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Zusammenfassung 

I 

Regulation des Calvin Zyklus in der Diatomee Phaeodactylum 
tricornutum 
 

Phaeodactylum tricornutum ist ein wichtiger Modellorganismus der Diatomeen, eines der 
vorherrschenden Phytoplanktone der Erde. Diatomeen sind einzellige, eukaryotische und 
photoautotrophe Mikroalgen, die bedeutend zum globalen Kohlenstoffzyklus beitragen, 
indem sie effizient über den Calvin Zyklus Stoffwechselweg CO2 in Kohlenstoffverbindungen 
umwandeln. Es gibt starke Hinweise darauf, daß die Regulation des Calvin Zyklus in 
Diatomeen unterschiedlich zu dem ist, was für höheren Pflanzen und Grünalgen bekannt ist, 
und daß speziell Blaulichtrezeptoren des Aureochrom (AUREO) Typs eine wichtige Rolle für 
zelluläre Antworten in der Photosynthese und Kohlenstoffixierung spielen. 

Daher wurden in dieser Dissertation die regulatorischen Mechanismen, die an der Kontrolle 
des Calvin Zyklus beteiligt sind, untersucht und weiterhin die neuartigen Blaulichtrezeptoren , 
die Aureochrome genannt werden, charakterisiert. Zu diesem Zweck wurden umfassende 
Expressionsanalysen der putativen Schrittmacherenzyme des Calvin Zyklus, wie sie aus der 
Enzym-Redoxregulation höheren Pflanzen abgeleitet wurden, und der plastidären 
Thioredoxine durchgeführt. Die Expression dieser Enzyme, nämlich der plastidären 
Glycerinaldehyd-3-Phosphat Dehydrogenase (GAP C1), der Ribulose-5-phosphat-Kinase 
(PRK), der Ribulose-1,5-Bisphosphat Carboxylase/Oxygenase (RuBisCO) und der plastidären 
Fructose-1,6-Bisphosphatasen (FBP), wurde über Zeit in zwei Konditionen, einmal einem 
simulierten Tag/Nacht Rhythmus und einmal nach Transfer in absolute Dunkelheit, auf 
Transkript- und Proteinebene verfolgt. Diese Wahl der Bedingungen erlaubt die 
Unterscheidung zwischen zirkadianen und lichtabhängigen Effekten auf der Transkriptebene. 
Im Zusammenhang mit dieser Expressionsstudie wurde ein Satz von endogenen Referenz 
Genen für Diatomeen, die zeit- und lichtunabhängig stabil exprimiert werden, identifiziert, 
nämlich die Gene für die Hypoxanthin-Guanin Phosphoribosyltransferase (HPRT), das 
ribosomale Protein S1 (RPS) und das TATA-Box bindende Protein (TBP). Die 
Expressionsanalyse zeigt konzertierte Expressionsmuster für die meisten, der betrachteten 
Calvin Zyklus und ebenso der Thioredoxin Gene. Während der Großteil der transkriptionalen 
relativen Änderungen schwach bis moderat waren, wurden in P. tricornutum die Gene für die 
GAP C1 und PRK auf der Transkriptebene über den Tag drastisch reguliert. 
Interessanterweise werden beide Enzyme typischerweise in höheren Pflanzen und Grünalgen 
über Redoxwechselwirkungen mit dem CP12 Protein posttranslational gemeinsam reguliert, 
einem Mechanismus, der scheinbar in den meisten Diatomeen fehlt, bedingt durch das Fehlen 
von Genen für CP12. Dies könnte bedeuten, daß möglicherweise diese fehlende 
Redoxregulation in Diatomeen zum Teil durch die starke trankriptionale Regulation dieser 
Gene kompensiert wird. Die Analyse der entsprechenden Proteinmengen waren im Falle der 
PRK übereinstimmend zu den durch die Transkriptmengen geschaffenen Erwartungen, aber 
abweichend im Falle der GAP C1. Die Proteindaten zu GAP C1 sind inkonsistent, aber dies 
weist wahrscheinlich auf hohe Proteinmengen zu jedem Zeitpunkt und damit einer 
lichtunabhängigen Funktionalität der GAP C1 hin. 
FBPn sind die einzigen bekannten Calvin Zyklus Enzyme in Diatomeen, die voraussichtlich 
redoxreguliert sind. In Vorbereitung für zukünftige Forschung und Analyse einer solchen 
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Regulation wurde ein enzymatisches Untersuchungsverfahren für FBP Aktivität etabliert und 
Intein-Überexpressionskonstrukte für zwei FBP Isoformen generiert. 

In dieser Dissertationsarbeit werden erste Hinweise auf eine Beteiligung der Aureochrom 
Blaulichtrezeptoren in der Regulation des Calvin Zyklus beschrieben: die Suche nach 
Regionen, die homolog zu dem DNS bindenden Erkennungsmotiv, welches für AUREO1 von 
Vaucheria frigida beschrieben wurde, offenbarte potentielle genregulatorische Regionen in 
den Genen für GAP C1 und PRK. Für die Charakterisierung der Aureochrome in 
P. tricornutum wurden Peptidantikörper gegen AUREO1a, 1b und 2 entworfen und generiert. 
Das Antiserum gegen AUREO1a wurde eingehend getestet und verifiziert. Aureochrome 
fungieren mutmaßlich als Blaulicht sensitive Transkriptionsfaktoren, bedingt durch ihre 
Blaulicht wahrnehmende LOV (light, oxygen, voltage) und DNS bindende bZIP (basischer 
Leucin Zipper) Domänen. In der vorliegenden Dissertation wurde die nukleäre Lokalisation 
für drei Aureochrome über die Expression von entsprechenden Vollängen GFP 
Fusionsproteinen und deren Analyse mittels Laserrastermikroskopie verifiziert, was eine 
Funktionalität als Transkriptionsfaktoren unterstützt. Ein RNA-Interferenz (RNAi) Konstrukt, 
welches gegen das AUREO1a Gen gerichtet ist, wurde generiert und in P. tricornutum 
transformiert. Für zwei Stämme wurde eine klare Herabregulation des AUREO1a Proteins 
demonstriert und diese Stämme wurden umfassend physiologisch untersucht. 
Interessanterweise beeinflußte entgegen der Erwartung die AUREO1a Herabregulation nicht 
nur die lichtabhängige physiologische Antwort von blaulichtakklimatisierten Zellen, sondern 
auch von Zellen, die an Rotlicht akklimatisiert waren. Unter beiden Bedingungen wiesen die 
Mutantenstämme eine hypersensitive Antwort auf Licht auf, ähnlich der Akklimatisierung zu 
Lichtstreß: ein verringerter Chlorophyll a Gehalt, die maximale Photosyntheseraten waren 
erhöht, wie auch ihr Potential für nicht-photochemisches Quenching (NPQ). Dies unterstützt 
für AUREO1a eine Photoakklimation inhibierende Funktion, welche durch Blaulicht gelöst 
wird, und eine putative Wechselwirkung mit Rotlicht wahrnehmenden Signalwegen. 
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Regulation of the Calvin cycle in the diatom Phaeodactylum 
tricornutum 
 

Phaeodactylum tricornutum is an important model organism for diatoms, one of the prevalent 
phytoplankton on earth. Diatoms are unicellular, eukaryotic and photoautotrophic microalgae, 
which contribute greatly to the global carbon cycle efficiently transforming CO2 into carbon 
compounds via the Calvin cycle pathway. There is strong evidence that the regulation of the 
Calvin cycle in diatoms is different to what is known for higher plants and green algae and 
that especially blue light receptors of the aureochrome (AUREO) type may play an important 
role in the cellular responses for photosynthesis and carbon fixation. 

Thus, in this doctoral thesis the regulatory mechanisms involved in the Calvin cycle control 
were investigated and secondly the novel blue light receptors called aureochromes were 
characterised. To this end a comprehensive expression analysis of the putative pacemaker 
enzymes of the Calvin cycle, as deduced from the higher plant enzyme redox regulation, and 
plastidic thioredoxins was performed. The expression of these enzymes, namely the plastidic 
glyceraldehyde-3-phosphate dehydrogenase (GAP C1), the phosphoribulokinase (PRK), the 
Ribulose-1,5-bisposhphate carboxylase/oxygenase (RuBisCO) and the plastdic fructose-1,6-
bisphosphatases (FBP) was monitored at transcript and protein levels over time in two 
conditions, once a simulated day night cycle and once after transfer into complete darkness. 
This setup allows the differentiation between circadian and light dependent effects on the 
transcript levels. In the context of this expression analysis a set of endogenous reference genes 
for diatoms stably expressed independent of time and light was identified, namely the genes 
for hypoxanthine-guanine phosphoribosyltransferase (HPRT), ribosomal protein S1 (RPS) 
and TATA-box binding protein (TBP). The expression analysis revealed concerted expression 
patterns for most investigated Calvin cycle genes and thioredoxins respectively. While most 
transcriptional relative changes were weak to moderate, the genes for the GAP C1 and PRK 
were drastically regulated at the transcript level in P. tricornutum during the day. Interestingly 
both enzymes are usually posttranslationally co-regulated by redox interactions with the CP12 
protein in the green lineage, a mechanism apparently missing in most diatoms due to missing 
genes for CP12. This could indicate that this missing redox regulation may be compensated in 
part by the strong transcriptional regulation of these genes. The analysis of the corresponding 
protein levels were in accordance to the transcript level expectations in case of PRK but 
different in case of GAP C1. The protein data on GAP C1 is inconsistent but it likely indicates 
a high protein level at all times and thus a light independent functionality for GAP C1. 
FBPs are the only known Calvin cycle enzyme to be putatively redox regulated in diatoms. In 
preparation for future research and analysis of this regulation an enzymatic assay for FBP 
activity was established and intein overexpression constructs for two FBP isoforms were 
generated. 

In this thesis first indications for an involvement of the blue light receptor aureochromes in 
the Calvin cycle regulation are described: the screening for homologous regions to the DNA 
recognition site described for AUREO1 of Vaucheria frigida revealed potential gene 
regulatory regions in the genes of GAP C1 and PRK. For the characterisation of AUREOs in 
P. tricornutum peptide antibodies against AUREO1a, 1b and 2 were designed and generated. 
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The antiserum against AUREO1a was thoroughly tested and verified. AUREOs are putatively 
acting as blue light sensing transcription factors, due to their blue light sensing LOV (light, 
oxygen, voltage) and DNA binding bZIP (basic leucine zipper) domains. In this thesis the 
nuclear localisation for three AUREOs was verified by the expression of the respective full 
length GFP fusion proteins in P. tricornutum and their analysis via laser scanning microscopy, 
which supports functionality as transcription factors. An RNA interference (RNAi) silencing 
construct for the AUREO1a gene was generated and transformed into P. tricornutum. For two 
strains a clear down regulation of AUREO1a could be demonstrated and these strains were 
thoroughly physiologically investigated. Interestingly against expectations the AUREO1a 
knockdown not only affected the light dependent physiological response of blue light 
acclimated cells but also of cells acclimated to red light. Under both conditions the mutant 
strains exhibited a hyper response to light reacting similar to acclimating to light stress: a 
decreased Chlorophyll a content, the maximum photosynthesis rates were increased, as was 
their potential for non-photochemical quenching (NPQ). This supports a photoacclimation 
inhibiting function of AUREO1a, which is released by blue light, and putative interaction 
with red light sensing pathways. 
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1. General introduction 
 

Carbon fixation - the principle of the Calvin cycle  

Photosynthesis is fundamental for life on earth. The conversion of light into chemical energy 
is the first step of generating biomass, which in turn forms the energy source for most 
heterologous organisms as well. The chemical energy generated by the light reactions of 
photosynthesis is used in different kinds of carbon fixating metabolic pathways, the most 
prominent being the C3, C4 or CAM pathways [1, 2]. The Calvin cycle is an essential part of 
all these major primary production pathways of photosynthetic organisms. In the first step of 
the Calvin cycle carbon dioxide is added to Ribulose-1,5-bisphosphate by the Ribulose-1,5-
bisphosphate Carboxylase/Oxygenase (RuBisCO) effectively transforming anorganic into 
organic carbon. Further reductive reactions, which were responsible for the alternative 
designation of the Calvin cycle as reductive pentose phosphate pathway, process the resulting 
intermediate to organic C3 carbon compounds which can be further metabolised by the 
cellular machinery to build up all organic matter. As the Calvin cycle is a cyclic pathway, the 
majority of this C3 carbon compound pool is used for the regeneration of the RuBisCO 
substrate ribulose-1,5-bisphosphate by a complex set of reactions usually involving 
transaldo- and transketolases, as well as 
epimerases and isomerases [3, 4]. 
Effectively three cycles of carbon 
fixation are needed for a netto yield of 
one C3 carbon compound. From the 
green lineage of photosynthetic 
organisms it is known that the Calvin 
cycle is a highly regulated process, 
controlled by cofactor availability, 
which in turn is controlled by pH [5-7], 
ATP dependent phosphorylation of the 
RuBisCO activase and extensively by 
the light activated thioredoxin/ferredoxin 
dependent redox regulation of the central 
enzymes of the pathway [8-10]. 
Figure 1.1 shows a simplified scheme of 
the Calvin cycle featuring all involved 
enzymes and marking the reactions which consume chemical energy in form of ATP and 
NADPH/H+. 

The oceans and diatoms – important contributors to the global carbon cycle 

With respect to the emerging climate changes which are promoted by the increased carbon 
dioxide levels caused by modern civilisation, the investigation of the global carbon cycle, and 
thus the primary production, gains great importance. The oceans constitute a huge and 
complex environment, which is very important for global CO2 distribution in the atmosphere 
by functioning as a CO2 buffer [11]. The majority of marine species consist of 
photosynthetically active uni- or multicellular organisms which contribute to about 50% of 

Figure 1.1 Calvin cycle schematic featuring all involved
enzymes and the consumption of energy in form of ATP and
NADPH/H+. The entry point of anorganic carbon (CO2) and
the exit point of organic carbon (C3) are marked. All enzymes, 
which are highly regulated in higher plants and green algae,
are highlighted in yellow. 
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global primary production, but only to about 0.2% of all global photosynthetically active 
biomass [12, 13]. As a designated high capacity CO2 sink, like the structural biomass in 
higher plants, is missing, this is an indication for a high biomass turnover [12], which is in 
turn dependent on an equally efficient primary production adapted to the marine environment. 
Gravitational settling of the marine phytoplankton provides a substantial carbon flux to the 
deep oceans sustaining heterotrophic life there [14, 15]. This transfer of organic matter into 
the deep oceans and the following process of its decomposition and dissolution are believed to 
retain this carbon for centuries or even millennia in the oceans [14]. 
Diatoms are unicellular microalgae, which can be found in nearly any aquatic habitat. They 
contribute to a substantial part to the annual global primary production [12, 16, 17]. 
Estimations are ranging from facilitating at least 25 % of the marine primary production [18] 
to up to 40 % [16]. Thus the characterisation of the efficient primary production metabolism 
in diatoms is promising. It may help in the future to develop concepts or genetically enhanced 
organisms to reduce CO2 in the atmosphere and to improve primary production for the 
generation of biomass as food or regenerative fuel. 

Diatoms – complex evolution 

The evolution of diatoms is particularly interesting as they derived from a secondary 
endocytobiosis [19]. In comparison to glaucophytes, red and green algae and land plants 
which derived from a primary endocytobiosis, the process of secondary endocytobiosis in 
diatoms led to complex rearrangements in compartmentalisation and biochemistry [20, 21]. In 
primary endocytobiosis a cyanobacterium was taken up by a heterotrophic eukaryotic host 
cell and the genetic and metabolic make-up, as well as the structure of the cyanobacterium 
merged with the host resulting in a new compartment, the plastid[20, 22-24]. In diatoms and 
other heterokont algae it is believed that a secondary endocytobiosis occurred, resulting in an 
even more complex merge of genetic information, metabolic pathways and logistic 
rearrangements of originally three independent organisms, as an organism of primary 
endocytobiosis supposedly a red alga was taken up by another heterotrophic eukaryotic host 
to be reduced to a ‘secondary’ plastid [19, 25]. The resulting complexity is even further 
increased by a conspicuously strong lateral gene transfer from bacteria, as genome analyses 
revealed [26]. During the cellular reorganisation in the course of the secondary endocytobiotic 
process, many enzymes were relocated to other compartments when compared to green algae 
and land plants. For instance it has been shown, that the oxidative pentose phosphate pathway 
as well as the de novo nucleotide synthesis pathway were re-allocated to the cytosol [27, 28]. 
Additionaly some metabolic pathways have been retained in duplicate like the second half of 
glycolysis, which can be found besides in the cytosol also in the mitochondria [29]. 
Interestingly the complex evolution of diatoms also introduced some unusual metabolic 
pathways unexpected for photoautotrophic organisms like the urea cycle [30] and the bacterial 
Entner-Doudoroff pathway [31]. 

A changed state – the Calvin cycle in diatoms 

Among all these special differences between diatoms and green alga and land plants clear 
deviations of the Calvin cycle regulation in diatoms stand out. In the green lineage oxidative 
and reductive pentose-phosphate pathways are both located in the plastid [19, 32, 33]. This 
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calls for a highly regulated Calvin cycle to avoid futile cycling of carbohydrates in the dark 
[34, 35]. This is facilitated mainly by a light-controlled concerted redox regulation of key 
enzymes by thioredoxins, which in turn are controlled by the ferredoxin/thioredoxin system 
[8, 9]. The plastidic targets of this redox regulation are the glyceraldehyde-3-phosphate 
dehydrogenase (GAP-DH), the phosphoribulokinase (PRK), the fructose-1,6-bisphosphatase 
(FBP), the sedoheptulose-1,7-bisphosphatase (SBP) and the RuBisCO activase [8, 9, 29, 36]. 
These enzymes are reduced at specific intramolecular cysteine disulphide bonds in the light 
releasing the bonds, activating them by the resulting conformational changes [8]. In diatoms 
only one of the Calvin cycle enzymes, the plastidic FBP, seems to be potentially redox 
regulated by thioredoxins. The other Calvin cycle enzymes, that are redox regulated in higher 
plants, are apparently not regulated that way in diatoms: in Odontella sinensis the redox 
midpoint potential of the regulatory disulphide bond of PRK is shifted to a more positive 
value when compared to spinach PRK, making the diatom enzyme unresponsive to redox 
regulation at physiological conditions [32]. Furthermore the plastidic ATPase of O. sinensis, 
which provides the energy for the Calvin cycle and is redox regulated in higher plants as well, 
is missing the respective cysteines important for a redox regulation [37]. Other usually redox 
regulated proteins are missing completely in diatoms like a classical plant-like RuBisCO 
activase or a functional CP12 protein [19]. CP12 is an important regulatory protein in the 
green lineage, it facilitates the co-regulation of the Calvin cycle enzymes GAP-DH and PRK 
by forming a stable complex with them [38-40]. Apparently, CP12 initially interacts with 
GAP-DH before PRK is bound by this binary complex [39, 41]. In Arabidopsis thaliana it 
was demonstrated that PRK and GAP-DH activities are inhibited within this complex, but are 
restored fully upon reduction of the complex by thioredoxins [40]. As diatoms feature nearly 
all types of thioredoxins known from land plants, albeit in a smaller copy number [15], the 
question about their functionality and potential involvement in Calvin cycle regulation 
remains. Recently it was shown for a carbonic anhydrase of diatom origin that thioredoxins 
can redox regulate this enzyme [42]. 
And yet a regulation of the Calvin cycle is necessary to prevent energy waste during the night. 
In respect of the diatom’s importance for the global carbon cycle a major part of this thesis 
was dedicated to characterise the Calvin cycle regulation in diatoms. Besides the redox 
regulation of the Calvin Cycle, the regulation of expressional levels can be an important 
regulatory feature, as well. In plants micro array analysis constitutes the major technique used 
for studying the transcriptional control of the Calvin Cycle [43-47]. Transcript levels of 
Calvin cycle genes in higher plants often show rhythmic changes during the day [44]. 
However, the diurnal changes described in different experiments are relatively weak, 
indicating that the transcriptional regulation of the Calvin Cycle is not of central importance 
in land plants [44, 48, 49]. This is further supported by another study, which shows that 
Calvin cycle genes are underrepresented in micro-array analyses of maize, which describe 
metabolic clusters of diurnally significantly regulated pathways (GO-terms) [50]. 

Aureochromes – DNA binding blue light receptors 

A novel class of blue light receptors, the aureochromes, was discovered recently in the 
stramenopile alga Vaucheria frigida [51]. Interestingly aureochromes were only found in 
stramenopiles so far, raising interesting questions about their functions, if these are unique in 



1. General introduction 

4 

stramenopiles and/or if they are substituting the functions known of other light receptors. 
Aureochromes distinguish themselves from other blue light receptors by their unique domain 
configuration, they feature a C-terminal LOV (light, oxygen, voltage) domain, responsible for 
the sensing of blue light and additionally an N-terminal basic Leucin Zipper (bZIP) DNA 
binding domain [51, 52]. Thus aureochromes are expected to act as light responsive 
transcription factors, which is supported by recent research demonstrating the ability of the 
PtAUREO1a LOV-J  domain to dimerise after blue light exposure [52], a requirement for 
bZIP dependent DNA binding. Furthermore a direct influence of PtAUREO1a on the 
transcript levels of the cell cycle cyclin dsCYC2 was detected and that it facilitates the 
transition through the G1 checkpoint of the cell cycle [53]. There are indications that blue 
light receptors like aurechromes may be involved in Calvin cycle expressional regulation: 
there is EST (expressed sequence tags) data on the plastidic glyceraldehyde-3-phosphate 
dehydrogenase (GAP C1) and PRK showing an increased EST count in the ‘blue light’ 
condition [54] (http://www.diatomics.biologie.ens.fr/EST3/exp.php). 

Overview of the research topics of this thesis 

In this thesis the light and time dependent expression of the Calvin cycle was investigated 
with a special focus on the higher plants centrally regulated enzymes of the Calvin cycle 
(marked yellow in Figure 1.1), as well as the expression of plastidic thioredoxins (TRX) to 
obtain new insights on their expressional steady state levels and the underlying regulation 
leading to these levels. Chapter 2 describes the identification and verification of suitable 
endogenous reference genes for quantitative real-time polymerase chain reaction (qPCR), that 
are constantly expressed independent of time and light. In chapter 3 the steady state 
expression levels of important Calvin cycle enzymes and thioredoxins are investigated. For 
future research on the possible redox regulation of the fructose-1,6-bisphosphatases (FBP) a 
FBP activity assay was established to allow monitoring of the FBP activity dependent on the 
redox environment. Additionally intein-tag constructs of the putatively redox regulated 
FBP C2 and C3, which allow column purification of the respective native protein, were 
generated. The FBP activity assay and the intein constructs are covered in chapter 4. In 
chapter 8 the design of a sequence optimised TRX F construct carrying a His-tag is outlined. 
The further characterisation of aureochromes in P. tricornutum constitutes the second 
research focus of this thesis. A phylogenetic analysis of all presently known aureochromes is 
covered in chapter 5. In this chapter the generation of GFP fusion constructs of different 
P. tricornutum aureochrome gene models and their cellular localisation by Hoechst 33342 
nuclear stain and laser scanning microscopy (LSM) analyses is described as well. Furthermore 
the generation of PtAUREO1a knockdown strains and the comparative physiological analyses 
of these strains in blue and red light are outlined. In chapter 6 the design and generation of 
peptide antibodies for PtAUREO1b and 2 and of several constructs to be used for future 
research are presented, namely RNAi silencing constructs for PtAUREO1b and 2 and a codon 
usage optimised PtAUREO1a overexpression construct. The generation of PtAUREO1a, 
LOV and LOV-J  overexpression constructs optimised for expression in E. coli is detailed in 
chapter 7.
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2.1 Abstract 
 

Diatoms are unicellular algae, which due to their importance for the global primary 
production and their cellular and genetic complexity, became popular subjects of 
physiological and molecular biological research in the recent years. The increasing genomic 
information gathered on diatoms since the last decade promotes diverse analyses of their 
steady state RNA levels, which are commonly performed via quantitative real-time PCR 
(qPCR), a technique which excels in sensitivity and dynamic range. Up to now there are only 
a few studies on suitable endogenous reference genes in diatoms. Such reference genes are 
crucial for any relative qPCR study and must feature stable transcript levels between all the 
investigated experimental conditions. Therefore we expanded the data on suitable endogenous 
reference genes by thorough testing of ten potential genes in the model diatom 
Phaeodactylum tricornutum at light and time discriminate conditions. Stably expressed genes 
for these conditions will be of great use for any diatom study dealing with time and light 
dependent effects. Samples of algae grown in a 16 hours low light photoperiod and dark 
transitioned cells were investigated over a period of up to 33 hours. A set of three endogenous 
reference genes was found to be stably expressed in a light and time independent manner: the 
TATA box binding protein TBP, the ribosomal protein S1 RPS and the hypoxanthine-guanine 
phosphoribosyltransferase HPRT. Other commonly used reference genes like actin, histone 
H4 or 18S ribosomal ribonucleic acid did not perform well and are thus unsuited for 
expression analysis in light or time dependent experimental setups. 

  



2. Endogenous reference genes for qPCR in P. tricornutum 

8 

2.2 Introduction 
 

Diatoms are widely distributed and can be found in nearly any aquatic habitat. This class of 
unicellular algae is estimated to be responsible for a substantial part of annual global primary 
production [12, 16, 17]. Diatoms distinguish themselves by their complex evolution. They 
derived from a secondary endocytobiotic process, which gave rise to complex plastids 
possessing four envelope membranes [19]. In this process two eukaryotic genomes were 
recombined creating a genetically complex chimeric cell. The complexity is even further 
increased by a high incidence of lateral gene transfer from bacteria [26]. While diatom 
research with molecular methods is a rapidly developing field of research, procedures which 
are well established for mammals, land plants or green algae, often have to be adjusted and 
optimised for use with diatoms. Quantitative real-time polymerase chain reaction (qPCR) is a 
powerful technique with high sensitivity and dynamic range for the quantification of specific 
RNA [55-57]. There are different strategies for quantification ranging from absolute 
quantification utilising known amounts of artificial standard templates to using endogenous 
genes found in the sample as reference for a relative quantification of the genes [56]. One 
critical step of any relative qPCR is the identification and verification of one or more 
endogenous reference genes. Ideally these genes have to be constitutively expressed 
independent of the sample source, conditions, time or cellular fitness, thus allowing 
normalisation of unknown genes and by this making them comparable to each other. In 
practice however, such perfect reference genes do not exist [58]. It is increasingly difficult to 
identify stably expressed genes the more adaptable and flexible the respective organism is. 
Naturally unicellular organisms like diatoms have to be very adaptable to be competitive. 
Therefore the identification of suitable reference genes for the specific experimental setup of 
any relative qPCR study is essential [59]. Comprehensive literature available on similar 
studies regarding conditions and organism eases the selection of candidate genes. 
Nevertheless the suitability has to be verified for each individual experiment. For diatoms 
there is only scarce data on reference genes available to date. The recent sequencing of the 
whole genomes of the two diatoms Phaeodactylum tricornutum and Thalassiosira 
pseudonana [26, 30] is easing the investigation of gene transcript levels via qPCR in diatoms. 
Siaut et al. [60] investigated a set of putative reference genes in P. tricornutum and found the 
TATA box binding protein TBP (protein ID 10199 according to the P. tricornutum genome 
database http://genome.jgi-psf.org/Phatr2/Phatr2.home.html) and the ribosomal protein S1 
RPS (protein ID 44451) to be most stably expressed under their chosen conditions. 
Alexander et al. [61] identified actin, cyclophilin and several ubiquitin ligases as potential 
reference genes in the diatom Thalassiosira pseudonana via microarray analysis of cultures in 
continuous light with repletion or limiting supply of various nutrients (phosphate, Fe, 
phosphate+Fe). 

In this study we have expanded the available data on endogenous reference genes in diatoms 
by detailed analyses of P. tricornutum cultures grown at specific conditions. Photoautotrophic 
organisms are strongly affected by changes in illumination. Therefore reference genes with 
stable transcript levels independent from light exposure and passing of time will be needed. 
For this reason we investigated putative endogenous reference genes in the model diatom 
P. tricornutum (strain UTEX 646) grown at 20 °C in diel cycles of two different light 
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conditions: a 16 h photoperiod of low light (45 mol photons m-2 s-1) or transitioned into 
continuous darkness. 
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2.3 Material and Methods 
 

2.3.1 Cell culture 
 

P. tricornutum (University of Texas Culture Collection, strain 646) was grown in semi-
continuous airlift cultures at 20 °C and 45 mol photons m-2 s-1 in a light/dark cycle of 
16/8 hours. The cells were cultivated in f/2 enriched seawater medium [62, 63] at a final salt 
concentration of 50 % compared to natural seawater. The cells were adapted to these 
cultivation conditions for at least 3 weeks before samples were taken. The experiments were 
timed to the mid-exponential growth phase of the cultures. Cultures were grown in duplicates. 
At the beginning of the experiment (shift from light to dark) one of the cultures was placed 
into complete darkness (DD) while the other culture maintained the light/dark cycle (LD). 
Samples were taken at different time points in parallel over a period of up to 33 hours. 

2.3.2 RNA extraction 
 

Cells were harvested by centrifugation at 5000 g and the pellet was frozen in liquid nitrogen 
and pestled. Powdered cells were treated with an RNA extraction reagent (TRIzol® reagent, 
Life Technologies, Darmstadt, Germany) according to the manufacturer’s instructions. The 
aqueous phase was then purified to minimize DNA contamination using an RNA affinity spin 
column (RNeasy® spin column. Qiagen, Hilden, Germany). The amount of purified RNA was 
determined by UV absorption at 280/260 nm. To eliminate traces of genomic DNA, 3 g of 
RNA per sample were treated with DNase (Ambion® TURBOTM DNase, Life Technologies, 
Darmstadt, Germany) slightly modified to the manufacturer’s instructions. The digestion was 
done with one unit of Ambion® TURBOTM DNase for 30 minutes at 37 °C after which a 
second unit Ambion® TURBOTM DNase was added and the samples were incubated for 
another 30 minutes at 37 °C before DNase inactivation treatment. The RNA concentration of 
the DNase treated samples were determined by UV absorption at 280/260 nm. The 
performance of the applied genomic DNA minimising procedure was tested by exemplary 
qPCR analysis of cDNA of five different samples using a genome specific primer pair 
(HPRT_GenomicControl) binding at a nontranscribed genomic region near the investigated 
putative endogenous reference gene hypoxanthine-guanine phosphoribosyltransferase HPRT. 
No or only late background amplification was observed. The occasional observed late 
fluorescence increase was too weak to allow determination of Ct and efficiency and the 
corresponding melting curves were inconsistent with a specific amplification of the possible 
genomic target. 

2.3.3 cDNA synthesis 
 

350 ng of DNA-free RNA per sample were reversely transcribed without additional DNA 
digest using a reverse transcription kit (QuantiTect® Kit, Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions. The resulting cDNA preparations were diluted 2.5 times 
with nuclease-free water before use. 

2.3.4 Primer Design 
 

Primers for qPCR were manually designed. Long repeats of A/T were avoided. G/C contents 
were kept between 40-60 %. It was taken care that at least one, preferably two, bases at the 3 
last positions of the 3’-end of the primers were either G or C. Primer lengths from 19-21 bp 
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and amplicon lengths of 100-220 bp were preferred. Thermodynamic melting temperatures 
(REviewer, Thermo Scientific, http://www.thermoscientificbio.com/webtools/reviewer/) from 
58.5 °C to 64 °C were accepted. Primers were designed to bind close to the 3’-terminus of the 
cDNA. The primer pairs were checked to avoid stable homo- and heterodimers as well as 
hairpin structures (REviewer, Thermo Scientific). Supplemental Table 2-SI lists all primers 
used for qPCR. 

2.3.5 qPCR 
 

For quantitative Real-Time PCR an Abi7500 fast qPCR-cycler was used. Quantification was 
performed by a standard fast 2-step qPCR protocol using a commercial SYBR Green 
analogon qPCR Master Mix (goTaq qPCR Master Mix, Promega, Mannheim, Germany) for 
specific low background amplification for fluorescent quantification (primer concentration: 
450 nM; annealing/elongation temperature: 57 °C). A single gene was quantified for all 
samples of one condition and experimental replicate per run. Measurements of true sample 
replicates were conducted as five technical replicates of 1 l cDNA each. Outliers were 
manually detected and omitted from further analysis, at least three technical replicates were 
used per sample. For quality control each run was accompanied by a corresponding no 
template control (NTC) and by post-run melting curve analysis. 

2.3.6 qPCR-analysis 
 

2.3.6.1 PCR-Miner 
 

Only raw fluorescence data obtained by the Abi7500 fast qPCR-cycler was used for further 
analyses. To determine crossing point (Cp) and primer efficiencies for each sample the freely 
available web-application PCR-Miner Version 3.0 (http://www.miner.ewindup.info/) was 
used according to the author’s instructions and standard parameters were set, if not stated 
otherwise [64]. The applied algorithm determines Cp by using the second derivation 
maximum (SDM) as comparable parameter of the curves. Live efficiencies are determined for 
every single sample by a complex and comprehensive curve progression analysis. These 
efficiencies are further incorporated into primer pair specific mean efficiencies for individual 
samples and for all samples of the run. 
Run-specific efficiencies (specific to culture conditions and experimental replicates) derived 
from all samples were considered for further analysis. In this way variations of PCR 
efficiencies, due to different culture conditions and variations in replica-measurements, were 
taken into account. Additionally, the calculation of efficiencies from larger subsets (one run) 
guarantees a high statistical relevance, which would be poor if sample- or well-specific 
efficiencies were used. 

2.3.6.2 geNorm 
 

For identification of suitable endogenous references the program geNorm v3.5 [59] was 
employed according to the author’s instructions. We tested a total of 10 putative endogenous 
housekeeping genes: 18S ribosomal ribonucleic acid 18S (56377), actin 2 ACT2 (29136), 
cyclin dependent kinase A CDK A (20262), elongation factor 1 alpha EF1a (18475||28737), 
cytosolic glyceraldehyde-3-phosphate dehydrogenase GAP-DH (51128||51129), histone H4 
(26896||34971), hypoxanthine-guanine phosphoribosyltransferase HPRT (35566), ribosomal 
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protein S1 RPS (44451), succinate dehydrogenase A SDHA (56677)and the TATA-box 
binding protein TBP (10199). Numbers in parenthesis behind genes/proteins correspond to the 
protein IDs of the Joint Genome Institute database “Phaeodactylum tricornutum v.2.0” [26]. 
In cases in which a primer pair is able to bind to transcripts of multiple homologous genes, 
each corresponding protein ID is given. A quick and small-scale analysis helped to identify 
possible candidate genes. Subsequent detailed tests were run and suitability of the endogenous 
references for the experimental setup is demonstrated by taking all experimental samples into 
account for gene stability determination and comparing stability against selected target genes 
of light associated metabolic pathways like the Calvin cycle (fructose-1,6-bisphosphatases 
FBPs (C1 (42886), C2 (42456), C4 (54279)), plastidic glyceraldehydes-3-phosphate 
dehydrogenase GAP C1 (22122), phosphoribulokinase PRK (50773), small subunit of 
ribulose-1,5-bisphosphate carboxylase/oxygenase RBC S (46871)), plastidic thioredoxins TRX 
(F (46280), M (51357), Y1 (33356), Y2 (43384)) and of the antenna protein fucoxanthin 
chlorophyll a/c binding protein B FCP B (25172). 
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2.4 Results 
 

In this study endogenous reference genes in P. tricornutum cultured at two different 
experimental conditions: a simulated day night cycle (LD) with a photoperiod of 16 hours low 
light (45 mol m-2 s-1) and cultures which were transitioned into complete darkness (DD) with 
the start of a regular dark period were investigated. Per condition several samples were 
harvested at defined time points (see descriptions of individual experiments). The first night is 
comparable for LD and DD grown cultures, therefore a total time period of up to 33 hours 
was investigated to cover regular LD rhythm, dark transition and elongated darkness covering 
a full day. In order to establish qPCR endogenous reference genes for the selected 
P. tricornutum strain at our experimental conditions, we studied successively a total of ten 
potential endogenous references genes by geNorm v3.5 analyses (Figure 2.1), namely 18S, 
ACT2, CDK A, EF1a, GAP-DH, H4, HPRT, RPS, SDHA and TBP. geNorm ranks genes to 
their ratio stability to each other over all samples, which is described by a so called M-value. 
The M-value was defined as the average pairwise variation of a particular gene with all other 
control genes [59]. Thus the lower the M-value the higher the ratio stability is. For rapid 
screening eight of these genes were tested in a small scale experiment consisting of four 
different samples: LD and DD at 6 h and 15 h (Figure 2.1A). TBP, RPS, 18S and CDK A 
featured similar stability at the lowest M-values, while ACT2 apparently was highly regulated, 
based on the very high M-value. A detailed analysis of the data and additional tests revealed 
that the ratio variability of most genes resulted dominantly from dark transitioned rather than 
LD samples (data not shown). Therefore the four most stable genes from 1A were analysed 
by geNorm together with two additional putative endogenous controls (HPRT and SDHA) in 
twelve samples of the DD condition that were harvested every 3 hours (Figure 2.1B). The 
genes HPRT, TBP and RPS show superior stability in DD compared to 18S, CDK A or SDHA. 
A detailed analysis of LD samples confirmed this transcript ratio stability (data not shown). 
For final demonstration that this set of reference genes is suitable for analyses of LD and DD 
independent of time, the three genes were analysed together with a selection of potentially co-
regulated genes of light associated metabolic pathways, namely FCP B, TRX and several 
Calvin cycle enzymes (Figure 2.1C). For this analysis triplicate sample sets of twelve 
samples per condition (LD||DD) were taken into account (total number of 72 samples). At the 
tested conditions HPRT, RPS and TBP exhibited the most stable transcript ratios, while the 
investigated genes related to photosynthesis feature generally higher variability, but at a broad 
range of stability. Some genes like FBP C2 or TRX Y1 exhibit relatively stable expression 
ratios, while others like GAP C1 or FCP B show strong variability. 
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Figure 2.1 Analysis of stable transcript ratios in P. tricornutum using the program geNorm. In successive 
analyses ten putative endogenous controls, namely 18S ribosomal ribonucleic acid (18S), actin 2 (ACT2), cyclin 
dependent kinase A (CDK A), elongation factor 1 alpha (EF1a), cytosolic glyceraldehyde-3-phosphate 
dehydrogenase (GAP-DH), histone H4 (H4), hypoxanthine-guanine phosphoribosyltransferase (HPRT), 
ribosomal protein S1 (RPS), succinate dehydrogenase A (SDHA) and the TATA-box binding protein (TBP) were 
analysed in time and light discriminate samples. The genes HPRT, TBP and RPS were found to have the most 
stable transcript ratios at the investigated experimental conditions (red marks). A Small scale test of eight 
putative housekeeping genes with just four different samples (two time points, two conditions LD & DD each). 
RPS, TBP, 18S rRNA and CDK A exhibit the most stable transcript levels, while ACT2 is clearly variable. 
B Most of the observed expression instability resulted from expression differences occurring in the DD 
condition. Thus a smaller set of genes was tested in twelve dark samples taken at the DD condition every three 
hours starting with the transition into darkness. The most stable genes of A and two additional putative 
endogenous reference genes, namely HPRT and SDHA, were tested. HPRT, RPS and TBP show superior 
transcript ratio stability compared to SDHA, 18S rRNA and CDK A at the DD condition. C To demonstrate the 
suitability of HPRT, RPS and TBP as endogenous reference genes for a time dependent setting of LD and DD 
conditions a geNorm analysis of these three genes and potentially co-regulated target genes of light associated 
metabolic pathways, namely FCP B, TRX and several Calvin cycle enzymes (fructose-1,6-bisphosphatases 
(FBP), plastidic glyceraldehydes-3-phosphate dehydrogenase (GAP C1)), phosphoribulokinase (PRK) and the 
small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RBC S)), was performed. Triplicate sample 
sets of twelve samples per condition (LD||DD) were taken into account (total number of 72 samples). 
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geNorm analyses are providing data of transcript ratios and not absolute Cp-values. Thus 
applying the geNorm algorithm always bears the risk of bias by co-regulated genes. 
Additional monitoring of raw Cp for the samples is a good corroborative indicator for stable 
transcript levels (Figure 2.2). RPS, TBP and HPRT show stable Cp-values of similar overall 
abundance in LD as well as DD. The levels are neither very strong nor very weak. For 
comparison highly variant FCP B and GAP C1 are shown as well. Both feature strong 
rhythmic changes in Cp over the day. FCP B transcript levels are clearly disturbed in DD 
compared to LD, when the cells would have experienced light in the LD condition. 

 

Figure 2.2 Pure crossing point (Cp) data not including efficiencies on RPS, TBP, HPRT, GAP C1 and FCP B for 
LD and DD conditions reconfirm the result obtained by geNorm. RPS, TBP and HPRT feature stable transcript 
levels in LD and DD. Importantly there is no effect on transcript levels by transition into DD. All three putative 
endogenous reference genes are similarly abundant at average levels (roughly a Cp of 25) during the day and 
there is clearly no effect on levels by putting the cultures into darkness. Consistent with the geNorm data, FCP B 
and GAP C1 exhibit strong diurnal changes and FCP B demonstrates nicely the effect missing light can have on 
transcript levels.  
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2.5 Discussion 
 

Endogenous reference genes are crucial for the analysis of relative qPCR data and have to be 
chosen for each organism and experimental setup individually [56, 57, 59, 65]. Furthermore it 
may be ill advised to rely on single endogenous reference genes as their stability is difficult to 
confirm and as they are generally more error prone than a set of multiple reference genes. The 
determination and use of multiple genes is therefore superior to a single gene by easing 
stability determination and balancing individual genes deviations from the optimum [58, 59, 
65]. A range of potential endogenous control genes for P. tricornutum have been tested by 
Siaut et al. [60] for cells grown at 18 °C and a 12 h photoperiod with 175 mol m-2 s-1 
quantum flow. At these conditions, Siaut et al. determined TBP and RPS to be the most stable 
endogenous reference genes in P. tricornutum. TBP and RPS proved to be stably expressed at 
our conditions, as well. It should be noted that in our experiments, we used another 
P. tricornutum strain than Siaut et al. [60]. While we worked with P. tricornutum strain Pt4 
according to the nomenclature of De Martino et al. [66], Siaut et al. state in their study that 
they generally worked with Pt1 and Pt8 (according to De Martino et al. [66]), without 
explicitly mentioning which strain(s) were used for the evaluation of endogenous reference 
genes for qPCR. This indicates that TBP and RPS might offer another advantage as 
endogenous control genes for qPCR, namely that they perform well in various strains of 
P. tricornutum. In addition we were able to identify HPRT as a third suitable gene for our 
experimental setup. This gene shows similarly low variations in transcript abundance as TBP, 
pairing even better with it than RPS. The other investigated genes revealed a less stable 
expression. Especially at DD conditions, only the transcript levels of HPRT, TBP and RPS 
remained as stable as in the LD condition. The transcript ratio algorithm for stability 
determination by geNorm is inherently susceptible to bias by co-regulated genes. The 
algorithm is unable to discriminate between constant and equally changing transcript levels: 
both would result in a seemingly increased stability. By looking at the raw Cp data, a strong 
bias due to co-regulation of the reference genes can be excluded, as the Cp-values remain 
steady at around Cp 25 and no diurnal rhythms are discernible. HPRT, RPS and TBP transcript 
levels display clear insensitivity towards light and this makes these endogenous reference 
genes very interesting for research on light dependent pathways. geNorm results indicate 
HPRT and RPS to be especially suited as reference genes in DD and may be especially 
interesting for projects dealing exclusively with dark adapted cells. When taking LD into 
account, HPRT and TBP exhibit the most stable transcript ratios, indicating that they are the 
best reference genes for a mixed light and dark setup. However, we would strongly 
recommend using the triple set of HPRT, TBP and RPS to balance deviations from the 
optimum in the individual genes. 
In addition to plain model analyses of representative samples focusing on putative 
endogenous reference genes, it is very important to verify the stable expression of the 
determined endogenous reference genes in an actual experimental setup of potentially co-
regulated target genes, preferably the experimental data the endogenous reference genes are 
used for, a quality control which is often omitted. By demonstrating their stability even 
against potentially co-regulated genes of light associated pathways, which could easily bias 
the geNorm analysis, we were able to verify their suitability as set of endogenous reference 
genes for our experimental conditions. 
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Interestingly, commonly used endogenous reference genes like the actin or 18S rRNA genes 
do not qualify as reference genes in P. tricornutum in LD and especially DD conditions. 
Alexander and colleagues [61] found that actin may represent a suitable endogenous reference 
in another diatom, Thalassiosira pseudonana, when grown at 14°C under continuous light 
(120 mol photons m-2 s-1) and different nutrient limited or repleted conditions. This 
emphasizes the need to verify any endogenous reference gene for a given experimental setup. 
However, when considering the proposed reference genes of their study it should be kept in 
mind that possible diurnal rhythms were not taken into account and that such diel rhythmic 
changes of transcript levels are very common in photoautotrophic organisms. Sampling at 
different times of the day thus may result in very different transcript levels introducing a 
potentially strong bias. For an individual experiment in which harvesting times are enforced 
strictly it will pose no problem, but if this is not feasible by the experimental requirements 
errors may be introduced. Thus when proposing a gene as general endogenous reference, time 
independent expression should be verified. 
Our data suggests 18S to be a possible candidate reference gene for the LD condition, but 
there are some general problems with using ribosomal RNA as endogenous reference. One 
problem is an observed variability of the rRNA : mRNA ratio between samples [57, 67, 68] 
making it questionable to use rRNA as reference for mRNA. A further pitfall of using 18S is 
its high abundance. This results in a generally better apparent stability, as small absolute 
changes in transcript levels have a low impact on its Cp, but at the same time it decreases 
sensitivity. Normalising weaker expressed genes with highly abundant genes like 18S 
becomes increasingly error prone, a problem which is often additionally boosted by limited 
signal linearity of the used master mix. Using very weakly expressed genes as reference 
instead will highly increase overall sensitivity at the cost of increased variability between 
samples. It is thus recommended to use reference genes, which are similarly abundant as the 
target genes [69]. The reference genes HPRT, TBP and RPS determined in this study all 
feature moderate expression levels. Consequently the trade-off between sensitivity and 
variability is balanced in these genes, qualifying them as suitable endogenous reference genes 
for most applications. 

2.6 Conclusions 
 

RPS and TBP have been shown to be good endogenous reference genes over the diel cycle in 
at least two different P. tricornutum strains grown in different light regimes and even in 
darkness. It can be assumed that these genes are well suited candidates for endogenous 
reference genes for qPCR in all P. tricornutum strains regardless of photoperiod and quantum 
flow. HPRT is featuring an even more stable expression with TBP than RPS in our 
experimental setup, while comparable data from other strains and conditions is missing and 
thus universal applicability cannot be assumed yet. Nonetheless all three genes may pose 
interesting candidate genes for expression studies addressing light and time dependent gene 
analysis in diatoms in general and in other algae, as well. 
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3.1 ABSTRACT 
 

The Calvin cycle or reductive pentose phosphate pathway is a central pathway for CO2 
fixation and highly regulated in plastids of land plants. In diatoms, unicellular algae, the 
respective redox regulation of key enzymes via thioredoxin as known from land plant plastids 
is strongly reduced demanding other regulatory mechanisms. By comparing the abundance of 
transcripts and proteins of selected Calvin cycle enzymes between cultures of the diatom 
Phaeodactylum tricornutum grown in a day/night cycle and cultures kept in the dark, we were 
able to identify light induction of expression as well as diurnal expression patterns. This way 
we show that the genes encoding the phosporibulokinase (PRK) and the glyceraldehyde 
dehydrogenase (GAP C1) are strongly up-regulated in the light. While the PRK protein level 
increases in parallel to the amounts of transcripts, the GAP C1 protein level is relatively 
constant. The observed transcription/translation patterns might compensate for the apparent 
lack of redox-regulation of these enzymes in diatoms. The only known redox regulated Calvin 
cycle enzymes in P. tricornutum plastids are the fructose-1,6-bisphosphatases (FBPs). 
Interestingly, FBPs only show weak changes of transcript abundance. Our results demonstrate 
that some enzymes which are redox regulated in plastids of land plants are strongly regulated 
on the transcriptional level in diatoms, and that the Calvin cycle in diatom plastids is 
regulated on various different levels. 
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3.2 INTRODUCTION 
 

Diatoms can be found in nearly any aquatic habitat. The unicellular algae are supposed to be 
responsible for up to 20% of annual global primary production [12, 16, 17]. Diatoms are also 
particularly interesting because of their evolution by secondary endocytobiosis, a process 
which had a strong impact on their compartmentalization and biochemistry. While plastids of 
glaucophytes, red algae, green algae and land plants probably directly derived from a primary 
endocytobiosis, in which a cyanobacterium was taken up by a eukaryotic host cell, diatoms 
and other heterokont algae are supposed to have evolved in an even more complex fashion. In 
a secondary endocytobiosis, however, a eukaryotic alga, probably an ancestor of modern red 
algae, was taken up by a eukaryotic host cell and subsequently transformed into a plastid [19]. 
Here two eukaryotic cells including their genomes and hence their enzymatic repertoires have 
been recombined, creating a chimeric cell with a high genetic complexity, which even is 
further increased by strong lateral gene transfer from bacteria [26]. During intracellular gene 
transfer events in the course of secondary endocytobiosis, some gene products ended up in 
other compartments as they are located in green algae and land plants. For instance the 
oxidative pentose phosphate pathway as well as the enzymes for nucleotide synthesis have 
been re-allocated to the cytosol [27, 28]. Other pathways have been duplicated like the second 
half of the glycolysis, which can now be found in the cytosol as well as in the mitochondria 
[29]. Finally unexpected pathways have been introduced into diatoms like the urea cycle [30] 
and the bacterial Entner-Doudoroff pathway [31].  

The Calvin cycle (or reductive pentose phosphate pathway) is an essential part of the 
photosynthetic process found in all photosynthetic organisms [1, 70]. In green algae and land 
plants this energy-dependent pathway is highly regulated in order to avoid futile cycling of 
carbohydrates via this path in the dark. This regulation strongly depends on light-controlled 
redox regulation of key enzymes via the ferredoxin/thioredoxin system [8, 9]. These plastidic 
enzymes, the glyceraldehyde-3-phosphate dehydrogenase (GAP-DH), the 
phosphoribulokinase (PRK), the fructose-1,6-bisphosphatase (FBP), the sedoheptulose-1,7-
bisphosphatase (SBP) and the RuBisCO activase [8, 9, 29, 36], are activated in the light by 
reduction of specific cysteine residues that in their oxidized state form intramolecular 
disulfide bridges [8], thus constituting important switches for Calvin cycle activity in higher 
plants. Furthermore there is a co-regulation of the enzymes GAP-DH and PRK by forming a 
complex stabilized by the CP12 protein [38-40]. Apparently, CP12 initially interacts with 
GAP-DH before PRK is bound by this binary complex [39, 41]. It was shown that in 
Arabidopsis thaliana PRK and GAP-DH activities are inhibited within this complex, but are 
fully restored upon reduction of the complex by thioredoxins [40]. In diatoms so far only a 
single Calvin cycle enzyme, the plastidic fructose-1,6-bisphosphatase, has yet been identified 
as potential target enzyme for thioredoxin. Other enzymes of the Calvin cycle are likely no 
targets of redox regulation: PRK regulatory cysteines of the diatom Odontella sinensis have 
been shown to have a more positive redox midpoint potential compared to the regulatory 
cysteines in spinach making the diatom PRK insensitive to thioredoxins in vivo [32], the 
plastdic GAP-DH and plastidic ATPase providing the energy for the Calvin cycle, which are 
usually redox regulated as well, are missing the respective regulatory disulphide bridge 
forming cysteines in diatoms [37, 71] or are simply missing in diatom plastids like a typical 
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redox activated plant-like RuBisCO activase [19]. Nevertheless diatoms possess nearly all 
types of thioredoxins known from land plants, albeit in a smaller copy number [15]. Recently 
it was shown that in diatoms a carbonic anhydrase can be redox-regulated by thioredoxins 
[42]. 
 
