C for at least 10 min. FTIR spectra were measured using a HTS-XT 

microtiterplate module (Bruker, Berlin, Germany) with a DTGS detector as described in Wagner 

et al. (2010). Transmission spectra were recorded in the range between 4000 and 700 cm−1 with 

32 scans per sample and at a resolution of 4 cm−1. The spectra were analyzed using OPUS Lab 

Software (version 5.0, Bruker), corrected to the background spectra and baseline-corrected by 

the rubber band method. The carbohydrate, lipid and protein contents were calculated from the 

spectra according to Wagner et al. (2010). 

 

Level of Rubisco active sites 

The amount of Rubisco was assessed both by western analyses and by the amount of RuBP 

binding sites using 14C-carboxypentitolbisphosphate (CPBP) binding as described in Marcus et al. 

(2005). CPBP is an analog of the intermediate Rubisco's substrate ribulose 1,5-bisphosphate. 

 

Results and Discussion 

Silencing of PPDK in P. tricornutum 

As indicated, we took a genetic approach to assess whether C4 metabolism plays an important 

role in the growth and photosynthetic performance of low-CO2-grown P. tricornutum. Recent 

developments of gene silencing in P. tricornutum using constructs that express either antisense 

or inverted repeat RNAs (De Riso et al. 2009) enable the application of this approach for down-

regulation of genes in this organism. We applied RNAi technology to silence the single ppdk 

gene copy (Phatr v2.0 Protein ID: 21988) that encodes PPDK (Fig. S1). This enzyme is predicted 

to be located within the plastid (Kroth et al. 2008) where it converts pyruvate to PEP at the 

expense of ATP, an essential step in net CO2 fixation via the C4 route. To silence the ppdk gene in 

P. tricornutum, we constructed a transformation vector containing sense and antisense 

fragments of this gene (see the 'Materials and Methods' section for a detailed description of the 

plasmid construction) and biolistically transformed P. tricornutum with this construct. Colonies 

http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-sec-0002
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growing on selective plates containing Zeocin were collected for further analysis and screened 

for ppdk down-regulation. 

 

Transcript abundance of ppdk and PPDK activity 

Two of the Zeocin-resistant cell lines were selected for further analyses and had a significantly 

(70–80%) lower abundance of the ppdk transcript, as determined by qPCR. Data from one 

sPPDK cell line are presented as an example (Fig. 1a). In all the aspects examined here, the two 

mutants we investigated in parallel showed similar responses. Although various approaches 

were applied, we could not raise useful antisera against the P. tricornutum PPDK and thus were 

unable to examine whether the PPDK level is lower in the silenced transformant strains. 

However, as the purpose of the gene silencing was to reduce PPDK activity, we focused on this 

parameter, because it was more important for the sake of this study than the enzyme level. Our 

analysis clearly shows that the PPDK activity was much lower in the sPPDK mutants (Fig. 1b), 

which was the goal of our genetic transformation efforts. 

 

Fig. 1 The transcript abundance of ppdk (a) and PPDK activity (b) in Phaeodactylum tricornutum 
and the sPPDK transformed cell line thereof. Abundance of ppdk was measured using 
quantitative PCR and set to 1.0 relative to the level of the gene transcript for histone 4 (h4); 
ppdk transcript abundance in the transformed cell line was calculated relatively to the wildtype. 
Pyruvate-orthophosphate dikinase (PPDK) activity was calculated from the change in 
absorbance at 340 nm resulting from the forward direction by coupling the production of 
phosphoenol pyruvate (PEP) to NADH oxidation via PEP carboxylase and malate dehydrogenase 
(Ashton et al. 1990, Marshall et al. 2001). Note that the activity is provided per total soluble 
extracted proteins, whereas the rate of photosynthesis (Fig. 2) is shown per Chla. The ratio of 
Chla to soluble protein in P. tricornutum is c.15. 
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In C4 plants, the activity of PPDK is strongly affected by reversible phosphorylation of a 

threonine residue in the active site by the bifunctional protein kinase/phosphatase PPDK 

regulatory (PR) protein (see Chastain et al. (2011) for a recent review and references therein). 

The phosphorylation of this threonine blocks PPDK activity in the dark, thereby avoiding futile 

ATP consumption in darkness. To the best of our knowledge, analyses of PPDK activation and/or 

involvement of a regulatory protein were not examined in diatoms. Analysis of the 

P. tricornutum genome database identified a single gene (JGI Prot-ID 49027), bearing a plastid 

targeting sequence, that shows significant amino acid homology (38% identity) to the plant type 

enzyme and contains the typical DUF299 domain of the bacterial PPDK-PR protein (Chastain et 

al. 2011). On the other hand, we could not detect a PPDK-PR encoding gene in the 

T. pseudonana genome, although other genes essential for the C4 metabolism were found. This 

is consistent with the suggestion that T. pseudonana does not perform a biochemical CCM 

(Roberts et al. 2007b). Clearly, if an active PPDK is present in T. pseudonana, it would be 

important to down-regulate its activity in the dark to avoid futile ATP consumption. We did not 

perform a detailed study on the activation of PPDK in P. tricornutum, but the presence of the 

plant type PPDK regulatory protein may suggest that PPDK activation in P. tricornutum is similar 

to that observed in the plant type protein. 

 

Photosynthetic and growth characteristics 

Since PPDK is a key player in net CO2 fixation in organisms that perform a C4 metabolism 

(Matsuoka et al. 2001, Edwards et al. 2004), decreasing its cellular activity by silencing the gene 

would be expected to lower the carbon assimilation abilities, particularly under low Ci 

concentrations. CO2-dependent O2 evolution was measured as an indicator of CO2 assimilation 

(Fig. 2a) and to assess the apparent photosynthetic affinity to Ci. In both the sPPDK 

transformants and the WT, the calculated K1/2(CO2) was c. 0.6 μM CO2. This value was calculated 

from the K1/2(Ci) obtained in Fig. 2, based on the assumption that the Ci species in the medium 

are at chemical equilibrium according to the experimental pH 7.5. This value is within the range 

reported previously (Reinfelder 2011). The rise in photosynthetic performance with increasing 

light intensity was also similar in the WT and sPPDK transformed cell line (Fig. 2b). The similar 

http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0002
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photosynthetic performance (Fig. 2) in the mutants, despite the much lower PPDK activity 

(Fig. 1b), provides strong evidence that photosynthetic net CO2 fixation in P. tricornutum does 

not take the C4 route. The cultures were grown under limiting Ci level and thus must have 

exploited a biophysical CCM to perform efficient photosynthesis where the apparent 

photosynthetic affinity to extracellular CO2 is c. 50- to 70-fold higher than that of Rubisco. These 

data are consistent with the fact that the growth rates of the WT and sPPDK transformants were 

identical, even when grown without forced aeration where the sole supply of CO2 is via diffusion 

from the atmosphere into the flasks (Fig. S2). 

Fig. 2 CO2-dependent (a) and light-dependent (b) O2 evolution in wildtype (WT) Phaeodactylum 
tricornutum (red squares) and the sPPDK transformed cell line (blue diamonds). (a) 
P. tricornutum cells at the CO2 compensation point were exposed to increasing NaHCO3 
concentration and O2 evolution was measured correspondingly. (b) Dark-adapted cells were 
exposed to increasing light intensity at saturating inorganic carbon (Ci) and O2 evolution was 
measured correspondingly. For both cases, gross rate of O2 evolution is provided after 
correcting for the rate of O2 consumption in the dark, which was similar in the WT and sPPDK 
mutant. 
 
 

The photosynthetic Vmax (at saturating CO2 concentration and light intensity) was somewhat 

lower in the transformants but the reasons are not clear. We did not detect significant 

differences in the abundance of rbcl (encoding the large subunit of Rubisco) transcripts between 

the WT and the sPPDK mutants (not shown) and in the amount of Rubisco. The latter was 

measured by CPBP binding (Fig. S3). CPBP is an analog of the intermediate Rubisco's substrate, 

(a) (b)

http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0001
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ribulose 1,5-bisphosphate; it binds essentially irreversibly to the reaction center, thereby 

allowing very accurate (far better than western blots) assessment of Rubisco binding site 

concentration (Marcus et al. 2005). A metabolic imbalance as a result of reduced consumption 

of pyruvate in the sPPDK mutant, for instance, could lead to lower photosynthetic Vmax. This 

may be reflected in the change in cell constituents, a rise in carbohydrates and lipid levels at the 

expense of proteins in the sPPDK transformed cell line (Figs 3, S4), presumably because of the 

higher pyruvate availability. 

Fig. 3 Lipid content in the sPPDK transformed Phaeodactylum tricornutum cell line compared 
with the wildtype (WT). (a) Lipid content was measured using the dye Nile red, which produces 
a golden fluorescence in a hydrophobic environment. Fluorescence was calibrated to O.D. 750; 
data are provided in relative units compared with the WT. (b) Fourier transform infrared (FTIR) 
spectra of the sPPDK transformed cell line (blue line) compared with the WT (red line). Mean 
spectra (n > 9) have been baseline-corrected and normalized to the amide I band. Dotted lines 
indicating the specific peaks of the vibrational bands for lipids (C=O; 1740 cm−1), proteins (amide 
I band C=O of peptids; 1655 cm−1) and carbohydrates (C–O–C; 1200–900 cm−1). The amounts of 
proteins, carbohydrates and lipids, calculated as a percentage of total biomass from FTIR 
spectra according to Wagner et al. (2010), are provided in Fig. S4. 
 
 

The photosynthetic Vmax in the WT cells is c. 250 μmol O2 evolved mg−1 Chla h−1 (Fig. 2b), 

whereas that of PPDK activity (Fig. 1b) is significantly (c. 40-fold) lower. Please note that PPDK 

activity is provided per protein and that photosynthesis activity is per Chla; the ratio of 

Chla/total soluble protein, measured during the enzyme assays, is close to 15 in P. tricornutum. 

We do not present all the various modifications examined to get maximal PPDK activity (the 
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focal point of this study was the role of the C4, not optimization of PPDK). One of the 

modifications applied was exposure to various light intensities before rapidly breaking the cells 

(see the 'Materials and Methods' section). Of the 25 conditions performed on independent 

cultures, the PPDK activity increased in some (up to c. 10% of the photosynthetic Vmax) after 

pretreatments with 300 μmol photons m−2 s−1 for 1 h. However, this activity was only a small 

fraction of the photosynthetic Vmax and the ratios of PPDK activities in the WT and mutant were 

not affected by the light treatment. However, we cannot rule out the possibility that the PPDK 

activity observed here is below the maximal rate in situ. Most importantly, an identical 

procedure was applied to both the WT and the transformed cell lines, strengthening our 

conclusion that PPDK activity in the latter is considerably reduced. 

 

The role of the C4 route in P. tricornutum 

The results presented here clearly indicate that the C4 route does not play a significant part in 

carbon acquisition in P. tricornutum. The possibility that a biophysical CCM compensates for the 

reduced ppdk expression in the sPPDK mutant, minimizing the effect of the gene silencing on 

the CO2 response curves (Fig. 2), should be considered. However, in view of the very low PPDK 

activity, it is unlikely that a C4 mechanism plays an important part in net CO2 fixation even in the 

WT. Nevertheless, a significant amount of 14C fixation into C4 acids has been observed in several 

diatoms, and inhibition of PEPC lowered the rate of photosynthesis in P. tricornutum (see 

Reinfelder (2011) and references therein). This raises the question of the biological role of the 

C4 route in P. tricornutum, if any. In view of the subcellular localization of the proteins involved 

(Kroth et al. 2008), it is possible that the C4 route is a futile cycle dissipating excess light energy 

and ATP (see the 'Introduction'). To examine possible involvement in protection against 

photoinhibition, P. tricornutum WT and sPPDK transformed cells were exposed to 

2000 μmol photons m−2 s−1 for 1 h (c. threefold higher than required to saturate the 

photosynthetic rate). This was followed by measurements of O2 evolution at saturating Ci 

concentrations. As a result of this treatment, the rate of photosynthesis declined to 85 and 82% 

(from the initial rate) in the WT and sPPDK mutants, respectively. Treatments with 100 μg ml−1 

lincomycin, which inhibits protein synthesis in plastids and thereby replacement of damaged D1 

http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-sec-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-sec-0001
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protein in the photosynthetic reaction center II (the main reason for photoinhibition), caused a 

faster decline of the photosynthetic rate. It reached 40 and 30% in the WT and the sPPDK 

transformant, respectively, within 1 h. Clearly, the sPPDK mutant is somewhat more sensitive to 

excess light than the WT, but the differences are very small. 

It should be noted that diatoms possess an array of mechanisms that enable them to cope with 

varying abiotic factors such as excess light or fast-changing light intensities in the water body 

(Lavaud et al. 2007, Eisenstadt et al. 2008, Wu et al. 2011, Lepetit et al. 2012). Our 

measurements (Fig. 4) showed that the rate of fluorescence quenching (as indicated by the 

slope of the fluorescence decline from the maximal obtained after turning on the actinic light) is 

faster in the sPPDK mutant than in the WT, presumably through nonphotochemical quenching 

(NPQ).  

 

Fig. 4 The fluorescence yield emitted from wildtype (WT) Phaeodactylum tricornutum (red line) 
and sPPDK mutants (blue line). Fluorescence was measured using a PAM-101. Actinic light 
intensity was 1500 μmol photons m−2 s−1 at 22°C. Saturating pulses (4000 μmol photons m−2 s−1) 
were given for 1 s every min. Cells were dark-acclimated for 5 min before turning on actinic 
light. The arrow pointing up represents the light being switched on; the arrow pointing down 
represents the light being switched off. 
 

http://onlinelibrary.wiley.com/enhanced/doi/10.1111/j.1469-8137.2012.04375.x/#nph4375-fig-0004
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This may indicate that the transformed cell lines are able to compensate for the reduced ability 

to dissipate excess energy by the PPDK-dependent C4 route. Such mechanisms may involve the 

activation of the xanthophyll cycle and reaction center events, both leading to the apparent rise 

in NPQ (Eisenstadt et al. 2008, Lepetit et al. 2012) and possibly minimizing the expected 

photoinhibitory damage in the transformed cell line. Alternatively, the cells may use the PEPCK 

route of C4, whereby decarboxylation of oxaloacetate leads to the formation of PEP with little, if 

any, net CO2 fixation but significant energy dissipation. 

The extent of up- or down-regulation of genes presumably involved in one of the CCM modes 

following a shift in CO2 concentration was used as supporting criteria for the occurrence of C4 in 

diatoms (see Reinfelder (2011) and references therein), but this may not be the case. One 

example is the significant rise in the PEPC transcript abundance shortly after an upshift of the 

pH in the culture media of T. pseudonana from 7.6 to 8.5, in an attempt to lower the 

concentration of dissolved CO2. Whether these data demonstrate a rapid up-regulation of PEPC 

by the lower CO2 concentration, as proposed by Reinfelder (2011), remains to be elucidated. 

One possibility is that the rise in PEPC transcript and in the activity of the C4 route is the result of 

the increasing ambient pH. Formation and conversion of dicarboxylic acids could serve as 

important means of pH homeostasis (Raven et al. 1990). This may be particularly necessary 

under conditions where the cells are intensively cycling Ci species between the cytoplasm and 

the surrounding media (Tchernov et al. 1997, Tchernov et al. 2003). The extent of this cycling is 

strongly affected by the ambient conditions and by the extent to which they were acclimated to 

low concentrations of CO2 (and induced the Ci transport capabilities; (Fukuzawa et al. 2012). As 

an example, Ci cycling rises significantly with light intensity and may reach values much higher 

than the photosynthetic rate and thereby causing a very large load on pH homeostasis 

(Tchernov et al. 1997, Tchernov et al. 2003). 
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Supporting Information 

Table I Primers used for qPCR. 

No. name Sequence 5’3’ 

1 qPPDKu TTTCAAGAGAACGGCGACTT 

2 qPPDKd CGAGCGACAAGAGAACAGAA 

3 qH4F AGGTCCTTCGCGACAATATC 

4 qH4R ACGGAATCACGAATGACGTT 
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Figure S1 Gene model of the PPDK (Prot-ID 21988) (A) and the pPh-T1-PPDK-RNAi construct (B). 

It presents the 469 bp and 189 bp fragments chosen as sense and antisense regions, 

respectively, and the section used for qPCR analysis. The original pPha-T1 vector, including the 

sense-antisense construct for PPDK silencing (pPha-T1-PPDK-RNAi), has been used for 

P. tricornutum transformation. fcpA = fucoxanthin-chlorophyll-protein A promoter, s = sense 

PPDK, as = antisense PPDK, she ble = zeocin resistance, amp = ampicillin resistance. 

  

A

B
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Figure S2 Growth of the WT and the sPPDK transformed cell line under the growth conditions 

used here (see Material and Methods). 
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Figure S3 The amount of RubisCO’s catalytic units. 

RubisCO concentration was calculated by quantification of the binding of 14C-

carboxypentitolbisphosphate (CPBP) to the enzyme catalytic units as described in Marcus et al. 

(2005). 
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Figure S4 The contents of proteins, carbohydrates and lipids, calculated as percentage of total 

biomass from FTIR spectra such as presented in Figure 3B, according to Wagner et al. (2010). 
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3.1 Abstract 

Depending on the organism and on the subcellular location of the enzyme, pyruvate carboxylase 

(PYC) can be involved in different pathways. The two isoforms of PYC of the diatom 

Phaeodactylum tricornutum have not been investigated so far. Genetic silencing of the plastidic 

isoform of the pyc gene (PYC2) in P. tricornutum leads to an almost doubled total lipid content 

in the cells already during exponential growth phase and without compromising growth. A 

reduced PYC2 protein level most probably causes a shift in carbon flux from gluconeogenesis 

towards lipid biosynthesis, based on substrate competition regarding pyruvate. Interestingly, 

the lipid increase mostly affects the 16:1 and 20:5 fatty acids. This selective increase in lipid 

composition makes the generated P. tricornutum transformants valuable candidates for 

industrial utilization, especially for biodiesel production and for food supply and health care 

issues.  
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3.2 Introduction 

Pyruvate carboxylase (PYC) binds HCO3
- to pyruvate forming oxaloacetate (OAA)  (Jitrapakdee et 

al. 2008). PYC genes can be found in non-photosynthetic organisms like e.g. in the plant 

damaging Oomycete Phytophthora parasitica, the parasitic Heterokont Blastocystis hominis as 

well as in insects like Drosophila melanogaster or animals but not in higher plants or 

cyanobacteria (Attwood and Cleland 1986, Altschul et al. 1997, Tsuji et al. 2012). In 

Saccharomyces cerevisiae for instance, PYC has an anaplerotic function by supplying the 

tricarboxylic acid (TCA) cycle with OAA (Stucka et al. 1991) and in humans it is also involved in 

gluconeogenesis (Jeoung et al. 2014).  

Interestingly, also stramenopiles, eukaryotes which arose from secondary endosymbiosis and 

most of those follow a photoautotrophic lifestyle (McFadden 2001, Keeling 2013), possess 

genes encoding for PYC (Kroth et al. 2008, Tsuji et al. 2012, Kustka et al. 2014). In Emiliania 

huxleyi, PYC provides the substrate for amino acid synthesis (Tsuji et al. 2009, Tsuji et al. 2012) 

and in the diatom Thalassiosira pseudonana PYC has been discussed to represent a Ci provider 

for RubisCO in C4 photosynthesis by decarboxylating OAA (Kustka et al. 2014). This hypothesis 

of C4 photosynthesis in stramenopiles is based on the decarboxylating activity of PYC, which so 

far has only been demonstrated with PYC from chicken liver (Attwood and Cleland 1986) but not 

yet from a diatom. 

The diatom Phaeodactylum tricornutum possesses two isoforms of PYC; PYC1 (protein ID 30519) 

is located in the mitochondria (Chapter 1) while PYC2 is located in the plastid stroma (Chapter 

1). Their functions are not yet characterized in P. tricornutum and it can only be assumed that 

they might be similar to those in S. cerevisiae and E. huxleyi, respectively. Interestingly, a 

function of the plastidic Eh_PYC in C4 photosynthesis has not been confirmed (Tsuji et al. 2009, 

Tsuji et al. 2012). 

 

In organisms with secondary plastids originated of the red lineage, the initial step of lipid 

synthesis takes place in the plastids by converting pyruvate to Acetyl CoA (Muhlroth et al. 2013). 

Diatoms, members of the just mentioned group of organisms, are in the focus of industrial 

interest due to their high lipid content. Under standard growth conditions the diatoms biomass 
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consists of 15-25 % fatty acids (FAs) which can even be increased under nitrogen limitation 

(Yang et al. 2013, Levitan et al. 2014). Their FA composition allows them to be used as natural 

renewable feedstock for industrial purposes. Of special interest are the -3 long chain (LC) 

polyunsaturated fatty acids (PUFAs) for food additives and medicine (Muhlroth et al. 2013, Li et 

al. 2014a) and the mono-unsaturated FAs (MUFAs) e.g. 16:1 and 18:1 for biodiesel production 

(Durrett et al. 2008). Furthermore, the high content of unsaturated FAs from the diatom 

P. tricornutum such as 16:1, 18:1 and 20:5 have just been successfully converted into novel 

mixed polyester-17/19 with a high melting point and a high crystallization temperature (Roesle 

et al. 2014). Industrial applications for this feedstock are developing fast. 

 

In this work, we are describing the phenotype of transformed P. tricornutum cell lines with a 

reduced PYC2 protein level. We are observing a significant increase in lipid content without 

compromising cell growth. This finding leads to the hypothesis that gluconeogenesis and de 

novo lipid synthesis compete for the same substrate, pyruvate, and that Pt_PYC2 is involved in 

gluconeogenesis. 

 

3.3 Material and Methods  

Strain and culture conditions 

Phaeodactylum tricornutum strain UTEX 646 was grown in 16.6 PSU (50 %) artificial seawater 

(Tropic Marine, Dr. Biener GMBH, Wartenberg/Angersbach, Germany) enriched with modified 

f/2 nutrition (Guillard and Ryther 1962). The modification includes a reduced MnCl2 content of 

0.09 µM instead of 0.9 µM. Solid medium contained 1.2 % Bacto Agar (Becton, Dickinson and 

Company, Le Pont de Claix, France). Cells were cultivated at 20 °C and at 75 µE continuous light 

in Erlenmeyer flasks on a horizontal shaker. During each experiment, the temperature and light 

conditions remain the same. When aerated with atmospheric air (~396.81 ppm (0.039681 %) 

CO2 in 2013; measured by the National Oceanic and Atmospheric Administration (NOAA)) or 3 % 

CO2 enriched atmospheric air, cells have been buffered with 25 mM HEPES, pH 8 instead of 

2 mM Tris HCl, pH 8. 
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Transformation vector and plasmid constructions 

Standard cloning procedures were used for plasmid construction (Sambrook et al. 1989). To 

silence PYC2 (JGI ID_49339), the first 150bp of the protein sequence have been amplified from 

cDNA and used as “sense” and “antisense”. The loop contains the first intron of PtNTT1 

(JGI_ID_49533) (128bp) and is flanked by restriction sites to a final length of 158bp. The 

complete silencing construct of 458bp (sense-loop-antisense) has been digested from the 

“cloning vector“ by its two flanking EcoRI restriction sites and cloned into the EcoRI restriction 

site of pPha-T1 Phaeodactylum tricornutum transformation vector (GenBank accession 

AF219942.1) published by Zaslavskaia et al. (2000). This gave rise to the plasmid PTV_PYC2i 

(Phaeodactylum Transformation Vector PTV_PYC2_RNAi).  

 

Biolistic transformation 

Cells were genetically transformed using the Biolistic PDS-1000/He Particle Delivery System (Bio-

Rad, Hercules, CA, USA) fitted with 1350 and 1550 psi rupture discs as described in Kroth (2007). 

After transformation, cells were allowed to recover for 24 hrs before being plated onto an f/2 

medium containing 75-100 µg/ml Zeocin (Invitrogen, Carlsbad, CA, USA). The plates were 

incubated at 20-22 °C under constant illumination (50-75 µmol photons m-2s-1).  

 

Protein level determination by Western Blot 

600 ml culture of each transformant and the wild type has been cultivated on a horizontal 

shaker at 20 °C and 75 µmol photons m-2s-1 continuous light to activate the fcpA-light-

dependent promoter of the RNAi construct. Cells have been harvested during exponential phase 

by centrifugation with 5000 g, at 4 °C for 15 min. The pellet has been resuspended in 1 ml of the 

protease inhibitor “complete EDTA-free” (Roche, Mannheim, Germany) and afterwards it has 

been shock frozen in liquid nitrogen. Samples have been stored at -80 °C until further usage. The 

frozen samples have been thawed on ice and afterwards mechanically broken in the French 

Pressure Cell Press (SLM Aminco, SLM Instruments, USA), with 900 units, which equals 

122.3 MPa. 
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Broken cells have been centrifuged with 14000 g, at 4 °C for 1 hr. The supernatant has been 

transferred to a new reaction tube and centrifuged again under the same conditions for another 

30 min. The supernatant was aliquoted and stored at -20 °C. 