Besides the post-translational control of Calvin Cycle enzymes, changes at the transcriptional 
level can be another important feature of regulation. In plants the majority of studies on 
transcriptional control of the Calvin Cycle are based on micro-array analyses [43-47]. Genes 
encoding Calvin Cycle enzymes in higher plants often show rhythmic changes of 
transcriptional expression [44]. However, the described diurnal changes of different 
experiments indicate that transcriptional regulation of the Calvin Cycle is not of central 
importance in land plants [44, 48, 49]. This is also evident from the underrepresentation of the 
Calvin cycle genes in micro-array analyses, which describe metabolic clusters of diurnally 
significantly regulated pathways (GO-terms) in maize [50]. Here we report on relative mRNA 
and protein levels of selected Calvin cycle enzymes in the diatom P. tricornutum indicating 
that expression rates in diatoms may vary much stronger as known from land plants. 
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Figure 3.1 Determination of relative transcript levels of selected Calvin cycle genes and thioredoxins of 
P. tricornutum via qPCR. Three independent replicates were analysed per condition (Light/Dark LD and Dark 
DD) visible as triplicate columns. Bright colums: LD, darker columns: DD. The y axis shows manifold changes
compared to the geometric mean of the lowest expression in any sample of the respective genes.The x axis
shows time points when samples were taken. A Transcript profiles of highly regulated Calvin cycle genes
GAP C1 (22122) and PRK (50773), plastid encoded RBC S (46871) and the light induced control FCP B
(56299). B Transcript profiles of FBPs (FBP C1 (42886) FBP C2 (42456), FBP C3 (31451) and  FBP C4
(54279)) . C Transcript profiles of plastidic thioredoxins, TRX F (46280), TRX M (51357), TRX Y1 (33356) and
TRX Y2 (43384). 

3.3 RESULTS 
 

3.3.1 RNA expression levels of selected Calvin cycle genes 
 

We analysed the light and time dependent transcription levels of the phosphoribulokinase 
(PRK; 50773), plastidic glyceraldehyde-3-phosphate dehydrogenase GAP C1 (22122) and 
plastidic fructose-1,6-bisphosphatases FBP C1-4 (42886, 42456, 31451, 54279) as well as the 
small subunit of RuBisCO (RBCS; 46871). By taking samples over a period of 33 hours from 
cultures that were either kept in a regular day/night cycle (LD) as well as cultures that were 
kept in darkness throughout the day (DD), we are able to discriminate between diurnal and 
light driven changes. Additionally, we investigated the transcript levels of the plastid targeted 
thioredoxins TRX F (46280), TRX M (51357), TRX Y1 (33356) and TRX Y2 (43384) and the 
light harvesting antenna protein FCP B (56299). 

We found strong transcriptional regulation of the genes GAP C1 and PRK (Figure 3.1A). At 
the LD condition PRK showed maximum manifold changes of up to ~620 times and GAP C1 
even of up to ~4250 times. Both, GAP C1 and PRK, peaked at about 1 to 4 hours after light 
exposure in LD condition. While PRK exhibited a narrow peak, quickly going back to low 

levels of expression, GAP C1 showed a much broader sustained expression peak. 
Interestingly, GAP C1 behaved very similar at LD and DD conditions, with only a slight shift 
of the peak to later hours in the dark. Also two of three replicates feature a strong increase of 
transcripts at 9 a.m. of the second day. In contrast, PRK showed a rhythmic increase of 
expression starting at 6 a.m., two hours before light exposure, even at the second night in 
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darkness, while in the dark the expression did only moderately increase at 9 a.m. and quickly 
diminished again. At 6 p.m. expression spontaneously increased shortly again in the DD 
condition in two replicates and later in the third replicate at 12 a.m. of the second day as well. 
FCP B exhibited a clear diurnal rhythm which was strongly enhanced by light, peaking in the 
afternoon at about 3 p.m. 

The FBP and RBC S genes mostly exhibited a light modulated diurnal control, but the 
maximum relative expression changes were considerable smaller (Figure 3.1A,B). FBP C1 
showed a clear diurnal and light enhanced expression pattern with up to 20 fold increased 
levels of expression with a maximum in the evening hours and a slow decrease during the 
night. In DD FBP C1 showed low expression during the afternoon and then started to slowly 
regenerate transcript levels reaching the basal expression of LD at ~3 a.m. of the second day. 
FBP C2 and C3 show a very similar transcript pattern. In general, the difference between LD 
and DD for both genes was weak, but it is apparent that their LD expression was slightly 
increased during the light hours compared to the DD situation. In contrast, FBP C4 seems to 
be rather unregulated. We only found a very slight increase of transcripts after longer phases 
of darkness. The expression of plastid encoded RBC S followed a diurnal pattern as well. 
Light exposure in LD enhanced the expression levels similar to PRK and most of the FBPs. 
The relative expression changes were moderate with maximum manifold changes of about 
11 times. 

All thioredoxins showed light dependent expression patterns, albeit very weakly in the case of 
TRX Y1 (Figure 3.1C). TRX F and TRX M both followed a light enhanced diurnal expression 
pattern with a maximum at midday and early afternoon while expression was low at the 
evening and night, while the transcript levels of TRX Y1 seemed to be rather constant. TRX Y2 
showed some very interesting peculiarities, here the increase during the afternoon and early 
evening was strongly enhanced when light is missing and exhibited higher basal expression 
levels at the second day in DD. 

3.3.2 Pseudo absolute relative quantification (PAR-qPCR) 
 

One downside of relative qPCR manifests in its inability to set relative changes into an 
absolute quantity perspective. A strongly regulated gene in relative terms may still not change 
by much in absolute terms: weak relative changes of a strongly expressed gene may have a 
higher impact on the cell than strong relative changes of a weakly expressed gene. We 
developed a novel analysis strategy for relative quantification, which is able to partially 
compensate for this missing perspective. To this end a comparison of transcript abundances 
between all the different genes is necessary. By normalising all genes against the same set of 
endogenous references in all samples such a comparison is principally possible. Since in case 
of intercalating dyes fluorescence of the DNA strand/dye complex depends on the amount of 
bound dye and hence on the length of the DNA strand, application of an amplicon length 
compensating factor  is 

required here. 
The geometric mean of the biological replicates was determined for all genes and samples. 
The lowest geometric mean of the transcript levels observed for any sample, gene and 
condition (GAP C1 LD 24h) was used as calibrator for the complete dataset. Thus every data 
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point is given as a positive multitude of this lowest mean expression level (“elemental unit”). 
As this calculation describes the comparative transcript ratios by approximation only, we 
termed this quantification strategy pseudo absolute relative qPCR (PAR-qPCR). A modified 
box plot diagram was selected for visualisation. For each biological replicate, condition and 
gene a box plot is generated summarising the relative quantities over all twelve samples. The 
results are shown in Figure 3.2. 

 
Figure 3.2 PAR-qPCR analyses of the investigated Calvin cycle and thioredoxin transcript levels. All genes 
were calibrated against the geometric mean of the lowest expression of any sample, condition and gene (GAP C1 
LD 24h). The y axis shows relative manifold changes compared to this lowest mean expression. Each replicate is 
represented with a modified box-plot: for each gene, condition and technical replicate the median is marked as a 
black line. The upper and lower limits of the box are defined by the respective 75% and 25% quantile of the data 
points of one gene and condition. The whiskers indicate the highest and lowest transcript amounts observed. The 
x axis shows all investigated genes divided into LD (light box plots) and DD (dark box plots) conditions. Genes 
with lower transcript amounts are additionally shown in the zoom-in box on the upper left. 

Interestingly, our approach reveals that GAP C1 at certain time points exhibited the lowest as 
well as one of the highest comparative amounts of transcripts. Its maximum expression 
surpassed RBC S and FCP B by far and was only matched by the maximum expression of 
PRK, punctuating the extreme transcriptional regulation for GAP C1 and PRK. The PRK 
gene, although showing a smaller increase in transcripts than GAP C1, reached maximum 
absolute transcript numbers comparable to GAP C1 in LD. RBC S exhibited a relatively high 
minimum expression. Therefore even moderate relative changes resulted in a strong absolute 
increase. Another highly expressed gene is TRX Y1, which showed weak manifold changes 
throughout the day. Its minimum expression was nevertheless higher than RBC S maximum 
expression. The other thioredoxins were abundantly expressed as well, with TRX F expression 
being weaker than TRX M or Y2 expression. 
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Interestingly FBP C1, which was the most strongly regulated FBP, was only weakly 
expressed compared to the other genes. The minimum expression was almost as low as the 
one of GAP C1, which was the lowest observed. Even at maximum expression FBP C1 did 
not reach the levels of most other investigated genes minimum expression. 
FBP C2 and C3 exhibited a moderate transcriptional expression with C2 reaching about two 
to three times higher absolute expression levels than C3. The minimum expression of FBP C4 
was quite high and thus even the comparatively low manifold changes led to maximum 
expression levels comparable to RBC S. FBP C4 seems to be expressed constantly at a 
relatively high level even if it showed no high expression peak.  
 

3.3.3 Protein expression levels of selected Calvin cycle genes 
 

We quantified protein levels of PRK, GAP C1 and the large subunit of RuBisCO (RBC L) via 
immunoblot analyses. To verify that these immunoblot analyses are capable to quantify 
significant relative differences between samples we performed additional immunoblot 
experiments to determine the signal linearity of the western blot analyses (Supplemental 
Figure 3-SI). We can demonstrate good signal linearity for the investigated antisera even if 
small relative change differences (< 2 times) cannot be resolved adequately. Three 
independent replicates were analysed from cultures treated identically compared to the cells 
for RNA preparation, plus one more sample (36h) in order to compensate for any possible 
expression lag between transcription and translation. As western blotting is no end point 
quantification method and quantification sensitivity depends on saturation of the individual 
blot, the first sample at 12 a.m. was used as calibrator. This sample features highest 
comparability between all replicates and conditions because cells were cultivated identically 
until the start of the sampling. 
PRK and RBC L exhibited light dependent protein expression patterns, while GAP C1 protein 
levels did not show obvious light or time dependent patterns (Figure 3.3). 
RBC L showed a relatively high protein level at midnight, which dropped down during 
darkness. The next morning at about 9 a.m. levels were increasing again even in the DD 
condition, but here the levels quickly decreased again without light. In the LD condition the 
protein levels remained high and only decreased with the onset of the second night. In the 
morning of the second day the levels started to rise again. In the DD samples protein levels 
were also slightly increased around midnight hours of the second night but dropped off if 
there was no light exposure. In the LD condition PRK levels peaked at around 12 p.m., in one 
replicate somewhat later at 18 p.m. Protein levels declined again at the late evening and at 
night. The next morning expression levels were increasing again. In the DD condition PRK 
levels did not rise significantly at the first morning. 
The GAP C1 expression patterns were very inhomogeneous. A common feature was a strong 
expression during the whole sampling period in all replicates and distinct but relatively weak 
irregular increases and decreases during the day. The protein levels did not follow a diel 
rhythm and were not connected to light exposure. 
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Figure 3.3 Relative quantification of protein levels of GAP C1 (A), PRK (B) and RBC L (C) by densitometric 
western blot analysis using the ImageJ software. Three independent replicate cultures were analysed per 
condition (LD & DD) each represented by a histogram. The cultures of both conditions were cultivated 
identically before the start of the experiment. Therefore the first sample 0h is comparable for each replicate and 
was applied as calibrator. The y axis represents the relative manifold change in protein abundance. Sampling 
times are plotted on the x axis. Below the histograms the corresponding western blots used for quantification via 
ImageJ are presented. For the third replicate of LD the sample at time point 9h was missing for GAP C1 and 
RBC L. The missing values were approximated for relative quantification by using another blot and normalising 
the missing sample via the neighbouring samples 6h and 12h marked by the black boxes. The first replicate of 
PRK DD was suspect of insufficient staining of the calibrator sample 0h. Therefore samples 0h and 3h were 
repeatedly analysed. Sample 0h signal intensity is higher than of sample 3h. For Calibration the 0h sample was 
substituted by a remeasured blot and sample 0h was normalised via sample 3h (see black box). To improve 
visibility of the signal bands the immunoblots of PRK LD III and DD III were adjusted in brightness and contrast 
in a linear way compared to original form used for ImageJ quantification (PRK LD III: Brightness -26% Contrast 
+65%; PRK DD III: Brightness -32% Contrast +74%).  
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3.4 DISCUSSION 
 

3.4.1 Prospects and limitations of PAR-qPCR 
 

One of the greatest shortcomings of relative mRNA quantifications is that it does not provide 
information on the absolute amounts or the order of magnitude of the abundance of an 
individual gene. In consequence the same relative manifold change may result in very 
different changes in absolute abundance for two individual genes. Transcript levels may be 
indicators for the activity of metabolic pathways being complemented by translational and 
post-translational control. Thus transcript levels do not necessarily equal protein levels as 
mRNA stability, RNAi, the assembly of the translation initiation complex, codon usage and 
RNA secondary structures may affect the effective transformation of RNA to protein [72-74]. 
When investigating a metabolic pathway like the Calvin cycle it would be very advantageous 
to obtain an estimation of the order of magnitude of each gene’s expression. 

For the PAR-qPCR approach described in this paper, it is important to have a weakly 
expressed gene as calibrator. When the transcript abundance of the calibrator is derived from 
a single template copy per cell, the respective relative quantification would equal an absolute 
quantification. Thus the more genes are compared, the higher are the chances to find a gene, 
which is weakly expressed in at least one sample, approaching a single template copy per cell. 
Regardless of how close the sample comes to this ideal, a relative comparison of different 
genes in a wider context can be obtained setting the relative abundances of all genes into 
perspective resulting in a better scaling of the relative changes to the true absolute 
abundances. PAR-qPCR can be applied to all real time relative quantification strategies. If 
many genes are investigated it is probably not necessary to add extra genes for this kind of 
analysis. However, we recommend adding a “calibrator gene” if there is no weakly expressed 
gene among the tested genes and to use a gene known to be highly expressed as reference for 
estimating the amount of transcripts. When applying PAR-qPCR to data obtained through 
quantification strategies dependent on DNA binding fluorescent dyes it is critical to ensure 
equal amplicon lengths or application of a respective equalising factor. In the case of probe 
based quantification strategies this is not necessary as then the signal intensity is independent 
of amplicon lengths. There are of course limitations to this kind of analysis. Differences in 
PCR efficiency, limitations imposed by real time PCR master mix signal linearity and errors 
due to reverse projection of amplicon lengths may influence the output of the estimation. And 
although PAR-qPCR helps to identify genes, whose relative expression seems to be more or 
less important for absolute transcript levels, the task of an individual gene has to be taken into 
account as well: a very weakly expressed gene, which exhibits a strong relative quantification 
may not impact absolute transcript levels much, but if the gene product is involved in signal 
transduction processes, the impact on the cell might be very strong nonetheless. And despite 
its global application, it is no real absolute quantification as the exact transcript abundance of 
the calibrator is unknown. 

3.4.2 Diel light dependent Calvin cycle gene expression 
 

For analysis of transcript and protein levels qPCR and western blot analysis were employed 
both supplying relative ratios for gene/protein content. qPCR is a very sensitive method with a 
high dynamic range, which is providing accurate consistent data. Western Blot analysis on the 
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other hand is characterised by a very variable sensitivity and dynamic range, which are 
defined by factors like film saturation, antibody quality or uneven background. An 
expressional profile of genes of Calvin cycle enzymes and plastidic TRXs of P. tricornutum 
were obtained for a standard 16/8 h day night cycle (LD). By the comparison of cultures in a 
light/dark cycle with cells that were kept in the dark, responses to light can be distinguished 
from circadian effects. As the experiments started with the onset of darkness, the first night 
was comparable between LD and DD and differences due to the lack of light became only 
visible afterwards. 

3.4.3 Nuclear encoded Calvin cycle enzymes 
 

PRK and GAP C1 feature huge rhythmic changes of relative transcript amounts over the day 
that in this extent have not been observed for plant Calvin cycle gene expression rates under 
similar light conditions [43-45]. Calculating the relative expression rates for Zea mays from 
the microarray raw data of Khan et al. [44] (Supplemental Table 3-SI) and looking at 
transcriptional abundances in A. thaliana by referring to experiments of similar experimental 
conditions (eFP Browser databank [43]), we found maximum relative changes for any of the 
investigated Calvin cycle genes not to be greater than ~2 fold in case of Z. mays and no 
greater than ~3,35 fold in A. thaliana. 
Besides small nuances in the diurnal rhythm it is apparent that GAP C1 and PRK are highly 
regulated at the transcriptional level. While GAP C1 transcription primarily follows a light 
insensitive diurnal rhythm, PRK diurnal transcription is strongly stimulated by light. In our 
analyses the transcript levels of both GAP C1 and PRK peaked at about 1 to 4 hours after light 
exposure in LD condition. While PRK showed a narrow peak quickly falling back to low 
levels of expression, GAP C1 showed a much broader sustained expression peak. This may 
indicate a shorter half-life of PRK transcripts than GAP C1 transcripts or a more effective 
regulation by putative micro RNAs [75].  
Absolute transcript abundances reached similar maximum levels for both genes as PAR-qPCR 
analysis revealed, implying co-regulated transcription levels. These maximum absolute 
transcript levels were much larger than those of the strongly expressed RBC S and the light 
induced FCP B, emphasising the strong regulation of PRK and GAP C1 transcription. In 
higher plants the plastidic GAP-DH and the PRK apparently are co-regulated on the post-
translational level by forming a complex with the inhibitory CP12 protein [40, 76, 77]. Only 
upon thioredoxin mediated reduction of CP12 both enzymes are released and active [40, 78]. 
This tight control of the two energy consuming steps of the Calvin cycle by CP12 is not 
feasible in P. tricornutum because no gene for a functional CP12 has been found in the 
respective genome (http://genome.jgi-psf.org/Phatr2/Phatr2.home.html). Our transcriptional 
results suggest that this missing regulation is substituted in part by an enhanced transcriptional 
regulation in P. tricornutum compared to plants. Lacking redox regulation of PRK and 
GAP C1, a high expression of their genes during the early hours of light will allow the algae 
to build up the transcript levels to develop a high capacity for carbon assimilation lasting 
through the light period. On the other hand in the later afternoon and evening it would not be 
advantageous to sustain such a high expression. Interestingly an increase of PRK/GAPDH 
expression can already be seen at night, starting at 3 a.m. This indicates that the algae are 
following a circadian rhythm expecting the light and preparing their expression to quickly 
react to incoming light. A recent study by Chauton et al investigated transcriptional regulation 
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of many carbon metabolism related pathways in P. tricornutum via microarray analyses [79]. 
A direct comparison is complicated by different experimental designs, differing in light 
intensities, sampling time points and the data calibration strategy. Nonetheless it is obvious 
that the results on genes investigated in both studies namely FBP C1, PRK and GAP C1 
principally are in agreement: FBP C1 steady state levels are decreased in the early light hours 
and only increase towards the evening. The levels during darkness are still increased 
compared to the early day. PRK exhibits a strong expression early in the day decreasing 
continuously to minimum levels during early darkness. GAP C1 transcript levels exhibit in 
both cases a clear down regulation in the late evening and early darkness. While the study of 
Chauton et al. is not showing the strong increase in transcript levels between one to seven 
hours after light exposure for GAP C1, this is likely based in the more restricted dynamic 
range of microarrays compared to qPCR. Microarray hybridisation spots have a limited 
binding capacity, which can lead to saturation effects if the maximum binding capacity is 
reached, a known problem for microarray analyses [80]. In this study evidence for an 
enormous increase of transcripts for GAP C1 is provided by relative and PAR-qPCR. Also 
GAP C1 transcript levels are already strongly increased shortly before light exposure. Thus, 
as Chauton et al. calibrated against transcript levels 30 minutes before light exposure, these 
were likely already at saturating levels, resulting in a misleadingly constant expression level 
of GAP C1 during the light hours. 
The PRK protein level mostly follows the transcript levels, being highly increased in the LD 
condition during the light period and decreasing in the dark period. Interestingly even with the 
narrow peak of transcription the PRK protein levels remain high during the whole light period 
just quickly decreasing with the onset of darkness. This indicates a high PRK protein stability 
and a highly controlled degradation in darkness. Furthermore PRK protein levels stay low in 
DD conditions even when transcripts increase, indicating a clear light dependent post-
transcriptional control to prevent elevated PRK levels in the dark. A general decrease of 
Calvin cycle gene expression of energy consuming PRK and GAP-DH in prolonged darkness 
has also been observed in A. thaliana leaves [76]. Protein levels apparently are slightly 
elevated in enduring darkness coherent with a short spontaneous increase in transcript 
abundance observed after 18h to 24h of darkness. It is possible that this response may prepare 
the cells for a rapid response to incoming light.  
Surprisingly, it was found that GAP C1 protein levels do not follow their corresponding 
transcript levels, being rather stable over time regardless of light conditions. Similarly to the 
respective transcript levels, GAP C1 protein levels are comparably abundant in DD and LD. It 
seems obvious that one or more post-transcriptional regulation processes strongly modulate 
the formation of these protein levels, which clearly deviate from the expectation the 
transcriptional data is suggesting. The light-independent occurrence of GAP C1 might 
indicate that this enzyme is not exclusively involved in the Calvin cycle of P. tricornutum, but 
could be important for other metabolic pathways. In mammalians GAP-DH is involved in 
very different further functions like for example in apoptosis, in translocation of RNA or in 
DNA repair and was therefore dubbed to be a “moonlighting” enzyme [81-83]. For the 
plastidic GAP-DH of the green alga Chlamydomonas reinhardtii a similar “moonlighting” 
function was observed as it is able to facilitate a thiol-disulfide exchange with the CP12 
protein [84]. One possible “moonlighting” function of P. tricornutum GAP C1 could be the 
involvement in other metabolic reactions that occur in the dark like glycolysis and 
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gluconeogenesis. A glycolytic function seems unlikely as there are no known storage 
carbohydrates in the plastid [19], but another possibility could be the involvement of GAP C1 
in a plastidic gluconeogenesis pathway. Calvin cycle and gluconeogenesis share many 
reaction steps, and isoforms of all enzymes necessary for the second half of gluconeogenesis 
can be found in the diatom plastid based on genome annotations [29]. Accordingly, PRK and 
RuBisCO, which are not part of gluconeogenesis, feature low protein levels during darkness. 
Gluconeogenesis, however, would depend on FBP activity. There are four different FBP 
isoforms in the P. tricornutum plastid, of which FBP C4 might be, at least according to the 
observed transcriptional levels, the most likely candidate to be involved. Its primarily light 
independent expression at high transcript levels, together with a slight increase in prolonged 
darkness, indicates that it might be required for a metabolic process occurring in the dark. 
Residual metabolite pools of the Calvin cycle and glycerol released by storage lipid 
degradation could provide substrates for gluconeogenesis. The light independent generation of 
C6 sugars and, in combination with the oxidative pentose phosphate pathway (which in 
diatoms is located in the cytosol [27]), also of C5 sugars and NADH/H+ could provide 
anabolic compounds for cytosolic nucleotide synthesis, protein and lipid glycosylations, 
osmolyte generation and NADH/H+ dependent reactions. So far it is unclear how light may 
induce transcription in diatoms, however, in EST libraries from P. tricornutum [54] a strong 
increase of PRK and GAP C1 transcripts represented by ESTs is found in cells that had been 
cultured under blue light conditions indicating that blue light receptors like cryptochromes or 
the recently identified aureochromes [51] might be involved. 

3.4.4 RuBisCO 
 

Interestingly the moderate manifold changes of RBC S result in large differences of total RNA 
due to a comparatively high basal expression rate. In the LD samples the relative changes are 
even smaller. Light mainly sustains the transcript levels during the day with no strong peak 
increase during the day. As RuBisCO is the most abundant protein in photosynthetic 
organisms, this may be a reasonable strategy: sustaining and renewing the RuBisCO pool, 
while light and energy is abundant and reducing the rate of renewal when light is missing. 
Due to its high minimum expression RuBisCO is a quite abundantly expressed gene and 
therefore it can be assumed that over a whole day huge amounts of RuBisCO protein are 
generated even if there is no high expression peak. We studied transcript levels of RBC S and 
protein levels of RBC L due to the limited availability of antisera. However, both genes are 
located on the plastid genome of P. tricornutum and are co-transcribed from a shared operon 
similar as in Cylindrotheca sp. [85]. Wawrik et al. [86] monitored diel RBC L transcript levels 
in P. tricornutum and obtained results matching our data for RBC S. Thus similar expression 
patterns can be assumed for both subunits. Both are needed in an equal stoichiometry and are 
most likely underlying the same plastidic transcriptional and post-transcriptional regulation 
mechanisms. Accordingly, the protein levels for RBC L match the transcriptional data. Free 
RBC L levels seem to be quickly and co-ordinately degraded in the dark thus and the 
observed sustained transcriptional levels at light exposure might prevent degradation of free 
RBC L. Accordingly it may be assumed that free RuBisCO protein levels are directly linked 
to transcriptional expression levels without any major additional mechanisms of post-
transcriptional control in P. tricornutum. 
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Wang et al. [87] provided evidence that in rice RuBisCO content is relatively stable only 
slightly reduced during night time, while enzymatic activity is highly variable during the day, 
indicating that expressional regulation is more important in diatoms compared to higher 
plants. A possible post-translational regulation of RuBisCO in red type plastids has been 
proposed recently. The AAA+ ATPase CBB X functions as a novel activase of red type 
RuBisCO similarly to the green lineage RuBisCO activase [36, 88]. Functional studies do not 
indicate redox sensitivity of CBB X and an autoregulatory mechanism of CBB X activity 
controlled indirectly by light has been proposed [88]. 

3.4.5 Thioredoxins 
 

While TRX F and TRX M, which in land plants plastids are specific redox regulators [9] and 
thus could be potential regulators of the FBPs in P. tricornutum, show a diurnal rhythm 
enhanced by light, TRX Y2 exhibits some very interesting peculiarities. While it follows a 
diurnal pattern with increased transcript levels during afternoon and early evening, this 
increase is strongly enhanced if light is missing and leads to higher basal expression levels the 
following day in the dark. This suggests that light is not directly influencing TRX Y2 gene 
expression but the absence of light is indirectly stimulating it, indicating that it might rather 
be involved in other tasks like electron donor reactions in the dark [89] than in light-driven 
redox regulation. 
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3.5 CONCLUSIONS 
 

While in land plant plastids redox regulation of key enzymes of the Calvin cycle via 
thioredoxin is the most important way to shut down the Calvin cycle in the dark, in 
P. tricornutum plastids only the two FBP isoforms FBP C2 and C3 are known to be redox-
regulated by thioredoxin, raising the question whether other regulatory mechanisms are 
involved. Our results indicate controlled expression of the apparently not redox-regulated 
PRK and GAP C1 may control the Calvin cycle during the day. Accordingly, the redox-
regulated FBPs only show weak changes on the transcriptional level. Of special interest is the 
observation that despite strong up and down-regulation of GAP C1 at the transcriptional level 
the protein levels stay at a rather constant level, raising important questions about the nature 
of the regulation involved and its significance for the cell. From the available data we propose 
a preliminary model for the Calvin cycle regulation in diatoms for a standard diel 
environment (Figure 3.4). Increased expressional regulation has been observed in other  

 
Figure 3.4 Preliminary model of Calvin cycle regulation in P. tricornutum based on the available data. 
Importance of transcriptional (yellow) and posttranscriptional (green) control including posttranslational control 
(in blue/violet) is symbolised by the size of the rays. PRK and GAP C1 are both highly regulated at the 
transcriptional level. As GAP C1 protein levels are apparently different from transcript expectations there must 
be a strong posttranscriptional control as well. PRK protein levels show some variability but are mainly coherent 
with transcript levels. Transcript levels of FBPs are not highly regulated or in the case of FBP C1 do not have a 
high impact on absolute amounts and it is unlikely to be an important regulator of the Calvin cycle in marine 
diatoms. As there is no protein data on the different FBPs, their posttranscriptional control is still unknown and 
marked with a black line and a question mark. In addition further post-translational regulation may occur: redox 
regulation of FBPs and activation of RuBisCO by the CBB X protein. 
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unicellular species as well: in the haptophyte Pavlova gyrans, cyanobacteria of the 
Synechococcus and Prochlorococcus species and the heterokont alga Heterosigma carterae 
clear and pronounced light dependent diurnal transcriptional changes of RuBisCO have been 
reported [90-93]. Therefore an enhanced expressional regulation of the Calvin cycle may be a 
common feature of unicellular algae, which have to survive in potentially quickly changing 
environments. On the other hand recently new data comparing protein and transcript levels in 
the cyanobacterium Prochlorococcus MED4 revealed that in spite of strong transcriptional 
changes of RuBisCO, PRK and other Calvin cycle enzymes their protein levels remained 
fairly constant [94]. Thus besides a common increased transcriptional regulation in unicellular 
photosynthetic organisms, diatoms show strongly changing protein levels as well. PRK and 
GAP C1 are proteins which are highly co-regulated in higher plants by interaction with CP12 
forming a redox sensitive complex. The extreme transcriptional regulation observed for both 
genes in P. tricornutum suggest that expressional regulation may compensate the absence of a 
regulatory CP12 protein. This complete absence may not be a universal feature of all diatoms 
as it is described that in the freshwater diatom Asterionella formosa GAP C1, but not PRK, is 
redox sensitive and found in association with a small protein likely to be CP12 [95, 96]. 
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3.6 MATERIAL AND METHODS 
 

3.6.1 Cell culture 
 

Phaeodactylum tricornutum (University of Texas Culture Collection, strain 646) was grown 
in semi-continuous airlift cultures at 20 °C and 45 mol photons m-2 s-1 in a light/dark cycle 
of 16/8 hours. The cells were cultivated in f/2 enriched seawater medium [62, 63] at a final 
salt concentration of 50% compared to natural seawater. The cells were adapted to these 
cultivation conditions for at least 3 weeks before samples were taken. The experiments were 
timed to the mid-exponential growth phase of the cultures. Cultures were grown in duplicates. 
At the beginning of the experiment (shift from light to dark) one of the cultures was placed 
into complete darkness (DD) while the other culture maintained the light/dark cycle (LD). 
Over a period of 33 hours a total of twelve samples were harvested every three hours and 
prepared for qPCR. Altogether three sets of duplicate cultures were harvested. 

3.6.2 RNA extraction 
 

Cells were harvested by centrifugation at 5000g and the pellet was frozen in liquid nitrogen 
and pestled. Powdered cells were treated with an RNA extraction reagent (TRIzol® reagent, 
Life Technologies, Darmstadt, Germany) according to the manufacturer’s instructions. The 
aqueous phase was then purified to minimize DNA contamination using an RNA affinity spin 
column (RNeasy® spin column. Qiagen, Hilden, Germany). The amount of purified RNA was 
determined by UV absorption at 280/260 nm. To eliminate traces of genomic DNA, 3 g of 
RNA per sample were treated with DNase (Ambion® TURBOTM DNase, Life Technologies, 
Darmstadt, Germany) according to the manufacturer’s instructions. The RNA concentration 
of the DNAse treated samples were determined by UV absorption at 280/260 nm. 

3.6.3 cDNA synthesis 
 

350 ng of DNA-free RNA per sample were reversely transcribed without additional DNA 
digest using a reverse transcription kit (QuantiTect® Kit, Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions. The resulting cDNA preparations were diluted 2.5 times 
with nuclease-free water before use. 

3.6.4 Primer design 
 

Primers for qPCR were manually designed. Long repeats of A/T were avoided. G/C contents 
were kept between 40-60%. It was taken care that at least one, preferably two, bases at the 3 
last positions of the 3’-end of the primers were either G or C. Primer lengths from 19-21 bp 
and amplicon lengths of 100-220 bp were preferred. Thermodynamic melting temperatures 
(REviewer, Thermo Scientific, http://www.thermoscientificbio.com/webtools/reviewer/) from 
58.5°C to 64°C were accepted. Primers were designed to bind close to the 3’-terminus of the 
cDNA. The primer pairs were checked to avoid stable homo- and heterodimers as well as 
hairpin structures (REviewer, Fermentas). Supplemental Table 3-SII lists all primers used 
for qPCR. 

3.6.5 qPCR 
 

For quantitative Real-Time PCR an Abi7500 fast qPCR-cycler was used. Quantification was 
performed by a standard fast 2-step qPCR protocol using a commercial SYBR Green 
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analogon qPCR Master Mix (goTaq qPCR Master Mix, Promega, Mannheim, Germany) for 
specific low background amplification for fluorescent quantification (primer concentration: 
450 nM; annealing/elongation temperature: 57°C). A single gene was quantified for all 
samples of one condition and experimental replicate per run. Measurements of true sample 
replicates were conducted as five technical replicates of 1 l cDNA each. Outliers were 
manually detected and omitted from further analysis but at least three technical replicates 
were used per sample. For quality control each run was accompanied by a corresponding no 
template control (NTC) and by post-run melting curve analysis. 

3.6.6 qPCR-analysis 
 

3.6.6.1 PCR-Miner 
 

Only raw fluorescence data obtained by the Abi7500 fast qPCR-cycler was used for further 
analyses. To determine crossing point (Cp) and primer efficiencies for each sample the freely 
available web-application PCR-Miner Version 3.0 (http://www.miner.ewindup.info/) was 
used according to the author’s instructions and standard parameters were set, if not stated 
otherwise [64]. The applied algorithm determines Cp by using the second derivation 
maximum (SDM) as comparable parameter of the curves. Live efficiencies are determined for 
every single sample by a complex and comprehensive curve progression analysis. These 
efficiencies are further incorporated into primer pair specific mean efficiencies for individual 
samples and all samples of the run. 
Run-specific efficiencies (specific to culture conditions and experimental replicates) derived 
from all samples were considered for relative quantification. In this way variations of PCR 
efficiencies, due to different culture conditions and variations in replica-measurements, were 
taken into account. Additionally, the calculation of efficiencies from larger subsets (one run) 
guarantees a high statistical relevance, which would be poor if sample- or well-specific 
efficiencies were used. Supplemental Table 3-SIII summarises the Cp values and 
efficiencies determined by PCR-Miner and lists the corresponding statistical data for each 
measurement. 

3.6.6.2 Relative quantification of individual genes 
 

Relative quantification was performed by using the efficiency dependent Cp-method [56]. 
Sachse et al [97] determined endogenous reference genes for the conditions identical to this 
study. Thus we used the recommended endogenous reference genes RPS, TBP and HPRT in 
this study. To normalise against multiple references the geometric mean of their  values 
was determined for every sample in each replicate [59]. The calibrator sample can be freely 
chosen. To generate a visualisation, which can be easily interpreted, the geometric mean of all 
three experimental replicates for all time points was determined for each gene and the lowest 
mean expression rating was used as calibrator over all experiments and conditions for the 
respective gene. This resulted in mostly positive multitude changes in expression over time 
and conditions: minima and maxima in expression are easily discernible. 

3.6.6.3 Pseudo absolute relative quantification of all gene 
 

A new analysis strategy was developed, which was termed pseudo absolute relative qPCR 
(PAR-qPCR). It is explained in detail in the results and is reviewed in the discussion. 
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3.6.7 Protein extraction and quantification 
 

Diatom cells were centrifuged at 5000 g and the pellets were frozen in liquid nitrogen. For 
protein isolation the cell pellets were resuspended in 50 mM Tris pH 8.0 supplemented with 
protease inhibitor (CompleteTM EDTA free, Roche, Grenzach, Germany). The cells were 
disrupted by ultrasonification. Insoluble particles and cell debris were removed by two 
centrifugation steps at 4°C and at 20800 g for 30 minutes each. The protein concentration of 
the supernatant was directly determined via fluorometric protein quantification (Qubit® 
protein assay kit, Life Technologies, Darmstadt, Germany) according to the manufacturer’s 
instructions and the designated amount of protein for SDS PAGE was prepared by boiling 
with 1x sample buffer [98] modified to contain a final concentration of 44 mM DTT instead 
of -mercaptoethanol. 

3.6.8 Western blotting 
 

Protein separation by one dimensional SDS-PAGE was performed as described before [98]. 
12 % polyacrylamide gels were loaded with 8 g of total protein extract per lane. To control 
for correct loading colloidal Coomassie stain (Roti®Blue, Roth, Karlsruhe, Germany) used to 
the manufacturer’s instructions was performed for identically prepared SDS-PAGEs. For 
immunoblotting the successful transfer of the proteins from the SDS gels to the nitrocellulose 
membranes were controlled by Ponceau S reversible protein stain of the membrane and 
colloidal Coomassie stain of the blotted SDS gels. 
Immunoblots were performed as described earlier [99, 100] using primary antisera against 
GAP C1 (described by Liaud et al. [101]), PRK and RuBisCO large subunit (Agrisera, 
Vännäs, Sweden, article no. AS03 037). Blocking reagent (Roti®Block, Roth, Karlsruhe, 
Germany) was used for blocking the nitrocellulose membrane. The primary antisera was 
incubated at 8 °C overnight. After all antisera incubations the membranes were washed three 
times with 20 mM Tris-HCl pH 7.5, 500 mM NaCl and 0.05 % (v/v) Triton X-100. Bound 
primary antibodies were visualised after incubation for 1-2 hours with secondary goat anti-
rabbit IgG (H&L), HRP conjugated antibody (Agrisera, Vännäs, Sweden, article no. 
AS09 602) by chemoluminescence (Roti®Lumin plus spray, Roth Karlsruhe, Germany) 
according to the manufacturer’s instructions. 

3.6.9 Quantification of Western Blot analyses 
 

Western blot films were digitalised by transmitted light scanning (Microtek SM I 800; 
tiff-format, 600 dpi, 32 bit colour). The scans were analysed by the freely available “ImageJ” 
software [102]. The images were transformed into 8 bit grey scale and the broadest lane-size 
which did not lead to overlapping bands was chosen. After defining all lanes, densitometric 
plotting was executed. In the obtained diagram the corresponding peaks were defined by 
drawing a line between the subjective baselines on the left and right hand side of each peak. 
The relative areas of the closed peaks were determined and used for relative quantification of 
protein amounts. Supplemental Figure 3-SII documents the ImageJ analyses in form of the 
lane definitions and their corresponding area plots including peak closure used for the relative 
quantification of all investigated immunoblots. 
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3.7 SUPPLEMENTAL MATERIAL 
 

Supplemental Figure 3-SI Signal linearity of immunoblot analyses 

Supplemental Figure 3-SII Documentation of ImageJ area plots, which were used for 
quantification of protein levels 

Supplemental Table 3-SI Calculation of maximum manifold expression changes for Calvin 
cycle enzymes in Zea mays 

Supplemental Table 3-SII qPCR Primers 

Supplemental Table 3-SIII Summary of PCR-Miner statistical data on Cp values and 
efficiencies of all samples 
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4.1 Abstract 
 

Fructose-1,6-bisphosphatase (FBP) is an important enzyme of the regeneration part of the 
Calvin cycle. In higher plants it is one of the enzymes controlled in activity by thioredoxin 
redox regulating reactions. In diatoms it seems to be the only Calvin cycle enzyme being 
susceptible to a redox regulation control. Thus to improve the understanding of the Calvin 
cycle regulation in diatoms in the future an FBP enzyme activity assay was adapted and 
optimised for Phaeodactylum tricornutum crude protein extracts. Furthermore codon usage 
optimised intein tag fusion proteins for the putatively redox regulated FBPs C2 and C3 of 
P. tricornutum were designed and generated. Additionally peptide antibodies with dual 
specificity were designed against FBP C2+3 and FBP C1+4. Gel filtration chromatography 
combined with immunoblotting and the FBP activity assay provide first indications for 
multimeric complexes of FBP, which would in principle allow allosteric regulation of other 
FBP isoforms or other Calvin cycle enzymes.  
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4.2 Introduction 
 

Fructose-1,6-bisphosphatase (FBP) is an important enzyme involved in anabolic pathways of 
phototrophic organisms. FBPs may occur in different cellular compartments and in different 
isoforms. The cytosolic isoenzyme is part of the gluconeogenesis pathway and catalyses a 
reaction which is reverse to that of the glycolytic enzyme phosphofructokinase, releasing the 
phosphate at position 1 from fructose-1,6-bisphosphate. The same catalytic activity is needed 
in the Calvin cycle, where the plastidic isoform is involved in the regeneration of Ribulose-
1,5-bisphosphate. Of the diatom Calvin cycle enzymes only the FBPs seem to be sensitive to a 
redox regulation in vivo [15, 19, 29, 32]. In the diatom Phaeodactylum tricornutum four 
different plastidic isoforms of FBP have been annotated. Two of these are lacking the 
respective cysteines needed for a redox regulation (isoforms C1 and C4; JGI protein IDs: 
42886 and 54279), while the other two proteins (isoforms C2 and C3; JGI protein IDs: 42456 
and 31451) possess the respective cysteines. FBP is known to form multimeric complexes 
[103]. The importance of redox regulation for the diatom Calvin cycle is still enigmatic [19, 
84, 95], but diatom plastidic FBP may be a target of redox regulation.  
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4.3 Material and Methods 
 

4.3.1 Cell culture 
 

P. tricornutum (University of Texas Culture Collection, strain 646) was grown on a shaker in 
batch cultures at 20 °C and 45 mol photons m-2 s-1 in a 16 hours light photoperiod. The cells 
were cultivated in f/2 enriched seawater medium [62, 63] at a final salt concentration of 50 % 
compared to natural seawater. Samples were taken from the culture in the mid-exponential 
growth phase.  
Escherischia coli XL1 blue and E. coli ER2566 was cultivated in shaken batch cultures at 
37 °C at 220 rpm. Cultures were grown in lysogeny broth (LB) media [104, 105]. For growth 
on solid media it was supplemented with 1.5 % (w/v) agar and for selective media ampicillin 
was added to a final concentration of 100 g/ml. Plates were cultivated at 37 °C. 

4.3.2 Cell disruption 
 

Samples of P. tricornutum were concentrated via centrifugation (max 5000 g) and discarding 
of the supernatant. The resulting pellet was resuspended in 50 mM Tricine (pH 7.5 if not 
stated otherwise) including protease inhibitor (CompleteTM EDTA free, Roche, Germany). 
The cells were kept on ice and were disrupted via three rounds of French press [106] at 
500 PSI (= 63.2 mPa). The disrupted cells were centrifuged at 4 °C and 20817 g two times 
(first time 20 minutes, second time 10 minutes) to remove insoluble cell debris. Some of the 
samples, which were directly used for the enzyme activity assay, were applied to desalting 
columns (PD-10, GE Healthcare, Germany), to minimise endogenous residual substrates for 
the assay reactions, which interfere with the activity determination. 

4.3.3 Fractioning of P. tricornutum proteins by gel filtration 
 

Raw protein extracts obtained after cell disruption were additionally filtered through a micro-
filter (Millex®-HVsyringe driven filter unit, 0,45 m PVDF low protein binding; Millipore, 
Japan) to prevent clogging of the gel filtration matrix. A Superdex 200 10/300 GL gel 
filtration column was used with a FPLC apparature (ÄKTA purifier UTC 10) to separate 
proteins. The column was equilibrated manually with at least 2 CV (column volumes) of 
running buffer (50mM Tricine, pH 7.75; 150 mM NaCl. Protein separation was run at a flow 
rate of 0.3 ml per minute and fractioning started immediately. Fraction size was 1 ml. Protein 
elution was detected by UV absorption with a photodetector at 280 nm. A size calibration for 

Table 4.1 List of protein standards for gel filtration including concentrations applied in the 
calibration mix. 

Protein
Molecular weight 

(Mw) 
Applied 

concentration Source

Ribonuclease A 13 700 3 mg/ml Bovine pancreas
Carbonic anhydrase 29 000 3 mg/ml Bovine erythrocytes

Ovalbumin 44 000 4 mg/ml Chicken egg white
Conalbumin 75 000 3 mg/ml Chicken egg white

Aldolase 158 000 4 mg/ml Rabbit muscle
Ferritin 440 000 0.3 mg/ml Horse spleen

Thyroglobulin 669 000 5 mg/ml Bovine thyroid 
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the column was performed by determining first the column’s void volume by monitoring the 
elution volume of Blue Dextran 2000 at identical running conditions. Afterwards the elution 
volumes of a mix of standard proteins of known size (Table 4.1) were documented. For each a 
volume parameter (Kav) is calculated by formula 4.1. A linear calibration curve was obtained 
by plotting each protein’s Kav against the common logarithm of the corresponding molecular 
weight. The linear relationship allows the determination of molecular weight from the elution 
volume via the corresponding Kav value. 

 

Formula 4.1 Calculation of the volume parameter (Kav).  elution volume (sample/standard),  column void 
volume,  geometric column volume 
 

4.3.4 FBP activity assay 
 

The enzymatic activity of FBP 
was determined by spectro-
photometrical monitoring of the 
NADPH/H+ generation as 
described by Kelly et al. [107] 
(Figure 4.1). The enzymatic 
activity of FBP is coupled to the 
generation of NADPH/H+ by the 
addition of excess phospho-
glucose isomerase (PGI) and 
glucose-6-phosphate dehydro-
genase (G6P-DH). Phospho-
glucose isomerase is transform-
ing the product of the FBP 
reaction: fructose-6-phosphate 
is changed to glucose-6-
phosphate, which in turn is oxidised by the glucose-6-phosphate dehydrogenase to 
6-phosphogluconolactone. In this last reaction step NADP+ is reduced to NADPH/H+, which 
is quantified spectrometrically at 340 nm [108]. 
Raw protein extracts and gel filtration fractions were held and prepared on ice. For each 
sample 100 l were used for the enzymatic assay, which were diluted 6 times in a buffered 
solution (166.67 mM Tricine, pH 7.5; 16.67 mM MgCl2; 1.5 mM NADP+; 0.5 units of PGI 
and G6PH per sample). To initiate the assay the substrate D-fructose-1,6-bisphosphate was 
added to a final concentration of 4 mM in early tests and 150 M for later analysis. The 
samples were incubated at 23 °C prior to measurements. The absorption at 340 nm was 
recorded for about 10 minutes. From the data linear relationships were deduced, which 
correspond to the generated NADPH/H+. The amount of NADPH/H+ per time can be 
determined by utilising the respective molar extinction coefficient of NADPH/H+ at 340 nm 
(6300 litre mol-1 cm-1). The FBP activity correlates directly to the generation of NAPH/H+. 

Figure 4.1 Reactions facilitating the coupling of FBP activity with 
the  generation of NADPH/H+ as described by Kelly et al. (1982) 
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Enzymatic activities were measured as milli units (mU) and one unit is defined here as the 
conversion of 1 mol substrate per minute. The thus obtained enzymatic activities were 
further normalised against the protein concentration in the sample to calculate the specific 
activity, where possible. Protein concentrations were determined from the raw extracts by 
bicinchoninic acid (BCA) assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, 
Bonn, Germany). 
Raw protein extracts were either purified by PD-10 desalting columns and were immediately 
added with the substrate to start the assay or they were incubated for 40 minutes in the 
buffered solution before adding the substrate to reduce background signals of residual 
substrates in the raw extract. Besides the standard conditions described here several other 
experimental setups were tested to optimise the assay, differing in pH and redox environment.  

4.3.5 Design and Generation of peptide antibodies binding dually to FBP C2 and C3 or 
FBP C1 and C4 respectively 

 

The amino acid sequences of all FBP isoforms in P. tricornutum were analysed for 
homologous regions. For the design of the peptides to be used for antiserum generation it was 
important to avoid any cross reactivity with the cytosolic isoform of FBP (JGI protein ID 
23247). Two peptides were designed, one to be used for immunisation against the putatively 
redox regulated FBPs C2 (42456) and C3 (31451) and one to be used for immunisation 
against the putatively redox insensitive plastidic isoforms C1 (42886) and C4 (54279). The 
peptides need an N-terminal cysteine, which allows the linking to a carrier protein (KLH, 
Keyhole Limpet Hemocyanin) for immunisation and this cysteine was added to the sequence 
if necessary. A 14 amino acids long peptide sequence of FBP C2 was used for the 
immunisation of FBP C2+3, which had 93 % identity to FBP C3. The synthesised peptide was 
(NH2-) CVKRSQLPSSDTLGL (-CONH2). For the combination of FBP C1 and C4 a 
common motif of only seven amino acids could be found. The peptide sequences should not 
be too short else the specificity will be lost. Thus an 11 amino acids long peptide sequence of 
FBP C1 was used for immunisation, which had an identity of 64 % to FBP C4. The 
synthesised peptide was (NH2-) CWKRAELRDLE (-CONH2). An alignment of the FBPs, in 
which the used sequences are marked, can be found as Supplemental Figure 4-SI. Peptide 
synthesis and rabbit immunisation was performed by a company (Agrisera AB, Vännäs, 
Sweden) in a 15 weeks immunisation protocol including four antigen immunisation steps, one 
every four weeks, and final bleeding two weeks after last immunisation. Antisera were tested 
with crude P. tricornutum extract in immunoblotting. FBP C1+4 did not exhibit any 
reactivity, while FBP C2+3 showed a clear reactivity at ~70kDa (Supplemental Figure 4-SII) 

4.3.6 Generation of E. coli optimised intein tagged FBP C2 and C3 constructs 
 

Codon usage optimised sequences for FBP C2 (42456) and FBP C3 (31451) were designed 
using the GENEius software (Eurofins MWG). The sequences were optimised for expression 
in Escherichia coli K12 and each was modified to include additional unique restriction sites: a 
5’-terminal NdeI and a 3’-terminal SapI restriction site (Supplemental Figure 4-SIII). Both 
sequences were synthesised as synthetic genes (Eurofins MWG, Ebersberg, Germany). Each 
synthetic gene was isolated from the provided vector by a double digest of the NdeI and SapI 
restriction sites and gel elution from a 1 % agarose gel. Using the ImpactTM Kit (New England 
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Biolabs, Frankfurt am Main, Germany) these sequences were fused to a C-terminal chitin 
binding intein tag (~28 kDa) by introducing the sequences according to the manufacturer’s 
instructions into the pTXB1 vector utilising the NdeI and SapI restriction sites. The resulting 
vector was transformed into E. coli XL1 blue. These transformants were tested by colony 
PCR [109, 110] for successful transformation with the primers given in Table 4.2 

 

Primer
Protein ID 

(JGI1)
Length Tm

1

FBPC2_Intein for CATATGCGGTTTATGAATGAAGTTG 25 61.2°C
FBPC2_Intein rev CGTGATGCATTCATTGCTCG 20 60.6°C
FBPC3_Intein for CATATGAAACGGTTTATGACCG 22 58.6°C
FBPC3_Intein rev CGTGATGCACTCAATCCCAAAG 22 65.2°C

Sequence 5' -> 3'

42456

31451

2 Thermodynamic melting temperatures according to Thermo Scientific REviewer TM 

(http://www.thermoscientificbio.com/webtools/reviewer/)

1 Joint Genome Institute ( http://genome.jgi.doe.gov/Phatr2/Phatr2.home.html  ) 

 

The constructs were amplified in E. coli and isolated by miniprep (QIAprep Spin Miniprep 
Kit, Qiagen, Hilden, Germany). The sequences were verified by sequencing (GATC Biotech 
AG, Konstanz, Germany) of the vectors utilising the in the ImpactTM Kit described T7 and 
Mxe (GATTGCCATGCCGGTCAAGG) primer sites. The verified constructs were introduced 
into the overexpression E. coli strain ER2566 (ImpactTM Kit). Clones were tested for 
expression of the intein tagged fusion proteins by cultivation of the clones in lysogeny broth 
(LB) media [104, 105] at 37 °C until reaching OD600 of 0.25, 0.5 or 0.8. Then the expression 
of the FBP C2 and C3 fusion proteins were induced by adding IPTG (isopropyl -D-1-
thiogalactopyranoside) to a final concentration of 0.4 mM. An uninduced sample was taken 
beforehand as negative control. The cultures were cultivated for 3 hours after induction at 
37 °C before harvesting. Protein raw extracts were prepared via French press as described in 
4.3.2 only the buffer was changed to 50 mM Tris-HCl, pH 8.0 including CompleteTM EDTA 
free protease inhibitor. Equal amounts of proteins (15 g) per sample were separated in one 
dimensional polyacrylamide SDS gel electrophoresis like described before [98] modified to 
omit any reductive agent like DTT or -mercaptoethanol, which would induce the cleavage of 
the Intein tag. In some cases also pellet fractions were obtained and separated on one 
dimensional SDS-PAGE. To obtain pellet fractions each pellet was taken up in a volume of 
1x Laemmli sample buffer [98] corresponding to the volume of the pellet and incubated for 
10 minutes at 95°C. After cooling on ice the pellet samples were centrifuged for 30 minutes at 
4 °C with 20817 g and the supernatants were directly used for SDS PAGE. The resulting SDS 
gels were used for immunoblotting [99, 100] using an anti-CBD (chitin binding domain) 
antibody (ImpactTM Kit).  