Total protein concentration has been detected with the Pierce BCA Protein Assay Kit (Thermo 

Scientific, Rockford, USA) according to the manual instructions using the enhanced protocol in 

duplicates. 

To determine the protein level of PYC2, 75 µg of the prepared cell extract has been loaded on 

8 % self-made denaturing and discontinues “Lämmli”-SDS gels. Page Ruler Prestained Protein 

Ladder (Thermo Scientific, Schwerte, Germany), primary antibody -PYC (kindly provided by 

Prof. Yoshihiro Shiraiwa, University of Tsukuba, Japan) diluted 1:3500 and the secondary 

antibody Anti Rabbit IgG (catalog number A0545, Sigma Aldrich, Munich, Germany) diluted 

1:20000 have been used.  The expected size of PYC2 is 136 kDa. 

 

Growth curves 

Cells have been cultivated at 20 °C and 75 µmol photons m-2s-1 continuous light and 

preconditioned with 3 % CO2 enriched atmospheric air (“3 % CO2”) for at least 3 days before 

starting the growth curve. To create “low CO2” conditions, aeration has been changed from 

preconditioned 3 % CO2 cultures to atmospheric air only. To create high CO2 conditions, cells 

were kept at 3 % CO2 throughout the entire growth curve. Another growth curve has been 

conducted on a horizontal shaker without aeration. For all three growth curves, cell density has 

been measured on a daily base with the Multisizer 3 Coulter Counter (Beckman Coulter, Krefeld, 

Germany).   

 

Electron Microscopy 

Cells have been cultivated on a horizontal shaker and electron microscopy has been conducted 

with cells during exponential phase using a Zeiss TEM 912 Omega (Jena, Germany). 

For electron microscopy cells were fixed with 2 % glutardialdehyde in 0.1 M sodium cacodylate 

buffer (containing 0.01 M CaCl2 and 0.01 M MgCl2), pH 7.0. After washing, samples were 

postfixed with 1 % osmium tetroxide, dehydrated in an ascending series of ethanol and 
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embedded in Spurr's resin. Microtomy was carried out at a Leica Ultracut R. 80 nm sections 

were stained for 5 min with 2 % uranylacetate followed by 0.4 % lead citrate for 3 min. 

Cell fixation and microscopy have been conducted at the Electron Microscopy Center at the 

Department of Biology at the Universität Konstanz, Germany. 

 

Coherent anti-Stokes Raman scattering (CARS) - Microscopy 

Cells have been cultivated on a horizontal shaker and about 5 µl cell suspension, taken during 

exponential growth phase, have been used for microscopy. The amount of lipid droplets per cell 

has been investigated by CARS microscopy at 2850 cm-1, the resonance of the aliphatic CH2 

stretching vibration. The home built CARS microscope is based on a beam scanning multiphoton 

microscope (TCS SP5, Leica Microsystems GmbH, Wetzlar, Germany). As light sources, an optical 

parametric oscillator (OPO; Levante, APE GmbH, Berlin, Germany) and its pump source,   a diode 

pumped Nd:YVO4 laser (picoTRAIN, HighQ Laser, Rankweil, Austria ), were used. The signal 

output of the OPO could be tuned from 680 nm to 980 nm and served as pump excitation pulses 

(FWHM ~6 ps, repetition rate 76 MHz), residual fundamental light of the Nd:YVO4 laser at 

1064 nm as Stokes pulses (FWHM ~7 ps, repetition rate 76 MHz). The pulse trains were 

inherently synchronized and temporal overlap was achieved by an optical delay line. The 

excitation beams were spatially overlapped, coupled into the microscope and focused onto the 

sample via an water immersion objective (63x, NA 1.2, Leica), a prototype optimized for 

performance in the near infrared. CARS signal was collected in transmission type geometry via 

an air condenser (S28, NA 0.55, Leica). Excitation light was blocked in front of the detector by 

suitable emission filters (BrightLine HC 641/75 and 775/SP, Semrock, Rochester, USA). 

 

Fourier transform infrared (FTIR) spectroscopy  

For FTIR spectroscopy analysis, cells were cultivated under high and low CO2 conditions and 

harvested during exponential growth phase by centrifugation at 4000 g for 1 min at RT 

(Centrifuge 5415D; Eppendorf, Hamburg, Germany) and washed with distilled water. After 

centrifugation, cell density has been determined by Coulter Counter (Beckman Coulter, Krefeld, 

Germany) and a defined amount of cells was freeze-dried (Christ Alpha 1-4, B. Braun Biotech 
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International, Allentown, PA, USA) and stored at -20 °C until further usage. Cells were 

resuspended in a defined volume of distilled water. A volume of 1-3 µl of this cell suspension 

was placed on a 384-well silicon microplate (with n>5) and dried in a cabinet dryer at 40 °C for 

at least 10 min. FTIR spectra were measured using a HTS-XT microtiterplate module (Bruker, 

Berlin, Germany) with a DTGS detector as described in Wagner et al. (2010). Transmission 

spectra were recorded in the range between 4000 and 700 cm-1 with 32 scans per sample and at 

a resolution of 4 cm-1. The spectra were analyzed using OPUS Lab Software (version 5.0, Bruker), 

corrected to the background spectra and baseline-corrected by the rubber band method. The 

absolute lipid content was determined by multivariate regression analysis using R (3.0.0) 

according to Wagner et al. (2010). Single reference spectra of protein (BSA), lipid (tripalmitin) 

and carbohydrate (glucose) were calibrated and fitted into the whole cell spectra to calculate 

the absolute amount of macromolecular cell composition. 

 

Lipid extraction and determination 

Phaeodactylum tricornutum WT and PYC2i-transformants were cultured on a horizontal shaker. 

The cells were harvested in the exponential phase by centrifugation (5000 g; 10 min; 4 °C), 

shock frozen in liquid nitrogen and stored at -80 °C before use. For cell disruption, the pellet was 

resuspended in 30 ml double-distilled water and ultrasonicated on ice (60 % amplitude; 10 min; 

10 s pulses; ultrasound-homogenizer with a KE76 sonotrode D2200 from Bandelin, Berlin, 

Germany) (Neppiras and Hughes 1964, Dakubu 1976, Doulah 1977). Cells were extracted with 

the method described in Folch et al. (1951) and Folch et al. (1957). The resulting algae oil was 

determined gravimetrically. 

The algae oil was esterified with MeOH/H2SO4 (100/1 v/v) for lipid composition analysis via gas 

chromatography (Clarus 500 instrument with autosampler and FID detection on an Elite-5 (5 % 

diphenyl- 95 % dimethylpolysiloxane) Series Capillary Column (length: 30 m, inner diameter: 

0.25 mm, film thickness: 0.25 mm) from Perkin Elmer (Waltham, Massachusetts, USA)). A 

methyllaurate (12:0) standard (Sigma-Aldrich, Seelze, Germany) was added to calculate the 

amount of fatty acids. 

 

http://en.wikipedia.org/wiki/Waltham,_Massachusetts
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Statistical analysis 

Statistical analysis were carried out using Prism 6.04 from GraphPad Software, Inc.. Results were 

always given as mean ± standard deviation based on three to five biologically independent 

experiments. Outliers were investigated with a Grubb´s outlier test. P-values are labelled with 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 or **** p ≤ 0.0001. 

 

Sequence analyses 

Several databases have been used to identify and predict the location of the proteins involved in 

lipid biosynthesis and gluconeogenesis. Protein sequences of P. tricornutum can be found at the 

JGI database via their respective protein IDs (http://genome.jgi-psf.org/Phatr2/Phatr2.home. 

html), (Bowler et al. 2008, Grigoriev et al. 2012a). CBS (Center for Biological Sequence Analysis) 

predication servers (Technical University of Denmark DTU; http://www.cbs.dtu.dk/index.shtm) 

offer several options to predict putative enzyme localizations. The program used in this study is 

TargetP 1.1 Server (Emanuelsson et al. 2000). ASAFind is a new prediction server 

(http://rocaplab.ocean.washington.edu/tools/asafind) which is based on the output of SignalP 

(Dyrløv Bendtsen et al. 2004) and identifies the conserved “ASA-FAP” motifs and transit 

peptides of nuclear-encoded plastid protein of algae with secondary plastids of the red lineage 

(Gruber et al. 2014).  

The complete prediction results of TargetP, SignalP and ASAFind can be found in the electronic 

supplementary data.     

 

3.4 Results 

Gluconeogenesis pathway is putatively initiated in mitochondria and in the plastid  

In bacteria pyruvate carboxylase (PYC) is involved in gluconeogenesis (Sauer and Eikmanns 

2005). Localization studies of pyruvate carboxylase 1 and 2 (PYC1 and PYC2) in P. tricornutum 

revealed that PYC1 is located in mitochondria while PYC2 is located in the plastid (Chapter 1). 

We have investigated the putative localization of all enzymes involved in gluconeogenesis in 

P. tricornutum and figured out that this pathway might be originated in mitochondria as well as 

in the plastid (see Table I).  

http://genome.jgi-psf.org/Phatr2/Phatr2.home
http://www.cbs.dtu.dk/index.shtm
http://rocaplab.ocean.washington.edu/tools/asafind
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Generation and identification of four strong PYC2 silencing transformants 

PYC2 knock-down transformants have been generated by silencing the plastidic isoform of PYC 

in the diatom P. tricornutum via an RNAi approach. The first 150 bp of the gene have been used 

as “sense”, as well as “antisense” fragment (Figure 1). The silencing construct has been cloned 

into the pPha-T1 Phaeodactylum tricornutum transformation vector (PTV) (Zaslavskaia et al. 

2000) which gave rise to the silencing plasmid PTV_PYC2i. 

 

Figure 1: Generation of the PYC2 silencing plasmid PTV_PYC2i. 
A) A gene model of PYC2 (ID 49339). The pyc2 transcript is 3886 bp long with a 91 bp long 5’ 
untranslated region (UTR), followed by 3795 bp of coding region (exon). “s” (sense PYC2) and 
“as” (antisense PYC2) represent the 150 bp which has been used as sense, antisense sequence 
for plasmid construction. B) Map of the transformation plasmid PTV_PYC2i. PTV_PYC2i has been 
used for PYC2 gene silencing in P. tricornutum. “fcpA” is the light dependent fucoxanthin-
chlorophyll-protein A promoter which expresses the silencing construct, “sh ble” is the gene for 
zeocin resistance in eukaryotes and “amp” is the gene for ampicillin resistance in bacteria.  
 

After genetical transformation of P. tricornutum with the PTV_PYC2i plasmid, we obtained 32 

colonies; 14 of them have been positively tested by PCR and possess the transformation vector 

(PCR data is not shown). In order to identify strongly silenced transformants, their PYC protein 

levels have been investigated by western blot analysis, using a peptide antibody, originally 

directed against the two PYC proteins of Emiliania huxleyi. A western blot, using a gel loaded 

with overexpressed Pt_PYC1 and Pt_PYC2 protein, confirms the specific binding of the Eh_PYC-

antibody with both P. tricornutum proteins (see Figure S1). Four strongly silenced 

A

B
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transformation lines namely PYC2i_4, PYC2i_5, PYC2i_6 and PYC2i_15 have been identified by 

western blot, whereof PYC2i_4 and PYC2i_15 clearly show a strongly reduced PYC protein level 

while in PYC2i_5 and PYC2i_6 a weak protein signal can still be detected (see Figure 2). 

 

Figure 2: PYC protein levels of the silenced transformation lines. 
Each transformant has been tested in three independent biological replicates (abc) which were 
compared to the wild type extract (WT). Each lane contains 75 µg of protein, the PYC2 protein 
has a size of about 130 kDa. * marks the PYC protein while ° and # are probably degradation 
products of PYC. (Loading controls can be found in supplementary data; Figure S2.)  
 

The growth behavior of transformed cells is similar to WT cells  

The growth performance of the transformants has been tested under three different CO2 

conditions in order to test a putative function of PYC in C4 photosynthesis. Cells have been 

cultivated with aeration by atmospheric air enriched with 3 % CO2 (high CO2), by unmodified 

atmospheric air (low CO2) and without any aeration, grown on a horizontal shaker (no CO2).  

Analysis of the doubling times of the strains grown in high CO2 versus low CO2 (Figure 3) 

revealed a general tendency to faster growth (shorter doubling time) under low CO2 conditions. 