Table 4.2 Primers used in screening for intein fusion constructs for FBP C2 and C3 in Colony PCR 
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4.4 Results 
 

Most data on FBP activity was obtained after starting the assay with 4 mM of the substrate 
D-fructose-1,6-bisphosphate. It became clear that at this substrate concentration inhibitory 
feedback effects decrease the enzymatic activity drastically, as earlier research [111] 
indicated. Accordingly the substrate concentration was set to 150 M, which is anticipated to 
allow highest enzymatic activity, for later assays. Despite the substrate inhibitory effects the 
principal effect of pH and redox environment on the enzyme activity were assumed to be not 
affected. 

There are 5 isoforms of FBP known in P. tricornutum, 4 plastidic isoforms putatively 
involved in the Calvin cycle and one cytosolic isoform important for glycolysis. In total 
protein extracts only the sum of their enzymatic activity can be determined. In order to 
determine the optimum pH for total FBP activity raw protein extract of P. tricornutum was 
investigated and FBP activity was determined in tricine buffered solutions of different pH 
values (7.5, 7.75, 8.0, 8.25, 8.5, 9.0, 9.5) (Figure 4.2 A). The samples were incubated for 
about 40 minutes without substrate to eliminate residual substrates left after cell disruption. 
After reaching a constant absorption plateau the assay reaction was started by adding 4 mM 

Figure 4.2 Determination of total (five
isoforms) FBP activity in raw protein 
extracts of P. tricornutum at different 
conditions. A Protein raw extracts were 
prepared in tricine buffered solutions of 
different pH ranging from 7.5 to 9.5. To
start the assay 4 mM substrate were added.
The specific FBP activity is given in mU 
(1 unit (U) is defined as the turnover of 
1 mol of substrate per minute) per mg 
total protein. B Protein raw extracts were 
prepared in tricine buffered solution (pH 
7.5) in different mixtures of oxidised and 
reduced DTT, which define redox
potentials from -330 mV to -270 mV. One
control sample was not treated with DTT. 
To start the assay 4 mM substrate were 
added. Total FBP activity is given as 
specific activity. C Raw protein extracts
were desalted before determination of total 
FBP activity. To start the assay 150 M of 
substrate were added. An untreated sample 
and samples treated with 50 mM of either 
oxidised or reduced DTT were 
investigated. Equal volumes of desalted 
extracts were analysed, which allows direct 
comparison of the determined FBP 
activites given in mU. 
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substrate and was monitored over 20 minutes. The specific activity was highest and relatively 
stable at pH 7.5 to 8.0. Above pH8.0 the specific activity steadily declined, at pH 9.0 it was 
reduced to around one third of the maximum specific activity observed. 
To investigate the general redox sensitivity of total FBP, two experimental setups were 
analysed. The first used raw protein extracts, which were incubated for 10, 30, 50 and 
70 minutes without dithiothreitol (DTT) or with DTTred/ox mixtures (final total concentration 
80 mM) of defined redox potentials (-330 mV, -310 mV, -290 mV, -270 mV at 23°C) before 
adding 4 mM substrate. The samples were monitored for around 20 minutes after substrate 
induction. The specific enzymatic activities were determined (Figure 4.2 B). The samples not 
treated with DTT and with a redox potential of -330 mV exhibited a stable specific FBP 
activity over the experiment. The samples exposed to redox potentials above -330 mV all 
featured a similar degradation of specific enzyme activity over time. The second experimental 
setup applied a lower concentration (150 M) of substrate for induction and raw protein 
samples were purified by desalting columns. One sample was not treated further the others 
were either treated with 50 M DTTred or 50 M DTTox respectively. After 39 minutes 
incubation the assay reaction was induced by addition of the substrate and the enzymatic 
activity was monitored for 10 minutes. Data on protein concentration was missing, thus 
relative activities were determined by using equal volumes of desalted protein extract 
(Figure 4.2 C). Apparently the addition of 50 mM DTT has an enzyme activity inhibiting 
effect regardless of the oxidation state of DTT. The inhibiting effect is stronger for oxidised 
than for reduced DTT. 

P. tricornutum total protein was separated by gel filtration chromatography and 1 ml fractions 
were tested for FBP activity and by immunoblotting using an antiserum directed against the 
FBP isoforms C2 and C3 (Figure 4.3). FBP activity and immunoblot intensity were strongest 
at the fraction corresponding to molecular weight sizes ranging from 78.8 to 124.5 kDa. 
Interestingly, although immunoblot signal strength and FBP activity peak at the same fraction 
they did not perform equally: immunoblot signal strength was stronger at fractions of higher 
molecular weight, while FBP activity was more apparent in later fractions corresponding to 
lower molecular weights. Immunoblots obtained from denaturing SDS-PAGE gels exhibited 
only single bands per lane at a molecular weight of around 68 kDa, which is clearly above the 
expected size of FBP C2 and C3 (both ~38.5 kDa without targeting presequence). 
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Figure 4.3 Gel filtration of P. tricornutum protein raw extract. The proteins were separated by a Superdex 200 
10/300 GL column (GE Healthcare Life Sciences). A UV detector system monitored protein elution at 280 nm 
and the chromatogram can be seen. 1 ml fractions were sampled (marked in red letters ranging from A1 to D8). 
Fractions with proteins were tested for FBP activity and by immunoblotting with an antiserum raised against a 
peptide specific for FBP C2 and C3. Four fractions exhibited FBP activity and the same fractions show signals at 
~68 kDa in the immune blot test. The molecular weight ranges deduced from gel filtration calibration of 
standards for the given elution volumes are marked as well. 

To generate FBP C2 and C3 overexpression strains of E. coli, synthetic genes were designed 
and produced. The original codon usage has been optimised for expression in E. coli and 
restriction sites needed for cloning into the expression vector have been introduced. These 
designed sequences were inserted into the pTXB1 vector, thus fusing a C-terminal intein tag 
to the FBP proteins. The intein tag consists of a chitin binding domain, which allows 
purification via chitin beads, and the actual intein domain, which is able to perform protein 
splicing at reducing conditions. This tag can be used to purify the protein fused to it and to 
remove the tag afterwards, yielding the natural protein. E. coli XL1 blue were transformed 
with the constructs for FBP C2 and C3 and screened by colony PCR for successful 
transformation (Figure 4.4). 
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A total of four positive clones were found at the expected sizes (1074 bp for FBP C2, 1071 bp 
for FBP C3) - one clone of FBP C2 and three clones of FBP C3. The sequences of two clones 
(marked with a red asterisk) were verified by sequencing (GATC Biotech AG,Konstanz, 
Germany) and used for transformation of the overexpression strain E. coli ER2566. Protein 
expression of the intein fusion proteins was monitored for two clones of the FBP C2 and C3 
overexpression strains, respectively. Immunoblotting of samples induced at different OD600 
values was done to determine optimal conditions for overexpression induction for each clone 
and to identify the clones featuring the highest yield of overexpressed protein (Figure 4.5). 
Additionally, for respectively one clone of FBP C2 and FBP C3 pellet fractions were 
investigated as well. Apparently all investigated strains produce only low amounts of soluble 
intein fusion proteins if uninduced. This experiment indicates that there is no uniform 
induction OD600, thus clones have to be considered individually. The FBP C2 clone #19 
exhibited the best yield at early induction at an OD600 of 0.25., while the FBP C2 clone #22 
apparently worked best at late induction at an OD600 of 0.8. Similarly the FBP C3 clone #3 
performed better at an OD600 of 0.25 and 0.5, while FBP C3 clone #9 favoured higher OD600 
values of 0.5 and 0.8. Interestingly the pellet fractions show strong signal intensities for each 
sample if induced or uninduced. The uninduced samples were weaker compared to the 
induced ones but the discrepancy was comparatively weaker here than in the soluble fractions. 

Figure 4.4 Colony PCR screening for positive E. coli XL1 blue clones of intein fusion constructs with FBP C2
and C3. Four positive clones were found, one for FBP C2 and three for FBP C3. The clones marked with a red 
asterisk were verified by sequencing of the construct and used for further experiments. 
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Figure 4.5 Characterisation of
four different E. coli ER2566
overexpression strains for intein-
fusion proteins of FBP C2 and C3
via immunoblot analysis. Two
strains for each FBP were
analysed. Each strain was grown
to different OD600 densities (0.25,
0.5 or 0.8) before induction of
protein expression by adding
IPTG to a final concentration of 
0.4 mM. In addition uninduced
reference samples were prepared
as well. As molecular weight
reference a prestained marker 
(PageRuler Prestained Protein
Ladder, Thermo Scientific) was 
used. The marker is indicated by 
coloured bands and immunoblot
signals can be seen at ~70 kDa
(red band). The expected size of 
the intein fusion protein is for
both FBP C2 and C3 around
66.5 kDa. A For each sample 
15 g of proteins of the soluble 
fraction were separated in one
dimensional SDS-PAGE. After
blotting the intein fusion proteins 
were detected utilising an anti-
chitin binding domain antibody.
B The pellet fractions of two
clones were examined for intein
fusion proteins. The pellet
fractions were treated equally 
dependent on pellet size for
protein extraction, making them
comparable even if no data on the 
protein abundance was available.
Equal volumina were separated
by one dimensional SDS-PAGE.
The intein fusion proteins were
detected by an anti-chitin binding
domain antibody. 
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4.5 Discussion 
 

An FBP activity assay was successfully adapted for P. tricornutum FBPs. The activity 
determinations so far were performed with crude extracts of P. tricornutum. Thus the 
measured enzymatic activities were the sum of the individual activities of all five FBPs found 
in P. tricornutum. For this total FBP setup the optimum pH range was determined. The 
specific activity was highest at a pH from 7.5 to 8.0, with the highest performance at 7.75. At 
pH values above 8.0 the specific FBP activity steadily decreased with increasing pH. At pH 
9.5 the specific activity was reduced to less than a quarter of the activity at pH 7.75. This pH 
activity profile is sensible for FBPs as the cytosolic pH of photosynthetic organisms stays 
usually at around 7.0 to 7.5, while the pH of the plastid stroma is reaching values of around 
pH8.0 in the light [108]. The activity reduction at higher pH may serve as an autoinhibiting 
safety system to stop the Calvin cycle if the plastidic ATPase gets impaired somehow, which 
would result in an increasing pH gradient, as the protons would not be transported back into 
the stroma. As these results are derived from multiple FBPs it will be interesting in future 
research to investigate the pH activity profiles of purified individual FBPs. 

The investigation of the redox sensitivity of the FBP activity yielded interesting results. 
Although the activity was probably reduced by substrate inhibition effects a clear change of 
specific activity could be demonstrated for total FBP exposed to redox environments 
of -310 mV and above. At -330 mV the specific activity remained stable over the 
experimental time course, while at higher redox potentials the FBP activity steadily declined 
over time. These observations proof (i) that at least one FBP has to be redox sensitive 
becoming inactive at oxidising conditions and (ii) it indicates that the redox midpoint 
potentials of the regulatory domains of one or more redox sensitive FBPs lie between -330 
and -310 mV. These results are conclusive, as FBPs of other organisms have similar midpoint 
redox potentials, for example in absence of Mg2+ ions the plastidic spinach FBP was shown to 
have a redox midpoint potential of -330 mV and in pea of -315 mV [112]. Another 
observation is that DTT itself apparently exhibits enzyme toxicity towards FBPs at the used 
concentrations (50-80 mM total DTT). Samples not treated with DTT possessed a higher FBP 
activity than samples treated with DTT. A small experiment was performed to characterise the 
FBP toxicity of DTT (Supplemental Figure 4-SIV). For future experiments it may be 
worthwhile to investigate other reducing agents, which are less toxic for FBP. And when 
using DTT as reducing agent lower concentrations should be considered to minimise its FBP 
toxicity effect. 

The results of the analyses of the gel filtration fractions indicate that the FBPs form 
multimeric complexes. Only a small enzymatic activity was found in the fraction 
corresponding to monomeric FBPs (37 – 41 kDa for the mature forms). The enzymatic 
activity peaks in the fraction corresponding to protein sizes of ~80 to 125 kDa, supporting the 
possibility of dimeric or trimeric complexes of FBPs. Furthermore the corresponding 
immunoblot data of the FBP C2+3 antiserum indicate a molecular size of ~68 kDa, which also 
supports a stable dimeric complex of FBP2/C3. It is known that FBP forms complexes with 
itself [103], but hetero complexes with other proteins cannot be excluded, for example an 
interaction of chicken muscle FBP and chicken muscle aldolase has been shown before [113]. 
The fact that the immunoblot signal strength was compared to the fraction’s enzymatic 
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activity disproportionate stronger in the fraction corresponding to 124.5 to 196.6 kDa 
indicates that FBP C2/C3 likely form bigger complexes than the other FBPs, which are not 
detected by the antiserum, but were responsible for the enzymatic activity in the lower 
molecular weight fractions. 

The existence of multimeric complexes of FBPs has interesting implications. Even if there are 
only two FBP isoforms in P. tricornutum capable of being directly redox regulated, this redox 
regulation could be allosterically passed on to the partner proteins in the complex, which 
could consist of redox insensitive FBPs or other Calvin cycle enzymes. This could drastically 
increase the importance of redox regulation of the Calvin cycle in diatoms to current 
knowledge. So far the redox regulation of the Calvin cycle seems to be of subordinate 
importance as the usual target enzymes of redox regulation as known in plants are either 
missing the redox sensitive domains, have a shifted redox midpoint potential like the PRK 
making them in vivo irresponsive to a redox regulation or are simply missing like a typical 
redox controlled RuBisCO activase or the regulatory CP12 protein [19, 32, 37]. 

The generation of intein-tagged FBP C2 and C3 proteins was successful. First tests on the 
optimal cell density for induction of expression show that different E. coli clones behave 
differently yielding the best overexpression signals sometimes at low and sometimes at high 
cell densities. In consequence the overexpression has to be optimised for each clone 
individually. The analysis of the pellet fractions of two clones showed that a high amount of 
intein tagged proteins were forming insoluble inclusion bodies - interestingly, also in the 
uninduced cells, which indicates that the IPTG induced promotor is leaking. Only after 
induction with IPTG does the soluble fraction of the intein-tagged FBPs increase. In future 
research clones of FBP C2 and C3 should be further optimised by adjusting IPTG 
concentration, expression temperature and cell density in concert to obtain the best yield of 
overexpressed protein. Especially the adjustment to lower temperatures may be promising to 
reduce inclusion body formation. At lower temperatures protein expression is slower and 
proteins have more time to fold correctly becoming soluble. As insoluble intein-tagged 
proteins can already be found abundantly in uninduced cells it would seem sensible to reduce 
the temperature used for cell growth before induction as well. After these optimisations the 
purification of the FBPs via the intein tag as natural unmodified proteins will allow the 
individual enzymatic characterisation of these FBPs: their pH optimum, their temperature 
optimum and their redox sensitivity. The investigation of the putative formation of FBP 
complexes and protein fishing for interaction partners will become feasible as well. The 
generation of the intein overexpression constructs of FBP C2 and C3 is an important step to 
the future characterisation of the Calvin cycle regulation in diatoms. 
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5.1 Abstract 
 

Aureochromes constitute a family of blue light (BL) receptors which are found exclusively in 
heterokont algae such as diatoms (Bacillariophyceae) and yellow-green algae 
(Xanthophyceae). Previous studies on the diatom Phaeodactylum tricornutum indicate that the 
formation of a high light acclimated phenotype is mediated by the absorption of BL and that 
aureochromes might play an important role in this process. P. tricornutum possesses four 
genes encoding aureochromes. In this study we confirm the nuclear localisation of the 
PtAUREO1a, 1b and 2 proteins. Furthermore we studied the physiology of light quality 
acclimation in genetically transformed P. tricornutum cell lines with reduced expression of 
the aureochrome 1a gene. The results demonstrate that the AUREO1a protein has a distinct 
function in light acclimation. However, rather unexpectedly AUREO1a seems to repress high 
light acclimation which resulted in a state of ‘hyper’ high light acclimation in aureo1a 
silenced strains. This was indicated by characteristic changes of several photosynthetic 
parameters, including increased maximum photosynthesis rates, decreased chlorophyll a 
contents per cell and increased values of non-photochemical quenching in AUREO1a silenced 
strains compared to wild type cultures. Strikingly, AUREO1a silenced strains exhibited 
phenotypic differences compared to wild type cells during cultivation under BL as well as 
under red light (RL) conditions. Therefore, AUREO1a might influence the RL signalling 
process, suggesting an interaction of AUREO1a with RL perception pathways. 
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5.2 Introduction 
 

Diatoms are unicellular microalgae which contribute significantly to the global carbon, 
nitrogen, phosphorus and silica cycles [17, 114, 115]. Although present in nearly all aquatic 
habitats, diatoms are particularly abundant in cold climates and tend to dominate turbulent 
and nutrient rich ocean waters. In its natural habitat, phytoplankton is exposed to large 
variations of light intensity [116] and light quality [117, 118]. Hence, the photoprotective 
capacity of phytoplankton cells is believed to be an important functional trait of microalgal 
ecology in the aquatic environment [119]. Diatoms as a phytoplankton group show an 
extraordinary high capacity to dissipate excessively absorbed light energy safely as heat by 
non-photochemical quenching (NPQ) [120, 121] and the evolutionary success of diatoms is 
thought to be closely linked to their ability to cope with these dynamic light conditions [122, 
123]. In diatoms, the extent of NPQ is closely correlated to the activity of the xanthophyll 
cycle (XC) and thus determined by the concentration of the XC pigment diatoxanthin (Dtx) 
[124]. 
Considerable progress was made in diatom molecular biology since the development of 
genetic transformation techniques for diatoms [125] and the sequencing of the genomes of 
Thalassiosira pseudonana and Phaeodactylum tricornutum [126, 127]. Still, the molecular 
basis of light perception in diatoms remains enigmatic [122]. In contrast, the understanding of 
photoacclimation and its underlying molecular mechanisms is far more comprehensive in 
higher plants and in green algae. The reduction state of the plastoquinone pool as well as the 
reduction states of the thioredoxin system and other stromal redox pools are thought to be the 
major regulators of photoacclimation in the green lineage [128-131]. The signal transduction 
of these processes is modulated by several other systems, which perceive for example the 
evolution of reactive oxygen species, the ATP to ADP ratio or the extend of the proton 
gradient across the thylakoid membrane [132]. Interestingly, to current knowledge 
photoreceptors are assumed to be of minor importance for the photoacclimation of green algae 
and higher plants [128, 133]. In contrast, in diatoms photoreceptors may play a more 
important role for photoacclimation. Coesel et al. [134] characterised cryptochrome PtCPF1 
overexpression lines of P. tricornutum, which exhibited altered transcription levels of several 
photoacclimation associated genes involved in carotenoid and chlorophyll biosynthesis and in 
photoprotection. 
Three families of photoreceptors have been identified in diatoms, the red light (RL) absorbing 
phytochromes as well as the blue light (BL) absorbing cryptochromes and a recently 
discovered family of BL photoreceptors named aureochromes [122, 135, 136]. Phytochromes 
and cryptochromes are widely distributed within eukaryotes, whereas aureochromes are 
restricted to the stramenopiles [137]. Aureochromes possess an N-terminal DNA binding 
basic zipper (bZIP) domain and a flavin containing C-terminal LOV (light, oxygen, voltage) 
domain [135]. Heterologous expression of two aureochromes (VfAUREO1/ VfAUREO2) of 
the multicellular xanthophyte Vaucheria frigida as GFP fusion proteins in onion epidermis 
revealed partial and absolute nuclear localisation, respectively. This, together with the 
presence of a bZIP domain, supported the notion that aureochromes might represent light 
regulated transcription factors [52, 135]. Furthermore, knockdown-experiments revealed that 
VfAUREO1 and VfAUREO2 are involved in the induction of branching and the development 
of the branch primordials into sexual organs, respectively [135]. However, the biological 
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function of aureochromes in unicellular stramenopiles such as diatoms is still unknown. A 
recent analysis of the P. tricornutum AUREO1a LOV and LOV-J  domains demonstrated the 
BL-dependent dimerisation of the LOV-J  domain [52], which is a prerequisite for 
bZIP-dependent DNA binding. Furthermore, it was shown that AUREO1a is involved in 
transcriptional regulation of the cell cycle protein dsCYC2 in P. tricornutum and facilitates 
the transition of the G1 checkpoint of the cell cycle [138]. These data indicate that 
aureochromes are acting as transcription factors and are involved in the regulation of mitosis 
in unicellular stramenopiles and in the regulation of photomorphogenesis in multicellular 
stramenopiles. In P. tricornutum four different genes encoding aureochromes have been 
identified [122]. 
In a previous study we have shown that photoreceptors are involved in the processes of 
photoacclimation and photoprotection in diatoms [139]. Cultivation of P. tricornutum under 
low irradiance of BL induced the generation of a high light-adapted phenotype whereas a low 
light-adapted phenotype was observed for cultures grown under equivalent amounts of red 
light (RL). The high light-adapted phenotype was characterised by increased maximum 
photosynthesis rates and an enhanced photoprotective potential. The latter was concluded 
from an increased NPQ capacity, a larger pool of XC pigments and a higher de-epoxidation 
state of XC pigments after excess illumination in cultures grown under BL conditions in 
comparison to cultures grown under RL conditions. These results indicated that the 
acclimation to high irradiance relies on a BL-mediated photoacclimation in P. tricornutum. 
It was further shown that under BL conditions several thylakoid membrane proteins were up-
regulated compared to RL conditions. Interestingly, the promoter regions of the respective 
genes exhibited a comparatively high frequency of potential aureochrome binding motives (as 
inferred from VfAUREO1) whereas no such motives were found upstream of genes which 
were up-regulated under RL conditions [139]. It was speculated that a blue light activated 
form of an aureochrome of P. tricornutum would act as an inducer or enhancer of high light 
photoacclimation. Consequently, aureochrome silenced strains should exhibit a reduced high 
light photoacclimation under BL and WL conditions and should perform similarly as wild 
type (WT) cells grown under RL conditions. 
The aims of the present study were to test this hypothesis and to determine the localisation of 
aureochromes in P. tricornutum in vivo. For this purpose, the intracellular localisation of 
aureochromes was studied by employing full length protein-GFP fusion proteins of three 
P. tricornutum aureochromes. Furthermore, AUREO1a silencing cell lines were generated 
and their physiological responses to cultivation under limiting and moderate intensities of BL 
and RL were investigated. To differentiate between light intensity and light quality driven 
reactions, the applied experimental design ensured that identical amounts of quanta were 
absorbed by the cells under BL and RL conditions, respectively.  
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5.3 Material and Methods 
 

5.3.1 Phylogenetic analysis 
 

The dataset includes 32 currently available aureochrome sequences of stramenopiles from the 
National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/) or the 
Joint Genome Institute (JGI; http://genome.jgi-psf.org/) genome databases. For amino acid 
sequence alignments the ClustalW web application at GenomeNet 
(http://www.genome.jp/tools/clustalw/) was used and the default settings for slow/accurate 
alignment and the output format Phylip were chosen. The alignment was manually refined, 
yielding 360 amino acid positions (Supplemental Figure 5-S1). Maximum likelihood analyses 
by the web application PhyML (http://www.atgc-montpellier.fr/phyml/) were conducted 
[140]; the substitution model LG [29] was selected with four substitution rate categories. 
Bootstrap analyses of 100 replicates were performed. Only bootstrap values above 50 are 
shown in the phylogenetic tree. The resulting tree was imported in the web application 
FigTree v1.1.2 (http://tree.bio.ed.ac.uk/software/figtree/). Radial tree layout was chosen.  

5.3.2 Cultivation of algae for transformation and screening 
 

The axenic Phaeodactylum tricornutum Bohlin (CCAP 3/55; UTEX 646) culture was 
obtained from the culture collection of algae of the University of Texas at Austin (Austin, Tx, 
USA). P. tricornutum was cultivated in f/2 medium according to Guillard and Lorenzen [141] 
with half of the original salt content and without added silica. Cells were grown under 
continuous shaking at 20 °C in a 16h/8h day/night cycle at 35 mol photons m–2 s–1. Solid 
media contained 1.2% (w/v) Bacto Agar (BD, Sparks, MD, USA) and plated cultures were 
cultivated under continuous illumination at 75 mol photons m–2 s–1. 

5.3.3 RNA extraction and cDNA generation 
 

Cells were harvested by centrifugation at 5000 g for 5 min. Pellets were frozen in liquid 
nitrogen and pestled. Powdered cells were treated with RNA extraction reagent (TRIzol® 
reagent, Life Technologies, Darmstadt, Germany) according to the manufacturer’s 
instructions. Upon obtaining the aqueous phase the protocol was modified by applying the 
aqueous phase to a RNA affinity spin column (RNeasy® spin column; Qiagen, Hilden, 
Germany) in order to minimise contamination with DNA. cDNA was generated according to 
the manufacturer’s instructions by using a reverse transcription kit (Reverse Transcription 
System, Promega, Mannheim, Germany). 

5.3.4 Generation of GFP-AUREO fusion constructs 
 

For the generation of c-terminal GFP fusion proteins full length sequences without stop codon 
of P. tricornutum AUREO1a (49116), AUREO1aSig (56684), AUREO1b (49458) and 
AUREO2 (56688) were amplified from cDNA by blunt end PCR [142, 143] with unmodified 
primers (Supplemental Table 5-S1) using a Mastercycler ep gradient (Eppendorf, Hamburg, 
Germany). Numbers in parentheses correspond to protein IDs of the Joint Genome Institute 
(JGI) database of P. tricornutum v2.0 (http://genome.jgi-psf.org/Phatr2/Phatr2.home.html). 
The original pPha-T1 P. tricornutum transformation vector (GenBank AF219942) [75] was 
modified to contain a StuI restriction site followed by a GFP sequence as described previously 
[144]. Furthermore, a slightly modified vector was constructed by mutating the GFP 
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START-codon to GGA. The full length AUREO sequences were cloned into both variants of 
the pPha-T1-GFP transformation vector in frame with GFP. All fusion-constructs were 
sequenced (GATC Biotech AG, Konstanz, Germany) from their 5’ and 3’ end to verify 
correct cloning. 

5.3.5 Nuclear transformation of P. tricornutum 
 

Nuclear transformation of P. tricornutum was performed using a Bio-Rad Biolistic PDS-
1000/He Particle Delivery System (Bio-Rad, Hercules, CA, USA) fitted with 
900/1100/1350 psi rupture disks as described previously [125, 145]. For selective cultivation 
of P. tricornutum transformants 75 g ml–1 Zeocin (Invitrogen, Carlsbad, CA, USA) were 
added to the solid f/2 media according to Guillard and Lorenzen [141]. 

5.3.6 Microscopy of aureochrome:GFP fusion expressing P. tricornutum cell lines 
 

Cells were observed using an Olympus BX51 epifluorescence microscope equipped with a 
Zeiss AxioCam MRm digital camera system (Carl Zeiss MicroImaging GmbH, Göttingen, 
Germany). Differential interference contrast illumination (DIC) was used in order to obtain 
transmitted light images. Chlorophyll autofluorescence and GFP fluorescence of 
transformants were dissected using the mirror unit UMWSG2 (Olympus) and the filter set 
41020 (Chroma Technology Corp, Rockingham, VT, USA), respectively. Multichannel 
fluorescence pictures were recorded and assembled with the software AxioVision Rel. 4.6 
(Carl Zeiss Microscopy GmbH, Göttingen, Germany). Micrographs were size calibrated using 
a stage micrometer. 
Additionally, images were acquired with a confocal laser scanning microscope LSM 510 
META (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) using a Plan-Apochromat 
63x/1.4 Oil DIC objective. GFP fluorescence and chlorophyll autofluorescence were excited 
at 488 nm, Hoechst 33342 DNA stain fluorescence was excited at 405 nm, filtered with a 
beam splitter (HFT 405/488/543), and detected by three different photomultipliers with a 
band-pass filter (BP 505–530) for GFP fluorescence, a low pass filter (LP 650) for 
chlorophyll autofluorescence and a band pass filter (BP 470-500) for Hoechst 33342 DNA 
stain. For multichannel image acquisition of DIC, GFP fluorescence, chlorophyll 
autofluorescence and Hoechst 33342 DNA stain fluorescence the software ZEN 2009 was 
used. For each image z-stacks of 20 pictures were acquired. Maximum intensity z-projections 
were calculated from slices of image stacks to ensure complete detection of fluorochromes 
within a cell. Additionally, orthoview analysis of nuclear GFP-co-localisation was performed 
(Supplemental Figure 5-S2). 

5.3.7 Generation of an AUREO1a silencing construct 
 

For the design of the AUREO1a silencing construct, a 120 bp long unique nucleotide 
sequence of AUREO1a was identified (bp 982-1101). For verification of the AUREO1a 
specificity, nucleotide BLAST analyses in the genome of P. tricornutum were conducted in 
the corresponding databases of the JGI and NCBI. The nucleotide sequence was synthesised 
(Eurofins MWG Operon, Ebersberg, Germany) as part of a synthetic gene construct in the 
vector backbone pCR2.1 in sense orientation adding three restriction sites: sticky restriction 
sites XbaI followed by KpnI to the 5’-end and a blunt restriction site HpaI to the 3’-end 
(Supplemental Figure 5-S3). The vector was amplified in Escherichia coli XL1 Blue (Agilent 
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Technologies, Waldbronn, Germany) and isolated (QIAprep® Spin Miniprep Kit). Mixed 
sticky and blunt end restriction digestions were performed with KpnI and HpaI in order to 
obtain the AUREO1a fragment for sense orientation and with XbaI and HpaI in order to 
obtain the AUREO1a fragment for antisense orientation. 
The loop region of the RNAi construct consisted of the second intron of the P. tricornutum 
NTT1 gene (49533), which was cloned into the shuttle vector pPha-NR (GenBank accession 
no. JN180663 [146, 147]; kindly provided by Stefan Zauner/Philipps Universität Marburg). 
Additional restriction sites were added to the vector (Supplemental Figure 5-S4). pPha-NR 
contains the promoter region of the P. tricornutum homologue of the nitrate reductase, which 
was shown to be inducible by nitrate availability in the diatoms Cylindrotheca fusiformis and 
Thalassiosira pseudonana [148-151]. The target vector was cut by a mixed sticky and blunt 
end restriction digestion with KpnI/HpaI. The sense fragment of AUREO1a was inserted 
upstream of the loop region into the KpnI/HpaI digested target vector. This process was 
repeated employing XbaI and StuI for the mixed digest of the target vector carrying the sense 
fragment in order to introduce the second fragment in antisense orientation downstream of the 
loop region of the target vector to generate the final construct (Figure 5.1). Constructs were 
sequenced (GATC Biotech AG, Konstanz, Germany) after each cloning step from 5’ and/or 
3’ end of the inserts to ensure correct cloning. Subsequently, nuclear transformation of 
P. tricornutum was performed as described above. 
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Figure 5.1 Vector map of the aureochrome 1a silencing construct. The sequence of the NR promoter 
controlled hairpin construct is given. The sequence is colour coded corresponding to the vector map: NR 
promoter (black), aureochrome 1a sense (intense green), NTT1 intron (yellow) and aureochrome 1a antisense 
(light green). Active and inactively fused restriction sites are given in small letters in colour coding: KpnI (light 
blue), HpaI (purple), inactive fusion of StuI and HpaI (grey) and XbaI (dark red). 
 

5.3.8 Screening of AUREO1a silenced cell lines 
 

Small amounts of cell material were collected with sterile toothpicks and suspended in 50 l 
distilled water. The samples were subjected to three freeze (-20 °C for 30 min) and thaw 
(room temperature) cycles. Subsequently, samples were incubated at 95 °C for 10 min. 1 l of 
each sample was taken as template for standard PCR amplification with a total volume of 
12.5 l. Primers annealing in the nitrate reductase promoter of the vector and in the 
corresponding downstream region of the silencing construct were used (Supplemental 
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Table 5-S1). PCR products were screened for the occurrence of signals with an amplicon 
length of 400 bp indicating the insertion of an AUREO1a silencing construct. 
Positive clones were cultivated in 50 ml Erlenmeyer flasks in f/2 medium with half of the 
original salt content and without silica. In addition to growth with NaNO3 as sole nitrogen 
source, each clone was further cultivated in modified f/2 medium with 0.88 mM NH4Cl 
substituting NaNO3. Cultures were grown at an incident irradiation of 35 mol photons m-2 s-1 
white light emitted by fluorescence tubes (18W/865, Osram, Munich, Germany) and a 
day/night rhythm of 16h/8h until they exhibited a Chl a content of approximately 2 g ml-1. 
Cultures were always harvested at the same time of the day via centrifugation (6 min, 3400 g, 
4 °C). Cell pellets were frozen in liquid nitrogen and stored at -80 °C until further use. 

5.3.9 Protein isolation and Immunoblotting 
 

For protein extraction, cell pellets were resuspended in 100 l isolation buffer (50 mM Tris 
HCL, pH 8.0) supplemented with protease inhibitor (CompleteTM EDTA-free, Roche, 
Grenzach Wyhlen, Germany) according to the manufactures instruction. Cells were disrupted 
by ultrasonification at 4 °C. Afterwards, samples were centrifuged for 30 min at 12000 g and 
4 °C in order to remove cell debris and unbroken cells. The protein concentration of the 
supernatant was determined via fluorometric protein quantification (Qubit® protein assay kit) 
according to the manufacturer’s instructions. 
Proteins were separated on 12 % polyacrylamid gels by one dimensional SDS-PAGE 
according to Laemmli et al. [152]. 15 g protein were loaded in each lane if not stated 
otherwise. Immunoblots were performed as described in Gallagher et al. [153] using an 
AUREO1a specific peptide antibody (Agrisera AB, Vännäs, Sweden). For the generation of 
the peptide antibody, the amino acid sequence positions 46-59 of AUREO1a was chosen. The 
sequence of the synthetic peptide used for immunisation was slightly modified to allow 
coupling to a carrier protein by adding an N-terminal cysteine: (H2N-) 
CSEQKEELLNSGERE (-CONH2). The specificity of the peptide was controlled by a protein 
BLAST in the JGI database of P. tricornutum, which yielded only one non-redundant hit for 
AUREO1a (settings: Expect: 1.0E-1; Wordsize: 3; Filter low complexity regions: activated; 
Perform gapped alignment: deactivated; Scoring Matrix: BLOSUM62). An identical SDS-
PAGE was prepared in parallel to serve as loading control and stained with colloidal 
Coomassie (Roti®Blue, Roth, Karlsruhe, Germany) according to the manufacturer’s 
instructions allowing the estimation of the protein content per lane and correct loading of 
proteins. Successful transfer of the protein samples was confirmed by reversible protein 
staining of the nitrocellulose membrane with Ponceau S (Roth, Karlsruhe, Germany) and by 
staining the blotted gels with colloidal Coomassie according to the manufacture’s instructions. 

5.3.10 Cultivation of algae for physiological measurements 
 

For physiological measurements, WT P. tricornutum and aureochrome 1a silenced strains 
aureo1a-15 and aureo1a-50 were cultivated as described in Schellenberger Costa et al. [139]. 
Algae were grown semi-continuously in an air-lifted rectangular bioreactor with a depth of 
3 cm and a maximal volume of 2.5 l. The temperature was set to 20 °C. For cultivation, f/2 
medium with half of the original salt content and without silica was used. Algal cultures were 
maintained at a Chl a concentration of about 2 g ml-1. Prior to the measurements, algae were 
adapted to the specific light conditions for at least one week. Each strain was grown under 
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limiting (LL) and medium light (ML) intensities of blue (469 ± 10 nm; BL) or red light 
(659 ± 11 nm; RL) at a day/night rhythm of 14h/10h. Incident irradiance of BL and RL was 
carefully adjusted to yield the same amount of photosynthetically absorbed radiation (QPhar) 
according to Gilbert et al. [154] for all cell suspensions grown under LL and ML conditions, 
respectively. For LL conditions, cultures were adjusted to a QPhar of 10 mol photons m-2 s-1. 
For ML conditions, cultures were adjusted to a QPhar of 30 mol photons m-2 s-1. The 
calculation of QPhar requires the determination of the Chl a-specific in vivo absorption 
coefficient (a*Phy) and of the emission spectra of the source of irradiation. The emission 
spectra of the blue and red LED panels (CLF plants, Wertingen, Germany) used for 
illumination were measured with a spectroradiometer (Tristan, Hamburg, Germany). Due to 
differences of the a*Phy between aureochrome 1a silenced strains and WT cells under ML 
conditions, the amount of applied incident irradiance had to be specifically adjusted for the 
different strains in order to obtain equal amounts of QPhar in the semi-continuous cultures 
which were used for the physiological measurements. Details of the specific intensity of the 
incident irradiance are presented in Table 5.1. 
Data on WT cells grown under identical conditions were previously presented and discussed 
in Schellenberger Costa et al. [139]. The same data serve as reference for the consecutively 
measured data on the aureo1a silenced strains obtained in this study and are included where 
appropriate for convenient comparison. 

5.3.11 Cellular parameters 
 

The determination of Chl a concentration was performed spectrometrically after extraction 
with 90 % acetone according to Wagner et al. [155] using the equations of Jeffrey and 
Humphrey [156]. Cell numbers were measured with a particle counter (Z2, Beckman Coulter, 
Krefeld, Germany). Growth rates were calculated from the daily increase of Chl a. These 
growth rates are identical to those based on daily increase of cell number since the Chl a 
content per cell was constant within each culturing condition. In vivo absorption spectra were 
measured with a scattering corrected spectrophotometer (M500, Zeiss, Jena, Germany) 
adjusted to a bandwidth of 1 nm. Cellular dry weight was determined according to Su et al. 
[157]. The carbon-related biomass production (BC) and the quantum requirement of carbon 
fixation (1/ C) were calculated as described in Su et al. [157]. 

5.3.12 Photosynthesis rates and non-photochemical quenching 
 

Oxygen-based photosynthesis rates and fluorescence parameters were measured 
simultaneously as described in Wagner et al. [155]. Non-photochemical quenching (NPQ) 
was calculated according to Bilger and Björkman [158]. 

5.3.13 Pigment Isolation 
 

For determination of diadinoxanthin (Ddx) concentration, 10 ml of dark adapted culture were 
harvested on a glass fibre filter, frozen in liquid nitrogen and freeze-dried overnight 
(Labconco FreeZone, ILMVAC GmbH, Illmenau, Germany). Pigment extraction and HPLC 
analysis were performed as described in Su et al. [157]. For determination of Ddx de-
epoxidation after excess light illumination, samples were illuminated with 
1000 mol photons m-2 s-1 white light for 10 min and frozen in liquid nitrogen prior to freeze-
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drying. The de-epoxidation state (DES) was calculated as the ratio of diatoxanthin (Dtx) to the 
sum of both pigments: (Dtx)/(Ddx+Dtx). 

5.3.14 Statistics 
 

Statistical analysis of physiological data was carried out by one-way analysis of variance 
(ANOVA) followed by a Holm-Sidak pair-wise comparison with the WT as control group 
using the program Sigma Plot 11.0 and a P-value < 0.05 for the rejection of the null 
hypothesis. 
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5.4 Results 
 

5.4.1 Phylogenetic analysis of aureochromes 
 

In order to classify the four different aureochromes of P. tricornutum we performed 
phylogenetic analyses of aureochrome sequences presently available at NCBI and JGI 
genome databases. 32 putative aureochromes of twelve different organisms were identified by 
their conserved bZIP and LOV domain set-up and used for the generation of a maximum-
likelihood phylogenetic tree using PhyML analyses (Figure 5.2). 

 
Figure 5.2 Phylogenetic analysis of putative aureochromes from different stramenopiles. The maximum 
likelihood tree was calculated using PhyML 3.0 [140] and incorporates 32 putative aureochrome sequences of 
twelve different stramenopiles identified by the unique bZIP/LOV domain setup. Numbers at nodes of subtrees 
correspond to bootstrap values greater than 45. The accession numbers correspond either to Protein IDs (only 
digits) from the Joint Genome Institute database (JGI; http://www.jgi.doe.gov/) or to the accession numbers (two 
letters and digits) from the database of the National Center for Biotechnology Information (NCBI; 
http://www.ncbi.nlm.nih.gov/). Putative aureochromes of Phaeodactylum tricornutum (Pt), Fragilariopsis 
cylindrus CCMP 1102 (Fc), Pseudo-nitzschia multiseries (Pm), Thalassiosira pseudonana (Tp), Thalassiosira 
oceanica (To), Ectocarpus siliculosus (Es), Fucus distichus subsp. Evanescens (Fd), Aureococcus 
anophagefferens (Aa), Chattonella marina var. Antiqua (Cm), Ochromonas danica (Od), Nannochloropsis 
gaditana CCMP526 (Ng) and Vaucheria frigida (Vf) were taken into account. Four distinct groups of 
aureochromes could be identified highlighted by coloured markings. The different groups were designated 
aureochromes 1, 2, 3 and 4 with aureochromes 1 and 2 corresponding in homology to the aureochromes 1 and 2 
of V. frigida [135], respectively. 
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The aureochromes can be divided into four groups, which are characterized by group specific 
homologies especially between the bZIP and the LOV domain (Supplemental Figure 5-S1). 
Groups 1 and 2 are clearly distinct protein families corresponding to the two classes of 
aureochromes described for V. frigida [135]. Groups 3 and 4 are more related to each other 
but form distinct groups as indicated by a bootstrap value of 74 at the respective junction. 
Interestingly, in the given data set diatoms are the only organisms that feature group four 
aureochromes and the majority of group three aureochromes were found in diatoms as well. 
Remarkably, P. tricornutum possesses exactly one aureochrome per group and all investigated 
diatom genera feature both a class three and a class four aureochrome which further supports 
the distinction between the different groups. The two aureochromes of Chattonella marina 
var. antiqua and Aureococcus anophagefferens could not be assigned to any of the groups. 

5.4.2 Localisation of P. tricornutum aureochromes 
 

As aureochromes are putative transcription factors possessing a bZIP domain, they might 
influence the physiology of the cells via gene regulation. A prerequisite for a protein to 
function as a nuclear transcription factor is an, at least temporary, nuclear location. We 
checked for putative nuclear localisation sequences (NLS) using the program NLStradamus 
[159] and found a high probability for a single NLS in each of the four P. tricornutum 
aureochromes (Supplemental Figure 5-S5). Generally, the aureochrome genes found in 
P. tricornutum apparently do not possess N-terminal targeting signals, even in cases of 
remaining uncertainty about the exact exon/intron boundaries or about the extend of open 
reading frames (Supplemental Table 5-S2). The only possible exception is AUREO1a. Here, 
the reading frame of the main gene model can be extended upstream to include a potential 
signal peptide according to prediction by SignalP 3.0 [160] (Supplemental Table 5-S2, see 
protein ID 56684). Hence, we also decided to study the localisation of the potential alternative 
gene product. We were not able to amplify the cDNA of AUREO1c (56742), possibly due to a 
low expression of this particular gene as indicated by a low number of EST sequences found 
in the JGI database. Accordingly, we have designed GFP fusion constructs for the EST 
supported full-length sequences of aureochromes 1a, 1b and 2 and for the alternative version 
of AUREO1a featuring the putative signal peptide (1aSig). To exclude the possibility that the 
C-terminal GFP domain might be translated via its original ATG start codon, this codon was 
mutated to GGA and the transformed cell lines (marked by _ ATG) were analysed as well. 
After biolistic transformation of wild type P. tricornutum using these constructs, we could not 
detect any difference in the location of AUREO:GFP and the corresponding 
AUREO:GFP_ ATG fusion-proteins. Epifluorescence as well as laser scanning microscopy 
analysis of GFP expression together with Hoechst 33342 DNA staining revealed a clear 
nuclear location of all three investigated aureochromes (Figure 5.3 and Supplemental 
Figure 5-S2). AUREO1b and AUREO2 were exclusively located in the nucleus 
(demonstrated by the nuclear stain Hoechst 33342). The AUREO1a fusion proteins showed a 
dominantly nuclear GFP fluorescence at all times, however, we also detected some weak GFP 
fluorescence in the cytosol (Figure 5.3 and Supplemental Figures 5-S2 and 5-S6). Cell lines 
successfully transformed with any of the three AUREO1a-GFP fusion constructs exhibited 
similar phenotypes with strong GFP fluorescence in the nucleus and weak fluorescence in the  
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cytosol (Supplemental Figure 5-S6). This indicates that the N-terminal extension either does 
not serve as a signal peptide or that its signal peptide properties are weaker than the nuclear 
translocation signal. 
 

 
Figure 5.3 Localisation of GFP-fusion proteins of P. tricornutum aureochromes. Maximum intensity 
z-projections of LSM analyses are shown. From left to right: GFP fluorescence (green), nucleus staining 
Hoechst 33342 dye (cyan), chlorophyll autofluorescence (red) and a merge of all channels with a representative 
DIC single plane. The white scale bars correspond to 10 m. All aureochromes feature a distinct nuclear 
localisation. AUREO1a fusion proteins often exhibit additional cytosolic signals (Supplemental Figure S6), as 
can be seen here for AUREO1a. GFP_control is a transformed cell line of P. tricornutum featuring the enhanced 
GFP protein (GenBank Accession number AAB08060.1), which is missing any targeting sequence. It serves as 
reference for cytoplasmatic localisation. Here, the z-projections imply a co-localisation in the nucleus as well, 
but orthoview analysis of the LSM data revealed that the GFP fluorescence was only accumulating around the 
nucleus, while it co-localises in case of the aureochromes (Supplemental Figure 5-S2). 
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5.4.3 Screening of AUREO1a deficient cell lines 
 

In order to understand the cellular roles of aureochromes in P. tricornutum, we investigated 
aureochrome knock-down cell lines. The most promising aureochrome for this investigation 
was AUREO1a, because, in contrast to the other aureochromes, it is apparently located both 
in the nucleus and in the cytoplasm, suggesting a unique functional importance. The other 
investigated aureochromes are missing similar distinctive features and AUREO1b possesses a 
less conserved bZIP DNA binding domain (Supplemental Figure 5-S7). For confirmation of 
gene silencing, it is mandatory to follow the protein level of the silenced protein and for 
AUREO1a an antiserum was available. An inducible vector containing an AUREO1a gene 
fragment cloned in sense and antisense orientation to facilitate gene silencing was generated 
following the method described by Lavaud et al. [161]. Transformed P. tricornutum cells 
were screened for reduced AUREO1a protein content via immunoblotting of three 
independent replicates using the antiserum specific for AUREO1a. The antiserum labelled 
two bands, one at 41.5 kDa, the expected size of AUREO1a, and a clearly weaker band at 
about 47 kDa. The intensities of these two bands relative to each other were identical in all 
samples that were taken from cells grown under different conditions, indicating that the upper 
band represents a posttranslationally modified form of AUREO1a. In the strains aureo1a-15 
and aureo1a-50, an obvious decrease of AUREO1a protein levels was observed for cultures 
cultivated with nitrate as sole nitrogen source instead of ammonium (Figure 5.4A, 
corresponding loading controls are depicted in Figure 5.4B). This indicates a successful 
integration of the aureo1a silencing construct. As the construct is driven by an NR promoter 
we only observed AUREO1a reduction in nitrate containing media. We furthermore could 
show that the nitrogen source has no influence on the amount of AUREO1a protein in WT 
control cells. In both silenced strains, aureo1a-15 and aureo1a-50, AUREO1a levels of 
cultures grown with nitrate as sole nitrogen source were equally reduced to below 50 % of the 
AUREO1a content of cultures grown with ammonium as sole nitrogen source. 
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Figure 5.4 A) Exemplary relative quantification of AUREO1a concentration in protein extracts of 
P. tricornutum WT, aureo1a-15 and aureo1a-50 by an immunoblot using an antiserum specific for 
P. tricornutum AUREO1a. Cultures were grown with either nitrate or ammonium as sole nitrogen source. Nitrate 
activates the promoter of the applied silencing construct resulting in a decreased amount of AUREO1a protein. 
Several dilutions of the protein extract of the ammonium grown aureo1a-15 culture were loaded on the gel in 
order to assess the efficiency of AUREO1a downregulation. Two co-regulated bands are visible, one at the 
expected size of AUREO1a, 41.5 kDa (indicated by arrows), and a weaker band at about 47 kDa, which possibly 
reflects a post-translational modification of the protein. B) Loading control of protein extracts used for 
immunoblotting. The gels used for immunoblotting and as loading control were loaded with identical amounts of 
protein. The proteins of the loading control gels were stained with colloidal Coomassie. +: Purified 
heterologously expressed AUREO1a with His-tag. 

 

5.4.4 Cellular parameters 
 

To determine the role of AUREO1a in the regulation of physiological processes, several 
cellular parameters of the aureochrome 1a silenced strains aureo1a-15 and aureo1a-50 were 
compared to WT cells. Under low light (LL) conditions, the Chl a content per cell of 
aureo1a-15 was comparable to that of the corresponding WT culture whereas aureo1a-50 
exhibited a slightly decreased Chl a content per cell. Consequently, only aureo1a-50 cultures 
showed a slightly increased Chl a-specific in vivo absorption (a*Phy) at LL conditions 
compared to WT cells (Table 5.1). 
Differences between WT and aureochrome silenced strains were more pronounced at medium 
light (ML) conditions. Here, the Chl a content per cell in both aureochrome 1a silenced strains 
was decreased to about 60 % compared to the corresponding WT cultures grown at both light 
qualities. As a consequence, a*Phy was increased by approximately 20 % in both 
aureochrome 1a silenced strains under ML conditions (Table 5.1). The elevated a*Phy of the 



5. Role of aureochrome 1a in photoacclimation 

73 

aureochrome 1a silenced strains were taken into account for the adjustment of equal levels of 
QPhar (see Methods section). 
 
Table 5.1 Incident light intensities and cellular parameters 

Parameter Wildtype aureo1a-15 aureo1a-50
aureo1a-15 

/ WT
aureo1a-50 

/ WT
Incident light intensity LL BL 24 24 24

[mol photons m-2 s-1] RL 41 41 41
ML BL 72 60 60

RL 124 100 100
Chl a per cell LL BL 0.65 ± 0.04 0.7 ± 0.05 0.51 ± 0.07* O -

[pg Chl a  cell-1] RL 0.56 ± 0.06 0.6 ± 0.04 0.52 ± 0.08 O O
ML BL 0.49 ± 0.02 0.29 ± 0.03* 0.29 ± 0.03* - -

RL 0.46 ± 0.04 0.28 ± 0.03* 0.30 ± 0.03* - -
a*Phy LL BL 9.8 ± 0.7 10.3 ± 0.1 11.3 ± 0.2* O +

[m2 (g Chl a )-1] RL 9.9 ± 0.5 9.8 ± 0.2 11.0 ± 0.5* O +
ML BL 9.8 ± 0.2 12.0 ± 0.2* 12.2 ± 0.3* + +

RL 9.9 ± 0.3 11.8 ± 0.8* 11.9 ± 0.5* + +
Dry weight LL BL 22.1 ± 2.2 27.6 ± 1.6* 16.5 ± 2.0* + -

[pg cell-1] RL 15.9 ± 0.9 19.5 ± 1.2* 14.1 ± 0.9* + -
ML BL 18.9 ± 0.9 14.3 ± 1.4* 17.6 ± 1.6 - O

RL 18.5 ± 1.7 15.9 ± 1.9* 14.3 ± 1.4* - -
Growth rate LL BL 0.43 ± 0.04 0.42 ± 0.08 0.57 ± 0.01* O +

[  d-1] RL 0.44 ± 0.12 0.46 ± 0.06 0.50 ± 0.02 O O
ML BL 1.07 ± 0.13 1.00 ± 0.06 0.90 ± 0.25 O O

RL 0.74 ± 0.08 0.83 ± 0.05 0.94 ± 0.14* O +
1/ C LL BL 14.3 ± 2.4 14.3 ± 0.5 12.5 ± 0.7 O O

[mol photons (mol C)-1] RL 13.8 ± 0.7 14.7 ± 0.4 15.2 ± 1.3 O O
ML BL 13.4 ± 0.1 14.2 ± 1.2 12.4 ± 0.8 O O

RL 20.1 ± 0.5 14.7 ± 1.5* 14.8 ± 1.8* - -

Culture 
condition

 

Aureo1a-15 and aureo1a-50 P. tricornutum cultures were grown under illumination with blue (BL) and red light 
(RL) under limiting light (LL, QPhar = 10 mol absorbed photons m-2 s-1) and medium light (ML, QPhar = 30 mol 
absorbed photons m-2 s-1) conditions; corresponding WT data of Schellenberger Costa et al. [139] is included as 
reference. Chl a per cell is given in pg cell-1, growth rate ( ) in d-1, a*Phy: Chl a specific absorption in m2 g 
Chl a-1, dry weight is given in pg cell-1 and 1/ C: quantum requirement in mol absorbed photons mol fixed C-1. 
Mean values are shown with standard deviation (n = 3 for 1/ C n = 5 to 9 for other parameters). Mean values of 
aureo1a cultures marked with asterisks (*) are significantly different to the WT culture of the same culturing 
condition according to one-way ANOVA followed by Holm-Sidak pair wise comparison against WT as control 
group (p < 0.05). O: no significant difference between WT and aureochrome 1a silenced strain; -: significant 
decrease in aureochrome 1a silenced strain compared to WT; +: significant increase in aureochrome 1a silenced 
strain compared to WT. 
 
The comparison of cellular dry weight between WT cells and mutant strains did not yield in a 
consistent pattern. Compared to WT cells, the cellular dry weight of aureo1a-50 was 
decreased at almost all culture conditions, whereas aureo1a-15 cultures exhibited an 
increased cellular dry weight at LL conditions but a decreased cellular dry weight at ML 
conditions (Table 5.1). 
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At all culture conditions, the growth rates of aureo1a-15 cultures were comparable to those of 
WT cells (Table 5.1). Although growth rates were generally higher under ML compared to LL 
conditions for WT and aureo1a-15, this difference was more pronounced under BL (LL: 0.42 
d-1; ML: 1.00 d-1) than under RL conditions (LL: 0.46 d-1; ML: 0.83 d-1). Compared to the WT 
cells, cultures of aureo1a-50 exhibited increased growth rates under LL conditions. 
Interestingly, under ML conditions similarly increased growth rates were detected for 
aureo1a-50 in comparison to WT cells only in combination with RL but not with BL. Thus, 
only aureo1a-50 exhibited a clearly different growth performance in comparison to WT cells. 
The quantum requirement of carbon fixed in the biomass (1/ C) is the most integrating 
growth parameter since it incorporates all energetic losses of the cellular metabolism. Despite 
the differences of cellular Chl a content and cellular dry weight between WT cells and 
aureochrome 1a silenced strains, 1/ C exhibited a comparable pattern to the growth rates. No 
significant differences between WT cultures and cultures of both aureochrome 1a silenced 
strains were observed in BL irrespective of LL or ML conditions (Table 5.1). Under these 
conditions quantum efficiency varied only slightly between 12.5 ± 0.7 and 15.2 ± 1.3 mol 
absorbed photons mol per fixed C. Interestingly, the clear increase in quantum requirement of 
WT cells under ML RL conditions was not observed for both aureochrome 1a silenced strains. 

5.4.5 Photosynthesis rates 
 

When cultivated at LL BL, both aureochrome 1a silenced strains exhibited significantly 
increased photosynthesis rates compared to WT cells with maximum photosynthesis rates 
(PMax) of about 240 mol O2 mg Chl a-1 h-1 (aureo1a) compared to 196 mol O2 mg Chl a-1 h-

1 (WT; Figure 5.5A). At LL RL only aureo1a-15 exhibited a significantly increased PMax in 
comparison to WT cultures (Figure 5.5B). 
Cultivation at ML BL resulted in remarkably high photosynthesis rates with a PMax of 
382 mol O2 mg Chl a-1 h-1 for aureo1a-15 and 332 mol O2 mg Chl a-1 h-1 for aureo1a-50. 
These rates were significantly higher than the PMax of the corresponding WT culture 
(243 mol O2 mg Chl a-1 h-1; Figure 5.5C). A comparable pattern was observed under ML 
RL. The PMax values of both aureochrome 1a silenced strains (about 265 mol O2 mg Chl a-1 
h-1) were significantly increased compared to PMax of corresponding WT culture (205 mol O2 
mg Chl a-1 h-1, Figure 5.5D). Hence, the aureo1a cultures exhibited a high light acclimation 
status clearly exceeding that of WT cultures grown under identical conditions. Interestingly, 
the trend of increased photosynthesis rates under ML in comparison to LL conditions was 
observed for both BL and RL aureochrome 1a silenced cultures, albeit more pronounced 
under BL conditions. In contrast, in WT cells this effect was only detected under BL 
conditions. 
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Figure 5.5 Photosynthesis rates of aureo1a-15 (grey triangles) and aureo1a-50 (white circles) P. tricornutum 
cultures depending on the incident light intensity in the measuring cuvette; corresponding WT data of 
Schellenberger Costa et al. [139] (black squares) are included for better comparison. Algae were cultivated at a 
QPhar of 10 mol absorbed photons m-2 s-1 (LL) under illumination with blue (A) and red light (B) and further at a 
QPhar of 30 mol absorbed photons m-2 s-1 (ML) under illumination with blue (C) and red light (D). Mean values 
are shown with standard deviation (n = 9). Maximum photosynthesis rates of each culture condition were tested 
for the occurrence of significant differences between WT and aureochrome 1a silenced strains using a one-way 
ANOVA followed by a Holms-Sidak pair-wise comparison test with the WT as control group. Significant 
differences are marked with asterisks (p < 0.05). 

 

5.4.6 Non-photochemical quenching and XC pigment pool size 
 

In parallel to the measurement of light response curves, fluorescence parameters were 
recorded which, in combination with excess illumination experiments, were used to evaluate 
the capacity of NPQ and the XC pigment pool size of aureo1a strains in comparison to the 
WT cells. WT cells of P. tricornutum show a significantly higher NPQ capacity after 
cultivation under illumination with BL as compared to illumination with RL, irrespective of 
LL or ML conditions [139]. Under LL conditions this pattern was also observed in both 
aureochrome 1a silenced strains with only slightly increased NPQ compared to WT cells 
(Figure 5.6A & B). However, under ML conditions significantly increased maximal NPQ 
values were observed in both aureochrome 1a silenced strains in comparison to WT cells 
irrespective of the light quality (Figure 5.6C & D). The highest NPQ values of the aureo1a 
strains at ML were higher than the respective values at LL for both BL and RL cultures 
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(compare Figure 5.6A & C and Figure 5.6B & D). In contrast, there was no change in 
maximum NPQ between LL or ML conditions in the WT cells. 
 

 
Figure 5.6 Non-photochemical quenching (NPQ) of aureo1a-15 (grey triangles) and aureo1a-50 (white 
circles) P. tricornutum cultures depending on the incident light intensity in the measuring cuvette; corresponding 
WT data of Schellenberger Costa et al. [139] (black squares) are included for better comparison. Algae were 
cultivated at a QPhar of 10 mol absorbed photons m-2 s-1 (LL) under illumination with blue (A) and red light (B) 
and further at a QPhar of 30 mol absorbed photons m-2 s-1 (ML) under illumination with blue (C) and red light 
(D). Mean values are shown with standard deviation (n = 9). The maximum NPQ of each culture condition was 
tested for the occurrence of significant differences between WT and aureochrome 1a silenced using a one-way 
ANOVA followed by a Holms-Sidak pair-wise comparison test with the WT as control group. Significant 
differences are marked with asterisks (p < 0.05).  

 
For both aureochrome 1a silenced strains significantly higher diadinoxanthin (Ddx) 
concentrations were found in comparison to WT cells at almost all growth conditions. It is 
noteworthy that the Ddx content was usually higher in aureo1a-15 than in aureo1a-50 
(Table 5.2). Moreover, in WT cells the Ddx concentration was only increased comparing ML 
to LL under BL conditions but not under RL conditions. In contrast, aureo1a strains exhibited 
increased Ddx concentrations in all ML conditions compared to the corresponding LL. 
Table 5.2 presents de-epoxidation states (DES) of XC pigments which were determined after 
a 10 min period of illumination with 1000 mol photons m-2 s-1. The DES is depicted as the 
ratio of diatoxanthin (Dtx) per (Ddx + Dtx). Generally, an elevated DES was observed in WT 
cells and aureo1a strains under BL conditions compared to RL conditions. No differences of 
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the DES could be detected in WT cells to both aureochrome 1a silenced strains under BL 
conditions. However, under RL conditions the DES values were always significantly higher in 
the aureochrome 1a silenced strains. Interestingly, this resulted in the observation that in 
aureo1a-15 the DES after excess light illumination was comparable for ML RL and ML BL 
cultures. The highest DES was measured in aureo1a-50 cultures cultivated under ML BL. In 
summary, cultures of aureochrome 1a silenced strains tended to exhibit an increased high 
light acclimation status compared to the corresponding WT cultures concerning NPQ 
capacity, Ddx concentration and Ddx de-epoxidation. 
 
Table 5.2 Diadinoxanthin (Ddx) concentration and de-epoxidation state (DES)  

Parameter Wildtype aureo1a-15 aureo1a-50 aureo1a-15 
/ WT

aureo1a-50 
/ WT

Ddx under culture LL BL 110 ± 4 125 ± 7* 119 ± 6* + +
conditions RL 82 ± 4 90 ± 4* 89 ± 2* + +

[mmol (mol Chl a )-1] ML BL 130 ± 20 165 ± 13* 145 ± 11 + O
RL 83 ± 3 134 ± 22* 106 ± 15* + +

DES after 
illumination 

LL BL 0.38 ± 0.01 0.40 ± 0.03 0.40 ± 0.01 O O

with excess light RL 0.26 ± 0.01 0.30 ± 0.01* 0.28 ± 0.01* + +
[r.U.] ML BL 0.45 ± 0.01 0.43 ± 0.04 0.48 ± 0.02 O O

RL 0.29 ± 0.02 0.44 ± 0.03* 0.42 ± 0.05* + +

Culture 
condition

 
Aureo1a-15 and aureo1a-50 P. tricornutum cultures were grown under illumination with blue (BL) and red light 
(RL) under limiting light (LL, QPhar = 10 mol absorbed photons m-2 s-1) and medium light (ML, QPhar = 10 mol 
absorbed photons m-2 s-1) conditions; corresponding WT data of Schellenberger Costa et al. [139] is included as 
reference. Ddx-concentration is given in mmol mol Chl a-1. DES was measured after 10 min of illumination with 
1000 mol photons m-2 s-1 as the ratio of diatoxanthin (Dtx) to Ddx + Dtx. Mean values are shown with standard 
deviation (n = 5 to 9). Mean values of aureo1a cultures marked with asterisks (*) are significantly different to 
the WT culture of the same culturing condition according to one-way ANOVA followed by Holm-Sidak pair 
wise comparison against WT as control group (p < 0.05). O: no significant difference between WT and 
aureochrome 1a silenced strain; -: significant decrease in aureochrome 1a silenced strain compared to WT; 
+: significant increase in aureochrome 1a silenced strain compared to WT. 
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5.5 Discussion 
 

High light acclimation in diatoms is typically associated with a decrease of the cellular Chl a 
content and enhanced maximum photosynthesis rates. Furthermore, the photoprotective 
potential is clearly increased which is usually accompanied by an increased pool size of 
xanthophyll cycle pigments and an accelerated de-epoxidation of Ddx to Dtx under excess 
light conditions [139, 162-165]. High light acclimation is further connected to the up- or 
down-regulation of the expression of specific genes involved in photoprotection or light 
harvesting [166-169] as well as other processes such as the carbon metabolism [167]. Similar 
to high light acclimation, also the re-acclimation to illumination after prolonged darkness is 
accompanied by extensive transcriptional changes [170]. In a previous study we have shown 
that RL is not a trigger for light acclimation in WT cells of P. tricornutum and that the 
formation of an apparently high light acclimated phenotype is mediated by the absorption of 
BL despite moderate light intensities at cultivation [139]. Based on these results it was 
suggested that aureochromes might play an important role in the process of BL perception and 
that the active form of one or more of the aureochromes might act as transcription factors and 
induce or enhance the acclimation to higher light intensities. The predicted nuclear 
localisation of all four aureochromes and the confirmation by successful GFP fusion 
experiments for three of them further support a role of the aureochromes as transcription 
factors. Interestingly, AUREO1a was detected both in the nucleus and in the cytoplasm, 
indicating a different functionality compared to the other aureochromes, possibly involving 
shuttling between cytoplasm and nucleus. 
To study the influence of AUREO1a on the photoacclimation of P. tricornutum, we cultivated 
the aureochrome 1a silenced strains at BL and RL of different light intensities. Surprisingly, 
the results suggest a regulation of BL mediated light acclimation which stands in clear 
contrast to our expectations. At LL conditions, WT cells and the aureochrome 1a silenced 
strains showed very similar physiological properties under illumination with both BL and RL. 
This indicates that AUREO1a is not of major importance for the photoacclimation of 
P. tricornutum at low light intensities. Instead, the observed differences between the BL and 
RL acclimated phenotypes of the WT might be mediated by other BL receptors like other 
aureochromes or members of the cryptochrome family. 
At ML conditions, the physiological response of AUREO1a silencing cell lines showed 
explicit characteristics of acclimation to increased light intensities irrespectively of the 
applied light quality, including a reduction of the cellular Chl a content and the cellular dry 
weight as well as increased photosynthesis rates and an enhanced photoprotective potential. 
Hence, it can be stated that aureochrome 1a silenced cultures were ‘hyper’ acclimated under 
ML illumination suggesting that AUREO1a is involved in the photoacclimation of 
P. tricornutum. Considering the lacking influence of AUREO1a on the phenotype of LL 
cultures, this indicates the presence of a light intensity perception mechanism which is 
negatively affected by aureochrome 1a and which may comprise the reduction states of 
stromal compounds or the reduction state of the PQ pool. This would correspond to the recent 
observation that the nuclear gene expression is influenced by the addition of inhibitors of the 
linear electron transport in P. tricornutum [169]. 
Unexpectedly, aureo1a cultures showed different characteristics compared to WT cells also 
under ML RL conditions. The physiological parameters of the aureo1a cultures clearly 
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showed signs of an acclimation to increased light intensities whereas WT cells showed no 
corresponding acclimation at ML RL conditions in comparison to LL RL conditions. Hence, 
in aureochrome 1a silenced strains RL was able to trigger a limited acclimation to increased 
light intensities. A possible explanation for these results could be that AUREO1a does not 
induce or enhance high light acclimation but, to the contrary, acts as a repressor of the 
formation of a phenotype which is acclimated to higher light intensities. Furthermore, it can 
be deduced that the RL acclimated state of WT cells is not simply the consequence of missing 
BL absorption, but represents a discrete acclimation state which requires the presence of 
AUREO1a. The involvement of BL photoreceptors in the generation of RL phenotypes is not 
unusual. For example, it was demonstrated that the neutral radical state of an animal-like 
cryptochrome of Chlamydomonas reinhardtii is able to absorb both BL and RL [171]. 
However, the biochemical properties of the AUREO1a LOV-domain do not allow the 
generation of a radical state of the chromophore which would be required for RL absorption. 
Accordingly, the absorption of the AUREO1a of P. tricornutum was shown to be restricted to 
wavelengths in the blue range ([52] and T. Kottke, personal communication). 
Therefore, other interaction mechanisms between AUREO1a and RL perception pathways 
have to be assumed. Recently, protein complexes containing RL absorbing phytochromes and 
BL absorbing phototropins were discovered in the plasma membranes of Physcomitrella 
patens and Arabidopsis thaliana [172]. These protein complexes were shown to be essential 
for full functionality of phytochromes explaining the loss of RL induced chloroplast 
movement in phototropin deficient strains of P. patens described earlier [173]. Due to the 
absence of phototropin photoreceptors in diatoms, it can be speculated that AUREO1a may 
functionally substitute phototropin as interaction partner of phytochrome. This would make 
AUREO1a essential for a correct function of phytochromes and thus, for RL induced 
signalling in P. tricornutum. The observed additional cytosolic localisation of AUREO1a 
would in principle allow an interaction with plasma membrane bound phytochromes.  
In addition to the physical interaction of phototropins and phytochromes, various other 
interaction mechanisms between BL and RL perception pathways were described for higher 
plants and for green algae. For example, it was shown that both phytochromes and 
cryptochromes regulate the expression of certain components of the phototropin signalling 
pathway [174-176] or alter their cellular location [177]. Furthermore, the protein phytochrome 
kinase substrate 4 was shown to be substrate of both phytochromes and phototropins [178]. If 
indeed an interaction between AUREO1a and a phytochrome would occur in P. tricornutum, 
the phenotype of aureo1a and WT cultures should change upon adding far red radiation to 
either BL or RL conditions, respectively. An interaction between AUREO1a and a RL 
perception pathway could be involved in the perception of the BL/RL ratio. This ratio may 
vary enormously in the euphotic zones of the natural habitats of diatoms [117] and it was 
shown to correlate comparatively well with the ambient light intensity [118, 179]. Therefore, 
a putative interaction between AUREO1a and a RL perception pathway might enable the 
diatoms to combine sensing of light qualities with the ability to integrate the perceived light 
intensities into a total light intensity perception allowing the cells to acclimate better to their 
environment. Alternatively, it is possible that the altered phenotypes of the transformed cell 
lines under both BL and RL conditions result from a light-independent functionality of 
AUREO1a. However, there is convincing evidence that AUREO1a acts as BL activated 
transcription factor for the dsCYC2 gene in P. tricornutum [138]. Furthermore, AUREO1a 
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LOV  reacts with conformational changes in response to BL exposure allowing 
homodimerisation and enhanced DNA binding [52]. Thus it seems likely that the observed 
light dependent physiological effects originate primarily from a BL induced functionality of 
AUREO1a. 
One important feature of our work is the finding that, although four different aureochromes 
are expressed in P. tricornutum, the silencing of a single aureochrome gene cannot be 
compensated. This indicates that the individual aureochromes might have discrete functions 
similar to the AUREO1 and 2 proteins of V. frigida [135]. This is further supported by the 
observation of differential circadian gene expression patterns of the aureochromes of 
Thalassiosira pseudonana [180] and by our finding of four distinct groups of aureochromes 
thar feature group specific homologous regions. Group 1 and 2 correspond to the respective 
aureochromes of V. frigida described by Takahashi et al. [135], while the other two groups 3 
and 4 are dominated by diatom aureochromes, raising the question whether diatoms might 
possess exclusive classes of aureochromes associated with diatom specific functions. This 
notion is also supported by the observation that P. tricornutum, like the diatoms P. multiseries 
and F. cylindrus, possesses at least one aureochrome of each group. If this pattern is 
confirmed in future research, a re-evaluation of the current aureochrome nomenclature might 
be appropriate. 
A preceding study on the physiological characterisation of P. tricornutum in response to 
different light qualities [139] revealed that the quantum requirement of biomass production 
was significantly increased in WT cells under ML RL conditions compared to all other tested 
culture conditions. Although monochromatic RL conditions are artificial and do not occur 
naturally, this demonstrated that chromatic acclimation can affect the overall cellular energy 
balance. In contrast to WT cultures, an increased quantum requirement under ML RL 
conditions compared to other applied culturing conditions was not detected in aureo1a 
cultures. This is in agreement with the apparent acclimation of the aureochrome 1a silenced 
strains to increased light intensities at ML RL conditions as indicated by elevated NPQ 
capacity, Pmax or xanthophyll cycle pigment concentrations. Generally, no obvious 
disadvantage of aureo1a cultures compared to WT cells was detected using our specific 
experimental setup with persistent exponential growth. However, WT and aureo1a cultures 
were additionally grown in batch cultures revealing that aureochrome 1a silenced strains show 
a prolonged lag phase during batch cultivation compared to WT cultures, while no significant 
differences of growth rates during the exponential growth phase were detected (Supplemental 
Experiment 5-S1). This indicates that the suppression of AUREO1a in P. tricornutum disturbs 
the initial photoacclimation after changes of the ambient light conditions rather than the 
growth performance under steady state conditions. Thus, one role of AUREO1a could be the 
promotion of acclimation to fast changes of ambient light conditions, which are common in 
the natural habitat of diatoms [117]. In this context it would be interesting to study the 
performance of aureo1a cultures under fluctuating light conditions.  
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6.1 Abstract 
 

Aureochromes are recently discovered blue light dependent putative transcription factors. 
Their cellular functionalities are still largely enigmatic and as described in chapter 5 there are 
four distinct phylogenetic groups of aureochromes, two of them dominated by diatoms. In 
P. tricornutum genes encoding for four aureochromes isoforms, one of each phylogenetic 
group, have been identified. For future research complementing the results presented in 
chapter 5 further knockdown silencing constructs for PtAUREO1b and PtAUREO2 were 
conceived as well as an PtAUREO1a overexpression construct, which features a for 
P. tricornutum optimised codon usage manually enhanced to include adaptions in three parts 
of the sequence to minimise homology to the original sequence. These three regions 
correspond to potential qPCR primer binding sites and the sequence used for RNAi in 
chapter 5. Thus the means for differentiated quantification of the natural and the 
overexpression transcript by qPCR and for rescue experiments in the PtAUREO1a 
knockdown strains are provided.  
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6.2 Introduction 
 

Aureochromes are novel blue light receptors recently found in the alga Vaucheria frigida 
[51]. The aureochromes are apparently restricted to the stramenopiles [181]. Aureochromes 
are distinct to other blue light receptors because of the characteristic domain structure 
combining a c-terminal blue light sensitive LOV (light, oxygen, voltage) and an N-terminal 
DNA binding bZIP (basic leucine zipper) domain [51]. Accordingly they are supposed to act 
as light activated transcription factors [51, 52], which is further supported by the GFP 
localisation data provided in chapter 5 of this work [182]. Furthermore it has been 
demonstrated in Phaeodactylum tricornutum that PtAUREO1a is involved in the 
transcriptional regulation of cyclin dsCYC2, which itself is important for the transition of the 
G1 checkpoint of the cell cycle [53]. Furthermore in V. frigida a role in morphogenesis and 
development of sexual organs were demonstrated for VfAUREO1 and VfAUREO2 by 
investigating corresponding knockdown strains [51]. The light quality dependent 
physiological analyses presented in chapter 5 demonstrate a complex involvement of 
PtAUREO1a in the photoacclimation of P. tricornutum, supporting a role as high light 
photoacclimation repressor, which is deactivated at blue light radiation [182]. Despite these 
recent insights into AUREO functionality their biological functions are still mostly enigmatic 
calling for more research on aureochromes.  
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6.3 Material and Methods 
 

6.3.1 Cell culture 
 

Escherischia coli XL1 blue was cultivated in shaken batch cultures at 37 °C at 220 rpm. 
Cultures were grown in lysogeny broth (LB) media [104, 105]. For solid media it was 
supplemented with 1.5 % (w/v) agar and for selection ampicillin was added to a final 
concentration of 100 g/ml. Plates were cultivated at 37 °C. 

6.3.2 Design and generation of PtAUREO1b and PtAUREO2 silencing constructs 
 

For the design of the PtAUREO1b (JGI protein ID 49458) and PtAUREO2 (56060) silencing 
constructs, a 120 bp long unique nucleotide sequence for each respective gene was identified 
(bp 781-900 for PtAUREO1b and bp 379-498 for PtAUREO2). For verification of the unique 
specificity of each sequence, nucleotide BLAST analyses in the genome of P. tricornutum 
were conducted in the corresponding databases of the JGI and NCBI. The nucleotide 
sequences were synthesised (Eurofins MWG Operon, Ebersberg, Germany) as part of a 
synthetic gene construct in the vector backbone pCR2.1 adding additional restriction sites 
(Figure 6.1) needed for orientated introduction into the silencing vector (Supplemental 
Figure 5-S4). The PtAUREO1b sequence was synthesised in antisense orientation to account 
for the restriction site necessities required for introduction into the silencing vector. 

 
Figure 6.1 Scheme presenting the synthetic gene layout and indicating the silencing fragments and their 
orientations sense(s) and antisense (as). For each silencing fragment a 120 bp sequence was synthesized and 
flanked by suitable restriction sites (two sticky end restriction sites on one site and one blunt end on the other 
site) as indicated here. As two sequences share one blunt end restriction site, the respective second sequence 
(AUREO1b and Pyc1) needs to be in antisense orientation to make the applied cloning strategy feasible. 
Aureo1a was used in chapter 5 for the generation of AUREO1a silencing strains, Pyc1 was not used in this thesis 
and AUREO1b and AUREO2 were used for the generation of corresponding silencing constructs as described 
here. 

The synthetic gene vector was amplified in Escherichia coli XL1 Blue (Agilent Technologies, 
Waldbronn, Germany) and isolated (QIAprep® Spin Miniprep Kit). Mixed sticky and blunt 
end restriction digestions were performed with EcoRI and HpaI in order to obtain the 
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AUREO1b fragment for sense orientation, with HindIII and HpaI in order to obtain the 
AUREO1b fragment for antisense orientation, with EcoRI and StuI in order to obtain the 
AUREO2 fragment for sense orientation and with HindIII and StuI in order to obtain the 
AUREO2 fragment for antisense orientation. The target vector pPha-NR features the 
promoter region of the P. tricornutum nitrate reductase, which expression was demonstrated 
to be dependent on nitrate availability in the diatoms Cylindrotheca fusiformis and 
Thalassiosira pseudonana [148-151]. For the generation of the PtAUREO1b silencing 
construct, the target vector was cut by a mixed sticky and blunt end restriction digestion with 
HindIII/StuI. The antisense fragment of AUREO1a was inserted downstream of the loop 
region into the HindIII/StuI digested target vector. This process was repeated employing 
EcoRI and HpaI for the mixed digest of the target vector carrying the antisense fragment in 
order to introduce the second fragment in sense orientation upstream of the loop region of the 
target vector to generate the final construct. For the generation of the PtAUREO2 silencing 
construct, the target vector was cut by a mixed sticky and blunt end restriction digestion with 
EcoRI/HpaI. The sense fragment of AUREO1a was inserted upstream of the loop region into 
the EcoRI/HpaI digested target vector. This process was repeated employing HindIII and StuI 
for the mixed digest of the target vector carrying the sense fragment in order to introduce the 
second fragment in antisense orientation downstream of the loop region of the target vector to 
generate the final construct. The constructs were sequenced (GATC Biotech AG, Konstanz, 
Germany) after each cloning step from 5’ and/or 3’ end of the inserts to ensure correct 
cloning. 

6.3.3 Design and generation of peptide antibodies against PtAUREO1b and 
PtAUREO2 

 

The amino acid sequences of PtAUREO1b and PtAUREO2 were screened for unique regions. 
For the design of the peptides to be used for antiserum generation it was important to avoid 
those sequences that could cause any cross reactivity with other proteins of P. tricornutum. 
The peptides need an N-terminal cysteine, which allows linking to a carrier protein (KLH, 
Keyhole Limpet Hemocyanin) for immunisation and this cysteine was added to the sequence 
if no natural N-terminal cysteine was available. Two fourteen amino acids long peptide 
sequences were identified for PtAUREO1b (position 87-100) and PtAUREO2 (406-419). The 
synthesised peptides were (NH2-) CNPVTKKQKTDEQSQ (-CONH2) for PtAUREO1b and 
(NH2-) CVARPEPGDPEHDKG (-CONH2) for PtAUREO2. Peptide synthesis and rabbit 
immunisation was performed by a company (Agrisera AB, Vännäs, Sweden) in a 15 weeks 
immunisation protocol including four antigen immunisation steps, one every four weeks, and 
final bleeding two weeks after last immunisation. Antisera were tested with antigenic peptides 
in immunoblotting. The final verification of the antibodies was done independent of this 
thesis. 

6.3.4 Design and generation of a sequence optimised PtAUREO1a overexpression 
construct 

 

The sequence of PtAUREO1a (gene model of JGI protein ID 56684) was optimised in codon 
usage for P. tricornutum by the freely available web application OPTIMIZER 
(http://genomes.urv.es/OPTIMIZER/) [183] using the codon usage frequencies derived from 
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2521508 codons analysed and provided at the PtDB Phaeodactylum tricornutum EST 
database (http://avesthagen.sznbowler.com/) [54, 184]. The obtained sequence was further 
manually refined to reduce sequence homology towards the original sequence in the regions: 
bp 929-948, bp 1071-1091 and bp 1153-1272. The first two regions equal potential qPCR 
primer binding sites designed for quantification of natural PtAUREO1a and the third region 
served as silencing fragment as described in chapter 5. EcoRI was added as 5’ restriction site 
and HindIII was added as 3’ restriction site to the designed sequence. The optimised sequence 
was generated as synthetic gene by a company (Eurofins MWG, Ebersberg, Germany) and 
was provided in pBS II SK(+) as vector backbone. The sequence was cut and introduced into 
the target vector pPha-T1 [185] by the EcoRI and HindIII restriction sites. The sequence was 
verified by sequencing of the 5’ and 3’ end of the insert (GATC Biotech AG, Konstanz, 
Germany). 
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6.4 Results 
 

Vector constructs for the transformation of P. tricornutum were generated, which allow RNAi 
knockdown of the target genes PtAUREO1b and PtAUREO2 respectively (Figure 6.2). 

 

Figure 6.2 Vector maps of the RNAi silencing constructs for A PtAUREO1b (49458) and B PtAUREO2 
(56060). Each vector features an origin of replication for amplification of the vector in E. coli, two constitutively 
expressed selectable markers – ampicillin resistance for selection in bacteria and zeocin resistance for selection 
in diatoms and the target specific gene cassette for gene silencing. This gene cassette consists of the 
P. tricornutum nitrate inducible nitrate reductase (NR) promotor and corresponding terminator, which enclose 
the sequence encoding the silencing hairpin structure. This sequence consists of a 120 bp fragment in sense 
orientation specific to PtAUREO1b, or 2 respectively, followed by a 128 bp long loop region derived from the 
second intron of the PtNTT1 gene, which again is followed by the fragment specific to PtAUREO1b, or 2 
respectively, in antisense orientation. The expression of this sequence produces a hairpin structure, which serves 
as substrate for the postulated [186, 187] RNAi mechanism in diatoms, degrading endogenous RNA homologous 
to the double stranded part of the hairpin structure. Restriction sites for the enzymes used in the generation of the 
vectors, which still can be found in the final vectors are marked in blue. Vector maps were created with 
Plasmapper 2.0 [188].  
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The constructs were used to transform P. tricornutum (data not shown). Identification of 
successful transformation via colony PCR was complicated by unspecific signal bands at a 
similar height of the specific PCR product. 

Peptide antibodies against PtAUREO1b and PtAUREO2 were designed and produced in 
rabbits. Early bleedings (2 weeks after 3rd immunisation) and presera were tested for 
specificity with antigenic peptides via immunoblotting (Figure 6.3). The presera show no 
reactivity or only unspecific background staining with negative spots. The antisera of the 
individual animals produce specific signals to the antigenic peptide they were raised against. 
The final verification of the antibodies was done independent of this thesis. 

 

Figure 6.3 Immunoblot specificity test of four rabbit antisera. Two animals were immunised with a 
PtAUREO1b specific peptide antigen, the other two with a PtAUREO2 specific peptide antigen. The antisera 
derived from bleedings two weeks after the third immunisation with the respective peptide-antigens. 
Additionally immunoblots featuring pre-immunisation sera were tested. Immunoblots featuring the two antigenic 
peptides used for immunisation were prepared and incubated with sera as indicated. 

A PtAureo1a construct for overexpression in P. tricornutum was designed by codon 
optimisation of the natural PtAUREO1a sequence. Additionally three regions were manually 
refined to minimise homology to the natural nucleotide sequence. These regions correspond in 
the natural sequence to potential primer binding sites for qPCR transcript quantifications and 
the gene fragment, which was used for constructing the gene silencing construct for 
PtAUREO1a as described in chapter 5. Furthermore for cloning purposes a 5’-terminal EcoRI 
and a 3’-terminal HindIII restriction site were introduced. The sequence (Figure 6.4) was 
created as synthetic gene. Figure 6.5 shows the alignment of the optimised with the natural 
sequence. The sequence was introduced via the EcoRI and HindIII restriction sites into the 
P. tricornutum constitutive expression vector pPha-T1 [185] (Figure 6.6). 
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AUREO1a (56684) natural sequence 
 
ATGCCGTCCGGGTTCCTGATCCTGCTTTGTATGCTTTTTTTAGGTTGTCAAGCCATAAAATCTCAGGCGCCGGTCGCTGCTGTAACAGACACTG
ATTTCGTTGTCTCGCTGTTGACGACTATCACCACCACCACCAACACTAGGTTCCCTTTTGCTATACATTTCATTACCATGACCGACAACAACAA
GAGCCTTTCGGCGCATGCGCAAGCCGCCGTAACCAACAGGGGCAACCCAGCTACGCTGAATCTTGATGATATCTTTGGAGACGTCATGTTCACG
CCTGACGGAGACACGGTCTTCATGTCCGAACAGAAGGAGGAATTGTTGAATTCGGGAGAACGCGAGGTCACCACCATGGCTTCGAAAGCGACAC
AGGATGGGCAATACCAACCCGTCCAGCAAGGTGGAGGACTTTACACGACTCAGTTGTACGACAACAGCAAGCCTGCCTTGACTATGGGAGTTGC
CGGAGGCATCAACGTGCAAGCCACCGCGCCCGTCCCGTACAAGTCCGCCCCTCAGGCAACCCATCACTTGCAGTACGCCGCGCCCAAGAAAAAG
TCGTCGTCCAGCAGCACGAGCGGTAGTGGCAGTCGATCGGATCGTAAAATGTCCGAACAGCAAAAGGTTGAACGTCGCGAACGCAATCGCGAGC
ACGCCAAGCGCTCCCGAATTCGCAAAAAGTTCTTGTTGGAATCCCTCCAGCAGTCGGTCTCCCTCCTTAAGGAAGAGAACGAAAAGCTCAAGAC
TTCCATTCGTTCGCACTTGGGCGACGAAAAGGCCGATACCCTCATCGATAGCGCCAACAACAACAAAACGGACGTTGATGGACTCCTGGCGTCG
TCGCAAGGCATCGCCAACAAGGTCCTGGACGATCCCGATTTTTCCTTTATCAAGGCCCTCCAAACGGCGCAGCAAAACTTCGTCGTCACCGATC
CCTCTCTGCCGGACAATCCGATCGTGTATGCCTCGCAGGGCTTTCTCAACTTGACGGGATACTCCTTGGATCAAATTCTCGGACGGAATTGTCG
TTTCCTACAGGGACCCGAGACCGACCCCAAAGCCGTGGAGCGTATTCGTAAGGCCATTGAACAGGGGAACGATATGTCGGTCTGCTTGCTCAAT
TACCGCGTGGACGGTACCACATTTTGGAATCAGTTCTTCATTGCTGCCTTGCGGGATGCCGGTGGCAACGTGACCAACTTTGTGGGGGTGCAGT
GCAAGGTGTCCGACCAATACGCCGCCACAGTCACCAAGCAACAGGAAGAAGAGGAGGAAGCCGCGGCCAACGATGACGAAGACTAA 
 
gene model (49116) corrected accordingly to nucleotide sequencing (chapter 5) 
silencing fragment 
qPCR primer binding sites 
 
AUREO1a (56684) codon usage optimised 
 
gaattcATGCCTTCTGGATTTTTGATCTTACTGTGTATGCTATTTTTGGGATGTCAAGCGATCAAAAGCCAAGCTCCAGTTGCAGCAGTCACTG
ACACAGACTTCGTAGTCTCCCTATTGACCACAATTACCACAACAACAAACACACGTTTCCCATTTGCAATCCATTTTATCACGATGACTGACAA
CAACAAGTCACTTTCTGCACATGCTCAAGCGGCCGTCACCAATAGAGGCAACCCGGCTACCCTGAACCTGGACGATATCTTCGGCGACGTAATG
TTTACTCCCGACGGCGATACTGTCTTTATGAGCGAACAAAAAGAAGAGCTGTTAAACTCTGGGGAGAGGGAGGTGACAACAATGGCTTCCAAAG
CAACCCAGGATGGACAGTACCAGCCTGTCCAGCAAGGAGGTGGACTTTACACAACCCAGCTCTACGACAACAGCAAGCCTGCTCTAACCATGGG
CGTAGCTGGGGGTATTAATGTTCAAGCAACTGCACCAGTTCCCTACAAGAGCGCTCCGCAAGCTACGCATCACCTTCAATATGCTGCCCCAAAG
AAAAAGTCGTCCAGTAGCTCAACGAGTGGATCAGGCTCGCGGTCCGACCGGAAAATGTCCGAACAACAAAAAGTGGAACGCCGCGAGAGAAACA
GGGAACATGCTAAACGATCGCGTATTCGTAAGAAATTCTTGCTCGAAAGCCTGCAGCAATCAGTCTCCCTCTTGAAGGAGGAAAACGAGAAACT
TAAAACAAGTATCCGTTCACACTTGGGAGATGAAAAAGCCGATACATTGATTGATTCAGCCAACAACAATAAGACCGATGTTGACGGACTTCTT
GCGTCTTCCCAAGGTATCGCTAATAAAGTTCTGGATGACCCTGACTTTTCCTTTATTAAGGCATTACAGACCGCCCAGCAAAATTTCGTGGTGA
CAGACCCTAGCTTACCAGATAATCCAATTGTTTACGCTTCACAGGGTTTCCTCAACCTTACCGGATATAGCCTGGATCAAATTCTGGGCCGTAA
CTGTCGTTTTCTTCAGGGACCGGAAACGGATCCCAAGGCCGTCGAAAGAATCAGAAAAGCTATTGAGCAGGGTAACGATATGAGCGTATGCCTT
TTAAACTACCGAGTCGACGGTACGACATTTTGGAACCAATTTTTTATCGCAGCTCTTAGAGACGCGGGAGGAAATGTCACGAATTTCGTCGGAG
TCCAATGTAAAGTCAGTGATCAGTATGCAGCTACCGTTACAAAACAGCAAGAGGAGGAAGAAGAAGCAGCCGCCAACGATGACGAAGATTAAaa
gctt 
 
Regions manually refined to minimise homology to original sequence 
gaattc EcoRI restriction site 
aagctt HindIII restriction site 
 
Figure 6.4 Natural and optimised nucleotide sequence of PtAUREO1a (56684). The natural sequence is based 
on the Joint Genome Institute (JGI) database information on protein ID 56684. As part of the work in chapter 5 
the nucleotide sequence of the PtAUREO1a gene model 49116 was sequenced for our strain, the deviations to 
the JGI nucleotide sequence observed there were applied for the natural sequence of (56684) as well and are 
marked with darkened background colours and bold lettering. Furthermore interesting regions are marked: in 
turquoise potential qPCR primer binding sites for future research and in green the region used for RNAi gene 
silencing. The optimised sequence was generated with the Optimizer web application [183] utilising a codon 
usage table specific for P. tricornutum [54, 184] and the application was set to avoid the generation of EcoRI and 
HindIII restriction sites. Manual refinement of the regions marked in grey to minimise homology to the original 
sequence was performed afterwards. These regions correspond to the potential qPCR primer binding sites and 
the RNAi fragment of the natural sequence. Codons altered from the codon adapted sequence generated by the 
Optimizer web application are marked in bold. EcoRI and HindIII restriction sites were added at the 5’ and 
3’ end respectively marked in small letters and underlining. This sequence was generated as synthetic gene 
(Eurofins MWG, Ebersberg, Germany). 
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CLUSTAL 2.1 multiple sequence alignment 
 
 
AUREO1a_natural_seq      ------ATGCCGTCCGGGTTCCTGATCCTGCTTTGTATGCTTTTTTTAGGTTGTCAAGCC 54 
AUREO1a_optimsied        GAATTCATGCCTTCTGGATTTTTGATCTTACTGTGTATGCTATTTTTGGGATGTCAAGCG 60 
                               ***** ** ** **  ***** * ** ******** ***** ** ********  
 
AUREO1a_natural_seq      ATAAAATCTCAGGCGCCGGTCGCTGCTGTAACAGACACTGATTTCGTTGTCTCGCTGTTG 114 
AUREO1a_optimsied        ATCAAAAGCCAAGCTCCAGTTGCAGCAGTCACTGACACAGACTTCGTAGTCTCCCTATTG 120 
                         ** ***   ** ** ** ** ** ** ** ** ***** ** ***** ***** ** *** 
 
AUREO1a_natural_seq      ACGACTATCACCACCACCACCAACACTAGGTTCCCTTTTGCTATACATTTCATTACCATG 174 
AUREO1a_optimsied        ACCACAATTACCACAACAACAAACACACGTTTCCCATTTGCAATCCATTTTATCACGATG 180 
                         ** ** ** ***** ** ** *****  * ***** ***** ** ***** ** ** *** 
 
AUREO1a_natural_seq      ACCGACAACAACAAGAGCCTTTCGGCGCATGCGCAAGCCGCCGTAACCAACAGGGGCAAC 234 
AUREO1a_optimsied        ACTGACAACAACAAGTCACTTTCTGCACATGCTCAAGCGGCCGTCACCAATAGAGGCAAC 240 
                         ** ************   ***** ** ***** ***** ***** ***** ** ****** 
 
AUREO1a_natural_seq      CCAGCTACGCTGAATCTTGATGATATCTTTGGAGACGTCATGTTCACGCCTGACGGAGAC 294 
AUREO1a_optimsied        CCGGCTACCCTGAACCTGGACGATATCTTCGGCGACGTAATGTTTACTCCCGACGGCGAT 300 
                         ** ***** ***** ** ** ******** ** ***** ***** ** ** ***** **  
 
AUREO1a_natural_seq      ACGGTCTTCATGTCCGAACAGAAGGAGGAATTGTTGAATTCGGGAGAACGCGAGGTCACC 354 
AUREO1a_optimsied        ACTGTCTTTATGAGCGAACAAAAAGAAGAGCTGTTAAACTCTGGGGAGAGGGAGGTGACA 360 
                         ** ***** ***  ****** ** ** **  **** ** ** ** **  * ***** **  
 
AUREO1a_natural_seq      ACCATGGCTTCGAAAGCGACACAGGATGGGCAATACCAACCCGTCCAGCAAGGTGGAGGA 414 
AUREO1a_optimsied        ACAATGGCTTCCAAAGCAACCCAGGATGGACAGTACCAGCCTGTCCAGCAAGGAGGTGGA 420 
                         ** ******** ***** ** ******** ** ***** ** *********** ** *** 
 
AUREO1a_natural_seq      CTTTACACGACTCAGTTGTACGACAACAGCAAGCCTGCCTTGACTATGGGAGTTGCCGGA 474 
AUREO1a_optimsied        CTTTACACAACCCAGCTCTACGACAACAGCAAGCCTGCTCTAACCATGGGCGTAGCTGGG 480 
                         ******** ** *** * ********************  * ** ***** ** ** **  
 
AUREO1a_natural_seq      GGCATCAACGTGCAAGCCACCGCGCCCGTCCCGTACAAGTCCGCCCCTCAGGCAACCCAT 534 
AUREO1a_optimsied        GGTATTAATGTTCAAGCAACTGCACCAGTTCCCTACAAGAGCGCTCCGCAAGCTACGCAT 540 
                         ** ** ** ** ***** ** ** ** ** ** ******  *** ** ** ** ** *** 
 
AUREO1a_natural_seq      CACTTGCAGTACGCCGCGCCCAAGAAAAAGTCGTCGTCCAGCAGCACGAGCGGTAGTGGC 594 
AUREO1a_optimsied        CACCTTCAATATGCTGCCCCAAAGAAAAAGTCGTCCAGTAGCTCAACGAGTGGATCAGGC 600 
                         *** * ** ** ** ** ** **************    ***   ***** **    *** 
 
AUREO1a_natural_seq      AGTCGATCGGATCGTAAAATGTCCGAACAGCAAAAGGTTGAACGTCGCGAACGCAATCGC 654 
AUREO1a_optimsied        TCGCGGTCCGACCGGAAAATGTCCGAACAACAAAAAGTGGAACGCCGCGAGAGAAACAGG 660 
                            ** ** ** ** ************** ***** ** ***** *****  * **  *  
 
AUREO1a_natural_seq      GAGCACGCCAAGCGCTCCCGAATTCGCAAAAAGTTCTTGTTGGAATCCCTCCAGCAGTCG 714 
AUREO1a_optimsied        GAACATGCTAAACGATCGCGTATTCGTAAGAAATTCTTGCTCGAAAGCCTGCAGCAATCA 720 
                         ** ** ** ** ** ** ** ***** ** ** ****** * ***  *** ***** **  
 
AUREO1a_natural_seq      GTCTCCCTCCTTAAGGAAGAGAACGAAAAGCTCAAGACTTCCATTCGTTCGCACTTGGGC 774 
AUREO1a_optimsied        GTCTCCCTCTTGAAGGAGGAAAACGAGAAACTTAAAACAAGTATCCGTTCACACTTGGGA 780 
                         ********* * ***** ** ***** ** ** ** **    ** ***** ********  
 
AUREO1a_natural_seq      GACGAAAAGGCCGATACCCTCATCGATAGCGCCAACAACAACAAAACGGACGTTGATGGA 834 
AUREO1a_optimsied        GATGAAAAAGCCGATACATTGATTGATTCAGCCAACAACAATAAGACCGATGTTGACGGA 840 
                         ** ***** ********  * ** ***   *********** ** ** ** ***** *** 
 
AUREO1a_natural_seq      CTCCTGGCGTCGTCGCAAGGCATCGCCAACAAGGTCCTGGACGATCCCGATTTTTCCTTT 894 
AUREO1a_optimsied        CTTCTTGCGTCTTCCCAAGGTATCGCTAATAAAGTTCTGGATGACCCTGACTTTTCCTTT 900 
                         ** ** ***** ** ***** ***** ** ** ** ***** ** ** ** ********* 
 
AUREO1a_natural_seq      ATCAAGGCCCTCCAAACGGCGCAGCAAAACTTCGTCGTCACCGATCCCTCTCTGCCGGAC 954 
AUREO1a_optimsied        ATTAAGGCATTACAGACCGCCCAGCAAAATTTCGTGGTGACAGACCCTAGCTTACCAGAT 960 
                         ** *****  * ** ** ** ******** ***** ** ** ** **     * ** **  
 
AUREO1a_natural_seq      AATCCGATCGTGTATGCCTCGCAGGGCTTTCTCAACTTGACGGGATACTCCTTGGATCAA 1014 
AUREO1a_optimsied        AATCCAATTGTTTACGCTTCACAGGGTTTCCTCAACCTTACCGGATATAGCCTGGATCAA 1020 
                         ***** ** ** ** ** ** ***** ** ****** * ** *****   * ******** 
 
AUREO1a_natural_seq      ATTCTCGGACGGAATTGTCGTTTCCTACAGGGACCCGAGACCGACCCCAAAGCCGTGGAG 1074 
AUREO1a_optimsied        ATTCTGGGCCGTAACTGTCGTTTTCTTCAGGGACCGGAAACGGATCCCAAGGCCGTCGAA 1080 
                         ***** ** ** ** ******** ** ******** ** ** ** ***** ***** **  
 
AUREO1a_natural_seq      CGTATTCGTAAGGCCATTGAACAGGGGAACGATATGTCGGTCTGCTTGCTCAATTACCGC 1134 
AUREO1a_optimsied        AGAATCAGAAAAGCTATTGAGCAGGGTAACGATATGAGCGTATGCCTTTTAAACTACCGA 1140 
                          * **  * ** ** ***** ***** *********   ** *** *  * ** *****  
 
AUREO1a_natural_seq      GTGGACGGTACCACATTTTGGAATCAGTTCTTCATTGCTGCCTTGCGGGATGCCGGTGGC 1194 
AUREO1a_optimsied        GTCGACGGTACGACATTTTGGAACCAATTTTTTATCGCAGCTCTTAGAGACGCGGGAGGA 1200 
                         ** ******** *********** ** ** ** ** ** **  *  * ** ** ** **  
 
AUREO1a_natural_seq      AACGTGACCAACTTTGTGGGGGTGCAGTGCAAGGTGTCCGACCAATACGCCGCCACAGTC 1254 
AUREO1a_optimsied        AATGTCACGAATTTCGTCGGAGTCCAATGTAAAGTCAGTGATCAGTATGCAGCTACCGTT 1260 
                         ** ** ** ** ** ** ** ** ** ** ** **    ** ** ** ** ** ** **  
 