During aeration with low and high CO2 conditions, all transformed cell lines grow as fast as the 

WT. (There are no significant differences in the doubling times of the transformants compared 

to the WT, neither within the cultures grown under high CO2 nor among the cultures grown 

under low CO2 conditions.) WT cells divide about 1.9 times per day during aeration with high 
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CO2 and the transformants 1.6 – 1.9 times per day while under low CO2 conditions, WT cells 

divide up to 2.5 times per day and the cells of the transformed cell lines 1.9 – 2.3 times.  

A growth curve experiment on a horizontal shaker revealed a slower growth among all cell lines 

compared to aeration. Interestingly, the doubling times of the horizontal shaker cultures are 

quite stable and don’t differ much. One exception is PYC2i_15, which grows significantly slower 

compared to the WT while there is no significant difference between the other transformants 

vs. the WT. 

 

Figure 3: Comparison of cell division during different growth conditions. “High CO2” cultures 
have been tested under aeration with 3 % enriched atmospheric air, “low CO2” with 
atmospheric air and cultures on the horizontal shaker have not been additionally aerated “no 
CO2”. The significantly slower growth of PYC2i_15 on a horizontal shaker compared to the WT 
(* p ≤ 0.05) has been examined by a one-way ANOVA with the Dunnett’s multiple comparison 
test. 
 

Transformants show an increase in lipid content and a shift in lipid composition 

During cell preparations an increase in lipid contents has been noticed in terms of a lipid layer, 

covering the top of some samples. Further observations by electron microscopy (EM; Figure 4) 

and coherent anti-Strokes Raman scattering (CARS) microscopy (Figure 5) confirmed that the 
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transformed cell lines show more or bigger lipid droplets than WT cells. Cells of transformant 

line PYC2i_4 contain many small lipid droplets while cells of lines 6 and 15 show less lipid 

droplets which are enlarged in size (Figure 4).  

 

Figure 4: Images of the ultra structure of a WT and PYC2i cells. 
Cells have been cultivated on a horizontal shaker, after harvesting the cells in the exponential 
phase they were fixed and prepared as described in Materials and Methods. A) WT; B) PYC2i_6; 
C) PYC2i_4. Arrows indicate lipid droplets. Abbreviations: m=mitochondrion, n= nucleus, 
p=plastid.  
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CARS (coherent anti-Strokes Raman scattering) microscopy is a nonlinear optical technique, 

using vibrational instead of electronic bands, to detect C-H bonds (characteristic content of FAs). 

The method allows to investigate the amount of lipid droplets per cell without prior staining 

(Winterhalder and Zumbusch 2014). Other lipid rich compounds like membranes are detected 

by the CARS signal as well, especially if they are packed very densely like in the chloroplast 

(Figure 5A). Due to the non-resonant (background) part of the CARS signal, the shape of the cells 

can be visualized, even the CH2 free areas.  

The WT cells contained zero to 5 lipid droplets per cell (Figure 5B). PYC2i_5 cells showed a 

similar distribution, while cultures of PYC2i_4 and PYC2i_6 contained up to 12 lipid droplets per 

cell. PYC2i_15 cells also had a maximum of five lipid droplets per cell; however, in contrast to 

WT cells all cells of transformation line PYC2i_15 contained at least one lipid droplet. 

  



72 

 

 

Figure 5: Image of WT P. tricornutum cells taken by CARS microscopy and determined lipid 
droplets per cell for all cell lines. 
Cultures for CARS microscopy have been culitvated on a horizontal shaker and determined 
during exponential phase. A) Left: C-H-bounds are detected by the CARS signal. The bright dot 
(indicated by an arrow) is a lipid droplet and the bulky shape within the cells is the plastid (p). 
Right: The non-resonant background singal vizualizes the shape of the cells. B) The number of 
lipid droplets per cell have been counted based on data obtained by CARS signals as it is shown 
in A. 
 
After the identification of the lipid droplets, we have tested nine lipid isolation methods in order 

to determine the lipid content of the transformed cell lines (Hess 2014). We decided to use a 

fast and effective lipid isolation method which is based on a 10 min pre-treatment by ultra-

B
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sonication to break the cells, followed by cell extraction according to (Folch et al. 1951) and 

Folch et al. (1957) (for details see Material and Methods). Due to the high amount of needed 

biomass, we have used cultures which grew on a horizontal shaker for this approach.  

After lipid extraction, the total amount of isolated algae oil has been determined gravimetrically 

(Figure 6). While the transformation lines PYC2i_4 and PYC2i_15, which revealed the strongest 

silencing effect (Figure 2), do not show much difference regarding the total lipid content 

compared to the wild type (102 % and 117 %, respectively), the two transformation lines 

PYC2i_5 and PYC2i_6, which have a less reduced PYC content (Figure 2), clearly show an 

increased lipid content (143 % and 192 %, respectively).  

 

Figure 6: Total lipid content of the WT and the transformed cell lines. 
Total lipid content of cultures, grown on a horizontal shaker and harvested at the end of 
exponential phase. The Lipid content has been investigated by lipid isolation followed by 
gravimetric measurements. A clear tendency of increased lipid contents can be observed. The 
lipid content of the WT has been set as 100 % to calculate the percentage lipid content of the 
transformants accordingly. The significantly higher lipid content in PYC2i_6 vs. the WT 
(* p ≤ 0.05) has been determined by a one-way ANOVA using Dunnett’s multiple comparison 
test. The lipid contents of the transformation lines PYC2i_4, PYC2i_5 and PYC2i_15 have not 
been significantly increased compared to the WT.    
 

FTIR (fourier transform infrared) spectrometry determines the macromolecular composition per 

cell from a very small sample size compared to e.g. the lipid isolation method according to 

(Folch et al. 1951, 1957). A cell dry weight consists of > 90 % of the major macromolecules 
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proteins, lipids and carbohydrates (Wagner et al. 2010). Each macromolecule has specific 

chemical bonds which absorb infrared (IR) light and deliver specific absorption peaks. Due to the 

high number of chemical bonds per macromolecule, its IR spectrum is very complex. This 

complexity increases when the whole cell’s macromolecular derived FTIR spectra are detected 

at once due to an overlap of the single macromolecule IR spectra. To analyze the cell’s full IR 

spectrum and to determine the absolute amounts of the three main macromolecules of the 

cells, each IR spectra has to be separated again, using bovine serum albumin (BSA, glycerol 

tripalmitate and glucose) as reference spectra for proteins, lipids and carbohydrates, 

respectively (Wagner et al. 2010, Wagner et al. 2013). Figure 7 shows the lipid content of 

P. tricornutum WT and transformed cell lines in dependency of CO2 availability at exponential 

phase. 

 

Figure 7: Lipid content dependents on CO2 availability. 
P. tricornutum WT and PYC2i silencing strains have been pre-cultured with high CO2 (3% CO2 
enriched atmospheric air), washed with F2 medium and then been cultivated for 24 hrs under 
high and low (atmospheric air) CO2 conditions, respectively before harvesting. The lipid content 
has been determined by FTIR. All data is based on single biological measurements. 
  

Under high CO2 conditions the WT and the transformed cell lines show a similar lipid content of 

4.8 ± 0.6 pg/cell. Under low CO2 conditions, the WT seems to accumulate less lipids compared 

to high CO2. Among the transformants, low CO2 conditions seem to promote lipid accumulation 

compared to the WT, especially in PYC2i_4 and PYC2i_5 (Figure 7). The lipid contents of the 
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transformants during aeration differ very much compared to the total lipid content of the same 

cultures but grown on a horizontal shaker (Figure 6).  

 

In a next approach, a detailed analysis of the lipid composition of the previously isolated lipids 

(according to Folch et al. (1951) and Folch et al. (1957); compare Figure 6; all cell lines grew on a 

horizontal shaker) has been determined. The results of the gas chromatography revealed that 

within the four PYC2i cell lines all investigated fatty acids have increased compared to the WT 

cells but not the C18:1 fatty acid. Especially the amount of EPA (20:5) is significantly higher in all 

transformants compared to the WT (Figure 8). Also the methylpalmitoleate (16:1) content is 

highly increased in all transformants compared to the WT.  

 

Figure 8: Lipid composition of the WT and the transformed cell lines. 
The following fatty acids have been quantified: metyhlmyristate (14:0), methylpalmitoleate 
(16:1), methylpalmitate (16:0), methyloleate (18:1) and methyleicosapentaenoate (20:5). 
Significances have been determined by a two-way ANOVA using Tukey’s multiple comparison 
test; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 or **** p ≤ 0.0001.   
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The main enzymes of the lipid biosynthesis and gluconeogenesis pathways 

In order to understand the connection between the plastidic localized and silenced PYC2 protein 

(for protein localization see Chapter 1) on one hand and the increase in total lipid content per 

cell on the other hand, we’ve identified the putative localization of the enzymes which are 

supposed to be involved in lipid biosynthesis (Table I) and gluconeogenesis pathway (Table II; 

Figure 9). The results indicate that the initial part of both pathways might take place in the 

plastids and that gluconeogenesis might additionally start in the mitochondria.   

 

Table II: A list of enzymes including protein IDs and predicted localizations which might be 
involved in lipid biosynthesis in P. tricornutum.  
This list presents the intracellular localization of enzymes which might be involved in lipid 
biosynthesis in P. tricornutum. The protein IDs are based on the JGI database. “Target P” 
(Emanuelsson et al. 2000) shows the highest probability for the predicted subcellular 
localization and "ASAFind" (Gruber et al. 2014) calculates the reliability of the signal peptide 
predicted by TargetP. For details see Table I. 
 

 

 

3.5 Discussion 

Reducing the PYC2 protein level via RNAi 

The gene, encoding the plastidic pyruvate carboxylase (PYC2) of the diatom Phaeodactylum 

tricornutum has been successfully silenced via RNAi using the sense antisense transformation 

plasmid PTV_PYC2i (Figure 1). A reduced protein level of the enzyme has been confirmed by 

western blot (Figure 2) using a peptide PYC-antibody. The antibody has been designed to bind 

the two isoforms of PYC in Emiliania huxleyi and therefore, its cross reactivity against the two 

protein name protein ID Target P ASAFind 

ACC1 (acetyl CoA carboxylase) 54926 0.682 - SP Plastid, high confidence

ACC2 (acetyl CoA carboxylase) 55209 0.789 - others Not plastid, SignalP negative

MAT (malonyl CoA : ACP tranacylase) 47437 0.738 mTP Plastid, low confidence

KAS (ketoacyl-synthase) 56794 0.847 - SP Plastid, high confidence

56797 0.954 - SP Plastid, high confidence

18940 0.535 - mTP Not plastid, SignalP negative

KAR (ketoacyl-ACP reductase) 56784 0.809 - SP Not plastid, SignalP negative

HD (hydroxyl acyl-CoA-dehydratase) 48505 0.957 - others Not plastid, SignalP negative

55157 0.918 - SP Plastid, high confidence

EAR (enoly-ACP reductase) 50714 0.823 - SP Plastid, high confidence



77 

 

isoforms of the P. tricornutum proteins needed to be tested. Overexpression of Pt_PYC1 and 

Pt_PYC2 in E. coli and a subsequently performed western blot using the overexpressed protein 

extracts and the Eh_PYC antibody confirmed that the antibody binds both proteins; Pt_PYC1 as 

well as Pt_PYC2 (see Figure S1).  

After transformation, we obtained four transformed cell lines with a reduced PYC protein level, 

PYC2i_4, PYC2i_5, PYC2i_6 and PYC2i_15. 

 

Substrate competition between gluconeogenesis and lipid biosynthesis  

All four transformants show an increased lipid content which has been demonstrated by lipid 

isolation and gravimetrical measurements (Figure 6), electron microscopy (Figure 4) and CARS 

microscopy (Figure 5). The increased lipid content of the PYC2i transformants might be 

explained by a competition for pyruvate by the two carbohydrate pathways gluconeogenesis 

and lipid biosynthesis (Figure 9).  