AUREO1a_natural_seq      ACCAAGCAACAGGAAGAAGAGGAGGAAGCCGCGGCCAACGATGACGAAGACTAA------ 1308 
AUREO1a_optimsied        ACAAAACAGCAAGAGGAGGAAGAAGAAGCAGCCGCCAACGATGACGAAGATTAAAAGCTT 1320 
                         ** ** ** ** ** ** ** ** ***** ** ***************** ***       

Figure 6.5 The nucleotide sequences of the natural and optimised PtAUREO1a (56684) were aligned. ClustalW 
nucleotide alignment was performed with a freely available web application 
(http://www.genome.jp/tools/clustalw/). The regions of special interest corresponding to the potential qPCR 
primer sites of the natural sequence and the RNAi fragment are marked correspondingly. Turquoise/grey mark 
the qPCR primer binding site regions and green/grey mark the RNAi fragment region. Codons of all three 
regions were manually refined in the optimised sequence to minimise homology without altering amino acid 
coding.  
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Figure 6.6 Vector map of pPha-T1_Aureo1a_optimised. The vector is based on pPha-T1 [185] and a codon 
usage optimised sequence (Optimizer web application http://genomes.urv.es/OPTIMIZER/ and manual 
refinement) of PtAUREO1a (56684) was introduced using the EcoRI and HindIII restriction sites. The manually 
refined regions of the PtAUREO1a gene corresponding to potential qPCR primer binding sites and the RNAi 
silencing fragment in the natural gene are marked in dark green. The vector map was created with 
Plasmapper 2.0 [188]. 
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6.5 Discussion 
 

The recent discovery of aureochromes as stramenopile-specific blue light receptors that 
represent transcription factors raises questions about their functionality. It is not clear if their 
activity is analogue to other blue light receptors like for example phototropins which are only 
found in the green lineage of photosynthetic organisms [189] or whether they have unique 
functionalities specific to stramenopiles. The generated PtAUREO1b and PtAUREO2 RNAi 
silencing constructs provide interesting prospects for future studies. The analysis of 
knockdown strains will help characterising the different aureochromes and may further 
support a functional division of the aureochromes into four groups like proposed in chapter 5. 
A comparable physiological investigation of PtAUREO1b and 2 knockdown strains in red 
and blue light conditions will show whether their knockdown causes similar effects as 
described for PtAUREO1a knockdown strains. Another interesting aspect will be the 
investigation of double or even triple knockdowns of different aureochromes in a single 
strain. In such strains the possibility for rescuing effects by other aureochromes would be 
greatly reduced and the comparison of single and multiple knockdown strains may deepen the 
understanding of the functionalities of each aureochrome. Aureochromes are putative 
transcription factors [51-53, 182] and thus are likely to affect the expression of many genes. 
So, light quality dependent proteomic and transcriptomic analyses of P. tricornutum 
knockdown strains compared to the wild type may provide valuable information about the 
targets of aureochrome gene regulation in diatoms. Once potential targets of aureochromes are 
identified a specific analysis of the regulation can be performed, for example the 
characterisation of the transcription factor complex the respective aureochrome is part of. The 
direct comparison of such complexes in corresponding aureochrome knockdown strains will 
enable comprehensive characterisation of the respective aureochrome in these complexes. 
The early antigen specificity tests done in this thesis for the generated PtAUREO1b and 
PtAUREO2 peptide antibody sera are promising. Each serum specifically recognises the 
antigenic peptide it was derived against and the presera show no reactivity. It is likely that the 
final bleedings will specifically mark PtAUREO1b and 2, respectively. These antibodies will 
be very useful for further research, making it easy to verify PtAUREO1b and 2 RNAi 
silencing on the protein level. Co-immunoprecipitation assays and ChIP analysis may become 
possible as well, if the sera are specific enough or can be appropriately purified. 
The here described overexpression construct for PtAUREO1a will allow a strong constitutive 
expression of PtAUREO1a in P. tricornutum. The FCP A promotor controlling the expression 
of the PtAUREO1a gene is known to be strongly active, especially in the light [185]. The 
codon usage optimisation for P. tricornutum will additionally improve expression in 
P. tricornutum. The special manual refinement to minimise homology to the natural gene has 
a twofold intent. For once the sequences corresponding to primer binding sites tested to be 
suitable for qPCR quantification of the PtAUREO1a gene in the natural sequence are 
modified extensively in the artificial gene to prevent primer binding of the qPCR primers 
intended for the natural gene. This allows the quantification of the natural and the artificial 
transcripts independently. Secondly the manual adaption of the region corresponding to the 
RNAi fragment used for the silencing knockdown of PtAUREO1a described in chapter 5 will 
protect the artificial gene from silencing through the existing PtAUREO1a RNAi construct. 
Thus rescue experiments by transformation of this overexpression construct into a 
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PtAUREO1a knockdown strains become possible. The morphological, physiological, 
transcriptomical and proteomical analysis of PtAUREO1a overexpression strains in 
comparison to wild type and knockdown strains will advance the knowledge about 
PtAUREO1a functionality. 
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7. Generation of AUREO1a/LOV/LOV-J  overexpression constructs 
optimised for expression in Escherischia coli 

 

Matthias Sachse1, Tilman Kottke2 and Peter G. Kroth1 
 
1 Fachbereich Biologie, Universität Konstanz, Universitätsstraße 10, D-78464 Konstanz, Germany 
2 Department of Chemistry, Physical and Biophysical Chemistry, Bielefeld University, Universitätsstraße 25, 
33615 Bielefeld, Germany 
 
The here described constructs were used in cooperation with Elena Hermann and Tilman 
Kottke and resulted in a paper publication: 
 
Herman E, Sachse M, Kroth PG, Kottke T (2013) Blue-Light-Induced Unfolding of the J  
Helix Allows for the Dimerization of Aureochrome-LOV from the Diatom Phaeodactylum 
tricornutum. Biochemistry 52(18):3094-101. doi: 10.1021/bi400197u. Epub 2013 Apr 26. 
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7.1 Abstract 
 

The domain structure of aureochromes – a class of blue light sensing DNA binding 
photoreceptors - is unique for proteins featuring LOV domains. The arrangement of LOV 
domain and effector domain are reversed, raising questions about the mechanism of 
intramolecular signal transduction in aureochromes compared to other LOV family proteins. 
The conception and generation of optimised overexpression constructs of full length 
PtAUEO1a (JGI protein ID 49116) and partial gene constructs featuring the PtAUEO1a LOV 
domain and PtAUEO1a LOV domain including the associated J  helix (LOV-J ) as described 
in this chapter will help answering these questions.  
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7.2 Introduction 
 

Aureochromes are blue light receptors with a DNA binding bZIP domain [51]. Aureochromes 
sense blue light with a so called LOV (light, oxygen, voltage) domain. The LOV domain was 
first described in the phototropins, a plant and green algae specific class of blue light 
receptors [190] and forms a subset of the diverse PAS (Per-ARNT-Sim) domain superfamily 
[191]. The LOV domain commonly associates with a single flavin mononucleotide (FMN). 
The absorption of blue light leads to covalent binding of the FMN to a highly conserved 
cysteine in the LOV domain [190, 192]. The aureochromes distinguish themselves from other 
LOV blue light receptors by their untypical domain arrangement combining an N-terminal 
effector (bZIP) and a C-terminal LOV domain in one protein [52]. The usual domain 
organisation found in other proteins with a LOV and an effector domain sets the LOV domain 
at the N-terminal and the effector domain on the C-terminal side [191, 193]. This raises 
interesting questions about the differences in signal transduction of light sensing domain to 
effector domain in aureochromes. For phototropins it was shown that a neighbouring J  helix 
in the linker region between LOV2 and effector domain is important for this signal 
transduction. Upon blue light illumination the J  helix dissociates from the nearby -sheet 
surface of the LOV domain, which was demonstrated by NMR spectroscopy [194], and 
unwinds in the process as was demonstrated by transient grating [195] and Fourier transform 
infrared (FT-IR) spectroscopy [196-198]. These conformational changes allow an important 
autophosphorylation needed for signal transduction [194]. In other LOV proteins, for example 
of fungal or bacterial origin, the J  helix is showing no sign of dissociation and unfolding 
[199-202] or is completely missing [203] requiring other mechanisms of signal transduction. 
Recent X-ray chrystallography of Vaucheria frigida aureochrome1 demonstrated the 
existence of a J  fold in aureochromes [204]. Here the J  helix points in a different direction 
than in phototropins and the linker between J  and the LOV -sheet is significantly shorter. 
This raises interesting questions about the role of the J  helix in aureochromes, if it 
dissociates and unfolds like in phototropins and impacts the signal transduction to the effector 
domain.   
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7.3 Material and Methods 
 

7.3.1 Cell culture 
 

Escherischia coli XL1 blue was cultivated in shaken batch cultures at 37 °C at 220 rpm. 
Cultures were grown in lysogeny broth (LB) media [104, 105]. For growth on solid media it 
was supplemented with 1.5 % (w/v) agar and for selective media kanamycin was added to a 
final concentration of 50 g/ml. Plates were cultivated at 37 °C. 

7.3.2 Design and generation of E. coli optimised overexpression constructs 
 

The sequence of PtAUREO1a and the partial sequences of PtAUREO1a corresponding to the 
LOV (amino acids positions 238-356) and the LOV-J  (amino acid positions 238-378) 
domains were codon optimised for expression in E. coli by using the GENEius software 
(Eurofins MWG). NdeI and SalI restriction sites were avoided in the optimised sequence and 
NdeI was added at the 5’ end and SalI at the 3’ end (Supplemental Figure 7-SI). These 
sequences were generated as synthetic genes (Eurofins MWG, Ebersberg, Germany) and were 
directly introduced into the commercially available overexpression vector pET28a(+) 
(Novagen part of Merck KGaA, Darmstadt, Germany) via the NdeI and SalI restriction sites. 
The full length optimised sequence was introduced without an endogenous STOP codon and 
the partial sequences were followed by a STOP codon. Additionally the full length construct 
was modified by site directed mutagenesis like described in the literature [205] to include a 
3’ terminal TAA in front of the SalI restriction site. Thus four constructs were generated, 
which allow the expression of PtAUREO1a, LOV and LOV-J  with a single N-terminal 
His6-tag and the expression of a PtAUREO1a protein tagged with an N-terminal and a 
C-terminal His6-tag. The constructs were verified by nucleotide sequencing (GATC Biotech 
AG, Konstanz, Germany).  
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7.4 Results 
 

Four different PtAUREO1a (49116) constructs were generated: two full-length constructs one 
featuring an N-terminal His6-tag and the other featuring additionally a second C-terminal 
His6-tag, as well as two partial PtAUREO1a constructs expressing the LOV domain and the 
LOV-J  domain respectively each featuring a single N-terminal His6-tag (Figure 7.1) 

 

Figure 7.1 Vector maps of E. coli overexpression vectors featuring codon optimised nucleotide sequences for 
expression of A full length PtAUREO1a (49116) with an N-terminal and a C-terminal His6-tag, B full length 
PtAUREO1a with an N-terminal His6-tag, C the LOV domain of PtAUREO1a with an N-terminal His6-tag and 
D the LOV-J  domain of PtAUREO1a with an N-terminal His6-tag. The translated sequences are marked in 
yellow, the respective optimised nucleotide sequences of PtAUREO1a, LOV and LOV- J  are marked in dark 
yellow and His6-tags are marked in green.  
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7.5 Discussion 
 

The constructs described here allow the expression and purification of PtAUREO1a and the 
corresponding LOV and LOV-J  domains. These proteins and partial proteins can be used for 
structural and biophysical analysis of the LOV domain of PtAUREO1a. These analyses were 
performed in collaboration with another laboratory and resulted in a paper publication [52]. 
Here the importance of the J  helix in P. tricornutum was demonstrated. A blue light 
inducible unfolding of J  helix was observed, which was accompanied by a dimerisation of 
the LOV domains. A dimerisation of the aureochrome proteins is a prerequisite for bZIP 
dependent DNA binding. Thus an important link of signal transduction between LOV and 
effector domain in aureochromes was discovered by application of the constructs described in 
this chapter.  

The constructs can additional be used in further research to obtain high amounts of 
PtAUREO1a/LOV/LOV–J  protein usable for example in western blot experiments, 
purification of polyclonal antisera, protein-protein interaction studies like gel shift assays or 
immunoprecipitation and protein-nucleotide interaction studies like chromatin 
immunoprecipitation (ChIP) or Bind-N-Seq [206] DNA binding motive analysis. 

For future research the generation of similar constructs featuring the other P. tricornutum 
aureochromes 1b, 1c, 2 and their isolated domains will be important. The comparable study of 
all four phylogenetic aureochrome classes found in diatoms will provide a comprehensive 
understanding of their functionality. 
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8.1 Abstract 
 

Thioredoxins (TRX) are important redox reactive proteins involved in many cellular 
functions. In photosynthetic organisms of the green lineage TRX F is centrally involved in the 
concerted light dependent regulation of the Calvin cycle at the enzymatic level. In diatoms 
most Calvin cycle targets of TRX seem to be unaffected by redox regulatory processes, 
raising the question about the role of TRX mediated redox regulation in diatoms. In this 
doctor thesis the regulation of the Calvin cycle constitutes a major point of interest and thus 
the design and generation of an optimised TRX F overexpression construct suitable for TRX 
affinity chromatography was pursued. In future research this modified protein may help 
identifying target proteins of TRX F in Phaeodactylum tricornutum.  
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8.2 Introduction 
 

Thioredoxins (TRX) are found ubiquitously in archea, bacteria, plants, algae and animals 
[207]. TRX mainly functions as redox reactive agent reducing disulphide bonds of target 
proteins. The oxidised thioredoxins can be reduced again by thioredoxin reductases, which 
use NADPH/H+ [207-209]. TRXs are important for many cellular functions ranging from the 
sustaining of a redox environment, protecting other proteins from oxidation [210, 211] to 
regulatory activation or inhibition of transcription factors [212] and other signal transduction 
proteins [213, 214] and even as regulatory structural component in protein complexes [214, 
215]. 
A major pathway highly regulated by TRX is the Calvin cycle, also known as reductive 
pentose-phosphate pathway, which in photosynthetic organisms is responsible for the fixation 
of carbon dioxide [8, 9]. The light dependent concerted regulation of the enzyme activities of 
phosphoribulokinase (PRK), plastidic glyceraldehyde-3-phosphate dehydrogenase 
(GAP-DH), fructose-1,6-bisphsophatase (FBP), sedoheptulose-1,7-bisphosphatase (SBP) and 
ribulose-1,5-bisphosphate carboxylase/oxygenase activase (RuBisCO activase) accomplish a 
fast acting regulation of the complete Calvin cycle pathway in higher plants and green algae 
[8, 9, 36]. This is essential in the green lineage to prevent futile cycling of carbohydrates in 
the dark as oxidative and reductive pentose-phosphate pathways share the same compartment 
[35, 213]. While most TRX are regenerated by TRX reductases featuring flavin as cofactor, 
TRX of the chloroplast, which are involved in the regulation of photosynthesis, are 
regenerated by the ferredoxin-thioredoxin reductase (FTR), which utilises a Fe4-S4 cluster to 
transfer electrons from ferredoxin to TRX. Ferredoxins are also iron-sulphur cluster proteins, 
which in photosynthetic organisms are involved in the photosynthetic electron transport chain 
[10, 216]. Thus the electrons for the activation of the Calvin cycle derive directly from 
photosynthesis and are not derived from the universal NADPH/H+ pool. This links Calvin 
cycle activity directly to the light dependent photosynthesis, as in the dark the 
thioredoxin/ferredoxin system is inactive [217]. The great importance of TRX dependent 
regulation of the Calvin cycle in plants and green algae is well described, while for diatoms 
the redox regulation of the Calvin cycle seems to be of minor importance [19, 32], maybe due 
to the absence of a plastidic oxidative pentose phosphate pathway [27, 32], which would 
promote the need for a fast acting regulation to prevent futile cycling of carbohydrates. 
Nonetheless many TRXs are targeted into the plastid in diatoms. In the diatom 
Phaeodactlyum tricornutum the localisation of four different TRX in the plastid was 
described. These TRXs were of three different classes: F, M and Y [15]. These many different 
plastidic TRX raise the question about their role in the plastid. 
The active centre of TRXs features two highly conserved cysteines. In the reduced state these 
cysteines form two independent thiol groups and TRX is active. During the thiol-disulphide 
exchange of the redox reaction a mixed disulphide intermediate of TRX and the target protein 
is formed: the reactive centre cysteine closer to the N-terminus attacks the disulphide bridge 
of the target protein [218]. This mechanism was exploited to identify TRX target proteins by 
TRX affinity chromatography in cyanobacteria, plants and green algae [219-224]. In TRX 
affinity chromatography a point mutated TRX protein is utilised: the second cysteine of the 
active centre (C-terminal side) is changed into serin. Serin has sterically similar properties to 
cysteine but cannot react with the mixed disulphide bridge formed in the first catalysing step. 
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Thus the target protein is bound and not released again by the TRX protein. Bound to a carrier 
substrate these modified TRX proteins allow isolation of potential target molecules by affinity 
purification [219, 225].  
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8.3 Material and Methods 
 

8.3.1 Cell culture 
 

Escherischia coli XL1 blue was cultivated in shaken batch cultures at 37 °C at 220 rpm. 
Cultures were grown in lysogeny broth (LB) media [104, 105]. For growth on solid media it 
was supplemented with 1.5 % (w/v) agar and for selective media kanamycin was added to a 
final concentration of 50 g/ml. Plates were cultivated at 37 °C. 
 

8.3.2 Design and generation of E. coli optimised PtTRX F overexpression construct 
 

The sequence of PtTRX F (JGI protein ID 46280) was modified to exchange the second 
cysteine of the active centre with a serin. This modified sequence was codon optimised for 
expression in E. coli by using the GENEius software (Eurofins MWG), avoiding the 
generation of NdeI and SacI restriction sites. The obtained sequence was extended by a 
5’-terminal NdeI restriction site and a TAA STOP codon followed by a SacI restriction site at 
the N-terminus (Supplemental Figure 8-SI). This sequence was generated as synthetic gene 
(Eurofins MWG, Ebersberg, Germany) and was directly introduced into the commercially 
available overexpression vector pET28a(+) (Novagen part of Merck KGaA, Darmstadt, 
Germany) via the NdeI and SacI restriction sites, thus coding for the TRX F (CS) protein with 
an N-terminal His6-tag. The construct was verified by nucleotide sequencing (Eurofins MWG, 
Ebersberg, Germany).  
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8.4 Results 
 

A PtTRX F (CS) (46280) overexpression construct designated for expression in E. coli was 
generated (Figure 8.1). The coded protein features an incomplete TRX active side and an 
N-terminal His6-tag. 
 

 

Figure 8.1 Vector map of pET28a(+)_TrxF(CS). The E. coli overexpression vector features a codon optimised 
nucleotide sequences for the expression of PtTRX F (CS) (46280) with an N-terminal His6-tag. The thioredoxin 
was modified by exchanging the second cysteine of the active centre by a serin. The translated sequence is 
marked in colours: yellow for the fully translated sequence, dark yellow for the respective optimised nucleotide 
sequence of PtTRX F, orange for the active centre of TRX F, red for the point mutation exchanging a cystein to 
serin and green for the His6-tag.  
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8.5 Discussion 
 

It is known in higher plants that TRX of class F are mainly responsible for the redox 
regulation of the enzymes of the Calvin cycle pathway [10, 34, 226, 227]. Thus for future 
research on the redox regulation of the Calvin cycle in diatoms an E. coli optimised 
overexpression construct for PtTRX F (CS) (46280) was designed and generated. An 
N-terminal His6-tag allows the purification of the protein by nickel-nitrilotriacetic acid 
agarose (Ni2+-NTA agarose) affinity chromatography. The TRX F protein was modified at 
amino acid position 29 exchanging the natural occurring cysteine by serin. Through this 
mutation the expressed protein will be suitable for TRX F affinity chromatography 
experiments like described in other studies [219]. In future research this may be applied to 
obtain valuable information about the target proteins of PtTRX F, and thus supporting or 
opposing an involvement of the protein in Calvin cycle regulation. It will be interesting to see 
if the putatively redox regulated fructose-1,6-bisphosphatases (FBP) FBP C2 (42456) and C3 
(31451) are found by these experiments and if other Calvin cycle associated enzymes not 
expected to be targets might be found as well, which could indicate their presence in a larger 
protein complex allosterically regulated by TRX F redox regulation. 

Besides the primary application for TRX F affinity chromatography this construct was 
designed for the expressed protein may also be used for TRX F antibody generation, as well 
as for specific protein interaction studies with purified FBP C2 and C3 obtained by the intein 
constructs described in chapter 4. 

The construction of similar expression vectors featuring the other three plastidic 
P. tricornutum thioredoxins would complement the data obtainable with this first construct 
and help characterising the role of thioredoxins in diatoms. The presence of so many different 
thioredoxin in the diatom plastid raises the question, if they differ in target specificity, in their 
exact localisation in the complex plastid of diatoms and in expression. 
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9. General discussion 
 

Diatoms are major contributors to the global carbon cycle [16, 17, 29] and thus of great 
ecological importance. The fixation of carbon dioxide to create organic carbon compounds de 
novo is one major task of photosynthesis, a process which is fundamental for creating and 
sustaining life on earth. The Calvin cycle, or reductive pentose phosphate pathway, is the 
metabolic pathway shared in all major strategies of carbon fixation [1, 2]. The metabolic 
pathway was described first by Melvin Calvin and Andrew A. Benson in the mid-twentieth 
century [228, 229]. Since its discovery it has been thoroughly investigated regarding its 
regulation in higher plants and green algae [3, 6, 8, 9, 45]. While it was extensively studied in 
the green lineage of photoautotrophic organisms, the molecular mechanisms of Calvin cycle 
regulation in diatoms are yet poorly understood [19, 29]. In this thesis the light dependent 
regulation of the diatom Calvin cycle was further characterised as well as the blue light 
receptors aureochromes as potential regulators of the Calvin cycle in the model organism 
Phaeodactylum tricornutum. 

9.1 Calvin cycle regulation in diatoms compared to the green lineage 
 

It has been proposed that the regulation of the Calvin cycle in diatoms should be different to 
higher plants [19] due to significant differences in the genetic structure and the enzyme 
properties of the Calvin cycle and associated proteins. This assumption was based on the 
annotation of two complete diatom genomes (P. tricornutum and Thalassiosira pseudonana) 
[26, 30] and on several studies on Calvin cycle enzymes in diatoms. It has been shown that a 
classical redox regulated RuBisCO activase, like as known from plants, is missing [19]. 
Interestingly, a red algae AAA+ (ATPases associated with various cellular activities) type 
RuBisCO activase called CbbX has been identified recently, which can activate RuBisCO 
[88]. The mechanism proposed differs from higher plants and the CbbX protein is redox 
insensitive as well. A look into the P. tricornutum genome reveals a CbbX homologue (JGI 
protein ID 42728), which likely acts as redox insensitive RuBisCO activase. The study of 
Michels et al. [32] demonstrated that the diatom enzyme phosphoribulokinase (PRK) is in 
principal redox sensitive, but its redox midpoint potential was shifted in such extent that 
in vivo no redox regulation is expected to occur. The regulatory protein CP12, known to form 
a co-regulating inhibiting complex with plastidic glyceraldehyde-3-phosphate dehydrogenase 
(GAP-DH) and PRK in higher plants/green algae [38, 77, 230], is absent in the genomes of 
P. tricornutum and T. pseudonana [19] - only CP12-like proteins lacking the functionally 
important cysteine domains, have been found (Supplemental Figure 9-SI) and no indications 
for CP12 complexes were detectable in several diatoms [71]. There are some indications for a 
CP12 protein in the diatom Asterionella formosa [95] which apparently associates with the 
plastidic GAP-DH and not with PRK [96]. Only certain fructose-1,6-bisphosphatase (FBP) 
isoenzymes seem to be targets of redox regulation in diatoms [19, 32]. The preliminary results 
covered in chapter 4 support the assumption of redox sensitivity of P. tricornutum FBPs and 
the gel filtration and immunoblot data indicate that FBPs are part of multimeric protein 
complexes. Such complexes could enable the redox sensitive FBPs to transfer their active 
state allosterically to other enzymes, thus making them indirectly controlled by redox
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regulation as well. Yet, taken together the redox regulation in diatoms apparently is limited in 
comparison to higher plants.  
Thus the general mode of Calvin cycle regulation in diatoms has to be different. A possible 
reason for this apparently reduced regulation at the enzyme level via redox regulation in 
diatoms may be the different organisation of the metabolic pathways: in diatoms there is no 
short term risk of futile cycling of carbon compounds in the plastid as reductive and oxidative 
pentose phosphate pathways are spatially separated [19, 27, 32], making a very quick and 
immediate regulation of the Calvin cycle enzymes less important. Diatoms experience 
regularly quick changes of light and darkness in their natural marine environment by floating 
in the turbulent waters of the water column [231, 232]. This may be another aspect for a 
reduced redox regulation: a fast acting energy consuming regulation system like a redox 
control may under such conditions not be energy efficient for the diatom and thus was 
abolished during diatom evolution. 
To elucidate alternative regulation systems of the Calvin cycle, the expression levels of the 
key enzymes that are controlled in higher plants via thioredoxin mediated redox regulation 
were investigated in this thesis. To this end a set of genes usable as endogenous controls for 
qPCR was established as described in chapter 2. Endogenous reference genes for qPCR in 
diatoms have been described before [60, 61], but the experimental setup applied in this thesis 
provide specific advantages. This is the first time that a set of endogenous reference genes for 
diatoms is described, which is verified to be stably expressed over time in a simulated day 
night cycle and in extended darkness of up to 33 hours. These properties turn the genes for 
hypoxanthine-guanine phosphoribosyltransferase (HPRT), TATA-box binding protein (TBP) 
and ribosomal protein S1 (RPS) into very valuable candidate genes for any light and time 
dependent transcript analysis in P. tricornutum and possibly other diatoms as well. 
These reference genes were used for extensive transcript analyses of Calvin cycle genes as 
described in chapter 3. The transcript levels of most of the seven investigated Calvin cycle 
genes were changing rhythmically during the day and their expression was clearly light 
induced even if an underlying light independent diurnal rhythm was discernible in each case 
as well. The relative changes were mostly unspectacular being similar to what has been shown 
for plant relative transcript levels [44, 48], but the PRK and GAP C1 genes featured extremely 
strong relative changes of transcript levels during the day not described for these genes 
before. These huge relative changes are even more intriguing as our newly developed analysis 
strategy of relative qPCR data, PAR-qPCR, verified that these huge relative changes indeed 
resulted in huge absolute changes. These changes were several times larger than the observed 
maximum transcript levels of all other investigated Calvin cycle genes. Such a strong 
regulation virtually imposes the notion of an important transcriptional control, which exceeds 
simple daily rhythm adaptive expression. Interestingly GAP C1 and PRK are proteins which 
are highly co-regulated in the green lineage by formation of a complex with CP12, which 
inhibits their activity and only TRX mediated reduction of CP12 releases PRK and plastidic 
GAP-DH again [38, 77, 84, 230, 233]. As a functional CP12 is missing in P. tricornutum this 
may indicate that the observed enormous transcript regulations are in part substituting for this 
missing CP12 mediated co-regulation of PRK and GAP C1. 
A recent microarray based study in P. tricornutum described the diurnal transcript levels of 
several Calvin cycle genes in a simulated day night cycle as well [79]. Regardless of some 
differences in experimental setup the results of this study principally are in accord to the 
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results of this thesis, describing light dependent diurnal rhythms peaking at similar times 
during the day to the results of our study. A distinct difference between the results of 
Chauton et al. and this thesis is that the extreme regulation of PRK and GAP C1 was not 
found by Chauton et al. This is likely a consequence of the limitations of microarray analysis 
and an unfortunate choice of the calibrating sample. Microarrays suffer from a more restricted 
dynamic range compared to qPCR. The hybridisation spots in a microarray only have a 
limited binding capacity, which can lead to saturation effects if their maximum binding 
capacity is reached [80]. The PAR-qPCR analysis presented in this thesis demonstrated that 
there are huge absolute transcript numbers of GAP C1 and PRK during their peak expression. 
The choice of a late night sample taken shortly before light exposure as calibrator in the study 
by Chauton et al. additionally reduced sensitivity. At that time already huge numbers of 
GAP C1 transcripts exist, likely saturating the microarray spot. The increasing transcript 
levels of GAP C1 during the morning to afternoon described in chapter 3 of this thesis would 
result in the same signal strength due to the saturation, which would explain the observed 
stable transcript levels of GAP C1 during the day by Chauton et al. PRK is more dependent 
on light, thus shortly before the light the transcript levels were likely not yet saturating. 
Accordingly, Chauton et al. were able to monitor a peak expression profile, even if not as 
strong as in this thesis. Thus the transcriptional data of this thesis complements and expands 
the Calvin cycle data of the microarray study of Chauton et al. 
The protein levels of the three investigated Calvin cycle enzymes described in chapter 3 are 
principally in accord with the transcriptional levels. The protein levels of RBC L and PRK 
both follow the transcript levels, featuring low expression at complete darkness and a light 
induced daily rhythm in the simulated day night cycle. GAP C1 protein levels, however, are 
difficult to interpret and not obviously following the transcript levels. The relative changes are 
small and not homogenous within the replicates, showing no clear rhythm in any of the 
conditions (LD or DD). Immunoblotting is a relative quantification strategy usually missing 
endogenous reference proteins, due to limitation of available antibodies. Thus a protein which 
features a more or less constant protein level over all samples becomes difficult to analyse, as 
immunoblot quantification features a relatively high variability as was shown in supplemental 
figure 3-SI. This variability may result in small erratic relative changes like observed for 
GAP C1. The immunoblots of GAP C1 readily produced signals after short exposure times, 
which is supportive for a high abundance of the protein. Thus it is likely that the high 
transcript levels of GAP C1 in LD as well as DD conditions result in equally strong more or 
less constant protein levels that are not reduced during the day between transcript expression 
phases regardless of the light condition. This hypothesis will have to be proven in the future 
for example by establishing an endogenous reference protein for immunoblotting or by 
establishing a quantitative standard curve with purified GAP C1 protein. The putatively 
constant levels of GAP C1 would raise another important question: why do increasing 
transcript levels not lead to increased amounts of protein. A possible explanation would be 
that the GAP C1 protein pool is refreshed once per day by a concerted strong expression and 
degradation of the protein. Investigations of protein stability by pulse chase experiments [234, 
235] may be promising to answer this question.  
Another interesting aspect of GAP C1 expression is the fact that it is diurnally strongly 
expressed in total darkness as well. As the Calvin cycle is a strictly light dependent metabolic 
pathway, this implies that GAP C1 is involved in other metabolic pathways, which are needed 
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the dark, as well. Multifunctional roles have been described for GAP-DH before even in 
uncommon functionalities which also gave rise to its classification as “moonlighting enzyme” 
[81-84, 236]. It may be speculated that in the dark partial gluconeogenesis converts residual 
C3 carbon compounds and glycerol released from storage lipids to C6 carbohydrates, which 
in turn may be important for glycosylations or become substrate for the oxidative pentose 
phosphate pathway (OPP) in the dark potentially providing C5 carbohydrates and NADH/H+ 
for NADH/H+ dependent reactions and anabolic reactions like nucleotide synthesis or 
osmolyte generation. Due to the cytosolic localisation of the OPP in diatoms [27] such 
reactions would depend on an export of the C6 carbon compounds. Kroth et al. described a 
gene for a UDP-glucosyl pyrophosphorylase (UGP) in diatoms with a predicted plastidic 
localisation [29]. This enzyme can form UDP-glucose with phosphorylated glucose, which 
could be provided by gluconeogenic reactions in the plastid. This UDP-glucose could be 
transported by sugar nucleotide transporters like described for ancient plastids [237-239] and 
similar phosphate transporters of yet unknown specificity were described for chromalveolate 
secondary plastids [240]. Protein alignments for such sugar nucleotide transporters in 
P. tricornutum yield gene homologs with predicted plastidic localisation (Supplemental 
Figure 9-SII), making such transports in P. tricornutum conceivable. 
In summary, this thesis demonstrates that the role of expressional regulation of the Calvin 
cycle in the model diatom P. tricornutum is apparently greater than in higher plants 
emphasising the differences in regulation between diatoms and the green lineage. 
There are four different thioredoxins (TRX) located in the plastid of P. tricornutum, the 
transcriptional analysis of them in chapter 3 revealed very similar transcript patterns for 
TRX F and M, which both are diurnally expressed with strong light induced peak levels 
during midday and early afternoon. TRX of class F and M are known actors in plastid redox 
regulation of higher plants. Both types are very similar to each other but distinguish 
themselves by clearly distinct target specificities, while TRX F type features a strong 
specificity for Calvin cycle enzymes, TRX M type features generally reduced specificities for 
Calvin cycle enzymes [10, 34, 226, 227], but has also been to be able to activate PRK 
efficiently [10, 241] . The expressional data suggests an involvement of both TRX F and M in 
light dependent regulatory functions. One TRX exhibited a very interesting transcriptional 
pattern: TRX Y2 levels were apparently diurnally regulated but were noticeably increased in 
extended darkness enhancing the pattern observed in the light. An involvement in processes 
needed in extended darkness like electron donor reactions in the dark [89] seems likely. 
From the expressional data and current knowledge of diatom Calvin cycle regulation a 
preliminary model describing the Calvin cycle enzyme specific importance of transcriptional 
and posttranscriptional regulation in P. tricornutum was conceived (Figure 3.4). 

9.2 The role of blue light receptor aureochromes in P. tricornutum 
 

The recently in Vaucheria frigida described blue light receptors called aureochromes feature a 
unique domain composition consisting of an N-terminal DNA binding bZIP domain and a 
C-terminal blue light sensing LOV domain [51] and are supposed to act as transcription 
factors [51-53]. There are indications supporting a blue light involvement in the expressional 
regulation of the Calvin cycle: in the “Blue Light” condition of a public EST library of 
P. tricornutum [54] (http://www.diatomics.biologie.ens.fr/EST3/exp.php) a high frequency of 
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GAP C1 and PRK transcripts was found, which supports a higher abundance of these 
transcripts at that condition. Furthermore an investigation of the up- and downstream regions 
of the PtGAP C1 and PtPRK genes for the V. frigida aureochrome1 recognition site for DNA 
binding [51] yielded potential binding sites in both genes, either at the promotor region or at 
nearby areas, which could function as cis-elements (Supplemental Figure 9-SIII). Thus 
aureochromes are potential regulators of the Calvin cycle and became one focus of this thesis. 
Diatom aureochromes were scarcely investigated at the start of this thesis, therefore the 
general characterisation of aureochromes in P. tricornutum was paramount in the second 
major part of this thesis. 
There are four different aureochromes in P. tricornutum. To classify them a comprehensive 
phylogenetic analysis based on all at that time available aureochrome sequences from the joint 
genome institute (JGI) and from the national center of biotechnology information (NCBI) was 
performed. Based on the knowledge on V. frigida aureochromes [51, 181] the diatom 
aureochromes were earlier only divided into two phylogenetic groups characterised by their 
similarity to aureochrome1 and aurechrome2 of V. frigida. Interestingly, the enhanced 
phylogenetic analysis performed here identifies four distinct phylogenetic groups of which 
one is to current knowledge diatom specific and a second one almost exclusive to diatoms. 
These insights raise the interesting question as to whether diatoms may possess unique classes 
of aureochromes with diatom specific functionalities. In any case the phylogenetic analysis 
supports a re-evaluation of the current aureochrome nomenclature in P. tricornutum 
especially if clear functional differences can be shown in the future for the aureochromes of 
different groups. 
Aureochromes are putative transcription factors. A nuclear localisation is prerequisite for a 
function as transcriptional factor. Thus the four aureochrome sequences were checked for 
nuclear localisation sequences (NLS). Each aureochrome featured a high probability NLS as 
described in chapter 5. Additionally three of the aureochromes PtAUREO1a, 1b and 2 were 
localised by laser canning microscopy (LSM) and epifluorescence microscopy of GFP-fusion 
proteins of the full length aureochromes. There are several possible gene models of 
PtAUREO1a, two of them featuring putative signal peptides for plastidic targeting. Thus an 
additional GFP fusion protein of PtAUREO1a was generated based on the gene model with 
the best signal peptide prediction. All aureochrome:GFP fusion proteins were targeted to the 
nucleus, supporting a function as transcriptional factor. Interestingly all PtAUREO1a:GFP 
fusion protein were also found in the cytoplasm. This dual localisation raises interesting 
questions about the functionality, if there may be a regulatory translocation of PtAUREO1a 
between nucleus and cytoplasm or if this aureochrome has additional functionality detached 
from the gene regulatory functions as transcription factor. A recent study on the effect of 
PtAUREO1a on the transcriptional induction of the cell cycle protein dsCYC2 in 
P. tricornutum further supports a functionality as a blue light dependent transcription factor 
[138]. This is further promoted by a study of Herman et al, who used the constructs described 
in chapter 7 of this thesis, to demonstrate a blue light dependent reactivity of the LOV domain 
and a J  helix dependent dimerisation of the LOV domain after blue light exposure [52]. 
DNA binding via bZIP domains depends on dimerisation of the bZIP proteins [242]. Thus the 
observed dimerisation of the LOV domains may interconnect the functionalities of blue light 
sensing LOV and DNA binding bZIP domain. 
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To better characterise PtAUREO functionality, RNAi silencing constructs and peptide 
antibodies for PtAUREO1a, 1b and 2 were designed and generated. PtAUREO1a was 
assessed to be the most promising aureochrome for further analysis: most research on diatom 
aureochromes was done with PtAUREO1a, making it the best characterised diatom 
aureochrome extending the available data for interpretation of the results and furthermore the 
dual localisation indicated by the GFP-fusion protein implies a unique functionality different 
from the other aureochromes making it especially interesting for functional analysis. Thus for 
this thesis the investigation of PtAUREO1a RNAi knockdown strains were taken into focus 
like described in chapter 5. Comprehensive analysis of physiological parameters in red and 
blue light cultivated cells at different intensities yielded unexpected and interesting results. 
The data was compared to similar physiological studies with wild type P. tricornutum cells 
[139]. This wild type study observed a clear blue light dependent photoacclimation effect in 
which the cells adapted at increased blue light but not red light quantum flow to light stress by 
increasing their NPQ capacity, their pool of xanthophyll cycle pigments and by achieving 
higher de-epoxidation states of the xanthophyll cycle pigments compared RL cultures. It was 
hypothesised that blue light activates blue light receptors responsible for the observed high 
light acclimation. The results of chapter 5 contradict this hypothesis. Here, the knockdown 
strains exhibit a general hyper-photosensitivity already reacting at low light intensities with 
strong photoacclimation effects regardless of the quality of light. Thus red light, which does 
not affect the wild type at medium light intensity exposure, is able to induce a strong 
acclimation effect in the PtAUREO1a knockdown strains similar to blue light. In consequence 
the knockdown of PtAUREO1a must have suspended a photoacclimation inhibiting effect, 
which prevents photoacclimation if blue light is missing. The role of PtAUREO1a is pretty 
reversed to the expectations. The blue light receptor activity did not actively induce 
photoacclimation but the aureochrome photoreceptor actively inhibits the photoacclimation if 
blue light is missing. Only upon blue light exposure this photoacclimation inhibition is 
released and the cells can prepare for light stress. The fact that narrow chromatic red light is 
able to induce similar photoacclimation than blue light indicates, that the aureochrome 1a 
inhibitory function likely have to interact with red light sensing pathways. Similar 
interconnective relationships for red and blue light sensing pathways have been described 
before: for example it is known that red light receptors of the phytochrome and/or blue light 
receptors of the cryptochrome species influence the expression of phototropin signalling 
pathway components [174-176]. Another known interaction is the formation of protein 
complexes of red light receptor phytochromes and blue light receptor phototropins as 
described for Physcomitrella patens and Arabidopsis thaliana, which were essential for the 
full functionality of the red light receptor phytochromes [172]. As there are no blue light 
sensing phototropins in diatoms [189] it may be speculated that aureochromes could substitute 
as interaction partners for phototropins in diatoms. Such an interaction would depend on 
physical interaction between the light receptors and the dual localisation in nucleus and 
cytosol of PtAUREO1a would in principal allow an interaction of PtAUREO1a with 
phytochromes. The resulting aureochrome-phytochrome complexes may be able to integrate 
blue and red light signalling pathways, allowing the diatoms to perceive not just individual 
blue or red light intensities but also integrate these into a perceived BL/RL ratio. In the 
euphotic zones of the natural habitats of diatoms the ratio from blue to red light may vary 
greatly [117] and it was shown that these ratios correlate comparatively well with the ambient 
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light intensities [118, 179]. Thus this putative interaction of PtAUREO1a with red light 
sensing pathways might enable the diatoms to integrate the sensing of light qualities and 
quantities into a differentiated perception, which may provide the diatom with information 
about water depths, daytime and total light intensity. Such an integrative perception would 
allow them to acclimate better to their environment. 
The studies on diatom aureochromes in this thesis expanded and complemented the current 
knowledge about diatom aureochromes, supporting their general functionality as blue light 
sensing transcription factors further. Additionally the obtained data indicates that 
aureochromes may also have more effector functionalities than a sole transcription factor one. 
An important role in photoacclimation has been demonstrated for PtAUREO1a. 

9.3 A speculative model summarising this thesis 
 

A model summarising the insights gained in this thesis in the context of current knowledge 
and speculative relationships plus functionalities is presented in Figure 9.1. In the upper left 
the impact of AUREO1a on photoacclimation is presented as described in chapter 5. Blue 
light induces a conformational change of the J-  helix allowing a dimerisation of the LOV 
domains [52]. The activated AUREO1a is no longer able to inhibit photoacclimation 
(indicated by the disrupted blunt arrow). The dimerised/activated AUREO1a can act as 
 

  

Figure 9.1 A model summarising the results of this thesis and extending it by speculative functionalities, that is 
interconnecting the results of the Calvin cycle analyses and aureochrome characterisation. Genes are symbolised 
by simplified linear gene models. Putative AUREO1a binding sites are marked by TGACGT in the promotor 
regions. Proteins are symbolised by ellipses. AUREO1a is additionally featuring in yellow the LOV domain, in 
red the bZIP domain and in green the J-  helix. Positive relationships are marked by pointed arrows. 
Negative/inhibiting relationships are marked by blunt arrows. If the effects are light induced a lightning bolt and 
in case of time dependent/diurnal effects a clock is marking the arrow. Highly speculative interconnections are 
labelled by question marks.  



9. General discussion 

120 

transcription factor [53]. AUREO1a is putatively binding at cis elements in the genes for 
GAP C1 and PRK acting as part of the gene regulation of these Calvin cycle genes, thus 
interconnecting aureochromes with Calvin cycle regulation. Both the PRK and the GAP C1 
genes are highly regulated at the transcriptional level, featuring similar absolute peak 
expression levels in the light raising the question for concerted expression of both genes. This 
is opposed by the fact, that GAP C1 and PRK protein levels are not correlating well. Indeed 
GAP C1 seems to be constantly at high protein levels not following the transcriptional pattern. 
Nonetheless GAP C1 protein levels correlate in one aspect to transcript levels: GAP C1 is also 
highly abundant in extended darkness and can be termed to be light independent in 
expression. This raises the question about its functionalities in the dark that are illustrated 
speculatively on the right side of the model. The transcriptional levels of RBC L are light and 
time dependent and the corresponding protein levels correlate very well with the 
transcriptional pattern. A red type RuBisCO activase of the CBB X gene family found in 
P. tricornutum may putatively regulates RuBisCO in a redox insensitive but light dependent 
manner. The importance of redox regulation seems to be reduced in diatoms but in 
P. tricornutum the FBP C2 and C3 isoenzymes, which only show marginal transcriptional 
regulation, apparently are targets of thioredoxins. The transcriptional analysis supports an 
involvement of TRX F or M, as these enzymes exhibited a clear light dependent expression 
pattern. These putative processes are shown in the lower right corner of the model. 
FBP C2/C3 has been shown to form multimeric complexes by gel filtration and immunoblot 
analysis. The observed molecular sizes would best support dimers but it cannot be excluded, 
that the preparation of the samples dissolved greater multimeric complexes. In any case it is 
not clear whether these complexes are homo- or hetero-complexes of FBP. In case of hetero-
complexes the allosteric transfer of the redox regulation to other Calvin cycle or related 
enzymes might be possible, which would drastically increase the importance of redox 
regulation in diatoms. 

9.4 Perspectives 
 

This thesis significantly expanded the knowledge on Calvin cycle regulation and 
aureochromes, opening the way for future interesting research. The expressional studies on 
the Calvin cycle raised the awareness to a strong transcriptional regulation of the Calvin cycle 
in P. tricornutum. It will be interesting to investigate its functional role for the Calvin cycle as 
well as the molecular background of this regulation, which might involve aureochromes. 
Another interesting aspect of the Calvin cycle that needs to be addressed is the potential redox 
regulation via FBPs. The established FBP assay and the intein overexpression constructs for 
FBP C2 and C3 will help in the coming research to characterise the redox properties for the 
putatively redox regulated FBP C2 and C3. Additionally, protein interaction studies may help 
elucidating the existence and composition of FBP multimeric complexes and their importance 
in Calvin cycle regulation. The parallel investigation of TRX target molecules via TRX 
affinity chromatography with the in chapter 8 described TRX F (CS) overexpression will 
complementary help in characterising the redox regulation in the diatom plastid. 
Future research on aureochromes will include the generation of a GFP fusion protein and 
silencing strains for the fourth aureochrome and the generation of additional P. tricornutum 
optimised aureochrome overexpression strains. The further investigations of 
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aureochrome 1b, 1c and 2 knockdown strains and overexpression strains of all four 
aureochromes will help characterising their individual cellular roles supporting or opposing a 
functional division of the four phylogenetic aureochrome groups. A detailed investigation of 
the molecular background of PtAUREO1a in photoacclimation is needed to clarify the 
observed unexpected functionality of PtAUREO1a. Further studies on the DNA recognitions 
site of the different aureochromes via Bind-n-Seq or similar techniques will help greatly in 
identifying target genes of the different aureochromes. Similarly transcriptomic (qPCR, 
microarray) and proteomic studies (SILAC-LCMS/MS [stable isotope labelling using amino 
acids in cell culture liquid chromatography mass spectrometry/mass spectrometry], 2D-gels) 
comparing wild type strains with AUREO overexpression and/or AUREO knockdown strains 
will help finding target proteins as well. 
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A.1 Supplemental: Chapter 2 
 

A.1.1 Supplemental Table 2-SI 
 

Gene Abbrev. Protein 
ID (JGI1)

Amplicon 
Length [bp] Tm

2 Reference

fo r TGCCCTTTGTACACACCGC 63.07 °C

rev AAGTTCTCGCAACCAACACCA 62.93 °C

fo r CGCCTCAATCAAGGTCAAGAT 60.90 °C

rev GCCAGATTCGTCGTATTCTTC 59.60 °C

fo r GAAGCCGATCAATTGGATCGA 61.10 °C

rev CGTGATTCTCCTAGCTGGATC 60.40 °C

fo r GATCTCCAACGGATACTCTCC 59.80 °C

rev GGGGAAATCGGTAAAGCTCTC 61.20  °C

fo r GTGCCAATAGGAATGGCAAAC 61.59 °C

rev GTTGTCGTCGTCGCTGTAGTA 59.01 °C

fo r ACTGTCAATTCATGGCGTGAA 61.49 °C

rev CAAGCGAAGCTTACCAATGGG 64.00 °C

fo r CGCTAGATGAGACTATCGGTG 60.20 °C

rev GATGGACATCCCCTACCATAG 59.50 °C

fo r AAGCATTTGTACCGGAACAGT 58.64 °C

rev TGCACTGATTCTCCCAATGTA 59.14 °C

fo r GCCGATATCCCCAATGGATTT 64.03 °C

rev CTTGGTCGAAGGAGTCCCATC 63.20 °C

fo r ACGGCCGATGTTTCTATGGT 61.65 °C

rev ATCGGTCCTTCTGACGCCTT 63.34 °C

fo r CCAAGTCCGAGGGTGAAATG 62.74 °C

rev GGCATCAAAGATGGAGGAGC 62.05 °C

fo r AGGTCCTTCGCGACAATATC 59.70 °C

rev ACGGAATCACGAATGACGTT 59.90 °C

fo r AGCTTGGAAGTGTGTACTCTC 59.90 °C

rev TGAAGGTTACTCCTGTCGAAG 59.60 °C

fo r CCGGAATCAAGCTCGCATACT 63.69 °C

rev GACCGGTACCATTGTTGGATC 61.38 °C

fo r AATTCCTCGAAGTCAACCAGG 60.50 °C

rev GTGCAAGAGACCGGACATAC 60.70 °C

fo r CTCTTGTCGTACAATCAACGC 60.30 °C

rev TGCAATCGATCTTCCAGAGAC 60.40 °C

fo r TTGGTAGCATTGCCGAACTC 60.70 °C

rev TGTTCCACACCAGAGACTTG 59.60 °C

fo r ATCGATTTGTCAATCCACGAG 59.00 °C

rev ATACAGATTCTGTGTCCACGG 60.00 °C

fo r GCAAGGTCATTGCTCCCAAGT 63.71 °C

rev CGACGTCCACTTTCTCACCAT 62.43 °C

fo r GGCGTCGTGAGTATACCCACT 61.33 °C

rev AGCACCGTACCTGGACAATGT 61.76 °C

fo r TATGCGACTTGGTGCGGA 62.42 °C

rev ACAGCCCGTGCTCCTACA 60.43 °C

fo r ATTGCGGTCCATGTAAATTGC 61.95 °C

rev CTTCGTCAGGCCTTCAAGTCT 60.94 °C

fo r TCGCTTCTCTTCGATTATGC 57.90 °C

rev GGTACTTTGACACGCCAAG 58.50 °C

TATA bo x binding pro te in TB P 10199 213

s ucc ina te  dehydro genas e  A S DHA 56677 210

ribo s o mal pro te in S1 44451
mo dified 

fro m Siaut 
e t a l. 20073

ribulo s e-1,5-bis pho s pha te  
carbo xylas e /o xygenas e  

s mall s ubunit
R B C S 46871 218

P R K

GA P  C1

H4
Siaut e t a l. 

20073

hypo xanthine-guanine  
pho s pho ribo s yltrans fe ras e  

35566

pho s pho ribo s yltrans fe ras e 50773

194

204

151

173R P S

Siaut e t a l. 
20073

cyto s o lic  glycera ldehye-3-
pho s pha te -dehydro genas e

51128||51129

177

100

plas tidic  glycera ldehyde-3-
pho s pha te  dehydro genas e

22122

his to ne  H4 26896||34971

fuco xanthin-chlo ro phyll a /c  
binding pro te in B (a ls o  

kno wn as  LHCF2)
25172

FB P  C3

FB P  C4

fruc to s e-1,6-bis pho s pha tas e  
C2

42456

cyclin dependent kinas e  A 20262

elo nga tio n fac to r 1A 18475||28737

FB P  C1

FB P  C2

CDKA

EF1A

fruc to s e-1,6-bis pho s pha tas e  
C1

42886

51357 138

thio redo xin F TR X F 46280 171

101

133

213

202

215

159

HP R T

18S

A CT2

210

201

FCP  B

GA P -DH

101

fruc to s e-1,6-bis pho s pha tas e  
C3

31451

fruc to s e-1,6-bis pho s pha tas e  
C4

54279

Supplemental Table 2-SI Primers used for qPCR

3 Siaut M, Heijde M, Mangogna M, Montsant A, Coesel S, Allen A, Manfredonia A, Falciatore A, Bowler C. (2007)
Molecular toolbox for studying diatom biology in Phaeodactylum tricornutum. Gene. 406:23-35.