We assume that the plastidic PYC2 protein is the first enzyme of gluconeogenesis in the diatom 

P. tricornutum. The reduction of the protein concentration may result in an accumulation of 

pyruvate in the stroma. It can be assumed that the unusually high pyruvate content in the 

transformants drives lipid biosynthesis. This assumption can be supported by the indications 

that the lipid synthesis pathway in P. tricornutum initiates in the plastid (Table I and (Muhlroth 

et al. 2013)). Besides plastidic pyruvate, gluconeogenesis might consume mitochondrial 

pyruvate as well, via PYC1 and PEPCK (Table II). This additional gluconeogenesis pathway might 

explain why the cells growth behavior is not drastically slowed down (Figure 3).  
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Figure 9: Pyruvate is substrate for gluconeogenesis and lipid synthesis. 
The diagram shows the main enzymes which are involved in gluconeogenesis and lipid synthesis 
in P. tricornutum. Details about the enzymes localization can be found in Table I and Table II. 
Enzymes: PYC: pyruvate carboxylase; PEPCK: phosphoenole pyruvate carboxykinase; PPDK: 
pyruvate phosphate dikinase; ENO: enolase; PGAM: phosphoglycerate mutase; PGK: 
phosphoglycerate kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; TPI: 
triosephospaste isomerase; FBA: fructose-1,6-bisphosphate aldolase; PFK: phosphofructokinase; 
GPI: glucose-6-phosphate isomerase; PDC: pyruvate dehydrogenase complex; ACC: acetyl CoA 
carboxylase; MAT: malonyl CoA:ACP transacylase (ACP: acyl-carrier-protein); KAS: ketoacyl 
synthase; KAR: ketoacyl-ACP reductase; HD: hydroxyl acyl-CoA dehydratase; EAR: enoyl-ACP 
reductase. Substrates: OAA: oxaloacetic acid; PEP: phosphoenole pyruvate. 
 

This hypothesis of substrate competition is further supported by the work of Haimovich-Dayan 

et al. (2013) (chapter 2). Here, the single gene copy of pyruvate phosphate dikinase (PPDK) has 

been silenced by RNAi resulting in an increase in lipid content as well. PPDK is located in the 

cytosol (experimentally proven) and probably in the plastid as well (see chapter 1). It uses 

pyruvate as a substrate and converts it directly into PEP, an intermediate of the 

gluconeogenesis pathway (Figure 9). In both cases, silencing either PYC or PPDK, an increase in 

lipid content can be observed which might be explained due to the inhibition of (plastidic 
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initiated) gluconeogenesis and therefore the feeding of the lipid synthesis pathway with 

pyruvate.  

This hypothesis can be further supported by the work of Yang et al. (2013). They observed an 

increase in lipid content as a result of nitrogen depletion in P. tricornutum. Nitrogen depletion 

causes a 7.5 fold decrease in ppdk transcript level which is comparable to the reduced PPDK 

protein level described in Haimovich-Dayan et al. (2013) (Chapter 2). In both cases, the lipid 

content increased, indicating a change in carbon flow due to blocked gluconeogenesis. 

 

In Saccharomyces cerevisiae, the cytosolic PYC is known as an anaplerotic enzyme, replenishing 

the TCA cycle with OAA (Rohde et al. 1991, Stucka et al. 1991). This task is probably completed 

by the mitochondrial isoform of PYC (PYC1) in P. tricornutum (chapter 1). The TCA cycle in return 

provides Acetyl CoA as a degradation product of citrate via the Citrate-Synthase (Pt_ID54477, 

Pt_ID30145) as well as NADPH as a degradation product of malate via the NADP-dependent ME 

(Pt_ID27477). In adipose rat tissue, PYC has been shown to feed lipid synthesis via the provision 

of Acetyl CoA and NADPH (Ballard and Hanson 1967). NADPH works as a reducing equivalent for 

Ketoacyl-ACP Reductase (KAR) and Enoyl-ACP Reductase (EAR) (Figure 9) while Acetyl CoA is the 

first substrate in lipid biosynthesis. Acetyl CoA is known to stabilize the tetrameric structure of 

PYC from many organisms and therefore allows it to work properly (Adina-Zada et al. 2012). 

Hence, it can be assumed that Acetyl CoA availability might regulate gluconeogenesis and lipid 

biosynthesis. An interesting aspect of lipid synthesis in most photosynthetic active organisms 

with secondary plastids of the red lineage is the partially plastidic localization of this pathway 

((Muhlroth et al. 2013), Table I) which is still not fully revealed in P. tricornutum. 

 

Increasing the lipid content without compromising growth 

Genetical modifications of cells in order to increase the lipid content have been performed 

several times. Domergue et al. (2003b) have shown that in P. tricornutum the microsomal D12-

FA desaturase is involved in 18:1 lipid biosynthesis while the plastidic form is involved in 20:5 

(EPA) synthesis, Niu et al. (2013) have been able to increase the 20:5 (EPA) content in 

P. tricornutum up to 76 % by overexpressing DGAT (diacylglycerol acyltransferase), the last 
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enzyme of EPA synthesis. Ge et al. (2014) demonstrated that branched chain amino acid (BCAA) 

degradation in P. tricornutum during N-depletion increases the lipid content. In all these studies, 

the FA content could be increased in comparison to the WT but the increased lipid content has 

always been determined during stationary growth phase when it is naturally the highest (Ge et 

al. 2014). The main deficits of these modified transformants are their altered growth rates. They 

grow slower than WT cells, therefore it takes more time to benefit from the increased lipid 

content. 

So far, only a single work has shown a successful increase of the lipid contents of a diatom 

during exponential phase without compromising growth. Trentacoste et al. (2013) increased the 

lipid content about 3-fold by blocking the b-oxidation in Thalassiosira pseudonana. They also 

detected a diurnal lipid dependency with the highest lipid content at the end of each light 

period. This can be explained by an excess of energy during photosynthesis throughout the day, 

while at night, the cells need to feed on their own energy stocks.  

 

In our study, all cell lines have been cultivated at permanent light and therefore light dependent 

fluctuations of the lipid content as described in T. pseudonana (Trentacoste et al. 2013) should 

be excluded. In addition, the transformed cell lines in this work grow with the same growth rate 

as the WT cells (Figure 3). One exception is PYC2i_15 which grows slower than WT cells when 

cultivated at a horizontal shaker because there is no aeration. This might be explained by off-

target effects of the transformation procedure because the plasmid DNA integrates randomly 

into the WT’s genome and might affect or disrupt other genes. 

To overcome this problem, the cells can be cultivated with aeration instead of on a horizontal 

shaker (Figure 3). Aeration speeds up the growth rates and therefore PYC2i_15 is able to catch 

up with the WT and the other transformants. 

 

The influence of CO2 aeration on the lipid content 

In a first attempt to test the influence of CO2 aeration on the lipid content, we found that the 

lipid content during high CO2 (atmospheric air enriched with 3 % CO2) aeration in general is 
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similar in transformants and in WT cells (Figure 7). Aeration with low CO2 (atmospheric air) on 

the other hand, increases the lipid content in the transformants compared to the WT.  

A different extent of the increased lipid content among the transformants at low CO2 might be 

explained by either i) an individual grade of silencing, ii) the individual capability of each cell line 

to acclimate to low CO2 or iii) to a combination out of i) and ii). WT cells grown at high CO2 are 

fully acclimated to atmospheric air conditions within 24 hrs (Matsuda et al. 2001). The relatively 

lower lipid contents of the transformants PYC2i_6 and 15 compared to PYC2i_4 and 5 under low 

CO2 conditions might be explained by a faster acclimation from high to low CO2 conditions. 

Hence, PYC2i_6 and 15 might reach the lipid content of the WT faster. 

As this experiment is based on single biological replicates only and has been conducted only 

once (24 hrs after the shift from high to low CO2), prognoses about the mechanisms behind 

these findings need to be considered very carefully.  

 

Available and required FAs – a shift in lipid composition 

The oleaginous diatom P. tricornutum is naturally rich in the MUFA palmitoleate (16:1) and in 

the -3 LC PUFA EPA (20:5) (Figure 8; WT), (Orcutt and Patterson 1975, Hildebrand et al. 2012, 

Roesle et al. 2014) which makes it a promising candidate for industrial purposes. MUFAs are 

used for biodiesel production while EPA has positive effects on human health (Muhlroth et al. 

2013, Li et al. 2014a). 

After identifying the FAs of interest for their industrial use, it is important to obtain a high purity 

of this FA. Each microalga tends to have a unique mixture of FAs (Hu et al. 2008) which might 

vary under different environmental condition.  

In this study we have been able to modify the lipid composition of P. tricornutum. By silencing 

the plastidic PYC protein (PYC2), the total cell’s lipid content could be increased (Figure 6) and 

the lipid composition has been shifted towards palmitoleate (16:1) and EPA (20:5) (Figure 8). 

The highest plamitoleate content of 0.550 pg/cell (1.8 fold increase compared to the WT) has 

been detected in PYC2i_6 and the strongest increase in EPA of 0.636 pg/cell (2.5 fold increase 

compared to the WT) has been detected in PYC2i_4. 
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This 2.5 fold increase in EPA content, based on the reduced protein level of PYC2, already during 

exponential phase and without compromising the growth rate is much more efficient than the 

overexpression of DGAT, which lead to an 1.76 fold EPA increase during stationary phase (Niu et 

al. 2013).  

A strong increase in the MUFA palmitoleate and the -3 LC-PUFA EPA make the transformants 

interesting for future biofuel production (Durrett et al. 2008) and as food supply (Li et al. 

2014a), respectively.  

 

3.6 Outlook 

It has been shown that PYC2 RNAi silenced P. tricornutum transformants are characterized by an 

increase in lipid content, especially in the fatty acids 16:1 and 20:5. This lipid accumulation is 

already pronounced during exponential phase and under aerated culture conditions, the 

transformed cells grow as fast as the WT.  

Future studies should investigate more carefully the effect of CO2 on the lipid content. Shifts in 

transcript abundance of CCM genes in P. tricornutum due to nitrogen depletion have been 

reported, indicating a putative connection between CO2 availability and lipid synthesis (Yang et 

al. 2013). Besides this, preliminary results obtained in this work already indicate that cultures, 

grown with aeration with atmospheric air (low CO2 conditions), seem to support lipid synthesis 

(Figure 7).  

Moreover, in order to test the hypothesis of substrate competition between gluconeogenesis 

and lipid biosynthesis a pyc2 overexpression experiment should be conducted. The resulting 

transformants should be investigated by FTIR and be characterized by an increase in 

carbohydrates and a decrease in lipid content. In this context, also the role of Acetyl CoA should 

be more carefully investigated and its putative regulatory function regarding lipid biosynthesis.  
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3.8 Supplementary Data 

 

 

S1: Overexpresssion of Pt_PYC1 and Pt_PYC2 protein fragments in E.coli. 
Amino acids 1029-1213 (40.0 kDa) of Pt_PYC1 (ID 30519) and amino acids 1043-1232 (41.0 kDa) 
of Pt_PYC2 (ID 49339) have been codon optimized for E.coli and cloned into the overexpression 
vector pET32a (Novagen, Merck Millipore, Schwalbach, Germany) by Eurofins Medigenomix 
GmbH (Ebersberg, Germany). Each overexpression plasmid has been transformed into the 
chemically competent E.coli strain BL21 Star (Invitrogen, Darmstadt, Germany) according to the 
manufacturer’s instructions. Cultures have been incubated at 30 °C and overexpression has 
been induced by adding 50 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG); cells have been 
harvested at time point zero (t0; before addition of IPTG), 2 hrs (2h) and 3 hrs (3h) after addition 
of IPTG. The negative control (neg. control; kindly provided by Ulrike Mogg) has been an 
overexpressed protein from Arabidopsis thaliana in the same pET32a vector and transformed in 
the same E. coli strain. 
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S2: Loading controls of the Western Blots shown in Figure 2. 
Each transformant has been tested in three independent biological replicates (abc) which can be 
compared to the wild type (WT). Each lane contains 75 µg of protein. After the run, proteins 
have been fixed for 1 h in 12 % trichloroacetic acid (TCA) and afterwards incubated for 2 days in 
Coomassie staining (2 % phosphoric acid, 10 % ammonium sulfate, 20 % MeOH, 0.1% Coomassie 
Brilliant Blue) on a horizontal shaker.  
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4.1 Abstract 

Genetic transformation is an essential tool for modifying the biology of cells. A transformation 

protocol for the diatom Phaeodactylum tricornutum, published in 2000, describes a 

transformation plasmid containing the endogenous promoter sequence of the fucoxanthin-

chlorophyll-protein A (fcpA) protein. In 2012, a second version of transformation plasmids for 

P. tricornutum has been published, containing the endogenous promoter sequence of the 

nitrate reductase (NR) gene. Both promoters are regulated differently; the fcpA promoter is 

known to be light dependent while the NR promoter is known to be nitrate dependent. 

In this study, we generated different genetically transformed cell lines of P. tricornutum to 

compare the two promoters, with each promoter driving the expression of eGFP in several 

independently transformed strains. The strength of the promoters can be determined via the 

resulting GFP fluorescence which has been detected via flow cytometric measurements of GFP 

fluorescence in vivo. The results clearly show that the NR promoter yields > 60% more relative 

GFP signals than the fcpA promoter and that the fcpA promoter is not only light but also 

nitrogen dependent. 
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4.2 Introduction 

Triggered by specific stimuli, promoters may regulate the expression of individual genes. 

Knowing the characteristics of each promoter is very important especially when using it as a tool 

within a transformation system. It can be necessary to use a constitutive promoter, which 

allows continual transcription of its associated gene in all circumstances, in order to suppress or 

overexpress trans-gene transcription, or to use an inducible promoter to actively regulate the 

expression of the gene of interest. 

The diatom P. tricornutum, turned into a model organism for eukaryotic algae with secondary 

plastids (Gruber et al. 2007, Haimovich-Dayan et al. 2013, Niu et al. 2013) due to the 

establishment of a transformation protocol and the sequencing of the genome by Bowler et al. 

(2008). Two promoters are known to be suitable for genetic transformation in diatoms until 

now. In addition to the light dependent fcpA (fucoxanthin-chlorophyll-protein A) promoter 

(GenBank accession number AF219942.1), published by Zaslavskaia et al. (2000), the nitrate 

dependent NR (nitrate reductase) promoter has been used to successfully transform the 

diatoms Cylindrotheca fusiformis (Poulsen and Kroger 2005) and Thalassiosira pseudonana 

(Poulsen et al. 2006). Subsequently, the promoter of the P. tricornutum nitrate reductase has 

been used for the transformation of P. tricornutum (GenBank accession number JN180663.1) as 

used e.g. in Stork et al. (2012). 

 

In this study, we want to compare the efficiency of the two P. tricornutum promoters. We 

therefore have raised genetically transformed cell lines, with GFP transcription in dependence 

of the fcpA or the NR promoter. In a next step, we quantitatively detect the intensity of the 

expressed GFP signal straight from in vivo cell cultures using flow cytometry. 

 

4.3 Material and Methods 

Strain and culture conditions 

The pennate diatom Phaeodactylum tricornutum strain UTEX646 was cultivated in 16.6 PSU 

artificial seawater (Tropic Marine, Dr. Biener GMBH, Wartenberg/Angersbach, Germany) 

enriched with modified f/2 nutrition (Guillard and Ryther 1962). The modifications include a 
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reduced MnCl2 content of 0.09 µM instead of 0.9 µM. Solid medium contained 1.2% Bacto Agar 

(Becton, Dickinson and Company, Le Pont de Claix, France). Cells were cultivated at 20 °C and 

75 µE either continuous light or in a day:night rhythm of 16:8 hrs in Erlenmeyer flasks on a 

shaking table. 

The f/2 medium has been prepared with five different nitrogen sources (Table I). 

 

Table I: Nitrogen sources and concentrations of the 5 different media. 
Each medium contains a total nitrogen concentration of 0.882 mM. Therefore, medium E equals 
the standard f/2 medium, as described above.  

medium NH4Cl NaNO 

A 0.882 mM 0 mM 

B 0.441 mM 0.441 mM 

C 0.2205 mM 0.6615 mM 

D 0.11025 mM 0.77175 mM 

E 0 mM 0.882 mM 

 

 

Transformation vector and plasmid constructions 

Standard cloning procedures were used for plasmid construction (Sambrook et al. 1989). The 

pPha-T1 Phaeodactylum tricornutum transformation vector (GenBank accession number 

AF219942.1) published by Zaslavskaia et al. (2000) has been used for cloning. The EcoRV 

restriction site has been used for StuI/eGFP insertion which gives rise to the plasmid pPha-

T1_GFP. A second plasmid has been constructed based on the Phaeodactylum tricornutum 

transformation vector pPha-NR (GenBank accession number JN180663.1; (Stork et al. 2012)). 

The eGFP gene has been cloned downstream of the NR promoter sequence using the EcoRV 

restriction site. 

 

Biolistic transformation 

Cells were transformed using the Biolistic PDS-1000/He Particle Delivery System (Bio-Rad) fitted 

with 1350 psi rupture discs as described in Kroth (2007). After transformation, cells were 
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allowed to recover for 24 h before being plated onto f/2 medium containing 75 µg/ml Zeocin 

(Invitrogen). The plates were incubated at 22°C under constant illumination (75µE). The 

resulting transformant of the transformation with the plasmid pPha-T1_GFP is named fcpA_1 

and the 10 resulting transformants of the transformation with the pPha-NR_GFP plasmid are 

named NR_1 to NR_10. 

 

Experimental setup 

Cells have been harvested from 50 ml cultures during exponential growth phase. Samples of 

1 ml have been taken every two hours, ranging from 8 am to 8 pm. The experiments have been 

repeated three times.  

 

Flow Cytometry 

Flow cytometry has been conducted with the Cell Lab Quanta SC MPL (Beckman Coulter, 

Germany), which is equipped with a 488 nm laser and variable emission filter sets. It detects the 

fluorescence intensities at up to three different wavelengths in parallel for each single cell in a 

cell suspension. The instrument allows fast (1-2 minutes per sample) and direct measurements 

of as little as a 1 ml sample of a liquid culture and provides GFP fluorescence values which can 

be compared to each other even when gained from different experiments conducted at 

different days. In our Experiments, auto-fluorescence of chlorophyll was detected with a 670 LP 

filter, while eGFP fluorescence was detected in a second channel with a 525/40 BP filter. Cells 

with weak auto-fluorescence were excluded from the data analysis to ensure that only living 

cells were considered for the characterization of the eGFP expression. 

 

Western Blot 

Transformant NR_10 has been raised at 20 °C, 75 µE light with a light regime of 16:8 hrs 

light:dark in 50 ml of 5 different media (Table I) each. Cells have been harvested during 

exponential phase by centrifugation (5000 g, 4 °C, 15 min) and the pellet has been resuspended 

in 1 ml protease inhibitor “complete EDTA-free” (Roche, Mannheim, Germany), shock frozen in 

liquid nitrogen and stored at -80 °C until further usage. The frozen samples were thawed on ice 
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and then mechanically broken in a French Pressure Cell Press (SLM Aminco, SLM Instruments, 

USA), with 900 units, which equals 122.3 MPa. Broken cells have been centrifuged (14000 g, 4°C, 

30 min) and the supernatant has been aliquoted and stored at -20°C. Total protein 

concentration has been detected with the Pierce BCA Protein Assay Kit (Thermo Scientific, 

Rockford, USA) according to the manual instructions using the enhanced protocol in duplicates. 

5 µg of the prepared cell extract has been loaded on 12 % self-made denaturing and 

discontinues “Lämmli”-SDS gels. Page Ruler Prestained Protein Ladder (Thermo Scientific, 

Schwerte, Germany), primary antibody -GFP (catalog number A-6455, Invitrogen, Molecular 

Probes, Eugene, USA), diluted 1:5000, and the secondary antibody Anti Rabbit IgG (catalog 

number A0545, Sigma Aldrich, Munich, Germany), diluted 1:20000, have been used. 

 

4.4 Results & Discussion 

Flow cytometry – Settings 

To compare the strength of the fcpA and NR promoter with each other, the wild type (WT), the 

fcpA_1 transformant, the “weakest” (NR_3), a “moderate” (NR_5) and the “strongest” (NR_10) 

NR transformants, pre-identified subjectively by fluorescence microscopy, have been chosen for 

the flow cytometry experiment. 

The Cell Lab Quanta detects the chlorophyll (chl) and GFP fluorescence emission of each single 

measured particle. Of all detected cells, only those with a signal in the 670 nm range, which 

derives from chl auto-fluorescence and represents living cells, are taken into account for further 

analyses. The second fluorescence emission is the eGFP signal, with a maximum emission peak 

at 509 nm. To correct for possible crossover of chlorophyll auto-fluorescence to the GFP channel 

we measured a P. tricornutum WT culture with the 525 nm filter set (Figure 1A). The x-axis 

represents the GFP relative fluorescence signal ranging from 100 till 104 (without any unit). The 

y-axis represents cell counts at the respective fluorescence intensity, with a peak close to the 

median fluorescence intensity of the culture. The stronger the 525 nm signal of a culture, the 

more this peak shifts to the right along the x-axis. 

The mean fluorescence intensity at 525 nm of the WT culture is represented in the region 

“peak”, with a value of 22.26 (Figure 1A). The detected fluorescence of the GFP expressing 
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transformant fcpA_1 (Figure 1B) is much stronger compared to the WT and therefore, the peak 

with the highest cell counts is shifted to higher fluorescence intensities. 

To correct the GFP signal for the crossover, the x-axis has been divided into two parts, named 

region “-525” (explained by the cellular auto-fluorescence) and “+525” (explained by expression 

of GFP). The threshold between the two regions has been set at < 1% “false positive GFP” WT 

cells (gated; region +525; 0.49%), which is represented by a signal intensity at about 70 (dashed 

line). Thus it can be guaranteed that even a weak GFP signal will be identified. Each 

measurement is represented by a sample size of 10,000 living cells. 

 

Figure 1: Emitted fluorescence detected by the Cell Lab Quanta. 
The graphs show the intensities of the emitted fluorescence signals at 525 nm of A) a wild type 
culture and B) the fcpA_1 culture. The fluorescence of the WT culture, captured in the 525 nm 
detection channel is due to the crossover caused by chl auto-fluorescence. Therefore, the x-axis 
is separated into two regions “-525” and “+525” which indicate “no GFP/crossover” and “pure 
GFP”, respectively. The threshold between the two regions has been set at < 1 % false positive 
GFP signals. The “peak” regions represent the mean fluorescence intensity at 525 nm of each 
culture.  
 

GFP intensities in percentage 

The Cell Lab Quanta calculates the detected chl and GFP signals linearly, presenting them as 

values from 0 - 10,000 without any unit (see Figure 1). To account for the crossover in the 

525 nm detection channel, the GFP fluorescence signal at 525 nm has been modified. The value 

of 100 has been defined as 1 % GFP fluorescence and accordingly, the value of 10,000 will be 
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taken as 100% GFP fluorescence intensity. Figure 1B shows the GFP signal of the P. tricornutum 

transformant fcpA_1, grown in nitrate medium under continuous light (compare also Figure 2A). 

The corresponding GFP intensity as measured by the Cell Lab Quanta is 2,290 or 22.9 %, 

respectively. The conversion of the unit less fluorescence intensity into percentage is in 

agreement with a subjective visual perception when rating the intensity of a GFP signal in the 

fluorescence microscope. We found that a “weak” GFP signal which can just be identified by the 

eye in the fluorescence microscope is detected by the Cell Lab Quanta as > 2 % while a “good” 

microscopic signal is quantified by the Cell Lab Quanta as > 5 %.  

Crossover, captured in the 525 nm detection channel of the WT culture, is < 1% (see Figure 1) 

and therefore, only values > 1 % fluorescence intensity at 525 nm should be considered as 

“pure” GFP signals.  

 

Limitations of GFP quantification with the Cell Lab Quanta 

The three chosen NR strains have been classified as weak, moderate and strong GFP expression 

lines by fluorescence microscopy prior the Cell Lab Quanta measurements. The data obtained 

from the Cell Lab Quanta does not distinguish between the three transformant lines when their 

GFP expression is maximal expressed by the NR promoter in continuous light conditions and 

nitrogen containing medium (f/2 medium; 0.882 mM nitrogen; see Figure 2A).  

As a result we conclude that the Cell Lab Quanta shows a rather good resolution in the lower 

fluorescence intensity range, while emitted signals > 90 % cannot be clearly distinguished from 

each other. A simple dilution of the suspension cannot resolve this problem because the 

fluorescence intensities are measured per cell. 

 

The promoters 

The wild type (WT) and the four chosen transformants have been cultivated and tested under 

two light regimes (continuous light and day:night rhythm (16 h:8 h)) and in two different media 

(medium A referred to as “NH4
+ “-medium and medium E referred to as “NO3

- “-medium; see 

Table I) in order to test the light dependent fcpA and nitrogen dependent NR promoter. 
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The NR promoter 

The nitrogen source in the medium influences the expression of the NR promoter. Here, nitrate 

activates the promoter while ammonium, or the absence of nitrate, does not. 