212

HP RT_Geno micCo ntro l HP R T_GC N/A 182

thio redo xin Y1 TR X Y1 33356

thio redo xin Y2 TR X Y2 43384 194

Primersequence 5'  3'

18S ribo s o mal RNA 56377

ac tin 2 29136

2 Thermodynamic melting temperatures according to Thermo Scientific REviewer TM (http://www.thermoscientificbio.com

1 Joint Genome Institute ( http://genome.jgi.doe.gov/Phatr2/Phatr2.home.html ) 

thio redo xin M TR X M
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A.2 Supplemental: Chapter 3 
 

A.2.1 Supplemental Figure 3-SI 
 

 

Supplemental Figure 3-SI Signal linearity of immunoblot analyses. To verify that significant changes can be 
determined by ImageJ western blot quantification, we prepared SDS-PAGEs with samples of known relative 
protein quantities: 1, 2, 4, 8, 12, 16, 20 and 32 time(s) of P. tricornutum wild type protein extract. The 
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immunoblots were prepared and quantified via ImageJ like described in the main manuscript. ImageJ relative 
quantities (referred to as relative signal intensities) are plotted against relative protein quantities (referred to as 
relative quantity). To allow relative quantification a linear relationship between relative signal intensity and 
quantity must be present. If the slope of this linear relation equals one a very accurate estimation of absolute 
quantities by relative determination would be possible. Immunoblots for RBC L and GAP C1 were prepared. 
PRK antiserum was depleted for the experiments of the main manuscript. The RBC L immunoblot shows a clear 
linear relationship between relative signal intensity and relative quantities until the quantities become saturating 
at around 20 times quantity. The slope of 1,3614 indicates a relatively good estimation of the absolute amounts 
by the relative quantification. However, the measured signal intensities are still around 36 % off the true value. 
The GAP C1 immunoblot shows a clear linear relationship between relative signal intensity and relative 
quantities until the quantities become saturating at around 16 times. The slope is very high with a value of 
around 7, probably due to several epitops being bound by the antiserum per protein. At high protein 
concentrations (higher than used in the main manuscript) a weak secondary band running at a slightly lower 
molecular weight is appearing. Interestingly while the primary band is becoming saturated after the 12 times 
quantity, this secondary band exhibits a clear linear relationship from the 12 times quantity up to the 32 times 
quantity. The slopes are very different for both bands making a combined analysis of both bands inaccurate. The 
data series indicated by green triangles resulted from the relative quantification of the sum of primary and 
secondary bands. Here, the saturation of the primary band is masking the linearity of the secondary band as well. 
In summary we were able to demonstrate that the immunoblots generated with RBC L and GAP C1 can be used 
for relative quantification of protein amounts, allowing a clear differentiation between high and low protein 
levels. Individual samples may still deviate to a certain degree making the quantification of small differences 
(~2 times relative changes) difficult. But overall, strong changes can be clearly resolved.  
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A.2.2 Supplemental Figure 3-SII 
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Supplemental Figure 3-SII Documentation of ImageJ [102] area plots, which were used for quantification of 
protein levels including all three replicates of the LD and DD conditions for each gene, as well as samples used 
for interpolating protein abundance (LD III 9h for GAP C1 and RBC L; DD I 0h for PRK). The area plots 
obtained by ImageJ densitometric analyses of immunoblots for GAP C1, PRK and RBC L are given including 
the applied peak closures. Below each area plot the corresponding defined lane is shown. Numbers in these lanes 
are artefacts from ImageJ analysis and can be omitted. For RBC L some immunoblots were recycled: after one 
day of washing with TBS-T the blots were incubated with RBC L antibody. Thus LD I and DD I exhibit 
additional signals from residual PRK antibodies and LD III and DD III show additional signals representing 
GAP C1. At high RBC L content the corresponding samples sometimes exhibit additional bands of high 
molecular weight, representing multimeric complexes of RBC L. As these secondary bands follow in principal 
the primary bands and we could show, that primary and secondary bands do not necessarily follow the same 
signal linearity (Supplemental Figure 3-SI), we omitted these secondary bands from quantification. The 
immunoblots for PRK feature in some cases low molecular weight secondary bands. These are putatively 
degradation bands. For the quantification of functional PRK only the peaks at the expected size were considered. 
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A.2.3 Supplemental Table 3-SI 
 

Probe Set ID
COSOPT 
MMC-

HAYSTACK 
PCC Phase ZT0 ZT4 ZT8 ZT12 ZT16 ZT20

Zm.1422.1.A1_at 0,0102 ZT20 7880,63 5134,9 4451,45 5779,08 6346,88 7698,81
Zm.6780.1.A1_a_at 0,0105 ZT20 6295,19 5795,29 5701,53 5469,57 6135,94 6638,84
Zm.6763.4.S1_a_at 0,0191 ZT20 22109,8 20435,82 19141,55 21625,88 22251,63 23017,34
Zm.11730.1.S1_at 0,0421 0.8 ZT20 3447,29 2787,9 1710,79 2390,64 3113 3385,63
Zm.10792.1.A1_at 0,0394 ZT16 619,71 504,55 664,77 830,61 869,55 839,29
Zm.2248.1.A1_at 0,0414 ZT16 163,86 92,44 87,87 137,76 158,92 159,48
Zm.7177.1.A1_at 0,0243 ZT0 5625,44 5446 5616,5 5014,62 5050,37 5175,04
Zm.7577.1.S1_at 0,0462 ZT0 9303,71 8779,46 7543,92 7577,57 6935,81 8204,28
Zm.514.1.A1_at 0,0489 0.84 ZT0 7559,32 5247,14 3972,5 3771,46 4669,55 5429,27
Zm.6988.1.S1_at 0,0148 ZT0 11055,33 11442,5 10155,59 9351,8 9774,46 11713,64
Calibrated against lowest expression
Zm.1422.1.A1_at 0,0102 ZT20 1,77035123 1,15353424 1 1,29824664 1,42580058 1,72950612
Zm.6780.1.A1_a_at 0,0105 ZT20 1,15094788 1,0595513 1,04240918 1 1,12183225 1,21377732
Zm.6763.4.S1_a_at 0,0191 ZT20 1,16946685 1,08092403 1,01246543 1,14387058 1,17696875 1,21746991
Zm.11730.1.S1_at 0,0421 0.8 ZT20 2,01502814 1,62959802 1 1,39738951 1,81962719 1,97898632
Zm.10792.1.A1_at 0,0394 ZT16 1,22824299 1 1,31755029 1,64623922 1,72341691 1,66344267
Zm.2248.1.A1_at 0,0414 ZT16 1,86480027 1,05200865 1 1,56777057 1,80858086 1,81495391
Zm.7177.1.A1_at 0,0243 ZT0 1,12180783 1,08602446 1,12002505 1 1,00712915 1,03199046
Zm.7577.1.S1_at 0,0462 ZT0 1,34140209 1,26581611 1,08767685 1,09252849 1 1,18288707
Zm.514.1.A1_at 0,0489 0.84 ZT0 2,00434845 1,39127553 1,05330562 1 1,23812794 1,43956717
Zm.6988.1.S1_at 0,0148 ZT0 1,18216065 1,22356124 1,0859503 1 1,04519558 1,25255459

Supplemental Table 3-SI Calculation of maximum manifold expression changes for Calvin cycle enzymes in Zea mays from microarray data
of Khan et al. Coordination of the maize transcriptome by a conserved circadian clock.  BMC Plant Biology (2010)

 

ZT24 ZT28 ZT32 ZT36 ZT40 ZT44

Max 
Manifold 
Change

7120,3 6119,5 5477,63 5447,31 5996,63 6936,19 1,77 Ketolase
6410,01 6027,97 5501,69 5759,19 5771,68 6141,64 1,21 PGK

21746,61 21516,43 21050,44 18905,88 20319,6 21613,68 1,22 RuBisCO small subunit RBCS-3B
3393,3 2381,52 2617,47 2186,01 2579,3 2529,97 2,02 FBPase1
690,15 666,54 685,42 781,62 799,31 800,14 1,72 Ketose-bisphosphate aldolase KBPA
139,6 116,3 118,22 137,08 137,33 134,05 1,86 PRK

5713,6 5812,17 5378,9 5161,56 5457,77 5419,73 1,16 FBPase2
8745,87 8104,22 8456,16 7958,11 7541,9 7943,62 1,34 Ribulose-3-phosphate epimerase RPE
5843,89 4873,39 5025,92 4351,08 4636,89 5293,08 2,00 RuBisCO Activase RCA

11624,87 10818,52 10076,18 10351,86 9899,24 11247,18 1,25 GAP B1 putative expressed (plastidic?)

1,59954622 1,3747206 1,23052713 1,22371587 1,34711835 1,55818666 1,77 Ketolase
1,17194039 1,10209212 1,00587249 1,05295115 1,05523469 1,12287438 1,21 PGK
1,15025643 1,13808138 1,11343349 1 1,07477674 1,14322528 1,22 RuBisCO small subunit RBCS-3B
1,98346963 1,39205864 1,52997738 1,2777781 1,50766605 1,47883142 2,02 FBPase1
1,36785254 1,32105837 1,35847785 1,5491428 1,58420375 1,58584878 1,72 Ketose-bisphosphate aldolase KBPA
1,5887106 1,32354615 1,34539661 1,56003187 1,56287698 1,52554911 1,86 PRK

1,13938843 1,15904495 1,07264359 1,02930232 1,0883716 1,08078578 1,16 FBPase2
1,26097312 1,1684605 1,21920295 1,14739446 1,08738561 1,14530531 1,34 Ribulose-3-phosphate epimerase RPE
1,54950338 1,29217597 1,3326192 1,15368584 1,22946816 1,40345649 2,00 RuBisCO Activase RCA
1,2430623 1,15683826 1,07745888 1,1069377 1,05853846 1,20267542 1,25 GAP B1 putative expressed (plastidic?)  
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A.2.4 Supplemental Table 3-SII 
 

Gene Abbrev.
Protein ID 

(JGI1)
Amplicon 

Length [bp]
Amplicon Length 

Modifier2 Tm
3 Reference

for AAGTTCTCGCAACCAACACCA 63.07 °C

rev TGCCCTTTGTACACACCGC 62.93 °C

for CGCCTCAATCAAGGTCAAGAT 60.90 °C

rev GCCAGATTCGTCGTATTCTTC 59.60 °C

for GAAGCCGATCAATTGGATCGA 61.10 °C

rev CGTGATTCTCCTAGCTGGATC 60.40 °C

for GATCTCCAACGGATACTCTCC 59.80 °C

rev GGGGAAATCGGTAAAGCTCTC 61.20  °C

for GTGCCAATAGGAATGGCAAAC 61.59 °C

rev GTTGTCGTCGTCGCTGTAGTA 59.01 °C

for ACTGTCAATTCATGGCGTGAA 61.49 °C

rev CAAGCGAAGCTTACCAATGGG 64.00 °C

for CGCTAGATGAGACTATCGGTG 60.20 °C

rev GATGGACATCCCCTACCATAG 59.50 °C

for AAGCATTTGTACCGGAACAGT 58.64 °C

rev TGCACTGATTCTCCCAATGTA 59.14 °C

for GCCGATATCCCCAATGGATTT 64.03 °C

rev CTTGGTCGAAGGAGTCCCATC 63.20 °C

for ACGGCCGATGTTTCTATGGT 61.65 °C

rev ATCGGTCCTTCTGACGCCTT 63.34 °C

for CCAAGTCCGAGGGTGAAATG 62.74 °C

rev GGCATCAAAGATGGAGGAGC 62.05 °C

for AGGTCCTTCGCGACAATATC 59.70 °C

rev ACGGAATCACGAATGACGTT 59.90 °C

for AGCTTGGAAGTGTGTACTCTC 59.90 °C

rev TGAAGGTTACTCCTGTCGAAG 59.60 °C

for CCGGAATCAAGCTCGCATACT 63.69 °C

rev GACCGGTACCATTGTTGGATC 61.38 °C

for AATTCCTCGAAGTCAACCAGG 60.50 °C

rev GTGCAAGAGACCGGACATAC 60.70 °C

for CTCTTGTCGTACAATCAACGC 60.30 °C

rev TGCAATCGATCTTCCAGAGAC 60.40 °C

for TTGGTAGCATTGCCGAACTC 60.70 °C

rev TGTTCCACACCAGAGACTTG 59.60 °C

for ATCGATTTGTCAATCCACGAG 59.00 °C

rev ATACAGATTCTGTGTCCACGG 60.00 °C

for GCAAGGTCATTGCTCCCAAGT 63.71 °C

rev CGACGTCCACTTTCTCACCAT 62.43 °C

for GGCGTCGTGAGTATACCCACT 61.33 °C

rev AGCACCGTACCTGGACAATGT 61.76 °C

for TATGCGACTTGGTGCGGA 62.42 °C

rev ACAGCCCGTGCTCCTACA 60.43 °C

for ATTGCGGTCCATGTAAATTGC 61.95 °C

rev CTTCGTCAGGCCTTCAAGTCT 60.94 °C
thioredoxin Y2 Trx Y2 43384 194 0.520618557

thioredoxin Y1 Trx Y1 33356 212 0.476415094

thioredoxin M Trx M 51357 138 0.731884058

thioredoxin F Trx F 46280 171 0.590643275

TATA box binding protein TBP 10199 213 0.474178404

succinate dehydrogenase A SDHA 56677 210

ribosomal protein S1 44451 0.583815029
modified from 

Siaut et al. 2007
4

ribulose-1,5-bisphosphate 
carboxylase/oxygenase small subunit

RBC S 46871 218 0.463302752

Siaut et al. 2007
4

hypoxanthine-guanine 
phosphoribosyltransferase 

35566 0.520618557

phosphoribosyltransferase 50773 0.495098039

plastidic glyceraldehyde-3-phosphate 
dehydrogenase

22122 1

histone H4 26896/34971

PRK

194

204

GAP C1

H4

101

151

0.570621469 Siaut et al. 2007
4

cytosolic glyceraldehye-3-phosphate-
dehydrogenase

51128/51129

fructose-1,6-bisphosphatase C3 31451 0.480952381

fructose-1,6-bisphosphatase C4 54279 0.502487562

GAP-DH

177

100

FBP C3

FBP C4

210

201

FCP B
fucoxanthin-chlorophyll a/c binding 

protein B
25172

fructose-1,6-bisphosphatase C2 42456 0.635220126

cyclin dependent kinase A 20262

elongation factor 1A 18475/28737

FBP C1

FBP C2

CdkA

EF1A

fructose-1,6-bisphosphatase C1 42886

18S

Act2

1 Joint Genome Institute ( http://genome.jgi.doe.gov/Phatr2/Phatr2.home.html ) 
2 as used in PAR-qPCR analysis
3 Thermodynamic melting temperatures according to Thermo Scientific REviewerTM (http://www.thermoscientificbio.com/webtools/reviewer/)
4 Siaut, M., et al., Molecular Toolbox for studying diatom biology in Phaeodactylum tricornutum Gene (2007) 406(1-2): p. 23-35.

Table 3-SII Primers used for qPCR

Primersequence 5'  3'

18S ribosomal RNA 56377

actin 2 29136

173RPS

101

133

213

202

215

159

HPRT

0.469767442
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A.2.5 Supplemental Table 3-SIII 

Supplemental Table 3-SIII Summary of PCR-Miner statistical data on Cp values and efficiencies of all samples 
 

FBP C1

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 24,9419 27,0186 27,7202 27,0162 26,7833 26,47 25,4387 25,4217 25,3724 26,2591 26,3079 26,6498

Cp standard error 0,0403186 0,0402151 0,0242395 0,036923 0,0269279 0,0309793 0,0377906 0,0489606 0,0540419 0,0390452 0,0161934 0,0620995
Cp mean coefficient of variation (CV) (in %) 0,36146 0,332822 0,195529 0,305603 0,224814 0,261699 0,33218 0,430653 0,476271 0,332486 0,137638 0,52105

Cp 24,6389 26,8557 27,2036 27,4446 27,0181 26,3967 25,4447 25,6611 25,422 25,8523 26,1685 26,7404
Cp standard error 0,0575478 0,0353908 0,0746753 0,0577712 0,0575723 0,0278171 0,0611349 0,0757985 0,0777067 0,0309661 0,0654395 0,0376719

Cp mean coefficient of variation (CV) (in %) 0,467129 0,263563 0,475457 0,470695 0,426176 0,23564 0,53725 0,660495 0,683492 0,267838 0,500139 0,281761
Cp 24,3571 25,8233 26,3734 27,0162 25,9858 25,3434 24,4032 24,4931 24,5218 25,0864 25,184 25,7609

Cp standard error 0,0408783 0,0507192 0,0421295 0,036923 0,0303431 0,0645444 0,0390922 0,0458571 0,0507019 0,0437438 0,0246052 0,0426834
Cp mean coefficient of variation (CV) (in %) 0,375276 0,392818 0,319485 0,305603 0,261102 0,509358 0,320386 0,37445 0,413526 0,38991 0,218467 0,370496

Cp 24,9253 26,0202 26,7672 27,8787 29,6528 28,8337 27,7206 27,4168 27,0278 26,6766 27,2333 26,5693
Cp standard error 0,0382554 0,10409 0,0384471 0,0217564 0,0393294 0,0650194 0,0260158 0,0197631 0,0544631 0,0208814 0,0585947 0,014847

Cp mean coefficient of variation (CV) (in %) 0,343192 0,80007 0,28727 0,156079 0,265265 0,504229 0,209855 0,144168 0,450586 0,156552 0,481109 0,111761
Cp 25,198 26,4356 27,2455 27,9972 29,3856 29,6868 28,422 28,3602 27,9124 27,4015 27,1855 26,6641

Cp standard error 0,0920786 0,0332785 0,0176352 0,011347 0,0318834 0,0371404 0,0623286 0,0859688 0,0654436 0,042656 0,0795719 0,0856985
Cp mean coefficient of variation (CV) (in %) 0,817103 0,25177 0,11211 0,0810582 0,242614 0,279748 0,438593 0,677824 0,52427 0,34809 0,5854 0,718673

Cp 24,5759 26,7862 25,7049 28,2679 30,269 29,9846 28,7684 28,1986 27,5473 28,0298 27,8246 28,0044
Cp standard error 0,0410018 0,0542763 0,050316 0,0333586 0,0756233 0,0654019 0,0249904 0,0649973 0,0611872 0,0509824 0,0537997 0,0494009

Cp mean coefficient of variation (CV) (in %) 0,333676 0,45309 0,391489 0,263876 0,499675 0,436236 0,194242 0,51541 0,444234 0,40671 0,43235 0,352809

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 2,00705 1,969323 2,00328 1,975185 1,976394 2,0032
E standard deviation 0,00927623 0,0124401 0,00821157 0,0117735 0,0103436 0,00820699

E mean coefficient of variation (CV) (in %) 4,39754 3,92251 5,03861 4,03955 4,26498 4,33616

Replicate

DD II

DD III

LD I

LD II

LD III

DD I

 
FBP C2

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 24,303 24,0513 23,9429 23,6754 23,5459 23,6782 23,7496 23,728 23,9009 23,3355 23,1395 23,3873

Cp standard error 0,0598985 0,133394 0,0801205 0,0972446 0,0275273 0,185097 0,0361897 0,0396334 0,0534226 0,0997241 0,0496317 0,130396
Cp mean coefficient of variation (CV) (in %) 0,551113 1,24018 0,748258 0,918445 0,261417 1,74798 0,340733 0,373496 0,387144 0,854698 0,479613 1,24672

Cp 24,2584 24,4197 24,1959 23,9278 24,1339 23,9917 23,9939 24,3151 23,9118 23,7644 23,9651 24,2571
Cp standard error 0,0342846 0,0331951 0,0229343 0,0200831 0,0304418 0,0281852 0,023876 0,0448464 0,0562319 0,0419196 0,0288227 0,0422259

Cp mean coefficient of variation (CV) (in %) 0,316026 0,271871 0,211948 0,187678 0,282051 0,262692 0,222508 0,412418 0,525843 0,394435 0,24054 0,389246
Cp 23,8019 23,6 23,6336 24,3646 23,1484 23,2754 22,9261 23,1334 23,0836 23,2953 23,3387 23,352

Cp standard error 0,071103 0,107337 0,0322961 0,0422885 0,0619169 0,0603052 0,036604 0,0345924 0,0622681 0,078242 0,064113 0,102143
Cp mean coefficient of variation (CV) (in %) 0,597456 0,909631 0,273307 0,300624 0,5981 0,579352 0,357012 0,334369 0,60318 0,671741 0,549412 0,874816

Cp 24,3053 24,1342 24,2829 24,6483 25,6157 26,1331 25,1892 25,3519 25,2918 24,9044 25,5574 25,0672
Cp standard error 0,0391671 0,0255095 0,0671195 0,018003 0,0468139 0,0352147 0,0716424 0,041162 0,056342 0,107535 0,0401466 0,0782244

Cp mean coefficient of variation (CV) (in %) 0,322292 0,23635 0,552813 0,163321 0,408651 0,301314 0,635975 0,363054 0,445536 0,965516 0,314168 0,697785
Cp 23,7677 23,4492 23,8022 24,0364 24,6752 25,734 25,4551 25,7757 25,5512 25,1208 24,8596 24,7918

Cp standard error 0,0711606 0,0301127 0,0382779 0,0124785 0,0380458 0,055454 0,0392418 0,0432974 0,044482 0,0635589 0,046706 0,0224265
Cp mean coefficient of variation (CV) (in %) 0,66948 0,287149 0,321634 0,116085 0,34477 0,481849 0,344714 0,375609 0,389276 0,565754 0,42011 0,202273

Cp 24,6396 24,7849 24,6457 25,0548 26,3761 27,4463 26,7315 26,4323 25,9481 26,1264 26,5743 25,4393
Cp standard error 0,0380442 0,0254978 0,0514825 0,118978 0,0547349 0,0540294 0,0683163 0,032967 0,0488859 0,0603808 0,0797952 0,0414937

Cp mean coefficient of variation (CV) (in %) 0,345255 0,205753 0,467094 0,949742 0,464022 0,39371 0,571459 0,278888 0,376798 0,462221 0,671428 0,364722

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,964868 1,92212 1,964578 1,914758 1,805079 1,870681
E standard deviation 0,0111975 0,0124155 0,016697 0,00953783 0,0081125 0,00894925

E mean coefficient of variation (CV) (in %) 7,55232 7,74358 6,5629 7,13322 4,24479 7,20562

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
FBP C3

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 27,8204 27,5486 27,6226 26,868 26,4783 26,8449 27,1024 27,7879 27,8081 27,2406 27,2882 27,1283

Cp standard error 0,0482317 0,0289082 0,0448406 0,0150702 0,052363 0,0497113 0,0663987 0,135103 0,0341128 0,0573281 0,067598 0,0522058
Cp mean coefficient of variation (CV) (in %) 0,387662 0,234643 0,362988 0,125421 0,4422 0,414074 0,547818 1,08716 0,274303 0,470583 0,553917 0,430311

Cp 29,197 28,9267 28,6901 28,2355 28,3834 28,3304 28,5022 29,1601 28,8151 28,5418 28,728 29,0016
Cp standard error 0,101873 0,127736 0,0796758 0,104775 0,0750434 0,0629841 0,0709263 0,0942169 0,145406 0,0664387 0,103323 0,104172

Cp mean coefficient of variation (CV) (in %) 0,697833 0,987414 0,620982 0,74215 0,591199 0,497123 0,49769 0,646204 1,00924 0,520504 0,804226 0,718392
Cp 29,8769 28,7588 28,9881 27,5205 28,146 28,0945 27,9996 28,4604 29,2718 29,05 28,5629 28,39

Cp standard error 0,075875 0,0268035 0,0756915 0,0402357 0,0591925 0,0781703 0,0409612 0,103286 0,0989375 0,0888913 0,0695895 0,162906
Cp mean coefficient of variation (CV) (in %) 0,567869 0,186402 0,522224 0,326919 0,42061 0,556481 0,292583 0,811498 0,675992 0,684224 0,544786 1,28309

Cp 29,1237 27,8455 28,0145 28,3784 29,5595 30,1169 28,941 29,8555 30,1246 29,302 29,8156 28,8717
Cp standard error 0,0487385 0,0840043 0,0371896 0,0607099 0,0732947 0,102986 0,147751 0,0318681 0,130981 0,0349267 0,0795876 0,0672704

Cp mean coefficient of variation (CV) (in %) 0,374205 0,674577 0,265503 0,427859 0,554447 0,764633 1,02105 0,213482 0,972234 0,26653 0,533865 0,403564
Cp 27,4716 26,1901 27,4194 26,5345 27,224 28,6172 28,4699 29,5693 29,1614 28,2675 27,7044 27,38

Cp standard error 0,0381943 0,0693346 0,0845343 0,0349519 0,0349758 0,0302006 0,0313966 0,0683303 0,0473812 0,0834098 0,0501475 0,0705258
Cp mean coefficient of variation (CV) (in %) 0,310885 0,591968 0,689382 0,29454 0,287277 0,235979 0,246593 0,516723 0,363314 0,659803 0,404749 0,515163

Cp 29,5645 28,8485 28,7754 29,0845 30,3179 31,8143 31,2527 31,0028 31,082 31,3016 31,2799 29,1934
Cp standard error 0,0788683 0,0279895 0,0414559 0,125995 0,0406307 0,0606797 0,118133 0,0905373 0,1281 0,079201 0,129494 0,169082

Cp mean coefficient of variation (CV) (in %) 0,533534 0,194044 0,322144 0,866406 0,32827 0,426488 0,84522 0,652998 0,921566 0,565782 0,925698 1,29508

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,848013 1,75991 1,770526 1,793937 1,876835 1,766083
E standard deviation 0,00528027 0,00899367 0,00622542 0,00935995 0,00682322 0,00980569

E mean coefficient of variation (CV) (in %) 1,97909 1,98505 2,9259 2,21208 2,44435 3,26461

DD III

Replicate

LD I

LD II

LD III

DD I

DD II
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FBP C4

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 25,453 25,1636 25,5903 26,1936 25,4068 25,9071 25,636 26,0122 25,9278 25,3665 25,3835 25,8719

Cp standard error 0,0142598 0,0239079 0,0385665 0,0639984 0,0569175 0,0416292 0,0617222 0,0447649 0,0218283 0,0307036 0,0591447 0,0350539
Cp mean coefficient of variation (CV) (in %) 0,125274 0,19002 0,336993 0,546336 0,500935 0,359306 0,538364 0,38481 0,188251 0,270654 0,521013 0,302965

Cp 26,2287 26,1421 26,2315 26,8789 26,5385 26,6148 26,4552 26,8803 26,4859 26,1726 26,3848 27,0534
Cp standard error 0,109148 0,0392557 0,0557551 0,0280104 0,0313552 0,0212139 0,0290145 0,0823268 0,125033 0,0388299 0,0846777 0,0343622

Cp mean coefficient of variation (CV) (in %) 0,832276 0,300325 0,475276 0,23302 0,264192 0,178231 0,245238 0,684844 1,05559 0,331744 0,717631 0,254032
Cp 26,2392 25,6632 25,86 26,5719 26,1422 26,4595 26,1063 26,0484 26,0805 25,7799 25,855 26,1296

Cp standard error 0,0489365 0,0675601 0,0472654 0,0503877 0,0794791 0,0166435 0,0479607 0,0390556 0,0453964 0,031694 0,0845795 0,0789891
Cp mean coefficient of variation (CV) (in %) 0,373002 0,588661 0,365548 0,42402 0,608052 0,140653 0,410795 0,335265 0,389216 0,274904 0,731485 0,675958

Cp 25,9297 25,674 26,04 26,3176 27,049 26,9834 25,6306 26,1987 26,503 26,3479 27,0416 26,5843
Cp standard error 0,0561684 0,0556073 0,0667689 0,0522066 0,0175081 0,124174 0,0354043 0,0766958 0,0995285 0,0562923 0,0657425 0,0639447

Cp mean coefficient of variation (CV) (in %) 0,433237 0,484309 0,573349 0,443571 0,129454 0,920374 0,276266 0,654601 0,839726 0,477737 0,486232 0,537853
Cp 24,9076 24,7226 25,8799 25,4175 25,7083 26,285 25,6822 26,0255 26,0031 26,178 25,8009 25,4073

Cp standard error 0,0648614 0,0486135 0,0486295 0,0242615 0,0365235 0,0589777 0,0201445 0,0391493 0,0313655 0,0360702 0,123394 0,0226396
Cp mean coefficient of variation (CV) (in %) 0,58229 0,439691 0,420167 0,213437 0,317676 0,448755 0,156875 0,336364 0,241244 0,275576 1,06941 0,178213

Cp 26,0581 26,0013 25,5072 26,2088 27,2303 27,4894 26,7605 26,7081 26,4351 26,8442 27,329 26,4713
Cp standard error 0,0190245 0,0720846 0,0348932 0,0852739 0,018752 0,0488633 0,0553159 0,0918081 0,10484 0,0689765 0,0751113 0,123533

Cp mean coefficient of variation (CV) (in %) 0,163251 0,55447 0,305888 0,650726 0,137729 0,397469 0,413415 0,768639 0,886813 0,574561 0,549681 1,0435

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,862711 1,752241 1,770513 1,74739 1,841948 1,753032
E standard deviation 0,00600679 0,0099798 0,00775552 0,00836258 0,00676718 0,00836147

E mean coefficient of variation (CV) (in %) 3,08359 2,82249 3,76348 3,25772 2,70585 3,11053

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
FCP B

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 22,9971 28,1343 28,1381 27,533 23,3005 20,5936 20,4539 23,5776 28,5059 30,7956 30,7214 28,9624

Cp standard error 0,135729 0,0436291 0,108297 0,0868337 0,0593305 0,0396855 0,0493284 0,0672839 0,058024 0,0489774 0,118351 0,0447807
Cp mean coefficient of variation (CV) (in %) 1,31973 0,346757 0,860612 0,630761 0,569375 0,430908 0,53927 0,570744 0,455153 0,355625 0,861422 0,345734

Cp 21,6351 26,2237 25,8352 25,6442 22,1108 19,1682 19,8285 23,0644 27,9861 29,6585 29,3487 27,7318
Cp standard error 0,121784 0,0607732 0,0491988 0,060222 0,0315668 0,0596194 0,0208722 0,0323526 0,0766903 0,0692568 0,0417592 0,0199396

Cp mean coefficient of variation (CV) (in %) 1,1258 0,463498 0,380866 0,52511 0,319236 0,69549 0,235377 0,313655 0,61275 0,522154 0,284573 0,160777
Cp 23,3964 26,5356 26,5864 27,7309 22,4462 20,3574 20,6689 23,4812 28,582 29,7916 29,5295 28,6372

Cp standard error 0,0512274 0,0869115 0,0219979 0,108221 0,0410135 0,0368753 0,0307604 0,0688696 0,0822178 0,0496829 0,100676 0,0831287
Cp mean coefficient of variation (CV) (in %) 0,437908 0,655055 0,165482 0,780508 0,408572 0,40504 0,332782 0,586594 0,575312 0,372905 0,681868 0,649091

Cp 26,0347 28,5657 28,2651 25,9693 23,9514 26,1614 27,0096 27,6336 27,349 27,8648 27,9124 23,9851
Cp standard error 0,0817438 0,0884411 0,0821245 0,0602904 0,0403948 0,0152438 0,0664464 0,112249 0,056168 0,0357458 0,161719 0,0995657

Cp mean coefficient of variation (CV) (in %) 0,702081 0,6923 0,649691 0,519127 0,37712 0,130292 0,550096 0,908304 0,410749 0,256566 1,29553 0,928226
Cp 25,1417 27,8649 28,5205 26,5621 23,8669 25,1042 27,7266 28,8492 29,3176 28,5679 27,7681 26,3142

Cp standard error 0,0711439 0,0681417 0,0310965 0,0423246 0,0323325 0,0583563 0,0420284 0,0891904 0,0747319 0,0497414 0,0473303 0,0671442
Cp mean coefficient of variation (CV) (in %) 0,632745 0,546815 0,218065 0,356299 0,30292 0,519788 0,338946 0,61832 0,509809 0,389335 0,340897 0,510327

Cp 24,2519 26,3979 20,0757 23,4344 22,5085 25,2298 26,5467 26,0391 23,3912 28,1588 28,97 27,5019
Cp standard error 0,00827438 0,0963231 0,00835765 0,032829 0,0252041 0,0147756 0,0664923 0,0541322 0,0645589 0,0294248 0,0630096 0,0364263

Cp mean coefficient of variation (CV) (in %) 0,0762911 0,729779 0,0832613 0,313249 0,250386 0,130953 0,560075 0,464853 0,617146 0,23366 0,434998 0,296167

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,857389 1,889199 1,900932 1,873956 1,895554 1,811997
E standard deviation 0,0126502 0,00537762 0,00705126 0,00793993 0,00596232 0,0102067

E mean coefficient of variation (CV) (in %) 2,28043 2,95901 2,95393 2,99254 2,90927 3,43269

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
GAP C1

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 30,6313 26,6377 23,1849 18,8555 18,5379 19,9225 25,1523 29,9486 29,2661 28,4902 23,9228 19,9036

Cp standard error 0,0361762 0,048526 0,0440882 0,0428265 0,0717741 0,0352745 0,10115 0,0653981 0,0725136 0,0530243 0,0567545 0,0420661
Cp mean coefficient of variation (CV) (in %) 0,264084 0,407345 0,425209 0,507878 0,865748 0,354117 0,899231 0,488284 0,554038 0,416164 0,530486 0,472591

Cp 29,4401 24,8206 21,4005 18,015 18,3663 19,6711 26,0114 29,9025 29,4477 28,3683 23,5438 19,4535
Cp standard error 0,0344013 0,0958421 0,0526145 0,0734936 0,0217472 0,0495123 0,043835 0,0454644 0,0399589 0,086067 0,0477913 0,0997456

Cp mean coefficient of variation (CV) (in %) 0,233704 0,772277 0,491712 0,815915 0,236816 0,562819 0,337045 0,339977 0,303422 0,678405 0,405978 1,14652
Cp 29,5462 24,353 20,9504 20,3176 17,847 18,9936 25,9662 30,3753 31,444 28,669 22,9829 19,2928

Cp standard error 0,0792282 0,0478733 0,147581 0,0171385 0,061354 0,0349921 0,0778195 0,0570641 0,133093 0,0489723 0,0532771 0,0357749
Cp mean coefficient of variation (CV) (in %) 0,5363 0,439567 1,40886 0,168706 0,687553 0,411953 0,519088 0,375727 0,94646 0,381964 0,463624 0,414638

Cp 30,5848 25,1455 21,6611 20,0279 19,948 23,4781 24,1066 27,9749 27,9817 25,5469 23,6225 20,3298
Cp standard error 0,144094 0,0183565 0,0274103 0,0780179 0,0417981 0,0232669 0,034707 0,0394229 0,0423219 0,060579 0,0515211 0,0592761

Cp mean coefficient of variation (CV) (in %) 1,05348 0,163236 0,282956 0,779093 0,468535 0,221595 0,321934 0,315112 0,338202 0,530237 0,487689 0,651977
Cp 29,6879 24,2351 21,812 19,6166 19,1027 21,3987 25,1599 26,8502 27,7145 25,2504 22,5951 20,8312

Cp standard error 0,0604612 0,0532619 0,224657 0,0348625 0,0512315 0,0749103 0,0396113 0,0977374 0,107126 0,0250704 0,0761202 0,0539359
Cp mean coefficient of variation (CV) (in %) 0,407313 0,439543 1,78396 0,355439 0,536379 0,78278 0,352043 0,813951 0,864317 0,222013 0,753304 0,578959

Cp 30,2686 25,1996 19,1776 19,412 20,127 23,6942 26,6584 27,095 22,1147 25,8385 28,4732 28,7773
Cp standard error 0,0559876 0,0833874 0,0355599 0,0421053 0,043334 0,0432184 0,0686068 0,0501579 0,0406154 0,0261913 0,0826955 0,0350239

Cp mean coefficient of variation (CV) (in %) 0,413603 0,739932 0,414621 0,48501 0,430605 0,40786 0,514711 0,370237 0,410672 0,22666 0,649427 0,272145

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,931472 1,953091 1,965033 1,948551 1,946039 1,948128
E standard deviation 0,0108267 0,00739463 0,012903 0,00723596 0,0129994 0,00824942

E mean coefficient of variation (CV) (in %) 2,13514 2,76568 2,63648 2,65106 2,6612 2,82865

DD III

Replicate

LD I

LD II

LD III

DD I

DD II
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HPRT

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 23,5026 23,9997 24,2938 24,0454 23,6319 23,9358 23,4389 23,7916 23,421 23,6294 23,5388 23,8143

Cp standard error 0,0680651 0,0307128 0,0565476 0,0474723 0,0294883 0,0441753 0,0574021 0,039907 0,051924 0,0601603 0,0520638 0,0394716
Cp mean coefficient of variation (CV) (in %) 0,64758 0,286153 0,52048 0,441462 0,279021 0,412684 0,547615 0,375069 0,495733 0,569302 0,49458 0,331495

Cp 22,547 23,0171 23,1643 22,6434 23,0558 22,9096 22,6161 23,0783 22,5405 22,6291 22,6459 23,0725
Cp standard error 0,104696 0,151402 0,0713075 0,165186 0,0310501 0,0612964 0,0877963 0,0849263 0,054446 0,0432997 0,0358284 0,0600634

Cp mean coefficient of variation (CV) (in %) 1,03831 1,13931 0,533184 1,63124 0,301139 0,598276 0,868048 0,822855 0,540116 0,427861 0,316423 0,582104
Cp 22,9297 22,9076 22,9818 23,8912 22,6095 22,536 22,2108 22,2365 22,2992 22,4321 22,2577 22,3038

Cp standard error 0,0630457 0,0524681 0,0487495 0,0194614 0,053361 0,0430229 0,0253251 0,0463774 0,040535 0,0948259 0,0774993 0,0518598
Cp mean coefficient of variation (CV) (in %) 0,614812 0,512154 0,474319 0,182147 0,527738 0,381815 0,25496 0,466365 0,406468 0,845446 0,778579 0,465032

Cp 22,865 22,8463 23,0954 23,3772 23,8487 23,6626 23,233 23,2562 23,4974 23,2577 23,6321 23,0592
Cp standard error 0,0149568 0,032549 0,0787599 0,0335977 0,017573 0,0301805 0,0301722 0,0600005 0,0475497 0,0603447 0,0419546 0,0673339

Cp mean coefficient of variation (CV) (in %) 0,146269 0,284938 0,68204 0,321368 0,147371 0,285199 0,290393 0,515994 0,452494 0,518922 0,307495 0,652943
Cp 22,7202 22,7122 22,8638 23,1543 23,5802 23,4813 23,2303 23,4375 23,6594 23,6798 23,315 22,8955

Cp standard error 0,0616579 0,0700207 0,178832 0,0693 0,0548944 0,105926 0,0488493 0,069798 0,04144 0,113961 0,0514201 0,102275
Cp mean coefficient of variation (CV) (in %) 0,542759 0,689371 1,35474 0,669247 0,520553 0,902221 0,420566 0,665912 0,391653 1,07612 0,441091 0,998856

Cp 22,217 22,4494 22,483 22,5906 23,3104 23,2499 23,0508 22,8997 22,8739 22,9085 22,718 22,7237
Cp standard error 0,0222443 0,0446487 0,0623901 0,0631448 0,0448066 0,0436956 0,0142646 0,010313 0,032611 0,0403186 0,052192 0,0619423

Cp mean coefficient of variation (CV) (in %) 0,223882 0,444722 0,554997 0,625021 0,42981 0,375878 0,138375 0,100703 0,318793 0,393544 0,459477 0,545178

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,761998 1,826189 1,867438 1,861773 1,848934 1,916407
E standard deviation 0,0107029 0,00493576 0,00909746 0,00812594 0,00661162 0,00852019

E mean coefficient of variation (CV) (in %) 4,52212 4,62897 5,33513 4,24498 4,33226 4,72268

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
PRK

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 24,7256 24,4537 23,8493 18,516 19,8353 20,6247 22,0862 24,5798 25,8852 25,2648 23,602 19,0418

Cp standard error 0,113415 0,0612652 0,0480711 0,0402269 0,037353 0,0496017 0,0595414 0,0432566 0,0534291 0,0562822 0,0289834 0,0372308
Cp mean coefficient of variation (CV) (in %) 1,02567 0,560214 0,450706 0,485797 0,421087 0,537766 0,602813 0,393512 0,461543 0,498127 0,27459 0,437199

Cp 23,539 23,2238 22,2053 17,0662 19,2161 19,9457 22,0319 24,3535 24,9463 24,3437 22,668 18,3233
Cp standard error 0,0679648 0,0559608 0,0321503 0,086758 0,0540039 0,0363531 0,0525081 0,0284011 0,0804254 0,0740666 0,0479956 0,0670264

Cp mean coefficient of variation (CV) (in %) 0,645625 0,481927 0,289573 1,01672 0,562068 0,407547 0,532916 0,260771 0,720894 0,680333 0,473449 0,817953
Cp 25,8748 23,1057 22,0529 19,7832 19,0297 19,6942 21,9425 24,0086 25,1603 23,8332 22,5839 17,8072

Cp standard error 0,0468445 0,024171 0,063492 0,061692 0,0168133 0,0193297 0,00734272 0,0420327 0,0903768 0,0405346 0,0366372 0,0344633
Cp mean coefficient of variation (CV) (in %) 0,404824 0,233916 0,575816 0,697296 0,176706 0,219468 0,0669269 0,391476 0,718407 0,380302 0,362751 0,432759

Cp 26,4269 23,5664 22,6594 21,042 22,2662 23,7779 20,9056 24,6075 27,502 26,0948 25,1516 20,3406
Cp standard error 0,0415102 0,146153 0,105435 0,10605 0,027333 0,0946872 0,0636735 0,0451339 0,0990582 0,0363635 0,0760038 0,0468038

Cp mean coefficient of variation (CV) (in %) 0,351231 1,24035 1,04045 1,00798 0,274489 0,890434 0,609151 0,410129 0,805399 0,278703 0,604366 0,51452
Cp 25,2602 23,4552 22,8286 21,1637 21,8059 24,3644 23,4084 27,1425 28,2161 26,5354 24,5819 20,4848

Cp standard error 0,0327276 0,0711345 0,101079 0,0772099 0,0438173 0,0626725 0,047574 0,121772 0,0883043 0,143959 0,0940316 0,0445578
Cp mean coefficient of variation (CV) (in %) 0,28971 0,606556 0,766905 0,729645 0,449322 0,575183 0,454448 1,00319 0,699794 1,21311 0,855349 0,486383

Cp 27,5996 23,9714 21,6978 20,6239 22,9529 26,3425 26,312 26,6043 22,4643 27,6254 29,5254 27,3771
Cp standard error 0,0493134 0,0476724 0,0427532 0,0320387 0,0431826 0,0474058 0,0361603 0,0413942 0,0126763 0,017308 0,0439168 0,0497007

Cp mean coefficient of variation (CV) (in %) 0,399528 0,444692 0,394079 0,347367 0,420683 0,359918 0,3073 0,311185 0,112857 0,140096 0,332598 0,405938

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,900346 1,908744 1,924939 1,916497 1,923674 1,923458
E standard deviation 0,0081816 0,0076183 0,00870416 0,00636893 0,00653308 0,00517253

E mean coefficient of variation (CV) (in %) 2,55119 1,3274 1,56101 1,31179 2,5468 2,23001

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
RBC S

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 25,0753 25,2756 25,3082 24,1134 24,1044 24,5945 24,6734 24,971 24,6266 24,856 24,6306 24,2707

Cp standard error 0,0994252 0,028236 0,0878811 0,130504 0,0419435 0,148766 0,0492904 0,0709562 0,0979464 0,0558915 0,0750595 0,0250745
Cp mean coefficient of variation (CV) (in %) 0,886615 0,249797 0,776461 1,21018 0,389092 1,20975 0,399543 0,635389 0,889343 0,502805 0,68142 0,231012

Cp 23,9297 24,3297 24,3361 23,4776 23,4614 23,5704 23,9484 24,2842 23,6209 23,5773 23,6294 23,7421
Cp standard error 0,0607111 0,037505 0,0243091 0,049588 0,0505868 0,023319 0,0486716 0,0481715 0,0424912 0,0793187 0,0406293 0,100187

Cp mean coefficient of variation (CV) (in %) 0,567303 0,344697 0,199778 0,472288 0,431234 0,197867 0,454448 0,396731 0,359777 0,752257 0,343888 0,943576
Cp 24,9302 24,6655 24,5413 24,1121 23,5102 23,6773 23,9425 24,19 23,9862 24,1612 24,108 23,6033

Cp standard error 0,0327138 0,0684207 0,0542129 0,203729 0,0201342 0,0563329 0,0672848 0,0399911 0,0455585 0,0350119 0,0523527 0,0457005
Cp mean coefficient of variation (CV) (in %) 0,29342 0,55479 0,493959 1,88931 0,191497 0,475838 0,628396 0,369668 0,42471 0,324028 0,485583 0,432946

Cp 26,0228 25,6084 25,5093 25,5279 26,9955 27,879 26,8418 27,8196 27,8206 27,0838 27,9479 26,0353
Cp standard error 0,0656286 0,0588793 0,12534 0,127188 0,0461875 0,0605994 0,0526644 0,0321153 0,106421 0,144681 0,0688582 0,195529

Cp mean coefficient of variation (CV) (in %) 0,563928 0,514121 1,0987 0,996463 0,382577 0,486045 0,339833 0,230883 0,765053 1,1945 0,550925 1,67932
Cp 24,2818 24,0921 24,6019 24,4453 25,2155 26,6007 26,7594 27,2342 26,9059 26,4922 25,9878 24,9665

Cp standard error 0,0315196 0,0980152 0,0283037 0,0165729 0,0782064 0,0380336 0,0411331 0,0554276 0,0704399 0,0615959 0,101809 0,0978965
Cp mean coefficient of variation (CV) (in %) 0,290258 0,81367 0,199267 0,135591 0,69352 0,28596 0,343716 0,455089 0,585404 0,519899 0,783512 0,87679

Cp 25,3389 25,5742 25,2455 25,5528 27,5133 29,3389 29,2245 28,7856 26,5646 29,2468 29,5005 29,5727
Cp standard error 0,0715979 0,080821 0,057065 0,0811078 0,0379099 0,0467316 0,089186 0,160874 0,0767934 0,0568328 0,035035 0,0396591

Cp mean coefficient of variation (CV) (in %) 0,565124 0,706654 0,452081 0,709756 0,308102 0,318564 0,610352 1,11774 0,646407 0,434516 0,2057 0,232281

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,826022 1,869729 1,87327 1,794542 1,899487 1,830673
E standard deviation 0,00988454 0,00819432 0,00945875 0,00867596 0,007818 0,0119177

E mean coefficient of variation (CV) (in %) 3,22374 2,66063 2,00094 2,59811 2,73795 3,01467

DD III

Replicate

LD I

LD II

LD III

DD I

DD II
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RPS

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 23,7971 24,3511 24,3666 25,1904 23,9713 25,4493 24,7177 24,3743 24,1524 23,8322 23,9642 24,069

Cp standard error 0,0765242 0,164936 0,333256 0,236227 0,161211 0,0777151 0,0850974 0,126531 0,0924586 0,047702 0,19733 0,159458
Cp mean coefficient of variation (CV) (in %) 0,71905 1,51454 3,05821 2,09691 1,50379 0,682833 0,688554 1,16078 0,855997 0,400315 1,42623 1,32501

Cp 23,4456 24,0749 24,1819 25,3644 24,502 25,5326 25,4597 25,0136 24,0956 23,6679 24,1818 24,7433
Cp standard error 0,0987256 0,0528798 0,127082 0,031128 0,0343628 0,0548475 0,0556184 0,0108336 0,0703157 0,0183899 0,0405484 0,0491982

Cp mean coefficient of variation (CV) (in %) 0,941573 0,439294 1,17511 0,274418 0,313598 0,480339 0,488485 0,086622 0,652528 0,155399 0,374947 0,397669
Cp 23,4599 24,0155 24,2868 25,122 24,3505 25,1508 25,4487 24,7434 24,1267 23,763 23,7266 24,5717

Cp standard error 0,0372603 0,0512018 0,0535953 0,175172 0,0927568 0,088582 0,0792056 0,0349401 0,0712032 0,0478637 0,0644517 0,0899478
Cp mean coefficient of variation (CV) (in %) 0,31765 0,426407 0,441353 1,39457 0,851772 0,704407 0,622472 0,282419 0,659914 0,450391 0,543286 0,732124

Cp 24,2557 23,5779 24,1441 24,5247 24,2917 24,6859 24,2875 24,5631 24,7227 24,3487 24,8878 24,1196
Cp standard error 0,0154476 0,0146359 0,0277603 0,0184081 0,030593 0,0458821 0,0569494 0,0763694 0,028869 0,0394973 0,0752265 0,0408831

Cp mean coefficient of variation (CV) (in %) 0,127373 0,124149 0,257098 0,150119 0,281611 0,415604 0,524314 0,621821 0,261108 0,362724 0,604524 0,379017
Cp 23,3082 23,637 24,4741 24,3257 24,5913 24,5062 24,5318 24,7094 24,6089 24,7852 24,3593 24,0556

Cp standard error 0,170903 0,0486578 0,0989384 0,116937 0,0716538 0,0626722 0,0657562 0,0829605 0,0913867 0,0212654 0,0367698 0,105172
Cp mean coefficient of variation (CV) (in %) 1,63956 0,411709 0,700193 0,961431 0,582756 0,511481 0,599366 0,750747 0,742712 0,171597 0,337529 0,87441

Cp 22,5075 23,3879 22,0279 23,9055 24,4069 24,7438 24,9827 24,8735 24,5882 24,8672 25,0903 24,2955
Cp standard error 0,025516 0,0908838 0,0442379 0,175718 0,181011 0,0761546 0,0557212 0,0451961 0,0357201 0,0438245 0,0527485 0,0792882

Cp mean coefficient of variation (CV) (in %) 0,226734 0,868921 0,401653 1,4701 1,65835 0,688199 0,498731 0,363408 0,32484 0,394072 0,42047 0,652699

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,866 1,84233 1,862208 1,870899 1,854245 1,905597
E standard deviation 0,00579082 0,00607516 0,00598706 0,00485011 0,00615406 0,00601201

E mean coefficient of variation (CV) (in %) 2,83857 2,34855 2,56013 1,43206 1,67892 1,99

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
TBP

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 24,6464 25,4472 25,9816 25,4418 25,3811 25,4764 25,0189 25,1783 25,0374 25,621 25,797 25,7915

Cp standard error 0,0385225 0,0217272 0,0349768 0,0268784 0,0390457 0,0147117 0,0326981 0,0460269 0,0938234 0,0162829 0,075567 0,0763582
Cp mean coefficient of variation (CV) (in %) 0,349499 0,190919 0,301023 0,236233 0,343992 0,129124 0,29224 0,408762 0,837928 0,142109 0,655012 0,662009