All three investigated NR promoter::GFP strains show maximum fluorescence intensities at 

525 nm of > 90%, independent of the two light regimes (Figure 2) while in ammonium grown 

cultures show no (< 1% fluorescence intensity at 525 nm) or weak GFP signals (NR_10; 

continuous light; < 3% GFP intensity; Figure 2A). 
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Figure 2: Maximum fluorescence intensities at 525 nm of the investigated P. tricornutum cell 
lines. 
Maximum fluorescence intensities at 525 nm of the WT and four transformed cell lines have 
been measured by the Cell Lab Quanta. 100% GFP intensity is the upper limit for the device. 
Cells have been cultivated in NO3

- (-) medium and NH4
+ (+) medium. The different media 

conditions are marked as e.g. WT- (WT cells grown in NO3
- -medium) and WT+ (WT cells grown 

in NH4
+-medium). NO3

- activates the NR promoter and GFP is expressed while the absence of 
NO3

- (the NH4
+ medium) “switches off” the NR promoter. Cells have been cultivated with 

continuous light (A) or with a day:night rhythm of 16 hrs day (from 7 am-11 pm) and 8 hrs night 
(B). 
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To confirm the fluorescence data at 525 nm, the amount of GFP protein in the transformant line 

NR_10 has been quantified by western blot. The results in Figure 3 show that the GFP protein 

level of cells, cultivated in 100 % ammonium medium (medium A), is nearly undetectable, while 

different mixtures of ammonium and nitrogen (medium B, C, D; Table I) show high protein 

levels, even higher than cells grown in nitrate as a sole nitrogen source (medium E).  

 

 

Figure 3: Western blot and loading control of GFP protein levels in transformant NR_10. 
Numbers on the left site indicate the protein size in kDA and A-E represent the media with 5 
different nitrogen source concentrations. The polyacrylamide gels were loaded with 5 µg total 
protein extract per lane. GFP protein is about 27 kDa in size. LEFT: western blot (the white 
patches in the GFP signals derive from overexposure). Right: loading control.  
 

The western blot confirms that the actual increase of the NR promoter efficiency remains 

unclear because the Cell Lab Quanta reaches its maximum fluorescence (at 525 nm) resolution 

already in the 100 % nitrogen sample of the weakest NR transformant (NR_3)(Figure 2). 

The high GFP protein content of P. tricornutum cells grown in media with a mixed nitrogen 

source (B-D) compared to the lower protein concentration of cells grown in medium E which 

contains 0.882 mM nitrate as a sole nitrogen source is surprising, taking a similar experiment 

conducted with the diatom C. fusiformis into account (Poulsen and Kroger 2005). In 

C. fusiformis, the NR promoter is mostly stimulated with 1.5 mM nitrate as a sole nitrogen 
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source compared to mixed nitrogen sources of nitrate and ammonium, indicating that the NR 

promoters of the two diatoms might be regulated differently.  

Based on the study by Vergara et al. (1998), the NR protein concentration in 

Thalassiosira weissflogii follows a diurnal rhythm. Hence, we have to consider a putative light 

dependent regulation of the GFP gene expression in the NR-transformants. Such diurnal 

variations were not observed in our data (Figure 2B) which might be due to several reasons: i) 

the NR promoter of P. tricornutum might not be affected by light to the same degree as in 

T. weissflogii, ii) the influence of the light on the NR promoter is covered by the strong GFP 

signals of the mutants and because of the weak resolution of strong GFP fluorescence signals 

which cannot be precisely detected by the Cell Lab Quanta, iii) the high stability of the GFP 

protein could cover light dependent changes in expression rates. 

 

The fcpA promoter 

The light dependent fcpA_1 mutant shows a uniform GFP fluorescence under continuous light 

(Figure 2A) independent of the nitrogen source inside the medium while there seems to be a 

pronounced nitrogen dependency of the fcpA promoter during changing light conditions (Figure 

2B). At 8 am, one hour after the end of the night period, the GFP intensity of cells grown in the 

ammonium medium (fcpA_1+; 27.1 %) is increased (> 62 %) compared to the GFP intensity of 

cells which have been cultivated in the nitrate medium (fcpA_1-; 16.7 %). This difference in GFP 

intensity becomes smaller towards the end of the light period. The GFP intensities measured 

13 hrs after illumination stabilize at 19.7 - 21.0 % and, due to our results with the continuous 

illumination (Figure 2A) and based on the known long-term light adaptations in higher plants, 

which cause modulations of the chl-protein content (Anderson 1986), it seems to be likely that 

the fcpA-promoter driven GFP expression remains constant until the next dark period.  

Interestingly, the light driven fcpA-promoter is also affected by nitrogen. While NH4
+ can directly 

be used by the organism for subsequent metabolic pathways e.g. amino acid synthesis, NO3
- 

needs to be stepwise reduced prior to further usage (Magalhae et al. 1974). The first reduction 

occurs from nitrate to nitrite via the nitrate reductase (protein ID 54983 (Chauton et al. 2013)) 

and the second step from nitrite to ammonium via the nitrite reductase (protein ID 12902 
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(Chauton et al. 2013)). The reduction from nitrate to ammonium requires eight electrons which 

most likely derive from the electron transport chain (Guerrero et al. 1981).  

When the fcpA promoter is activated by light, photosynthesis is active and electrons are 

generated to feed nitrogen reductions, which increases the ammonium concentration. Hence, 

the ammonium either further stimulates the fcpA promoter or is directly used for amino acid 

synthesis. 

 

4.5 Conclusion 

The comparison of the two promoters revealed that the GFP fluorescence of all three tested 

NR_GFP transformants is clearly increased compared to the fcpA_GFP transformant. Another 

advantage of the NR promoter compared to the fcpA promoter is that it is inducible. The 

relative fluorescence signal can be more than 100 fold increased when comparing the active and 

inactive state of the promoter. 

This induction is highly limited in the fcpA promoter under the tested conditions. Changes in the 

fluorescence intensities at 525 nm due to changing nitrogen sources are at most 0.6 fold, do 

only appear during a dark period and can only be maintained for a few hours after turning on 

the light. This indicates that the high degree of light dependency covers the weaker nitrogen 

dependency and due to this high degree of light dependency, long term experiments with an 

inactive fcpA promoter (e.g. used for the control group) are not feasible because autotrophic 

cells don’t grow without light. 
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General Discussion 

Diatoms, marine unicellular microorganisms which are capable of performing photosynthesis, 

are major players in the world ocean ecosystems (Falkowski et al. 1998). They form large 

blooms on the sea surface and contribute to a substantially amount to global carbon fixation 

(Nelson et al. 1995, Field et al. 1998, Geider et al. 2001). The fixed carbon in form of biomass is 

either eaten up by herbivores and moves to the next stage of the food web or it is drawn down 

to the ocean sea floor after the bloom declines (see General Introduction)(DiTullio et al. 2000). 

High photosynthetic performance and large scale drawdown of diatom blooms counteract 

global warming because these processes consume atmospheric CO2. Due to their evolutionary 

history, which is based on secondary endosymbiosis (McFadden 2001, Falkowski et al. 2004), 

and their subsequently cellular structural rearrangements and horizontal gene transfer, the 

exact mechanism behind photosynthesis in diatoms is still not clear (see General Introduction). 

While the presence of an effective carbon concentrating mechanism (CCM) in diatoms is proven 

(Badger et al. 1998, Kroth et al. 2008, Reinfelder 2011, Hopkinson et al. 2013), its nature is still 

controversially discussed (Roberts et al. 2007a, Tachibana et al. 2011, Haimovich-Dayan et al. 

2013, Kustka et al. 2014).  

 

The nature of the carbon concentrating mechanism (CCM) in Phaeodactylum tricornutum 

Biophysical C3 CCMs are characterized by carbonic anhydrases (CAs) which convert HCO3
- and 

H+ into CO2 and H2O and vice versa, depending on the surrounding pH conditions, and by 

membrane bicarbonate transporters (Nakajima et al. 2013). A typical biochemical C4 CCM, as it 

is known in higher plants, is characterized by chemical pre-fixation of HCO3
- to 

phosphoenolpyruvate (PEP) via cytosolic carboxylases in the mesophyll cells and a subsequent 

decarboxylation of the formed oxaloacetic acid (OAA) in the chloroplast of the bundle sheath 

cells via malic enzymes (MEs) or phosphoenolpyruvate carboxykinase (PEPCK) to increase the 

CO2 concentration in close proximity to RubisCO (Sage et al. 2012, Braeutigam et al. 2014). The 

initial PEP molecule, to which HCO3
- is bound, is provided by the pyruvate phosphate dikinase 

(PPDK) and therefore, this enzyme is a key player in biochemical C4 CCMs (Haimovich-Dayan et 

al. 2013). 
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At a first glance, the diatom Phaeodactylum tricornutum possesses features of C3 as well as of 

C4 type photosynthesis. Many models describing a possible biophysical C3 CCM in diatoms 

propose a pH gradient within the cell which is used by CAs to accumulate CO2 in the stroma 

(Kroth et al. 2008) or a sub compartment within the stroma, such as a pyrenoid (Roberts et al. 

2007b, Hopkinson et al. 2011, Tachibana et al. 2011). Tachibana et al. (2011) confirmed the 

presence of a pyrenoid in the diatom P. tricornutum by transmission electron microscopy. 

Furthermore, Tachibana et al. (2011) identified 10 CAs in P. tricornutum and 13 CAs in the 

diatom Thalassiosira pseudonana. Protein localization experiments revealed that especially the 

b-CA1 in P. tricornutum “PtCA1” has been shown to be localized in the pyrenoid, strengthening 

the hypothesis, that P. tricornutum performs a C3 type CCM (see chapter 1, Figure 3). Further 

physiological experiments determined the CA’s light and CO2 dependency which influences 

photosynthesis and therefore confirmed their important role within the biophysical CCM 

(Matsuda et al. 2011, Tachibana et al. 2011). Moreover, Nakajima et al. (2013) describe a 

sodium-dependent plasma membrane HCO3
- transporter in P. tricornutum (PtSLC4-2) which is 

highly active under DIC limiting conditions and raises Ci uptake as well as photosynthesis. The 

combination of CAs and HCO3
- transporters control the DIC influx from the environment into the 

cell’s stroma and therefore maintain the CCM (Giordano et al. 2005, Roberts et al. 2007b, Kroth 

et al. 2008, Matsuda et al. 2011, Hopkinson et al. 2013, Samukawa et al. 2014). Further hints for 

a C3 type CCM in P. tricornutum are the 14C labeling experiments by Holdsworth and Colbeck 

(1976), designed to identify the primary product of the Ci fixation. They revealed that the major 

pathway of inorganic carbon fixation is the C3 type CCM via the C3 molecule 3-

phosphoglycerate.   

In addition to all C3 CCM features, P. tricornutum possesses a similar set of genes which 

participate in C4 photosynthesis like in higher C4 plants; PEP carboxylases (PEPCs) to fix HCO3
-, 

malate dehydrogenases (MDHs) to convert OAA into malate and vice versa, PEPCKs and MEs to 

set free CO2 from a four carbon molecule and the PPDK to provide new PEP for HCO3
- fixation. A 

crucial aspect of C4 photosynthesis is the plastidic location of the decarboxylases to guarantee a 

high CO2 concentration in close proximity to RubisCO. In P. tricornutum, neither the MEs nor the 

PEPCK are located in the plastid (see chapter 1, Figure 3), indicating that the typical C4 
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decarboxylases might contribute to other metabolic pathways. Another important characteristic 

of C4 photosynthesis is the provision of PEP via the PPDK. PEP is the classical substrate to which 

Ci is bound to (Haimovich-Dayan et al. 2013). Our Pt_PPDK silencing experiment (chapter 2; 

(Haimovich-Dayan et al. 2013)) revealed that the transformants grow as fast as the WT cells 

even under low CO2 conditions, indicating that PPDK is not involved in C4 photosynthesis. 

Evidence corroborates that P. tricornutum does not perform a typical plant like C4 

photosynthesis. Therefore, we have tested the possibility that diatoms might perform an 

additional und unusual C4 CCM via pyruvate carboxylase (PYC).  

We have silenced the plastidic isoform of PYC2 via RNAi (chapter 3) to determine its putative 

function in C4 photosynthesis. Higher plants don’t possess genes encoding for the PYC (Attwood 

and Cleland 1986, Altschul et al. 1997, Tsuji et al. 2012) which binds HCO3
- to pyruvate and 

forms oxaloacetic acid (OAA) (Jitrapakdee et al. 2008). If this additionally formed OAA in 

diatoms can be used for C4 photosynthesis, it would help to explain their high photosynthetic 

efficiency. Our results indicate that a reduced protein level of PYC2 does not slow down cell 

growth under low CO2 conditions (aerated with atmospheric air) compared to high CO2 

conditions (aerated with 3% CO2 enriched atmospheric air) (see Chapter 3, Figure 3 ), indicating 

that PYC2 does not contribute to pre-fixation of bicarbonate within a CCM.  