Cp 23,441 24,0328 24,2152 24,1077 24,0513 24,1431 23,8028 24,2417 23,8319 24,0948 24,3647 24,7944
Cp standard error 0,0790514 0,0743548 0,0781778 0,0510905 0,0393092 0,0527452 0,0669741 0,0736884 0,0597406 0,0354404 0,0274676 0,0798816

Cp mean coefficient of variation (CV) (in %) 0,584109 0,691814 0,721904 0,473881 0,365461 0,436939 0,562742 0,679705 0,560526 0,328897 0,252084 0,720409
Cp 23,7927 23,9979 24,4202 25,8591 23,8958 24,1315 23,7078 23,713 23,6974 24,3369 24,528 24,578

Cp standard error 0,0881842 0,0997112 0,0592525 0,0398518 0,06657 0,0745451 0,0703706 0,0530034 0,0608281 0,0564873 0,0979085 0,0494002
Cp mean coefficient of variation (CV) (in %) 0,741271 0,929087 0,542554 0,344603 0,622934 0,617825 0,663721 0,499808 0,573968 0,519003 0,892571 0,401987

Cp 23,3379 23,5981 23,7997 24,1193 25,0681 24,3331 24,3933 24,5828 24,8943 24,9772 25,2804 24,1076
Cp standard error 0,226963 0,0452202 0,163142 0,0763986 0,153016 0,218307 0,142652 0,0333656 0,120122 0,260947 0,200703 0,218582

Cp mean coefficient of variation (CV) (in %) 2,1746 0,383253 1,53278 0,70828 1,3649 1,79432 1,0129 0,271455 1,07896 2,08948 1,77523 1,81339
Cp 23,8159 24,1945 24,6625 24,9309 25,2638 25,2305 24,8337 24,9826 25,3622 25,688 25,3906 24,2343

Cp standard error 0,0624243 0,0395961 0,178953 0,022504 0,04219 0,020727 0,0688435 0,0958057 0,0607902 0,0443026 0,0546682 0,0628856
Cp mean coefficient of variation (CV) (in %) 0,524223 0,365949 1,25679 0,180531 0,333995 0,183694 0,619878 0,85751 0,479377 0,385641 0,372927 0,518981

Cp 24,5435 25,0586 25,2779 25,5721 26,9186 26,8186 26,2383 25,9269 25,9944 26,8783 27,1606 25,9491
Cp standard error 0,106736 0,0486145 0,108126 0,159015 0,0510378 0,0760845 0,100416 0,0525124 0,0397019 0,0253312 0,0749052 0,0905233

Cp mean coefficient of variation (CV) (in %) 0,869773 0,388007 0,855498 1,24366 0,423959 0,634373 0,765416 0,452894 0,341521 0,210736 0,616676 0,780051

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,831566 1,90926 1,924838 1,912237 1,920194 1,838716
E standard deviation 0,00675319 0,00673959 0,00492472 0,00856679 0,012246 0,0114361

E mean coefficient of variation (CV) (in %) 3,69601 3,82179 3,75152 4,59168 4,93157 5,05257

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
TRX F

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 25,4969 26,9676 26,7386 25,1492 23,4225 22,7522 23,1317 25,2405 27,16 26,7347 25,9944 25,7561

Cp standard error 0,0203411 0,0394251 0,0282274 0,0571304 0,0184631 0,0364304 0,0335423 0,0500973 0,0396728 0,0526054 0,0283708 0,0375839
Cp mean coefficient of variation (CV) (in %) 0,178391 0,3269 0,236057 0,507959 0,157652 0,358035 0,324243 0,39696 0,326624 0,439988 0,218284 0,326293

Cp 24,3618 26,0124 25,1462 24,4754 23,0591 22,1411 23,1514 25,2207 26,8179 26,1049 25,688 25,6195
Cp standard error 0,0318911 0,089419 0,0536967 0,0369823 0,10016 0,0558885 0,0559724 0,0730285 0,0385009 0,0779755 0,0829468 0,0912554

Cp mean coefficient of variation (CV) (in %) 0,292715 0,687512 0,477486 0,3022 0,868728 0,50484 0,540606 0,647471 0,287128 0,597402 0,645803 0,796475
Cp 25,6604 25,5534 24,777 25,8423 22,455 21,5153 22,5019 24,4016 26,4488 25,5725 24,5976 24,8234

Cp standard error 0,0451215 0,0741721 0,0267388 0,0516348 0,0126242 0,0402761 0,0849933 0,0701449 0,0516425 0,0149038 0,0590964 0,0422329
Cp mean coefficient of variation (CV) (in %) 0,393192 0,649048 0,215835 0,446783 0,125711 0,418586 0,844597 0,642782 0,436603 0,13032 0,537221 0,38043

Cp 26,6108 26,439 25,7835 24,4638 24,5308 27,0048 27,5155 27,8793 26,697 25,7835 25,8388 23,9525
Cp standard error 0,0441546 0,0864495 0,125506 0,0502469 0,0592075 0,0563111 0,0465165 0,104194 0,0427836 0,0533812 0,0629744 0,0731882

Cp mean coefficient of variation (CV) (in %) 0,331855 0,731143 1,08845 0,459273 0,539696 0,466271 0,338112 0,835691 0,358344 0,462948 0,48744 0,611111
Cp 25,0489 25,2235 24,994 23,5884 22,801 24,684 26,7335 27,4724 26,9969 25,7182 24,1791 23,7845

Cp standard error 0,0381206 0,0524889 0,0245297 0,0387581 0,0272624 0,0444535 0,0549927 0,0761943 0,0750494 0,0356294 0,0354636 0,0286922
Cp mean coefficient of variation (CV) (in %) 0,340295 0,41619 0,169988 0,367409 0,239134 0,402694 0,459974 0,554697 0,62161 0,277076 0,293341 0,241268

Cp 25,6186 25,986 22,0114 23,5361 24,0166 26,6773 28,0039 28,1326 28,1047 27,8839 26,9257 24,4994
Cp standard error 0,0863462 0,0562803 0,0537643 0,0650127 0,0439959 0,0572116 0,043367 0,0872641 0,0544472 0,0339673 0,0297876 0,032551

Cp mean coefficient of variation (CV) (in %) 0,753657 0,484287 0,546175 0,617659 0,366379 0,479543 0,309721 0,693603 0,433193 0,272391 0,247374 0,265728

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,903021 1,892239 1,931553 1,871367 1,965285 1,949721
E standard deviation 0,00837894 0,00689535 0,00930327 0,00656502 0,0075435 0,020436

E mean coefficient of variation (CV) (in %) 2,5186 4,93445 3,70376 2,39829 3,80389 4,62391

DD III

Replicate

LD I

LD II

LD III

DD I

DD II
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TRX M

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 25,1226 24,4217 24,7594 22,3784 21,623 22,0689 22,0796 23,0696 23,2553 24,6113 24,4345 22,8781

Cp standard error 0,0582372 0,0685396 0,0625133 0,0406246 0,0331044 0,0222092 0,0251557 0,0584751 0,046383 0,0628118 0,0518787 0,0505642
Cp mean coefficient of variation (CV) (in %) 0,518348 0,627552 0,504966 0,405923 0,342339 0,225028 0,25476 0,566781 0,445986 0,570678 0,424634 0,494206

Cp 24,3618 26,0124 25,1462 24,4754 23,0591 22,1411 23,1514 25,2207 26,8179 26,1049 25,688 25,6195
Cp standard error 0,0318911 0,089419 0,0536967 0,0369823 0,10016 0,0558885 0,0559724 0,0730285 0,0385009 0,0779755 0,0829468 0,0912554

Cp mean coefficient of variation (CV) (in %) 0,292715 0,687512 0,477486 0,3022 0,868728 0,50484 0,540606 0,647471 0,287128 0,597402 0,645803 0,796475
Cp 24,9255 23,0017 22,6028 23,0545 20,3787 20,721 21,0745 21,7876 22,4735 23,1026 22,863 21,5432

Cp standard error 0,0772951 0,032141 0,0326288 0,050536 0,0691414 0,0378716 0,0629518 0,0328478 0,0636052 0,0157557 0,0505751 0,0197059
Cp mean coefficient of variation (CV) (in %) 0,693415 0,279466 0,288715 0,490151 0,678566 0,408684 0,597421 0,337118 0,63286 0,152497 0,442419 0,182943

Cp 26,2824 23,989 23,8184 22,9202 23,8883 23,8616 21,4596 24,2233 26,5168 25,4287 25,7267 23,3338
Cp standard error 0,0373923 0,0176844 0,0144938 0,0289758 0,0237465 0,033034 0,0285125 0,0531508 0,0400832 0,0445144 0,0349896 0,037628

Cp mean coefficient of variation (CV) (in %) 0,284543 0,164841 0,136068 0,282684 0,222279 0,309562 0,297096 0,490639 0,338007 0,391437 0,304117 0,322519
Cp 26,2159 24,008 24,2749 23,0302 23,6791 25,0622 23,3338 26,1996 26,829 26,0496 25,0724 22,6526

Cp standard error 0,114702 0,0550511 0,144267 0,0506036 0,127516 0,09534 0,0794691 0,0520532 0,0479025 0,0750989 0,074259 0,0559854
Cp mean coefficient of variation (CV) (in %) 0,875057 0,458606 1,02937 0,439454 1,20416 0,760827 0,681151 0,444261 0,399243 0,644641 0,592356 0,552638

Cp 25,9268 24,1498 23,9071 22,8327 24,2254 25,8485 25,1948 25,1568 25,733 27,1988 26,5667 24,1586
Cp standard error 0,0326909 0,0349576 0,0302687 0,0317233 0,051025 0,0494994 0,0392891 0,0533351 0,0559499 0,0616833 0,0387121 0,0462624

Cp mean coefficient of variation (CV) (in %) 0,252178 0,323677 0,283108 0,277876 0,470974 0,428203 0,348696 0,47407 0,486177 0,453573 0,291433 0,428196

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,876983 1,892239 1,917466 1,88586 1,904963 1,894658
E standard deviation 0,00620757 0,00689535 0,00770431 0,00497213 0,00509859 0,00605865

E mean coefficient of variation (CV) (in %) 2,61077 4,93445 2,33014 2,27959 3,19045 2,57177

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
TRX Y1

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 24,9296 25,7067 26,3065 25,4391 24,2623 25,2582 25,1646 25,522 25,4243 25,941 26,0908 25,62

Cp standard error 0,0503548 0,0845822 0,032882 0,0779082 0,111763 0,0528541 0,0494432 0,0541287 0,0985391 0,0548563 0,0840773 0,0257258
Cp mean coefficient of variation (CV) (in %) 0,45166 0,735728 0,279499 0,684803 1,03003 0,46791 0,439341 0,47424 0,866651 0,472851 0,720569 0,200826

Cp 24,3409 25,0307 25,3717 24,7664 24,6147 24,8738 24,965 25,053 24,7301 25,0503 25,2947 25,2685
Cp standard error 0,0748549 0,0849098 0,0234695 0,05212 0,0234869 0,0249103 0,0518912 0,0941346 0,115138 0,0374882 0,0749379 0,0840695

Cp mean coefficient of variation (CV) (in %) 0,615054 0,678444 0,206843 0,420893 0,190836 0,223935 0,464779 0,840184 0,931156 0,334631 0,59252 0,66541
Cp 25,6332 25,5614 25,9134 26,0728 25,1038 25,8162 25,7506 26,1163 25,9421 26,2222 26,2888 26,3921

Cp standard error 0,0434535 0,0411257 0,054213 0,0415639 0,068024 0,0401856 0,067489 0,125744 0,100434 0,0734498 0,0648197 0,0993474
Cp mean coefficient of variation (CV) (in %) 0,379059 0,359761 0,467805 0,356462 0,605911 0,348068 0,524173 0,962958 0,865687 0,626336 0,493136 0,84172

Cp 25,3813 25,3737 25,7051 25,9643 26,6155 26,6668 23,6871 26,2528 26,7224 26,6498 27,1153 25,5334
Cp standard error 0,110886 0,0240165 0,032568 0,0217929 0,0296272 0,0231226 0,124114 0,0529373 0,100427 0,0411527 0,0541195 0,143978

Cp mean coefficient of variation (CV) (in %) 0,976892 0,189302 0,253398 0,187683 0,248909 0,193888 0,907546 0,533501 0,840354 0,345294 0,39918 1,26088
Cp 23,9244 24,1687 24,9212 24,5147 25,5124 26,2003 25,2767 26,5279 26,4399 26,173 25,8192 24,703

Cp standard error 0,139809 0,0500634 0,0162347 0,0504014 0,0481124 0,0347762 0,0297775 0,158957 0,0789344 0,073693 0,0893423 0,137408
Cp mean coefficient of variation (CV) (in %) 1,30671 0,414283 0,112833 0,459728 0,377169 0,296798 0,263422 1,19841 0,667563 0,629589 0,773749 1,11248

Cp 24,4964 25,1719 25,2403 25,6176 26,8306 27,6984 27,5691 27,3342 27,2687 27,6399 27,9675 26,5622
Cp standard error 0,0627063 0,0511662 0,0150298 0,0382732 0,0346181 0,0538238 0,0624001 0,0921487 0,0466895 0,0362317 0,0352716 0,0892103

Cp mean coefficient of variation (CV) (in %) 0,511963 0,454519 0,13315 0,334073 0,25805 0,475987 0,506113 0,75382 0,342441 0,293115 0,282005 0,750992

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,680144 1,687782 1,658291 1,692911 1,763906 1,742343
E standard deviation 0,0031006 0,00681404 0,00782633 0,00868364 0,0132858 0,0151627

E mean coefficient of variation (CV) (in %) 2,46332 3,28611 3,1213 3,26544 5,03498 4,36495

DD III

Replicate

LD I

LD II

LD III

DD I

DD II

 
TRX Y2

Sample specific Cp values

0h 3h 6h 9h 12h 15h 18h 21h 24h 27h 30h 33h
Cp 25,8506 26,4319 26,5282 25,8859 25,1598 24,7336 24,3972 24,374 25,5839 26,3711 26,371 25,8661

Cp standard error 0,0488181 0,0586982 0,0612063 0,0309197 0,0161125 0,0355992 0,0742851 0,0248321 0,128601 0,0498228 0,0666685 0,0342784
Cp mean coefficient of variation (CV) (in %) 0,422274 0,496572 0,515909 0,26709 0,1432 0,321838 0,680842 0,227809 1,12399 0,42246 0,5653 0,296329

Cp 26,5883 27,1807 26,9133 26,3718 26,7156 25,5163 25,3974 25,4232 26,454 27,0144 27,2323 26,9927
Cp standard error 0,0973934 0,0777285 0,144842 0,0305003 0,0699399 0,0598222 0,0873195 0,144016 0,14714 0,100104 0,0121233 0,176175

Cp mean coefficient of variation (CV) (in %) 0,819076 0,639447 1,07636 0,23131 0,58539 0,524238 0,768789 1,13295 1,24373 0,828596 0,0890364 1,30535
Cp 27,71 27,916 27,6143 26,109 26,9957 26,1713 26,097 26,5784 27,8969 28,0724 27,6167 27,1974

Cp standard error 0,215145 0,102388 0,155484 0,107047 0,151032 0,0778543 0,0590231 0,0857609 0,117496 0,0710962 0,153112 0,17478
Cp mean coefficient of variation (CV) (in %) 1,73613 0,733544 1,25903 0,916785 1,25101 0,59496 0,505726 0,645343 0,941788 0,566307 1,23971 1,28527

Cp 26,0572 24,9418 24,7097 23,5692 22,7336 22,2117 21,2017 22,1428 23,7018 23,9531 23,8183 22,2835
Cp standard error 0,0237245 0,0354744 0,0297808 0,0197634 0,0235121 0,0285362 0,117979 0,079208 0,0383376 0,0308281 0,0505383 0,0868814

Cp mean coefficient of variation (CV) (in %) 0,203589 0,284457 0,241045 0,187501 0,231263 0,287276 1,24428 0,799874 0,3235 0,287786 0,474454 0,779781
Cp 28,289 27,4353 27,3846 26,4229 26,4276 25,0165 24,0371 24,9947 25,4658 27,045 26,9271 25,0964

Cp standard error 0,0549136 0,0386953 0,237458 0,179571 0,0192894 0,0463717 0,0320372 0,158564 0,161493 0,0962122 0,0867041 0,0692868
Cp mean coefficient of variation (CV) (in %) 0,434057 0,282084 1,5019 1,35921 0,16321 0,37073 0,298028 1,26878 1,41802 0,795479 0,720003 0,478189

Cp 26,813 26,6977 25,9519 25,7538 24,5719 23,9246 23,4782 23,5781 24,3905 25,4949 25,1849 25,1368
Cp standard error 0,0592207 0,0810224 0,0457403 0,0495446 0,0498836 0,0591769 0,0563029 0,0834617 0,0456514 0,0573025 0,0452436 0,0997508

Cp mean coefficient of variation (CV) (in %) 0,493871 0,678603 0,352501 0,430169 0,453945 0,553085 0,479619 0,707961 0,418522 0,502581 0,4017 0,887342

Run specific Efficiencies (E)
I LD II LD III LD I DD II DD III DD

E 1,797335 1,752262 1,688988 1,852721 1,749143 1,778885
E standard deviation 0,00617296 0,00617174 0,00802747 0,00417105 0,00963459 0,0068203

E mean coefficient of variation (CV) (in %) 1,83041 2,1949 4,10132 1,95054 2,90876 2,28544

DD III

Replicate

LD I

LD II

LD III

DD I

DD II
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A.3 Supplemental: Chapter 4 
 

A.3.1 Supplemental Figure 4-SI 
CLUSTAL 2.0.12 multiple sequence alignment 

 
FBP_C1__42886__mature      MSDPLAGPSAKRAPLQRKKDLKQFSRFLEVECWKR------AELRDLEPV 44 
FBP_C4__54279__mature      -------------RSRDTKQPITLSRFLSDAVKEN------AELRDLESL 31 
FBP_C2__42456__mature      -------------------------RFMNEVATLN------PDLKELTTL 19 
FBP_C3__31451__mature      ------------------------KRFMTEVSLLN------PEIEELTTL 20 
FBP_cyt__23247_            ----------------------MSDKFDSDATTLNRFVMSYTRDHDLVIL 28 
                                                    :*       .      .  .:*  : 
 
FBP_C1__42886__mature      LASVAEACRQINRIVQRAQTDDIYGVAVKIDGSPLDDTN-VQGEVQQKLD 93 
FBP_C4__54279__mature      FMGIQMACKTIASLVNRA------GLVYSITEDIRDDITDGRFYSMKRLD 75 
FBP_C2__42456__mature      FGAIDTACKAISNLVKRS------QLPSSDTLGLEGTLN-VQGEDQKKLD 62 
FBP_C3__31451__mature      FGAIETACKAIANLVKRS------PLPSSDTLGLQGEIN-VQGEDQKKLD 63 
FBP_cyt__23247_            LNAIATSCKLITSAVQRA------GVAK--LYGLAGEVN-STGDDQKKLD 69 
                           : .:  :*: *   *:*:       :      .  .  .       ::** 
 
FBP_C1__42886__mature      VLCNTIMLRAFCGSSRSVHSVASEEED------EPRCCSDVMNDSAFAVG 137 
FBP_C4__54279__mature      HLSTVVLKNALKYTGK-CEVLAPKSR---LDNESPAQHQPGVLIAKSMDS 121 
FBP_C2__42456__mature      VITNDLLKRALRFTGR-LGVLASEEEDVPVDLLRSGLHNRGSEILIEEGE 111 
FBP_C3__31451__mature      VIANDILKRALRFTGR-LGVLASEEEDTPVDLMPRDPSTK--KVLIDEGE 110 
FBP_cyt__23247_            VLSNDMMINALVNSGV-CCVLVSEEN------------EEPIIVPPGKAG 106 
                            : . :: .*:  :.     :..:..                         
 
FBP_C1__42886__mature      NFIAVFDPLDGSKNIDASLPVGSIFGIYKKIPGKSVD------------- 174 
FBP_C4__54279__mature      NYVACLDPLDGSGNADASICTGTVFGVFEKETSTGISLWKKSREDRDRE- 170 
FBP_C2__42456__mature      KYVAVFDPLDGSSNVDAGIPTGTIIGVYEHDESCNTNLECTPEECTEQEA 161 
FBP_C3__31451__mature      KYVAVFDPLDGSSNVDAGIPTGTIIGIYEHDETCKIDPDALEEDRTKQEN 160 
FBP_cyt__23247_            KYCVAFDPLDGSSNIDCNVSVGTIFSVYERKPGSNGS------------- 143 
                           :: . :****** * *..: .*:::.::::      .              
 
FBP_C1__42886__mature      --DQTFLQDGSGLVAAGYCLFSATTVLVLTL-GSGVDGFTLDPDTGRFLH 221 
FBP_C4__54279__mature      -LVDSVLQPGKNMRAAGYCLYSSATVLVFTL-GESVQGFTLDPQMQEFVL 218 
FBP_C2__42456__mature      QCLANTLQPGTNLVAAAYCLYSSSTFFALTL-GNGVYIFTLDETIGEFIL 210 
FBP_C3__31451__mature      LCLANTLQPGTNLVAAAYCLYSSSTFLVLTL-GAGTYGFTLDETIGEFVL 209 
FBP_cyt__23247_            --AEDLLRSGADCICAGYVVYSSAVEMVFTFRGSDVHGFCLDSTIGEFVH 191 
                                 *: * .  .*.* ::*::. :.:*: * ..  * **    .*:  
 
FBP_C1__42886__mature      THQDIRIPSSGP--IYSFNEANFKDFDPPVKHFLNALKEGSSSTGIRSNA 269 
FBP_C4__54279__mature      THPDLTIPKRGS--VYSCNEANSEGWDDAYNSYLRNLKTGKGETGKRYAH 266 
FBP_C2__42456__mature      SKPSVQIPESSS--IYSFNEAKLEMWDEPMRKTVNSWREGTGKSGKIFSS 258 
FBP_C3__31451__mature      SHPNIKIPECSS--IMSFNEANTPSWDRPLQDTFAKWRTGTGKSGKKFSS 257 
FBP_cyt__23247_            TREKMVFPAEGGKRIYSCNEGNANNWDQPIKDACDHFRD----SEQPYTA 237 
                           :: .: :*  .   : * **.:   :* . .      :     :       
 
FBP_C1__42886__mature      RYIGALVADVHNVLINGGIYGYPST-RANRNGKLRLLYESAPMAMILEQA 318 
FBP_C4__54279__mature      RYVGSMVGDIHRTLLYGGIFAYPADRLEHPDGNLQLLYKAAPMAYIVHTA 316 
FBP_C2__42456__mature      RYIGSMVGDVHRTLLYGGVFGYPAD-NENPIGKLRLLYEAAPMSFIMEQA 307 
FBP_C3__31451__mature      RYIGSMVGDVHRTLLYGGVFGYPGD-KKNPNGKLRLLYEGAPMSFIMEQA 306 
FBP_cyt__23247_            RYVGSMVADIHRTILYGGIYMYPAD-AKSPKGKLRLLYEGIPMAMIIEQA 286 
                           **:*::*.*:*..:: **:: **.       *:*:***:. **: *:. * 
 
FBP_C1__42886__mature      GGAGSTGR-----GRILDVVATKIHQRIPTFLGSIENVFELDQFYKYYSD 363 
FBP_C4__54279__mature      GGKAIDGR----SGSLLEVRPDRVHQKSPCFIGSYDDVSEWESYLSDNEG 362 
FBP_C2__42456__mature      GGISTTG-----MQRVMEIQPLMVHQRVPVIMGSKNDVLEVID------- 345 
FBP_C3__31451__mature      GGLSTTG-----TQRVMEISPDTVHQRVPIIMGSRQDVEEVMD------- 344 
FBP_cyt__23247_            GGVASTGFFNGKIQRVLDLVPDEIHAKCPIIMGGKRDVQVVFD------- 329 
                           ** .  *        :::: .  :* : * ::*.  :*    .        
 
FBP_C1__42886__mature      DDNKEQVSTAKQV 376 
FBP_C4__54279__mature      IYYKKGRD----- 370 
FBP_C2__42456__mature      AYTAASNE----- 353 
FBP_C3__31451__mature      AYKNFGIE----- 352 
FBP_cyt__23247_            QYKKAGIDGPTL- 341 
                                  .      
 

Supplemental Figure 4-SI ClustalW multiple sequence alignment of the mature proteins of all five fructose-1,6-
bisphosphatases (FBP) of P. tricornutum. Peptide sequences used for immunisation of rabbits in peptide 
antibody generation are marked in yellow. Peptide sequences are specific for either FBP C1 or C2. Co-reactivity 
to FBP C4 and C3 respectively was desired. Differences in the common sequence are marked in dark yellow. 
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A.3.2 Supplemental Figure 4-SII 

 
Supplemental Figure 4-SII Immunoblot tests of antisera raised against peptides derived of FBP C2 & C3 and 
FBP C1 & C4. Each peptide was used for immunisation of two rabbits. Final bleeds and presera of each animal 
were tested with crude protein extracts of two different P. tricornutum strains: WT1 .(CCMP2561) and WT4 
(UTEX 646). Only final bleeds of animals treated with FBP C2+3 peptide exhibited reactivity showing signal 
bands at ~70kDa in WT4 but not WT1. Animal 1 of FBP C2+3 featured a weaker secondary band at ~31 kDa, 
which could also be observed for WT1. Mature FBP C2 and C3 have a predicted molecular weight of ~38.5 kDa. 
The secondary band in animal 1 may result from processed or degraded FBP C2 or C3, but it could also be an 
unwanted cross reactivity established in animal 1. The band at around 70 kDa is greater than expected but is 
specifically found for both animals. Thus it is very likely that it resulted from a specific reactivity for 
FBP C2/C3. The observed molecular weight of ~70 kDa supports the possibility that the FBPs C2 and C3 form 
stable homodimers or hetero complexes with other proteins not disassembled in standard SDS-PAGE. 
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A.3.3 Supplemental Figure 4-SIII 
FBP C2 (42456) adapted to E. coli K12: (No PstI, BamHI, SapI & NdeI restriction sites): 
Original amino acid sequence: 
RFM NEV ATL NPD LKE LTT LFG AID TAC KAI SNL VKR SQL PSS DTL GLE GTL NVQ GED QKK LDV ITN DLL KRA LRF TGR LGV LAS EEE 
DVP VDL LRS GLH NRG SEI LIE EGE KYV AVF DPL DGS SNV DAG IPT GTI IGV YEH DES CNT NLE CTP EEC TEQ EAQ CLA NTL QPG TNL 
VAA AYC LYS SST FFA LTL GNG VYI FTL DET IGE FIL SKP SVQ IPE SSS IYS FNE AKL EMW DEP MRK TVN SWR EGT GKS GKI FSS RYI 
GSM VGD VHR TLL YGG VFG YPA DNE NPI GKL RLL YEA APM SFI MEQ AGG IST TGM QRV MEI QPL MVH QRV PVI MGS KND VLE VID AYT 
AAS NE 

Adapted nucleotide sequence: 
CGG TTT ATG AAT GAA GTT GCG ACG CTC AAT CCG GAT CTC AAA GAA CTG ACC ACA CTG TTT GGC GCA ATT GAC ACG GCT TGC AAA GCC 
ATC AGT AAC CTC GTC AAA CGC TCA CAA CTT CCC AGC TCA GAC ACC TTG GGC CTG GAA GGA ACC TTA AAT GTG CAA GGG GAG GAT CAG 
AAG AAA CTG GAT GTG ATT ACC AAC GAC CTT CTT AAA CGG GCT CTG CGT TTT ACA GGG CGT TTA GGC GTA TTG GCC TCG GAA GAA GAG 
GAT GTC CCA GTT GAT CTG CTG CGT AGT GGA CTG CAC AAT CGC GGC TCT GAG ATC CTG ATT GAA GAA GGC GAG AAA TAC GTG GCA GTG 
TTC GAC CCT CTG GAT GGC TCC TCT AAC GTT GAT GCG GGC ATA CCT ACG GGT ACC ATT ATC GGT GTG TAC GAA CAC GAT GAA TCG TGC 
AAC ACG AAC TTA GAA TGT ACT CCA GAG GAA TGT ACC GAA CAG GAA GCC CAG TGT CTG GCC AAT ACA CTC CAG CCA GGT ACC AAT CTG 
GTC GCA GCA GCG TAT TGC CTG TAC AGT TCC TCT ACC TTC TTT GCC TTG ACC CTG GGT AAC GGT GTC TAC ATC TTT ACC CTG GAT GAA 
ACG ATT GGT GAG TTC ATT CTG TCC AAA CCG TCT GTG CAG ATT CCG GAA AGC TCA TCC ATC TAC TCG TTT AAC GAA GCG AAA CTG GAA 
ATG TGG GAC GAA CCC ATG CGC AAA ACC GTG AAC AGC TGG CGC GAG GGT ACT GGG AAA TCA GGC AAA ATC TTT AGT AGC CGC TAT ATA 
GGG AGC ATG GTT GGT GAC GTA CAT CGC ACT CTG TTG TAT GGC GGA GTA TTC GGC TAT CCG GCC GAT AAC GAG AAT CCG ATT GGC AAG 
CTT CGC TTA CTG TAT GAG GCG GCT CCG ATG AGC TTC ATC ATG GAA CAA GCG GGT GGT ATC TCG ACT ACG GGC ATG CAA CGT GTG ATG 
GAA ATC CAG CCG TTA ATG GTT CAT CAG CGT GTA CCG GTT ATT ATG GGG AGC AAG AAC GAT GTG CTG GAG GTC ATT GAC GCG TAT ACG 
GCA GCG AGC AAT GAA 

Nucleotide sequence to be synthesized: 
CATATG CGG TTT ATG AAT GAA GTT GCG ACG CTC AAT CCG GAT CTC AAA GAA CTG ACC ACA CTG TTT GGC GCA ATT GAC ACG GCT TGC 
AAA GCC ATC AGT AAC CTC GTC AAA CGC TCA CAA CTT CCC AGC TCA GAC ACC TTG GGC CTG GAA GGA ACC TTA AAT GTG CAA GGG GAG 
GAT CAG AAG AAA CTG GAT GTG ATT ACC AAC GAC CTT CTT AAA CGG GCT CTG CGT TTT ACA GGG CGT TTA GGC GTA TTG GCC TCG GAA 
GAA GAG GAT GTC CCA GTT GAT CTG CTG CGT AGT GGA CTG CAC AAT CGC GGC TCT GAG ATC CTG ATT GAA GAA GGC GAG AAA TAC GTG 
GCA GTG TTC GAC CCT CTG GAT GGC TCC TCT AAC GTT GAT GCG GGC ATA CCT ACG GGT ACC ATT ATC GGT GTG TAC GAA CAC GAT GAA 
TCG TGC AAC ACG AAC TTA GAA TGT ACT CCA GAG GAA TGT ACC GAA CAG GAA GCC CAG TGT CTG GCC AAT ACA CTC CAG CCA GGT ACC 
AAT CTG GTC GCA GCA GCG TAT TGC CTG TAC AGT TCC TCT ACC TTC TTT GCC TTG ACC CTG GGT AAC GGT GTC TAC ATC TTT ACC CTG 
GAT GAA ACG ATT GGT GAG TTC ATT CTG TCC AAA CCG TCT GTG CAG ATT CCG GAA AGC TCA TCC ATC TAC TCG TTT AAC GAA GCG AAA 
CTG GAA ATG TGG GAC GAA CCC ATG CGC AAA ACC GTG AAC AGC TGG CGC GAG GGT ACT GGG AAA TCA GGC AAA ATC TTT AGT AGC CGC 
TAT ATA GGG AGC ATG GTT GGT GAC GTA CAT CGC ACT CTG TTG TAT GGC GGA GTA TTC GGC TAT CCG GCC GAT AAC GAG AAT CCG ATT 
GGC AAG CTT CGC TTA CTG TAT GAG GCG GCT CCG ATG AGC TTC ATC ATG GAA CAA GCG GGT GGT ATC TCG ACT ACG GGC ATG CAA CGT 
GTG ATG GAA ATC CAG CCG TTA ATG GTT CAT CAG CGT GTA CCG GTT ATT ATG GGG AGC AAG AAC GAT GTG CTG GAG GTC ATT GAC GCG 
TAT ACG GCA GCG AGC AAT GAA TGCGGAAGAGC 
 

FBP C3 (31451) adapted to E. coli K12: (No PstI, BamHI, SapI & NdeI restriction sites): 
Original protein sequence: 
KRF MTE VSL LNP EIE ELT TLF GAI ETA CKA IAN LVK RSP LPS SDT LGL QGE INV QGE DQK KLD VIA NDI LKR ALR FTG RLG VLA SEE 
EDT PVD LMP RDP STK KVL IDE GEK YVA VFD PLD GSS NVD AGI PTG TII GIY EHD ETC KID PDA LEE DRT KQE NLC LAN TLQ PGT NLV 
AAA YCL YSS STF LVL TLG AGT YGF TLD ETI GEF VLS HPN IKI PEC SSI MSF NEA NTP SWD RPL QDT FAK WRT GTG KSG KKF SSR YIG 
SMV GDV HRT LLY GGV FGY PGD KKN PNG KLR LLY EGA PMS FIM EQA GGL STT GTQ RVM EIS PDT VHQ RVP IIM GSR QDV EEV MDA YKN 
FGI E 
Adapted nucleotide sequence: 
AAA CGG TTT ATG ACC GAA GTG AGT CTG TTG AAT CCG GAA ATC GAA GAG TTA ACG ACT TTG TTC GGA GCA ATT GAA ACC GCG TGT AAG 
GCG ATT GCG AAC TTG GTG AAA CGC TCG CCG TTA CCG TCT AGT GAT ACG CTG GGT TTG CAG GGC GAA ATC AAC GTC CAG GGT GAA GAT 
CAG AAG AAA CTG GAC GTC ATT GCC AAC GAT ATC CTT AAA CGT GCC TTA CGG TTT ACA GGT CGT CTT GGC GTT CTG GCG TCA GAG GAA 
GAG GAT ACA CCG GTA GAC CTG ATG CCT CGT GAT CCC TCG ACC AAG AAA GTG CTG ATT GAC GAA GGC GAG AAA TAC GTT GCG GTG TTC 
GAT CCG CTG GAT GGT TCT AGC AAT GTA GAT GCA GGC ATT CCT ACA GGG ACG ATT ATT GGC ATT TAC GAG CAC GAT GAA ACA TGC AAA 
ATT GAT CCG GAT GCA CTG GAA GAA GAT CGC ACC AAA CAG GAA AAC CTT TGC CTG GCT AAT ACG CTT CAG CCA GGG ACC AAT CTC GTT 
GCT GCC GCC TAT TGC CTG TAT TCG TCA AGT ACC TTT CTG GTG CTG ACT CTG GGT GCA GGA ACC TAT GGC TTT ACC CTC GAC GAA ACG 
ATC GGG GAA TTC GTG TTA AGC CAT CCA AAC ATC AAA ATT CCG GAG TGT AGC AGC ATC ATG AGC TTC AAC GAA GCG AAT ACC CCA TCC 
TGG GAC CGT CCA CTG CAA GAC ACC TTT GCC AAA TGG CGT ACG GGT ACC GGG AAA TCG GGC AAG AAA TTC AGC TCA CGC TAC ATT GGC 
AGC ATG GTG GGC GAT GTC CAT CGC ACG CTG CTC TAT GGC GGA GTC TTT GGC TAT CCT GGT GAC AAA AAA AAC CCG AAT GGC AAA CTG 
CGC CTG CTC TAT GAA GGT GCG CCG ATG TCC TTC ATC ATG GAA CAA GCT GGT GGT CTG TCC ACT ACC GGT ACT CAG CGC GTA ATG GAG 
ATT AGT CCG GAT ACT GTT CAC CAA CGC GTC CCC ATC ATC ATG GGC TCT CGC CAG GAC GTT GAA GAA GTG ATG GAC GCC TAC AAG AAC 
TTT GGG ATT GAG 

Nucleotide sequence to be synthesized: 
CATATG AAA CGG TTT ATG ACC GAA GTG AGT CTG TTG AAT CCG GAA ATC GAA GAG TTA ACG ACT TTG TTC GGA GCA ATT GAA ACC GCG 
TGT AAG GCG ATT GCG AAC TTG GTG AAA CGC TCG CCG TTA CCG TCT AGT GAT ACG CTG GGT TTG CAG GGC GAA ATC AAC GTC CAG GGT 
GAA GAT CAG AAG AAA CTG GAC GTC ATT GCC AAC GAT ATC CTT AAA CGT GCC TTA CGG TTT ACA GGT CGT CTT GGC GTT CTG GCG TCA 
GAG GAA GAG GAT ACA CCG GTA GAC CTG ATG CCT CGT GAT CCC TCG ACC AAG AAA GTG CTG ATT GAC GAA GGC GAG AAA TAC GTT GCG 
GTG TTC GAT CCG CTG GAT GGT TCT AGC AAT GTA GAT GCA GGC ATT CCT ACA GGG ACG ATT ATT GGC ATT TAC GAG CAC GAT GAA ACA 
TGC AAA ATT GAT CCG GAT GCA CTG GAA GAA GAT CGC ACC AAA CAG GAA AAC CTT TGC CTG GCT AAT ACG CTT CAG CCA GGG ACC AAT 
CTC GTT GCT GCC GCC TAT TGC CTG TAT TCG TCA AGT ACC TTT CTG GTG CTG ACT CTG GGT GCA GGA ACC TAT GGC TTT ACC CTC GAC 
GAA ACG ATC GGG GAA TTC GTG TTA AGC CAT CCA AAC ATC AAA ATT CCG GAG TGT AGC AGC ATC ATG AGC TTC AAC GAA GCG AAT ACC 
CCA TCC TGG GAC CGT CCA CTG CAA GAC ACC TTT GCC AAA TGG CGT ACG GGT ACC GGG AAA TCG GGC AAG AAA TTC AGC TCA CGC TAC 
ATT GGC AGC ATG GTG GGC GAT GTC CAT CGC ACG CTG CTC TAT GGC GGA GTC TTT GGC TAT CCT GGT GAC AAA AAA AAC CCG AAT GGC 
AAA CTG CGC CTG CTC TAT GAA GGT GCG CCG ATG TCC TTC ATC ATG GAA CAA GCT GGT GGT CTG TCC ACT ACC GGT ACT CAG CGC GTA 
ATG GAG ATT AGT CCG GAT ACT GTT CAC CAA CGC GTC CCC ATC ATC ATG GGC TCT CGC CAG GAC GTT GAA GAA GTG ATG GAC GCC TAC 
AAG AAC TTT GGG ATT GAG TGCGGAAGAGC 

 

Supplemental Figure 4-SII Nucleotide sequences for FBP C2 and C3 adapted in codon usage for expression in 
E. coli K12 by the GENEius software (Eurofins MWG). Additional restriction sites were introduced to each 
adapted sequence: a 5’ NdeI and a 3’ SapI restriction site. These sequences were generated as synthetic genes 
(Eurofins MWG, Ebersberg, Germany).  
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A.3.4 Supplemental Figure 4-SIV 
 

 
Supplemental Figure 4-SIV Phaeodactylum tricornutum protein raw extracts were prepared in 50 mM Tricine 
pH 8.0 (including Complete, EDTA free protease inhibitor). Equal amounts of extract were complemented with 
DTTred to final concentrations of 0 mM, 10 mM or 100 mM. The FBP assay was started by addition of 4 mM 
substrate. FBP activity is negatively affected by DTT. At 10 mM DTT the effect is not strong but apparent. At a 
concentration of 100 mM almost no FBP activity is detectable anymore. 
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A.4 Supplemental: Chapter 5 
 

A.4.1 Supplemental Figure 5-S1 
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Supplemental Figure 5-S9.2 Alignment of 32 aureochromes of twelve different stramenopiles used for the 
generation of a phylogenetic tree by PhyML calculation (http://www.atgc-montpellier.fr/phyml/)). The 
Alignment was manually refined to include mainly comparable homologous regions, resulting in an alignment of 
360 amino acid positions in total. bZIP- and LOV domains are marked below the alignment. The six most 
important amino acid positions for DNA binding according to the NCBI conserved domains database for feature 
1 of the bZIP domain (accession number : cd12193: B_zip1) are marked in bold letters. It clearly shows a high 
conservation of these positions for all investigated aureochromes. Aureochromes clustering into the same group 
of the phylogenetic tree are highlighted by group specific colours, which correspond to the colouring in the 
phylogenetic tree (Fig. 2): group 1 yellow, group 2 cyan, group 3 red and group 4 green. The sequences between 
bZIP and LOV domain exhibit increased group specific homologies which are marked by black boxes. 
Interestingly in group 2 (cyan) diatoms and other algae share the same homology in proximity to the LOV 
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domain but they show more species specific homologies in the other parts of the sequence. Here, the diatom 
aureochromes are highly homologous in the whole region between bZIP and LOV domains and Aureococcus 
anophagefferens shares this homology in part. The other three algae of group 2 share a specific homology as 
well. The aureochrome designations consist of a species abbreviation (Phaeodactylum tricornutum (Pt), 
Fragilariopsis cylindrus CCMP 1102 (Fc), Pseudo-nitzschia multiseries (Pm), Thalassiosira pseudonana (Tp), 
Thalassiosira oceanica (To), Ectocarpus siliculosus (Es), Fucus distichus subsp. Evanescens (Fd), Aureococcus 
anophagefferens (Aa), Chattonella marina var. Antiqua (Cm), Ochromonas danica (Od), Nannochloropsis 
gaditana CCMP526 (Ng), Vaucheria frigida (Vf)) and either the NCBI (http://www.ncbi.nlm.nih.gov/) gene 
accesion number (three letters and numbers) or the JGI (http://www.jgi.doe.gov/) protein ID (only numbers). 
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A.4.2 Supplemental Figure 5-S2 
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A.4.3 Supplemental Figure 5-S3 
 

5‘-tctagaggtaccTGGAATCAGTTCTTCATTGCTGCCTTGCGGGATGCCGGTGGCAACGTGACCAACTTTGTG
GGGGTGCAGTGCAAGGTGTCCGACCAATACGCCGCCACAGTCACCAAGCAACAGGAAGAAgttaac-3‘ 

Xba1 (sticky)   t/ctaga 
Kpn1 (sticky)  ggtac/c 
HpaI  (blunt)  gtt/aac 
 
Supplemental Figure 5-S3 Sequence of synthetic gene for RNAi-construct generation. 120bp fragment of 
AUREO1a (49116; 982-1101) flanked by Xba1 and Kpn1 sticky restriction sites at the 5’ terminus and HpaI 
blunt end restriction site at the 3’ terminus. 
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A.4.4 Supplemental Figure 5-S4 
 

 

7 CGGAAGTGACTGTAAACGAGAAGTGCACGAAGCCTTTTCTTGTGACGTCACAAACCGAACAGCCCTACGTGGCGTGCGACTTTCCGGCACTT
TGGATATCGTTGCCCTATATGTATTGGGTGTATACATGTCGTATTCCAACTACGACAGAAAACAGTCAGTTACGGGTATTCGAACTTCCGGCAC
CTGCAGCGAGGAGTTTTGTGTCCGTCGCACATCCTCCGTGCTTTCGGCACCTACGTAGGCGGCAAACTTCCTGCCTTCCGCCCGCCTTGCGGCA
TTCCGGCTCCGGGCCAGAATTGCCCGGGTGTTCACAATTTTGCCTCCTCACGAAAAAACGTTCTACTTTGTATTTTGGTCGGGTTTCGGATCCT
TCCAGCAACCATTCTCATTCAAAGTCACCACTTGTGCGAACGgaattcGATATCATCGACTAATTCgagctcggtaccgttaacGTACGTATCT
GCACACATACCAATTCTCCACACCGACATGATGCAATTATCATGTTGGTTACTGCGCGCCATACATCGCTCACATACGCTTTCCCTTTTCCTCT
CGCGCGATTGCACACTTTATACAGaggccttctagagtcgacCTGCAGGCATGCaagctt 628 

EcoRI  (sticky)  g/aattc 
SacI  (sticky)  gagct/c 
Kpn1  (sticky)  ggtac/c 
HpaI   (blunt)  gtt/aac 
StuI  (blunt)  agg/cct 
Xba1  (sticky)  t/ctaga 
SalI  (sticky)  g/tcgac 
HindIII  (sticky)  a/agctt 
 

Supplemental Figure 5-S4: Vector map of modified pPha-NR (GenBank accession no. JN180663). Blunt end 
StuI and HpaI restriction sites were introduced as well as the second intron of the P. tricornutum NTT1 gene 
(49533), which serves as loop domain of the silencing mRNA. The sequence of the region of interest is given. 
The NR promoter sequence is marked in black and the NTT1 intron sequence in yellow. All usable restriction 
sites for RNAi construct generation are marked as colour coded small letter sequences. For cloning purposes a 
mixed digest with blunt and sticky end enzymes is performed. When a single sequence with multiple restriction 
sites on either flank is used for generation of both sense and antisense orientated sequences, it is important to 
introduce the first sequence with an “inner” and the second by using an “outer” sticky restriction site to prevent 
introduction of additional restriction sites for enzymes, which shall be utilised for the introduction of the second 
fragment.  
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A.4.5 Supplemental Figure 5-S5 
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A.4.6 Supplemental Figure 5-S6 
 

 

Supplemental Figure 5-S6: Epifluorescence microscopy images of different aureochrome 1a-GFP fusion 
proteins (AUREO1a (49116), AUREO1a_ ATG (49116) and AUREO1a_Signal (56684)) are shown. From left 
to right: GFP fluorescence (green), chlorophyll autofluorescence (red) and a merge of both channels with the 
corresponding DIC image. The white scale bars correspond to 10 m. All aureochrome 1a fusion proteins feature 
distinct nuclear localisation and additional cytosolic signals. 
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A.4.7 Supplemental Figure 5-S7 

 

Supplemental Figure 5-S7: Protein sequence alignment of the four P. tricornutum aureochromes The bZIP 
and LOV domains are colour coded in analogy to the domain definition of Takahashi et al (2007)  based on 
Vaucheria frigida, Thalassiosira pseudonana and Fuchus distichus aureochromes: the corresponding highly 
conserved amino acids of the bZIP domain are layered red and of the LOV domain bright blue. Conserved amino 
acids for both domains are marked in yellow. Besides high homology in the bZIP and LOV domain 
P. tricornutum aureochromes exhibit no strong overall homologies which might indicate different effector roles 
for each aureochrome. AUREO1b features four deviations in the highly conserved amino acids of the bZIP DNA 
binding domain (marked with white letters on blue ground). This raises the question if AUREO1b is generally 
able to bind DNA and if yes, it is likely to bind a distinctly different DNA motif compared to other 
aureochromes. 

 
  

 Takahashi F  Yamagata D, Ishikawa M, Fukamatsu Y, Ogura Y et al. (2007) AUREOCHROME, a 
photoreceptor required for photomorphogenesis in stramenopiles. Proceedings of the National Academy of 
Sciences of the United States of America 104(49): 19625-19630. 
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A.4.8 Supplemental Table 5-S1 
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A.4.9 Supplemental Table 5-S2 
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A.4.10 Supplemental Experiment 5-S1 
 
 

A.4.10.1 Material and methods 
 

For the measurement of growth curves, WT, aureo1a-15 and aureo1a-50 cultures were 
cultivated in air-lifted 100 ml test tubes in f/2 medium according to Guillard and Lorenzen 
(1972) without silica and with half of the original salt content. Cultures were inoculated with 
exponentially growing stock cultures adapted to white light with an intensity of 35 mol 
photons m-2 s-1. Starting cell density was adjusted to 50000 cells ml-1 for each culture. LL 
cultures were illuminated with either 42 mol photons m-2 s-1 red light or 24 mol photons 
m-2 s-1 blue light, ML cultures were illuminated with either 124 mol photons m-2 s-1 red light 
or 72 mol photons m-2 s-1 blue light for all three strains. In batch cultures, a reliable 
determination of QPhar is not possible due to the constant change of the Chl a content of the 
cultures in combination with continuous variations of a*Phy. Therefore, identical light 
intensities were applied for both WT cultures and aureochrome 1a silenced cell lines which 
stands in contrast to the specifically adjusted cultivation conditions used for semi-continuous 
cultures (see Table 5.1). Absorption at 674 nm was recorded daily at the same time using a 
scattering corrected spectrophotometer (M500, Zeiss, Jena, Germany) adjusted to a bandwidth 
of 1 nm. Measurements were performed until cultures reached the stationary phase. 
 
A.4.10.2 Results 

 

Growth curves of WT, aureo1a-15 and aureo1a-50 cultures in dependence of the specific 
illumination conditions are depicted in Supplemental Figure 5-S8. LL cultures reached the 
stationary phase after 10 to 11 days. WT cultures possessed a shorter initial lag phase prior to 
the exponential growth phase than both aureochrome 1a silenced strains. This effect was more 
pronounced under RL conditions (5-S8 B) than under BL conditions (5-S8 A). At ML 
conditions, the stationary phase was reached after 5 to 7 days. Again, WT cultures possessed a 
faster growth compared to aureo1a cultures. This effect was more pronounced under RL 
conditions (5-S8 D) than under BL conditions (5-S8 C). 
 