 

Diatoms as renewable energy resources for industrial applications 

Industrial interest in non-fossil fuels or renewable energy resources like solar energy, wind 

energy and geothermal energy increases. Also some plants are considered as a renewable 

energy resource due to their high oil content. Up to now, FAs for industrial purposes are mainly 

extracted from plants, e.g. soybeans, sunflowers or canola (Durrett et al. 2008). This leads to the 

common conflict between agricultural land use for cash or food crops. 

Algae provide the necessary feedstock but don’t compete for the same resources with food 

crops. Especially marine algae have the advantage that they neither compete for land nor for 

fresh water with food crops. Marine microalgae in particular, grow very fast; they double their 

biomass 1-3 times per day while their nutrition, like nitrogen and phosphorus, may be derived 

from wastewater e.g. agricultural run-offs (Hu et al. 2008). 
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Besides nutrition, algae require light and CO2 for photosynthesis and biomass production. To 

provide algae with an adequate amount of carbon dioxide, they could be cultivated in close 

proximity to factories and be directly fed with the factories emissions (Hu et al. 2008). 

Replacing biodiesel production from plants by marine algae, especially by diatoms, would be 

positive for the global CO2 balance because diatoms contribute substantially to global CO2 

fixation (Nelson et al. 1995, Field et al. 1998, Geider et al. 2001). Among marine diatoms, the 

genomes of Thalassiosira pseudonana as well as Phaeodactylum tricornutum have been 

sequenced and thoroughly analyzed (Armbrust et al. 2004, Bowler et al. 2008). Furthermore, 

the genomes of Fragilariopsis cylindrus and Pseudonitzschia multiseries have been made 

available to the public on the JGI genome portal (Grigoriev et al. 2012b, Nordberg et al. 

2014)(http://genome.jgi-psf.org/). Access to these sequenced genomes offers a big advantage 

because it allows targeted genetic modifications. Genetical engineering of diatoms to further 

optimize lipid production for industrial purposes already started more than 10 years ago 

(Domergue et al. 2003a) and, enableded by the knowledge of complete genomes, became more 

common recently (Niu et al. 2013, Trentacoste et al. 2013, Ge et al. 2014). 

 

Lipid biosynthesis in P. tricornutum transformants 

The transformed P. tricornutum cell lines which are characterized with a reduced PPDK and 

PYC2 protein level, respectively have a common phenotype, the increase in lipid content 

(Chapter 2 & 3). This leads to the conclusion that the availability of pyruvate, the substrate of 

both enzymes, regulates lipid biosynthesis. Having a closer look at the carbohydrate 

metabolism, we are assuming a competition between gluconeogenesis and lipid biosynthesis for 

pyruvate. Both enzymes, PYC and PPDK, convert pyruvate into OAA and PEP, respectively and 

thus feed gluconeogenesis (Chapter 3, Figure 9). This finding is supported by an independent 

experiment conducted by Yang et al. (2013). They cultivated WT cells of P. tricornutum in a 

growth medium with reduced nitrogen content to increase the cells lipid content. Nitrogen 

starvation causes a decrease in the ppdk transcript level which again results in low PPDK protein 

level. P. tricornutum wild type cells showed an increase in lipid content, due a reduced protein 

level, and a reduced growth rate, due to nitrogen depletion. 
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A detailed investigation of the fatty acids (FAs) composition in the PYC2 transformants revealed 

that especially the content of the monounsaturated FA (MUFA) methylpalmitoleate (16:1) and 

the polyunsaturated FA (PUFA) methyleicosapentaenoate (20:5) are increased (Chapter 3, 

Figure 8). Both FAs are highly demanded for industrial purposes, especially for biodiesel 

production and human health, respectively (Muhlroth et al. 2013, Li et al. 2014a). 

 

Genetic engineering  

Generating and identifying P. tricornutum transformants with desired characteristics e.g. an 

increased lipid content like in the PPDK and PYC2 silencing transformants (Chapter 2 & 3) is very 

complex and time consuming. Therefore it is absolutely necessary to guarantee a stable 

transformation which is not reversible otherwise the transformed cells lines might lose their 

specific phenotype and act like wild type cells again.  

The phenomenon of “lost phenotypes” in silenced P. tricornutum cell lines, as it has been 

reported by De Riso et al. (2009), has been observed in this work as well (data not shown) and it 

is also known from RNAi transformants of the green alga Chlamydomonas reinhardtii (Sizova et 

al. 2013). De Riso et al. (2009) have been the first who used the approach of reverse genetics to 

silence specific genes in diatoms via anti-sense and inverted repeats (sense, anti-sense). The 

sense, anti-sense technique has been used in this work as well (Chapter 2 & 3). De Riso et al. 

(2009) successfully created knockdown transformants of P. tricornutum, silencing the 

exogenous reporter gene GUS (encoding the protein b-glucuronidase) and tested the silencing 

stability over time. They figured out that 2 out of 6 GUS silencing transformants regained their 

GUS protein function after 1 year, indicating that 1/3 of the transformants lost their silencing-

phenotype. The mechanism behind this loss in silencing stability still needs to be resolved.  

 

Stable genomic modifications, as it is known from gene knockout transformants, is widely used 

e.g. in yeast (Hinnen et al. 1992), Drosophila (Rong and Golic 2000), mouse (Capecchi 2005) and 

moss (Mittmann et al. 2009). It guarantees stable phenotypes over time because the modified 

genotype is passed on to the next generation. Breeding of cell lines with a desired phenotype is 

not yet possible in P. tricornutum because we cannot control sexual reproduction. To overcome 
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this problem there might be alternative transformation systems which are leading to knockout 

transformants in P. tricornutum e.g. zinc-finger nucleases (ZFNs), transcription activator like 

effector nucleases (TALEN) and clustered regularly interspaced short palindromic repeats 

(CRISPR)-CRISPR associated nuclease (Cas9) system (Daboussi et al. 2014). 

ZFN are artificially designed enzymes, consist of two domains; the N-terminal zinc-finger 

domain, which binds to a specific motif in the DNA by inserting an -helix into its major groove, 

and the C-terminal endonuclease domain, which is derived from the FokI restriction enzyme of 

Flavobacterium okeanokoites and cleaves the DNA (Kim et al. 1996). The specific DNA binding 

sites of the zinc-finger domain can be modified to target and bind a specific gene in the genome 

(Sizova et al. 2013). A classical zinc-finger domain encompasses 3 to 6 zinc-fingers, allowing 

gene specific targeting. After two ZFNs bound on each strand of the DNA with a spacer 

sequence of 6 bp in between the two nuclease domains (see Figure 1), the FokI restriction 

enzyme needs to be activated by dimerization and this requires two ZFNs, the nucleases are 

causing the double strand break (DSB) (Cathomen and Keith Joung 2008, Sizova et al. 2013). 

TALENs follow a similar principal to cleave DNA. TALEs derived from plant pathogenic bacteria 

Xanthomonas ssp. and are site specific DNA binding proteins which modulate gene expression. 

Its binding sequence consists of repeat variable diresidues (RVDs), each recognizes one 

nucleotide of the DNA and therefore, the binding site of the TALEs can be synthetically 

engineered to target the every desired DNA sequence of interest. The amount of RVDs is 

customer dependent and can be increased if necessary to reduce off target effects. TALEs can 

be fused to either a transcription factor (TALE-FN) to modulate gene expression upstream of the 

gene or to a nuclease (TALE-N), most commonly the FokI restriction enzyme (see above: Zinc-

finger nucleases (ZFN)), causing a DNA DSB. DNA cleavage requires a pair of TALENs because 

FokI is activated by dimerization (Cermak et al. 2011, Hafez and Hausner 2012, Stoddard 2014).  

The generation of a gene specific DSB initiates the cells internal DNA repair mechanism such as 

homologous recombination (HR) and non-homologous end joining (NHEJ) (Li et al. 2012, 

Horvath and Barrangou 2013). HR can be used for the insertion of an exogenous DNA fragment 

e.g. provided by plasmid DNA, while NHEJ itself is very error prone and often causes the 

insertion of mutations at the site of the DSB (Urnov et al. 2010, Cermak et al. 2011, Daboussi et 
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al. 2014). Both repair mechanisms might cause modifications of the endogenous gene and 

therefore disrupt its function (see Figure 1).  

ZFNs have successfully been used in e.g. S. cerevisiae (Ren et al. 2014), D. melanogaster (Carroll 

et al. 2010), zebrafish (Danio rerio) (Doyon et al. 2008), A. thaliana (Lloyd et al. 2005) and lately 

in C. reinhardtii (Sizova et al. 2013) but not yet in diatoms.  

TALENs have already been tested in e.g. Oryza sativa (Li et al. 2014b), D. melanogaster (Liu et al. 

2014) and recently also in P. tricornutum (Daboussi et al. 2014). 

 

 

 

Figure 1: DNA DSBs can be repaired by NHEJ or HR and might cause the disruption of a gene. 
A simplified overview of gene disruption systems which might be caused by TALEN and, as 
shown in more detail, by zinc-finger nucleases (ZFN) is presented. Both systems cause DNA DSBs 
at a site specific DNA sequence. The ZF domains (shown in red and blue) of a ZFN pair bind to 
the target sites of both DNA strands. After the FokI endonuclease dimer is formed, the activated 
restriction enzyme cleaves the DNA, leading to a DSB. The following DNA repair mechanism can 
either be carried out via non homologous end joining (NHEJ; shown on the left) or homologous 
recombination (HR; shown on the right). NHEJ is a very incorrect DNA repair mechanism 
because it often causes the insertion or deletion of single base pairs at the cleavage site. In 
cases of simultaneous DNA DSBs, caused by two ZFN pairs targeted to the same chromosome, 
the deletion of larger DNA fragments is possible. HR on the other hand works more precisely but 
can be modified by providing engineered donor DNA fragments. These modifications might 
contain single base pair changes, or the insertion of single or multiple transgenes (modified 
after Urnov et al. (2010)).  
 

CRISPR Cas9 derives from an adaptive immune system of bacteria and archaea against foreign 

DNA e.g. from viruses or plasmids (Gratz et al. 2013). The system consists of three steps. Firstly, 

short fragments of the foreign DNA are integrated as spacers (protospacers) between repetitive 

NHEJ HR

ZFN induced DSB
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sequences of the CRISPR DNA forming the CRISPR array. Secondly, transcription of the CRISPR 

array and subsequent cleavages give rise to short CRISPR RNAs (crRNAs), each equipped with a 

complementary sequence to the foreign DNA. The third step includes trans-activating crRNA 

(tracrRNA), which binds to the crRNAs, to be guided to the target DNA and to activate the 

CRISPR associated nuclease (Cas9). Cas9 causes DNA DSBs at each sequence site which is 

complementary to the crRNA sequence and therefore, the target gene will be digested multiple 

times (Jinek et al. 2012, Mali et al. 2013a). DSBs can be “inaccurately repaired” either by HR or 

by NHEJ, which leads to the disruption of the gene (see above; Figure 1). 

CRISPR Cas9 has already been successfully performed in yeast (DiCarlo et al. 2013), tobacco 

(Nekrasov et al. 2013), Drosophila (Gratz et al. 2013) and in human cell lines (Cong et al. 2013, 

Mali et al. 2013b). 

Although all three techniques (ZFNs, TALENs and CRISPR Cas9) are causing DSBs and lead to 

knockout transformants with the perspective to generate long term stable phenotypes, the 

CRISPR Cas9 system seems to be the best. ZFNs only bind to specific DNA sequences and 

therefore, they cannot be used to knockout every gene of interest and compared to TALEN, 

CRISPR Cas9 is faster and easier to handle. Unfortunately, until today CRISPR Cas9 has not yet 

been validated in P. tricornutum but molecular techniques are developing fast and first attempts 

have already been made (Rossatti 2014).   

 

Conclusion 

Based on the results obtained within this work, I’m concluding that P. tricornutum does not 

perform a classical C4 type photosynthesis because none of the classical “C4 decarboxylases” 

(PEPCK and ME) is located in the plastid (Chapter 1). I also doubt that the high photosynthetic 

performance of P. tricornutum, diatoms contribute substantially to global carbon fixation, is 

based on the ability to bind extra HCO3
- via additional carboxylases (PYCs), which are missing in 

higher plants. My doubt is supported by the finding, that PYC2 silencing transformants grow as 

fast as the WT cells even when cultivated under CO2 limited conditions, in which a CCM is most 

needed. Furthermore, the silencing transformants, which are characterized by a reduced 

protein level of PPDK (Chapter 2) and PYC2 (Chapter 3), respectively show an increase in lipid 



109 

 

content. I’m assuming that this is based on pyruvate substrate competition between the two 

carbohydrate pathways gluconeogenesis and lipid biosynthesis (Chapter 3). 
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