A.4.10.3 Discussion 

 

Both aureochrome 1a silenced cell lines exhibited a prolonged lag phase independent of the 
investigated light qualities. This might indicate that aureochrome 1a is important for the 
acclimation to new light conditions. For the interpretation of the data, it has to be considered 
that a*Phy was increased in the aureochrome 1a silenced cell lines cultivated under 
semicontinuous conditions under ML (Table 5.1). Although this parameter was not measured 
for the batch cultures, it seems possible that ML cultures of aureochrome 1a silenced cells 
absorbed more photons than the corresponding WT cultures. This would result in an increased 
energy supply for these cultures. However, an increased energy supply does not support a 
prolonged lag phase, it should promote a shortened lag phase. 
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A.4.10.4 Supplemental Figure 5-S8 
 

Supplemental Figure 5-S8: Growth curves of WT (black squares), aureo1a-15 (grey triangles) and 
aureo1a-50 (white circles) batch cultures grown under different light conditions. Algae were cultivated under 
low light (LL) conditions at an incident irradiance of 24 mol blue photons m-2 s-1 (A) or 42 mol red photons 
m-2 s-1 (B). Under medium light (ML) conditions, algae were cultivated conditions at an incident irradiance of 
72 mol blue photons m-2 s-1 (C) or 124 mol red photons m-2 s-1 (D). Mean values are shown with standard 
deviation (n = 3).  
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A.5 Supplemental: Chapter 7 
 

A.5.1 Supplemental Figure 7-SI 
 

PtAUREO1a (49116) natural sequence 
ATGACCGACAACAACAAGAGCCTTTCGGCGCATGCGCAAGCCGCCGTAACCAACAGGGGCAACCCAGCTACGCTGAATCTTGATGATATCTTTG
GAGACGTCATGTTCACGCCTGACGGAGACACGGTCTTCATGTCCGAACAGAAGGAGGAATTGTTGAATTCGGGAGAACGCGAGGTCACCACCAT
GGCTTCGAAAGCGACACAGGATGGGCAATACCAACCCGTCCAGCAAGGTGGAGGACTTTACACGACTCAGTTGTACGACAACAGCAAGCCTGCC
TTGACTATGGGAGTTGCCGGAGGCATCAACGTGCAAGCCACCGCGCCCGTCCCGTACAAGTCCGCCCCTCAGGCAACCCATCACTTGCAGTACG
CCGCGCCCAAGAAAAAGTCGTCGTCCAGCAGCACGAGCGGTAGTGGCAGTCGATCGGATCGTAAAATGTCCGAACAGCAAAAGGTTGAACGTCG
CGAACGCAATCGCGAGCACGCCAAGCGCTCCCGAATTCGCAAAAAGTTCTTGTTGGAATCCCTCCAGCAGTCGGTCTCCCTCCTTAAGGAAGAG
AACGAAAAGCTCAAGACTTCCATTCGTTCGCACTTGGGCGACGAAAAGGCCGATACCCTCATCGATAGCGCCAACAACAACAAAACGGACGTTG
ATGGACTCCTGGCGTCGTCGCAAGGCATCGCCAACAAGGTCCTGGACGATCCCGATTTTTCCTTTATCAAGGCCCTCCAAACGGCGCAGCAAAA
CTTCGTCGTCACCGATCCCTCTCTGCCGGACAATCCGATCGTGTATGCCTCGCAGGGCTTTCTCAACTTGACGGGATACTCCTTGGATCAAATT
CTCGGACGGAATTGTCGTTTCCTACAGGGACCCGAGACCGACCCCAAAGCCGTGGAGCGTATTCGTAAGGCCATTGAACAGGGGAACGATATGT
CGGTCTGCTTGCTCAATTACCGCGTGGACGGTACCACATTTTGGAATCAGTTCTTCATTGCTGCCTTGCGGGATGCCGGTGGCAACGTGACCAA
CTTTGTGGGGGTGCAGTGCAAGGTGTCCGACCAATACGCCGCCACAGTCACCAAGCAACAGGAAGAAGAGGAGGAAGCCGCGGCCAACGATGAC
GAAGACTAA 

PtAUREO1a E. coli optimsed variant A: no STOP codon 
CATATGACGGACAATAACAAGTCTCTGTCTGCACATGCACAAGCAGCTGTGACGAATCGTGGAAATCCCGCAACGCTGAACCTCGATGATATCT
TCGGAGATGTCATGTTTACTCCTGATGGCGACACCGTCTTTATGAGCGAACAGAAAGAGGAGCTGCTGAACTCCGGTGAACGCGAAGTAACCAC
GATGGCGTCGAAAGCGACTCAGGACGGGCAATACCAACCGGTACAGCAAGGTGGCGGGCTGTACACGACACAGTTGTATGACAACAGCAAACCA
GCACTGACAATGGGTGTTGCCGGAGGGATTAACGTGCAAGCGACAGCGCCTGTTCCGTACAAGTCTGCGCCACAAGCCACTCATCACTTACAGT
ATGCCGCGCCGAAGAAGAAATCCTCAAGCAGCTCTACATCGGGTAGTGGCTCGCGTTCCGACCGCAAAATGAGCGAGCAGCAGAAAGTTGAACG
TCGTGAACGCAATCGCGAACATGCCAAACGGTCACGCATACGCAAGAAATTCCTGCTGGAGTCCTTACAGCAGAGCGTGAGCCTTCTGAAAGAA
GAAAATGAGAAACTGAAAACCAGCATTCGTTCACACCTTGGCGATGAGAAAGCAGACACCCTTATCGATTCCGCGAACAACAACAAAACCGACG
TGGATGGGTTACTGGCCAGTTCGCAAGGCATTGCTAATAAGGTGCTGGATGATCCCGACTTTAGCTTTATCAAAGCCCTGCAGACCGCTCAGCA
AAACTTCGTCGTGACCGATCCGTCATTGCCGGACAATCCGATCGTTTATGCGAGTCAAGGCTTTCTGAACTTAACGGGTTACAGTTTGGATCAG
ATTCTGGGTCGCAATTGTCGCTTTCTCCAGGGTCCAGAAACCGATCCGAAAGCGGTTGAACGGATTCGCAAAGCCATCGAACAGGGCAACGACA
TGAGTGTGTGCCTGCTCAATTATCGTGTCGATGGCACCACGTTTTGGAATCAGTTCTTCATTGCGGCTTTGCGTGATGCTGGCGGCAACGTCAC
CAACTTCGTGGGTGTGCAGTGCAAAGTATCGGATCAATATGCGGCCACTGTTACCAAACAGCAGGAAGAAGAAGAAGAAGCCGCAGCGAATGAT
GATGAGGATGTCGAC 

 Variant B: introduction of STOP codon via site directed mutagenesis 
CATATGACGGACAATAA[...]AAGAAGAAGAAGAAGCCGCAGCGAATGATGATGAGGATTAAGTCGAC 

LOV domain 
CATATGGACTTTAGCTTTATCAAAGCCCTGCAGACCGCTCAGCAAAACTTCGTCGTGACCGATCCGTCATTGCCGGACAATCCGATCGTTTATG
CGAGTCAAGGCTTTCTGAACTTAACGGGTTACAGTTTGGATCAGATTCTGGGTCGCAATTGTCGCTTTCTCCAGGGTCCAGAAACCGATCCGAA
AGCGGTTGAACGGATTCGCAAAGCCATCGAACAGGGCAACGACATGAGTGTGTGCCTGCTCAATTATCGTGTCGATGGCACCACGTTTTGGAAT
CAGTTCTTCATTGCGGCTTTGCGTGATGCTGGCGGCAACGTCACCAACTTCGTGGGTGTGCAGTGCAAAGTATCGGATCAATAAGTCGAC 

LOV-J  domain 
CATATGGACTTTAGCTTTATCAAAGCCCTGCAGACCGCTCAGCAAAACTTCGTCGTGACCGATCCGTCATTGCCGGACAATCCGATCGTTTATG
CGAGTCAAGGCTTTCTGAACTTAACGGGTTACAGTTTGGATCAGATTCTGGGTCGCAATTGTCGCTTTCTCCAGGGTCCAGAAACCGATCCGAA
AGCGGTTGAACGGATTCGCAAAGCCATCGAACAGGGCAACGACATGAGTGTGTGCCTGCTCAATTATCGTGTCGATGGCACCACGTTTTGGAAT
CAGTTCTTCATTGCGGCTTTGCGTGATGCTGGCGGCAACGTCACCAACTTCGTGGGTGTGCAGTGCAAAGTATCGGATCAATATGCGGCCACTG
TTACCAAACAGCAGGAAGAAGAAGAAGAAGCCGCAGCGAATGATGATGAGGATTAAGTCGAC 

CATATG NdeI restriction site 
GTCGAC SalI restriction site 
 

Supplemental Figure 7-SI Sequence optimisation of the natural PtAUREO1a (49116) sequence for improved 
expression in E. coli K12 by application of the GENEius software (Eurofins MWG). At the top the natural 
nucleotide sequence is shown as reference. The LOV domain and the J  helix are marked in green and turquoise 
respectively. Then the optimised full length sequence including the additional 5’ NdeI and 3’SalI restriction sites 
(marked by underlining) is shown as variant A without the natural STOP codon and variant B with the natural 
STOP codon. Variant A was produced as synthetic gene (Eurofins MWG, Ebersberg, Germany) and allows the 
fusion to 5’ and 3’ terminal tags. Variant B was obtained from the synthetic gene by site directed mutagenesis 
(SDM) and allows only the fusion to 5’ terminal tags. At the bottom the optimised partial sequences of LOV and 
LOV- J  derived from the full length optimised sequence of PtAUREO1a are shown. Each partial sequence 
features a STOP codon and the terminal restriction sites for NdeI and SalI, while the NdeI restriction site can 
furthermore serve as suitable START codon for expression if no N-terminal tag/extension is desired. Functional 
STOP codons are marked for each sequence in yellow.  
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A.6 Supplemental: Chapter 8 
 

A.6.1 Supplemental Figure 8-SI 
 

PtTRX F natural protein sequence: 

MESAFDQTIASAGGSLVVVDYSTTWCGPCKVIAPKFEELSEKYGDAVFLKVIGDASPDASKLMKREGVRSVPSFH
YFKNGEKVDVVNGANAEAIEAAIAKHGAER 

PtTRX F (CS) protein sequence: 

MESAFDQTIASAGGSLVVVDYSTTWCGPSKVIAPKFEELSEKYGDAVFLKVIGDASPDASKLMKREGVRSVPSFH
YFKNGEKVDVVNGANAEAIEAAIAKHGAER 

PtTRX F (CS) E. coli optimised nucleotide sequence including flanking restriction sites: 

CATATGGAATCCGCCTTTGACCAGACCATTGCGAGTGCTGGTGGCTCGTTAGTTGTTGTCGACTATTCGACGACT
TGGTGCGGTCCTAGCAAAGTCATTGCGCCGAAATTCGAGGAATTGAGCGAGAAGTATGGCGATGCCGTGTTTCTG
AAAGTGATCGGCGATGCATCACCAGATGCGTCTAAACTGATGAAACGCGAAGGTGTTCGCAGTGTACCGAGCTTT
CACTACTTCAAGAACGGGGAGAAAGTGGATGTGGTAAACGGCGCAAATGCGGAAGCCATCGAAGCTGCCATTGCG
AAACATGGAGCAGAACGTTAAGAGCTC 

CATATG  NdeI restriction site 
GAGCTC  SacI restriction site 
 

Supplemental Figure 8-SI Sequence adaption of the natural PtTRX F (46280) sequence: the second cysteine of 
the catalytic centre (green) is changed into serin (grey). This modified sequence is optimised for improved 
expression in E. coli K12 by application of the GENEius software (Eurofins MWG). Terminal restriction sites 
(marked by underlining) and a STOP codon were added to the optimised sequence: at the 5’ end an NdeI 
restriction site and at the 3’ end a TAA STOP codon. This sequence was produced as synthetic gene 
(Eurofins MWG, Ebersberg, Germany) and allows the fusion to 5’ terminal tags.  
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A.7 Supplemental: Chapter 9 
A.7.1 Supplemental Figure 9-SI 

 

gi|108707737|gb|ABF95532.1|         -----MAT----------ILAVAAMATFQAPTTLPGPLAP-TLPVR---- 30 
gi|224285472|gb|ACN40458.1|         MAAASMAASTVSKAVLFPSNAAAAAAVFSFK---PSPLKFHCKPVVGKGY 47 
gi|1617206|emb|CAA96570.1|          -----MATISGLS------LSNP-RLLFNSPGFP---QTIKISSASPLST 35 
gi|355500984|gb|AES82187.1|         -----MATIGGLSS-----LSNP-KLLFNSSGFP---QTIKISPATPLQT 36 
gi|325512541|gb|ADZ23481.1|         -----MATISGMT------LSSPTRVLAQGPEIPQKAQTVKFSPVVRLNQ 39 
gi|355480449|gb|AES61652.1|         ----MAATMAGVS------LSSP-RVIFKGPESLQKSQAIRSGPVFMLNQ 39 
gi|218156192|dbj|BAH03328.1|        -----MATIAGLN------LSTP-RVLAKSADSP-KAQTIKSPWLSHSWK 37 
gi|151564658|gb|ABS17660.1|         -------------------------------------------------- 
gi|332646828|gb|AEE80349.1|         -----MATIATG-L-----NIATQRVFVTSENRPV----CLAGPVHLNNS 35 
gi|312282565|dbj|BAJ34148.1|        -----MAAIATS-V-----NIATQRGVVTSENRPV----RLIGPVRLNNP 35 
gi|119720838|gb|ABL97989.1|         -----MATIATS-L-----NIATQRAVITSKSQPA----RLACPVRLNNP 35 
gi|330255742|gb|AEC10836.1|         -----MTTIAAAGL-----NVATPRVVV----RPVA---RVLGPVRLNYP 33 
gi|297824833|ref|XP_002880299.      -----MTTIAAAGL-----NVATPRVVV----RPVA---RVSGPVRLNYP 33 
gi|1617197|emb|CAA96569.1|          -----MASIAGVS-------ITTPRILSKTSDSP-KVQTLKFQSLNKPWK 37 
gi|1617213|emb|CAA96568.1|          -----MA----SMS-----LSMTPKILLP--NNP----TTNFDAPKLANM 30 
Thaps_270287protein                 -----MKTIASLLAIVITTMSSSSNAFFN----PANLSTKLTPPKPSTTS 41 
Thaps_20804protein                  MK-------------------IFLASLIGSCAA-FAPAPFGKS-PTALFG 29 
Phaeo_56708protein                  MK-------------------FTFALLALPLASGFAPSTFGVQRQTAIFS 31 
FragiCyl_287476protein              MTNM---------------TMMTSVLLVLSAGS-----TMIMSSCSAFVI 30 
FragiCyl_245870protein              MTNM---------------TMMTSVLLVLSAG------TMIMSSCSAFVI 29 
Thaps_6605protein                   MN-----------------TKGILSILLVSANSSISVSAFSVSSISARGH 33 
FragilariopsisCylindrus_269073      MN-----------------FSLFL-LLLGPAT------AF-------TGT 19 
                                                                                       
 
gi|108707737|gb|ABF95532.1|         RNVVSFAGRRQGRALGRLAVVVAAGSPTPPELAQK-----VSESIKQAEE 75 
gi|224285472|gb|ACN40458.1|         RSVV---GRRNG------IQVVAMSSPTP---AKGNISEVVEESIKKAIE 85 
gi|1617206|emb|CAA96570.1|          RQT-LTGSGRMKI-----VQPVRAAPEQ--------ISKKVEESIKSAQE 71 
gi|355500984|gb|AES82187.1|         RWG-VAGSGRMTV-----VRPVRAAPEQ--------ISKKVEESIKSAQE 72 
gi|325512541|gb|ADZ23481.1|         RWPALTSSNRVSS-----VRLVRAAPDR--------ISERVEKSISDAQE 76 
gi|355480449|gb|AES61652.1|         RWTGAVSSGRMVS-----IRPVQASPD---------ITGKVEESIKSAEE 75 
gi|218156192|dbj|BAH03328.1|        RPTLFGYAGRSMQ-----VRPVSAAPEK--------ISDKVAESIKDAEE 74 
gi|151564658|gb|ABS17660.1|         ------GPGRMC------VRPVAAVQEG--------LSEKVAESIKSAEE 30 
gi|332646828|gb|AEE80349.1|         WNLGSRTTNRMMK-----LQPIKAAPEGG-------ISDVVEKSIKEAQE 73 
gi|312282565|dbj|BAJ34148.1|        WNLGSRTTNRMVK-----IRPVKATPEGG-------ITDKVEKSIKEAEE 73 
gi|119720838|gb|ABL97989.1|         WKLGSR-TNRLVS-----FRPVKSTPEGV-------ISDKVEKSIKDAKE 72 
gi|330255742|gb|AEC10836.1|         WKFGSM--KRMV--------VVKATSEGE-------ISEKVEKSIQEAKE 66 
gi|297824833|ref|XP_002880299.      WKFGSM--KRMV--------VVKATSEGG-------ISDKVEKSIQEAKE 66 
gi|1617197|emb|CAA96569.1|          NSSLVQFGHGKLY-----LKAISATPDNK-------LSDLVAESVKEAEE 75 
gi|1617213|emb|CAA96568.1|          VTYKLHGGRRSHG-----LVAVRAAPDNR-------ISENVEKSIKEAQE 68 
Thaps_270287protein                 RNLYAS----------------------------------VEEAIAEAQR 57 
Thaps_20804protein                  R------------------VDTSAA-------------------IEAALD 42 
Phaeo_56708protein                  AP-----------------VDTSSA-------------------VQAALQ 45 
FragiCyl_287476protein              IPSSPRTIS--------SSSSTSSSSLYMA----------NSKNIRIAMD 62 
FragiCyl_245870protein              VQSSPRTISNPSSSSSSSSSSSSSSSLYMA----------NSKNIRIAMD 69 
Thaps_6605protein                   VGVVHRQPAQ-VHHALE-RPDASDA-------------------ITDAFQ 62 
FragilariopsisCylindrus_269073      KKVILRQRAS-SSFLLKSRPDSSAA-------------------VADALR 49 
                                                                                :  *   
 
gi|108707737|gb|ABF95532.1|         TCAGDP--EGGECAAAWDEVEELSAA-ASHARD----------------- 105 
gi|224285472|gb|ACN40458.1|         TCAEDS--TSGECAASWDEVEELSAA-RSHMRE----------------- 115 
gi|1617206|emb|CAA96570.1|          TCADDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 101 
gi|355500984|gb|AES82187.1|         TCADDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 102 
gi|325512541|gb|ADZ23481.1|         ACN-DNPAGS-ECAAAWDEVEELSAA-ASHARD----------------- 106 
gi|355480449|gb|AES61652.1|         ACAGD--ATSGECVAAWDEVEELSAA-ASHARD----------------- 105 
gi|218156192|dbj|BAH03328.1|        ACAGDP--ASGECVAAWDEVEELSAA-ASHARD----------------- 104 
gi|151564658|gb|ABS17660.1|         TCSDDP--VSGECAAAWDEVEELSAA-ASHAGD----------------- 60 
gi|332646828|gb|AEE80349.1|         TCAGDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 103 
gi|312282565|dbj|BAJ34148.1|        TCAGDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 103 
gi|119720838|gb|ABL97989.1|         SCADDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 102 
gi|330255742|gb|AEC10836.1|         TCADDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 96 
gi|297824833|ref|XP_002880299.      TCADDP--VSGECVAAWDEVEELSAA-ASHARD----------------- 96 
gi|1617197|emb|CAA96569.1|          ACAENP--VSGECAAAWDVVEEASAA-ASHARD----------------- 105 
gi|1617213|emb|CAA96568.1|          TCSDDP--VSGECVAAWDVVEELSAA-ASHARD----------------- 98 
Thaps_270287protein                 ICAEDP--NSESCKVAWDIVEELEAA-DSHK-DNVE-------------- 89 
Thaps_20804protein                  ASKKFG-STSSEARVLWDIVEEMDASDNSVA---SK-APIVDSEYEAKV- 86 
Phaeo_56708protein                  ASKQYG-ATSPEARVAWDAVEEMRANDDSPATQGSL-ADECDID-EDKVS 92 
FragiCyl_287476protein              LTEQYG-IQSQEAKLAWETVEEFDARSNDNA------AYTQDEIGMSKLT 105 
FragiCyl_245870protein              LTEQYG-IQSQEAKLAWETVEEFDARSNDNA------AYTQDSEGMSKLT 112 
Thaps_6605protein                   MSEKYG-TTSKEARIAWDVVEEIYET--SP--PLSS-------FDEQTST 100 
FragilariopsisCylindrus_269073      ISKEFG-GTSSEARIAWETVEEMDAADMSPAITLSSTIKSVEKLHEMEYT 98 
                                             . ..   *: ***      .                      
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gi|108707737|gb|ABF95532.1|         --------------------------------------RKKD-----SDP 112 
gi|224285472|gb|ACN40458.1|         --------------------------------------KDKA-----KDP 122 
gi|1617206|emb|CAA96570.1|          --------------------------------------RKKE-----SDP 108 
gi|355500984|gb|AES82187.1|         --------------------------------------RKKD-----SDP 109 
gi|325512541|gb|ADZ23481.1|         --------------------------------------KKKE-----SDP 113 
gi|355480449|gb|AES61652.1|         --------------------------------------KKKT-----SDP 112 
gi|218156192|dbj|BAH03328.1|        --------------------------------------KKKG-----SDP 111 
gi|151564658|gb|ABS17660.1|         --------------------------------------KMKE-----SDP 67 
gi|332646828|gb|AEE80349.1|         --------------------------------------KKKADG---SDP 112 
gi|312282565|dbj|BAJ34148.1|        --------------------------------------KKKAGG---SDP 112 
gi|119720838|gb|ABL97989.1|         --------------------------------------KKKAGG---SDP 111 
gi|330255742|gb|AEC10836.1|         --------------------------------------KKKAGG---SDP 105 
gi|297824833|ref|XP_002880299.      --------------------------------------KKKAGG---SDP 105 
gi|1617197|emb|CAA96569.1|          --------------------------------------KKKES----SDP 113 
gi|1617213|emb|CAA96568.1|          --------------------------------------KAKD-----VEP 105 
Thaps_270287protein                 -------------QRQLPTDINYYPLIQSLDILSQKVERKMDELNKLSLQ 126 
Thaps_20804protein                  ------------KSLSQM-------LTKTKA----ELDQVKALADDLKGV 113 
Phaeo_56708protein                  AACL------EYGSKIEE-------LNKLLADQVPHLNNVKTLADDLQKI 129 
FragiCyl_287476protein              EEEWNKAYYELQQSMELMERNEYSGLNILQNNQ----QLMKDVAAELSAI 151 
FragiCyl_245870protein              EEEWNQAYYELQQSMELMERNDYSGLNILQNNQ----QLMKDVAAELSAI 158 
Thaps_6605protein                   AVDAPQDYY-----------DRIHFLNHLLMESQSNLGQVKELVAQIKEL 139 
FragilariopsisCylindrus_269073      AK------------------MRS--LSRLLTETHENLSQIKILAANLKNL 128 
                                                                                       
 
gi|108707737|gb|ABF95532.1|         LEEYCKDNPETDECRTYED------------------------------- 131 
gi|224285472|gb|ACN40458.1|         LEEFCKDNPETDECRTYED------------------------------- 141 
gi|1617206|emb|CAA96570.1|          LEDYCKDNPETDECKTYDN------------------------------- 127 
gi|355500984|gb|AES82187.1|         LEDYCKDNPETDECKTFDT------------------------------- 128 
gi|325512541|gb|ADZ23481.1|         LENYCKDNPETDECRAYDN------------------------------- 132 
gi|355480449|gb|AES61652.1|         LEEYCKDNPETDECRTYDN------------------------------- 131 
gi|218156192|dbj|BAH03328.1|        LEEYCKDNPETEECRTYED------------------------------- 130 
gi|151564658|gb|ABS17660.1|         LETLCKDNMDTEECRTYDD------------------------------- 86 
gi|332646828|gb|AEE80349.1|         LEEYCKDNPETNECRTYDN------------------------------- 131 
gi|312282565|dbj|BAJ34148.1|        LEEYCKDNPETNECRTYDN------------------------------- 131 
gi|119720838|gb|ABL97989.1|         LEEYCKDNPETDECRTYDN------------------------------- 130 
gi|330255742|gb|AEC10836.1|         LEEYCNDNPETDECRTYDN------------------------------- 124 
gi|297824833|ref|XP_002880299.      LEEYCSDNPETDECRTYDN------------------------------- 124 
gi|1617197|emb|CAA96569.1|          LENYCKDNPETDECRTYDN------------------------------- 132 
gi|1617213|emb|CAA96568.1|          LEEYCKDNPETDECRTYDN------------------------------- 124 
Thaps_270287protein                 LAEAGAG--EEIERLVYASE-EMKGVLRDARARLEQL------------- 160 
Thaps_20804protein                  KLAS----PSVGSSAPDDS--VMKEALAAARAATEEFGQSSPQARLAWET 157 
Phaeo_56708protein                  KLIVTKNQP-----APD-SPQVR-AALEHAKAMSAEHGTTSPEAKVAWDS 172 
FragiCyl_287476protein              KLSPPERKP-----APKIPG--LWDAKLKARAFSDNYGYDSVEAKLAWED 194 
FragiCyl_245870protein              KLSPPERKP-----APKIPG--LWDAKLKARAFSDNYGFDSVEAKLAWED 201 
Thaps_6605protein                   ELED----PSLARLADDGMGTALKAALAEAKAASEVHGPSSIQAIEAWDK 185 
FragilariopsisCylindrus_269073      DIED----PHLSKLPDT--ATGLKKVLQEAKAASEVHGPESAESVAAWNE 172 
                                                                                       
 
gi|108707737|gb|ABF95532.1|         -------------------------------------------------- 
gi|224285472|gb|ACN40458.1|         -------------------------------------------------- 
gi|1617206|emb|CAA96570.1|          -------------------------------------------------- 
gi|355500984|gb|AES82187.1|         -------------------------------------------------- 
gi|325512541|gb|ADZ23481.1|         -------------------------------------------------- 
gi|355480449|gb|AES61652.1|         -------------------------------------------------- 
gi|218156192|dbj|BAH03328.1|        -------------------------------------------------- 
gi|151564658|gb|ABS17660.1|         -------------------------------------------------- 
gi|332646828|gb|AEE80349.1|         -------------------------------------------------- 
gi|312282565|dbj|BAJ34148.1|        -------------------------------------------------- 
gi|119720838|gb|ABL97989.1|         -------------------------------------------------- 
gi|330255742|gb|AEC10836.1|         -------------------------------------------------- 
gi|297824833|ref|XP_002880299.      -------------------------------------------------- 
gi|1617197|emb|CAA96569.1|          -------------------------------------------------- 
gi|1617213|emb|CAA96568.1|          -------------------------------------------------- 
Thaps_270287protein                 -------------------------------------------------- 
Thaps_20804protein                  V---------------EEIAAS--PVDIRAP------LDEECLIE-LIEG 183 
Phaeo_56708protein                  L---------------EEIASSGLSNAMGAG------LDQECLVESAMEA 201 
FragiCyl_287476protein              V---------------EELASSGLSNSWLGN-NLDVYDDESCDLVQAAEA 228 
FragiCyl_245870protein              V---------------EELASSGLSNS-LGTSNLDVYEDESCDLIQAAEA 235 
Thaps_6605protein                   LDSCVGDENGVLKVSEECDIVST-YRYSAAALKAHHNYDATIDTTLLQES 234 
FragilariopsisCylindrus_269073      VDFCTDVMGGVG-----CN-VDTMYHYSAAALKAHHVYDAVVDATFFQEA 216 
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gi|108707737|gb|ABF95532.1|         ------------------------------ 
gi|224285472|gb|ACN40458.1|         ------------------------------ 
gi|1617206|emb|CAA96570.1|          ------------------------------ 
gi|355500984|gb|AES82187.1|         ------------------------------ 
gi|325512541|gb|ADZ23481.1|         ------------------------------ 
gi|355480449|gb|AES61652.1|         ------------------------------ 
gi|218156192|dbj|BAH03328.1|        ------------------------------ 
gi|151564658|gb|ABS17660.1|         ------------------------------ 
gi|332646828|gb|AEE80349.1|         ------------------------------ 
gi|312282565|dbj|BAJ34148.1|        ------------------------------ 
gi|119720838|gb|ABL97989.1|         ------------------------------ 
gi|330255742|gb|AEC10836.1|         ------------------------------ 
gi|297824833|ref|XP_002880299.      ------------------------------ 
gi|1617197|emb|CAA96569.1|          ------------------------------ 
gi|1617213|emb|CAA96568.1|          ------------------------------ 
Thaps_270287protein                 ------------------------------ 
Thaps_20804protein                  CEA---LEKFQAAL--------G--SR--- 197 
Phaeo_56708protein                  CLA---LEELNRVLNLEKSKNEGANS---- 224 
FragiCyl_287476protein              CMA---LEELDRFFTNYYANNNNIGSDDGL 255 
FragiCyl_245870protein              CMA---LEELDRFFTNYYANNNNIGSDDGL 262 
Thaps_6605protein                   LDAVGVLEALGRFVSLEKRRLDARDSAAGP 264 
FragilariopsisCylindrus_269073      EDAIEMLENLRRFVRIENNRLNA------- 239 
 
Supplemental figure 9-SI Protein alignment of plant/green algae CP12 proteins (gene bank IDs) and diatom 
CP12-like proteins (JGI protein numbers). To characterise the CP12 like proteins found in diatoms their 
sequences were aligned by ClustalW protein alignment with sequences of 15 plant and green algae CP12 
proteins. The highly conserved domains found in the CP12 proteins are marked with yellow letters. Homologous 
regions in the diatom CP12-like proteins are marked similarly in yellow. Diatom specific homologies are marked 
with bright blue letters. Cysteines are marked by black letters on turquoise background. The cysteines are 
important for redox regulation via thioredoxins. Plant CP12 proteins feature a highly conserved domain with two 
redox sensitive subdomains able to form intramolecular disulphide bonds. The C-terminal double cysteine 
domain is important for the formation of dimeric complex of CP12 and plastidic GAP-DH and the N-terminal 
double cysteine domain was shown to be responsible for the formation of the ternary complex with PRK [243]. 
In diatoms homologies to the N-terminal part of the highly conserved sequence can be found, but they are with 
the exception of Thaps_270287protein missing the distinct cysteines of the N-terminal subdomain. The 
Thaps_270287protein is missing a C-terminal double cysteine domain, which can be found for all other diatom 
protein sequences. The diatom C-terminal cysteine domain features no homology to the plant sequences. In 
summary there are CP12-like proteins in diatoms but their domain structure is strongly deviant from plant CP12, 
rendering it unlikely that they act as CP12 proteins. 
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A.7.2 Supplemental Figure 9-SII 
 

A 
 
>Cr_EDP05117 
MLVVNKVVITSVLPAPTLVLTVQLLVAVVVVLSGDALGWIKVDKLEWDKVQKFALVVGGFLGTLFANIKVLQYANVETFITFRSSTPLLLSVCD
YIWLGRALPNARSWGCLLLLLAGSVGYVLVDADFRLSAYTWLALWYAFFTFDTVYAKHVVDTVQMTNWGRVYYGNFLALIPLAVMVPVMAEHNI
LAAVVWTAPKAFILALSCLMGVGMSHASYLLREAVSATFFTIIGILCKVLTVIINVFIWDKHASPEGIACLMVCVVAGTFYQQAPRRQPQAPVV
SNADSGAAGQAQKQSGAEVPKQASGSRNSSSGGPPADATGGQLLQERQSLLPKTTSSQLASRPSVSNNSHR 
 
>Pt_45630 
MNLKSEVFLSVVAYSLCSGTLVLLNKLTLHHLPYPSLVVSFQLLAALIFIYGAKHTGRLQVDALEWQYVLPYLFYILLFSVGVFCNMKSLSMSN
VETVIVFRALSPCIVAFLDVLFLGREYPSLQSWTGLSLIALGAYGYASFDAQFQTQGLAAYAWPGLYLFIISLEMAYGKRIIQSVNLKTLSGPV
LYTNLLGLPPMLMFAAMGHEYRSFVYDHMVEQKPVGGVAVSLLLLGCAAGTGIGYAGWWCRGNVSATSFTLIGVINKCLTILLNVMIWDQHAPP
KGILSLALCLVGGSIYRQSPLRNNTLKTSSSVAVDDGDDKNGRDDSDSVATDAEDINEQVELLEAEKGMKRRS 

 
CLUSTAL 2.1 multiple sequence alignment 
 
 
Cr_EDP05117      -------------------MLVVNKVVITSVLPAPTLVLTVQLLVAVVVVLSGDALGWIK 
Pt_45630         MNLKSEVFLSVVAYSLCSGTLVLLNKLTLHHLPYPSLVVSFQLLAALIFIYGAKHTGRLQ 
                                     **: : :    ** *:**::.***.*::.: ...  * :: 
 
Cr_EDP05117      VDKLEWDKVQKFALVVGGFLGTLFANIKVLQYANVETFITFRSSTPLLLSVCDYIWLGRA 
Pt_45630         VDALEWQYVLPYLFYILLFSVGVFCNMKSLSMSNVETVIVFRALSPCIVAFLDVLFLGRE 
                 ** ***: *  : : :  *   :*.*:* *. :****.*.**: :* :::. * ::***  
 
Cr_EDP05117      LPNARSWGCLLLLLAGSVGYVLVDADFR---LSAYTWLALWYAFFTFDTVYAKHVVDTVQ 
Pt_45630         YPSLQSWTGLSLIALGAYGYASFDAQFQTQGLAAYAWPGLYLFIISLEMAYGKRIIQSVN 
                  *. :**  * *:  *: **. .**:*:   *:**:* .*:  ::::: .*.*:::::*: 
 
Cr_EDP05117      MTNWG-RVYYGNFLALIPLAVMVPVMAEHN------ILAAVVWTAPKAFILALSCLMGVG 
Pt_45630         LKTLSGPVLYTNLLGLPPMLMFAAMGHEYRSFVYDHMVEQKPVGGVAVSLLLLGCAAGTG 
                 :.. .  * * *:*.* *: ::..:  *:.      ::      .  . :* *.*  *.* 
 
Cr_EDP05117      MSHASYLLREAVSATFFTIIGILCKVLTVIINVFIWDKHASPEGIACLMVCVVAGTFYQQ 
Pt_45630         IGYAGWWCRGNVSATSFTLIGVINKCLTILLNVMIWDQHAPPKGILSLALCLVGGSIYRQ 
                 :.:*.:  *  **** **:**:: * **:::**:***:**.*:** .* :*:*.*::*:* 
 
Cr_EDP05117      APRRQPQAPVVSNADSGAAGQAQKQSGAEVPKQASGSRNSSSGGPPADATGGQLLQERQS 
Pt_45630         SPLRNNTLKTSS-----------------SVAVDDGDDKNGRDDSDSVATDAEDINEQVE 
                 :* *:    . *                      .*. :.. ... : **..: ::*: . 
 
Cr_EDP05117      LLPKTTSSQLASRPSVSNNSHR 
Pt_45630         LLEAEKGMKRRS---------- 

 



A. Supplementary data 

173 

 



A. Supplementary data 
 

174 

B 
 
>At2g13650_GDP-Man-transporter 
MKLYEHDGVDLEDGKTVKSGGDKPIPRKIHNRALLSGLAYCISSCSMILVNKFVLSSYNFNAGIFLMLYQNFVSVIIVVGLSLMGLITTEPLTL
RLMKVWFPVNVIFVGMLITSMFSLKYINVAMVTVLKNVTNVITAVGEMYLFNKQHDNRVWAALFLMIISAVSGGITDLSFNAVGYAWQIANCFL
TASYSLTLRKTMDTAKQVTQSGNLNEFSMVLLNNTLSLPLGLLLSYFFNEMDYLYQTPLLRLPSFWMVMTLSGLLGLAISFTSMWFLHQTGATT
YR 

>Pt_nucleotide_9609+ 
AGGCGGAGGCTGTCTCGTAAACGATCTTGACTTACAGTCAACCGCACGTTTACTACTAAACCTCGACGAGTATTGATTGCTGTTCGTTGGCATT
TCCTTTACTTGGTTGTGTGCTTGTGTGTTTTTGTGTGTGTAGTGTTTCATCGTCAGGAAACAACCAACAATTACAACAACAGACCGAATCGAAT
CACGTTTCCGGTTCCATCATTACTTTTCCCCAACCCGATTCCGCCAAAGTTCGTTCCACGACGATGCCTCCGTCCAAGAAGGAAATGATGGATG
TGGAATTGGCCCAACCGCTCGTACACCACAAGCACGGTGATTACTCCGACAGTACCCACAATCCGCCATCGCACCCTCCGGCCAACCACAATGC
CGTCGTCAAACACGGGGGTGGTCTCATGTCCCCCAGCAACGTCAAGGCCGTCACAGCCTGCACTCTCTACAGCTTTTGCAGTGTCAGTATGATT
CTGGTCAATAAGAGTCTCGCCAGTAGGTACGTACCCAACGACGGATGTGTGTTTGTGTAGAAGTGTGCTACGATTGGAACTGTTCCAATTGGAA
ACACCGTGTGTCTATTGGTTTGGTCCGTTTCAGAGGCAGAAAACAAACGTGGACTCACCCGCTCTTGTTACTTTTATTCCGAATCTGTAGTTAC
GGGCACTTGTACCAAGGTGACTTGAACGTTCTCCTCGTTGTCTTTCAAGCCGTCACGGCGGTCGTGTGCGTCGAGATCTGCCGCAAAGCCGGCT
GGGTGGAATACCCTCCCCTGACCTGGGCCGTGGCCAAGTCCTGGGCTCCCGTCAATATCTTTTTCTGTCTCATGCTCTTCACCGGCATGGCGTC
GTTGCAATTCAACTCTGTACCCATGGTTACCGTCTTCAAGAACGTTACCAACATCCTCACCACCGCCGGAGACTACGTTTGTTTCGGAGCACGG
CCGGAAGGACTGGTTTACGTCGCCTTTGGGGTCATGCTTTCGGGTGCCGTTGCCGCCGCCTGGAACGACGTGGAAATCACTCTCGTTGGTCTCT
TTTGGATGGCCATGAACTGCGTCGCCACCTGCGGATACGTGCTCTACATGAAATTCGCTACCCAGTCCGTCAAAATGTCCAAATTCGGCATGGT
CTACGTGAATAACGTACTCTGTATCGTATTTTTGTTGCCCGCCGCCTACGCGCTCGGACAAGTGGACATGTTCTGGAACACACCGGATTTGCAC
ACGATAGATTACGGCATTAAGAACTTTTGGGCCGGCTTTGTCGGATTCTTTTTGAATTTCGCCTCGCTCAACTGCGTCCAAACCACCGGACCCA
CCACGTACGCCATTGTCGGATCACTCAACAAGGTACCCGTTGCCATGCTCGGGTTCTTTCTCTTTGACAACGTCATTACTCCACAAACGTGGTT
CTTTATTGGTGTCAGTATGTGCGGAGGATTCCTCTACAGTTTTGCCAAGATTTTCGGAGGCCGGCCGAAGGTAACGGCCCGTCAAGATTCCGAG
TAACGTAACACGATTATCTGCTTCCCGAGGCCCTTCGCAAAAGACCTTTTTTTAAGGATAAAGTGGTAATCTAACAGTCCATGCGTGTGTGTGT
GTGCGTATTTGTGTATTTAATGTTGGTATGAGGGTGTAGATAGACGTTGGTGACGCATGGATGATGCACGTGTGTTTGCAATGAGTGGAAATTG
CTGTGCCTATATCAG 

>Pt_protein_9609+ 
MPPSKKEMMDVELAQPLVHHKHGDYSDSTHNPPSHPPANHNAVVKHGGGLMSPSNVKAVTACTLYSFCSVSMILVNKSLASRYVPNDGCDLNVL
LVVFQAVTAVVCVEICRKAGWVEYPPLTWAVAKSWAPVNIFFCLMLFTGMASLQFNSVPMVTVFKNVTNILTTAGDYVCFGARPEGLVYVAFGV
MLSGAVAAAWNDVEITLVGLFWMAMNCVATCGYVLYMKFATQSVKMSKFGMVYVNNVLCIVFLLPAAYALGQVDMFWNTPDLHTIDYGIKNFWA
GFVGFFLNFASLNCVQTTGPTTYAIVGSLNKVPVAMLGFFLFDNVITPQTWFFIGVSMCGGFLYSFAKIFGGRPKVTARQDSE 

CLUSTAL 2.1 multiple sequence alignment 
 
 
At2g13650_GDP-Man-transporter      MKLYEHDGVDLEDGKTVKSGGDKPIPRKIHN------------------- 
Pt_protein_9609+                   MPPSKKEMMDVELAQPLVHHKHGDYSDSTHNPPSHPPANHNAVVKHGGGL 
                                   *   ::: :*:* .:.:    .   . . **                    
 
At2g13650_GDP-Man-transporter      ------RALLSGLAYCISSCSMILVNKFVLSSYNFN----AGIFLMLYQN 
Pt_protein_9609+                   MSPSNVKAVTACTLYSFCSVSMILVNKSLASRYVPNDGCDLNVLLVVFQA 
                                         :*: :   *.:.* ******* : * *  *     .::*:::*  
 
At2g13650_GDP-Man-transporter      FVSVIIVVGLSLMGLITTEPLTLRLMKVWFPVNVIFVGMLITSMFSLKYI 
Pt_protein_9609+                   VTAVVCVEICRKAGWVEYPPLTWAVAKSWAPVNIFFCLMLFTGMASLQFN 
                                   ..:*: *      * :   ***  : * * ***::*  **:*.* **::  
 
At2g13650_GDP-Man-transporter      NVAMVTVLKNVTNVITAVGEMYLFNKQHDNRVWAALFLMIISAVSGGITD 
Pt_protein_9609+                   SVPMVTVFKNVTNILTTAGDYVCFGARPEGLVYVAFGVMLSGAVAAAWND 
                                   .*.****:*****::*:.*:   *. : :. *:.*: :*: .**:.. .* 
 
At2g13650_GDP-Man-transporter      LSFNAVGYAWQIANCFLTASYSLTLRKTMDTAKQVTQSGNLNEFSMVLLN 
Pt_protein_9609+                   VEITLVGLFWMAMNCVATCGYVLYM-------KFATQSVKMSKFGMVYVN 
                                   :.:. **  *   **. *..* * :       * .*** ::.:*.** :* 
 
At2g13650_GDP-Man-transporter      NTLSLPLGLLLSYFFNEMDYLYQTPLLRLPSFWMVMTLSGLLGLAISFTS 
Pt_protein_9609+                   NVLCIVFLLPAAYALGQVDMFWNTPDLHTIDYGIKNFWAGFVGFFLNFAS 
                                   *.*.: : *  :* :.::* :::** *:  .: :    :*::*: :.*:* 
 
At2g13650_GDP-Man-transporter      MWFLHQTGATTYR------------------------------------- 
Pt_protein_9609+                   LNCVQTTGPTTYAIVGSLNKVPVAMLGFFLFDNVITPQTWFFIGVSMCGG 
                                   :  :: **.***                                       
 
At2g13650_GDP-Man-transporter      ---------------------- 
Pt_protein_9609+                   FLYSFAKIFGGRPKVTARQDSE 
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Supplemental Figure 9-SII Putative plastid targeted sugar nucleotide transporters in P. tricornutum. Protein 
BLAST at the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with sugar nucleotide transporters of Arabidopsis 
thaliana (At) and Chlamydomonas reinhardtii (Cr) identified two putative sugar nucleotide transporters (JGI 
protein Ids: 45630 and 9609) in P. tricornutum (Pt). A The protein sequence of a putative Cr sugar nucleotide 
transporter (NCBI Accession number EDP05117) and its Pt homologue (45630) are given, as well as a ClustalW 
protein alignment (http://www.genome.jp/tools/clustalw/). The Pt_45630 protein sequence was tested with 
SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP-3.0/) for plastid targeting (standard settings for eukaryotes). 
The results of the neural networks and Hidden Markow model predictions are shown, predicting a high 
probability for plastid targeting and signal anchor, which might indicate, that this transporter is integrated in the 
outermost plastid membrane. B The protein sequence of the At UDP-mannose transporter (NCBI Accession 
number At2g13650) is given together with an extended (indicated by +) nucleotide and corresponding protein 
sequence of the nearest matching Pt gene model (JGI protein ID 9609) and a ClustelW alignment between both 
protein sequences. The Pt gene features EST backed (the EST supported parts are marked in yellow) potential 
extensions of the 5’-terminal sequence. The original gene model 9609 is marked in red (translated) and blue 
(untranslated) letters. There are multiple potential START codons, one (marked by red background) is not 
coding for a sugar nucleotide transporter due to a frameshift, three more (marked by blue background) in the 
possible gene extension are coding for such transporters, but SignalP 3.0 analyses predicts no plastid targeting 
for these (data not shown), and two more (marked by green background) are found in the original sequence of 
9609, for which SignalP 3.0 is predicting a potential plastid targeting sequence with a low signal anchor 
probability, the result of the better prediction corresponding to the first green START codon is shown. The 
corresponding methionins are marked in the same colours in the protein sequence of 9609+. An amino acid motif 
similar to the ASAFAP cleavage motif of bipartite signal peptides [21] is marked in dark green. The situation 
which gene model(s) are expressed is unclear as well as the exact targeting, but a plastid targeting to an inner 
membrane of the plastid is conceivable. 
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A.7.3 Supplemental Figure 9-SIII 
 

(TC)TGACG(TGA)  consensus sequence of Vfaurechrome1 
(TC)TGACG(TGA)  homology of the highly conserved 6 inner positions 
(TC)TGACG(TGA)  homology of the absolutely conserved 5 inner positions 
green    GAP C1/PRK gene 
grey    adjacent genes 
darkGrey  START codon 
blue letters  untranslated regions 
red letters nucleotide corresponds to likeliest nucleotide at that position of the Vfaurechrome1 

recognition site [51] 
 
GAP C1 (22122) “sense orientation“ (chr_3|747953|751058 (3105bp)) 
 
ATTGTGTTTCATACCAATACTGTTGGTTGCTTGATATGTTTCCTTCACTTTAGAGTAGGGAACGGAAATGGTTACTGTAATGTTATTGCGTTCG
TATTCACAGTCCGTTCCGTCAATTTTCGTCATGCTCTGTAGAGCGTTTCCTACCCTCTCGAACCGAAGCCGGTGCTTCTCGATTGTATGTATTG
TTTGCGGGATTGCGCAATAGTTCACTGCCTGTCTCCTTGCGTACCGTAAATTTCGCCTTTCCAAACCGATTCGGACTGCGTTGGACGTATCTAT
CGTCCGTCTGCCGTTCTACAGCACGACTGGGAAACGCACACGCGTGTTGGGTCCGACCCGACCCACTCCTGAGCTGGTTGGAATTGAAGCAATC
CATTTTGGACACGTCACATGTTCTGTCACATCCGGTTTACTCCCTAGGATGATATTTGAAGAATTATAGAAATAAGAATGAAAAGATATCGTCT
GTCATTCCACTCGTGTGTCGGTCTGGCAGCTGCTCCCCATCCACATACGTGTTCCGCGTGATACGTACTGGTTTCCGCGAAAACGTGTGTCTGT
GTATGAGATTTGGTGACCTGTGAGGGTGGTCTCGTCGGTACGGGACTGCAATGTATCTCATCGATTGGGCCTGAGCCATCCGGAGTCGTTTTGA
CTTGGTTGGTTTTTCGGGGGACGAGACCACTGACGTACGAAAGCCGGTGGAAGAGCATGGGGCGAGAAAAGAGGCTTCTAACAAAATGCAAATC
TTCCCGGTCTCACGTCGCTCCACACACACGAGTCTCACAAATCCTCCGAGTTCGTCGATAACTTTGTACCTGACAGTTAGTTCACTCTACTTTC
TTTTTTGACTCCATCATGAAGTTCTCTGCCGCCACTTTTGCTGCCCTTGTAGGATCTGCCGCTGCCTACTCCAGTTCTTCGTAAGTGGATATCT
TGCCTGCTGCTGCTGTTGTGGCACGTATCGAGACACGTCGCGACGACGAAGAGCCGAAGGAAGGGTTCGGATCCAAGCCTACCGCGGTTGGTTG
GAAGGAATACGCGTCAACTGTAAAAGCATCTCCGCACCGTAGTTCCCTTTGGTCTCTAGCCTGTATTACGCAAACGCAGGCGCTTATTCATTTG
CTCATTCAAGTACTCACACGTATCCACTCACTCTCGTTGCTTTGACAGCTTTACCGGATCGGCCCTCAAGAGCTCGGCGTCCAACGATGCCTCC
ATGTCGATGGCTACCGGTATGGGAGTCAACGGATTCGGACGTATCGGACGTCTCGTCACCCGCATCATGATGGAAGACGACGAATGCGATTTGG
TCGGAATCAACGCCGGTTCCGCCACTCCGGACTACATGGCCTACCAGTACAAGTACGATACCATCCACGGCAAGGCCAAGCAGACGGTCGAAAT
CGATGGCGACTTCCTCGTCTTGGACGGCAAGAAGATCATCACTTCGCGCTGCCGTGACCCCAAGGAAGTGGGCTGGGGCGCACTCGGAGCCGAC
TACGTCTGCGAATCCACCGGAGTCTTCCTCACCAAGGAATCCGCACAGTCCATCATTGACGGAGGCGCCAAGAAGGTCATCTACTCGGCACCCG
CCAAAGACGACTCACTCACCATTGTCATGGGAGTCAACCAGGAAGCCTACGATGGTTCGGAAGATTTCATCTCCTGCGCTTCTTGCACCACCAA
CGGACTTGCCCCTATGGTTAAGGCCATTCACGACGAATTCGTCATTGAGGAAGCCCTCATGACCACCGTCCACGCCATGACCGCCACCCAGGCC
GTTGTCGACTCCTCATCCCGCAAGGACTGGCGCGGAGGACGTGCGGCCTCGGGAAATATCATCCCATCCTCCACCGGAGCCGCCAAAGCCGTCA
CCAAGGTCATTCCTTCCCTCGTTGGAAAGATCACCGGCATGGCCTTCCGTGTCCCCACCATTGACGTCTCCGTCGTCGACTTGACCGCAAAACT
CGAAAAGTCCACCACTTACGAAGAAATCTGTGCCGTCATCAAGGCCAAGTCCGAGGGTGAAATGAAGGGATTCCTCGGATACTCCGACGAACCG
TTGGTCTCCACCGACTTTGAAGGTGACTTGCGCTCCTCCATCTTTGATGCCGATGCCGGTATCATGCTCAACCCCAACTTTGTCAAGCTCATCG
CCTGGTACGACAACGAATACGGTTACTCCGGCCGTGTCGTCGACCTCATGAAGCACGTCGCGGCCGTCGACGCCAAGATCAAGGCCTAAACGCA
CAGCCGACTTGGGAATAAACACTTACTAGCGAACAAATTGTTGCGAAACATGGAGTTGAGCACCTCCATACGGTACGCCTAGGTATACATGTAC
TCATGTATGTATGCAATCGTGTTTGTACTTCCAGCAGCAACCTATTTGACGGATGCAAATAGGAAAGTAAATCAGGACTGTGGAAAAAAGGACA
CTAAGGTTTCTATATCAGACAATTATAGACCCAAGTCTTTTTTGAGTTTTTCAAAGTCGTCATCTACTTGCATCTCCCGTAGTCGTCGTTTATC
GTCTTCGATGGACCACGTTGAACCGCTCGTTCGTCGGTGTGGCGGTACTTGCGTGTAACTGGTGGGCTGCGGTCGCTCCGGGGACGAACGAGGC
GGCGGCGGCGGTGGTGTACTGGATCGCGTGGAATATGGCGAGGAAGATGAGGATGACGACCCACCGTAGGACGTTTCCTTACCGGGCGACGTCG
CCGACGCCTGGTCGGAAGCAGATGTGCTTCGTCGATGGGTTCCGGTACGACCGCGTCGAGTGCTACCTCGGCCACGTCCAAACGAACCAAAACC
TTCGTCTTTCCAGGCGTCCTCAGAATTGCTGTTGGAAGATGTCCGCGAACGAGATGACGAAGACGTCGAACCGGTACCGTAGGCCGTAGAACCC
TTCGAGTCATTCGCTTCGCCAGCATTCGGAGAACTTGTTTTCGCGTAGGAATTATAATCTCCCGGACCCGAACTGGCCGCACTCCGTCCACCGG
CACGTCGATCATTATCACCGCCCACAATAAGTTCCCTGTAGCGCGTCTGCAGAGATAAGAGTCGCTTCCGAGCTTTTTGCAAATAACCTTGAAC
GACC  
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GGTCGTTCAAGGTTATTTGCAAAAAGCTCGGAAGCGACTCTTATCTCTGCAGACGCGCTACAGGGAACTTATTGTGGGCGGTGATAATGATCGA
CGTGCCGGTGGACGGAGTGCGGCCAGTTCGGGTCCGGGAGATTATAATTCCTACGCGAAAACAAGTTCTCCGAATGCTGGCGAAGCGAATGACT
CGAAGGGTTCTACGGCCTACGGTACCGGTTCGACGTCTTCGTCATCTCGTTCGCGGACATCTTCCAACAGCAATTCTGAGGACGCCTGGAAAGA
CGAAGGTTTTGGTTCGTTTGGACGTGGCCGAGGTAGCACTCGACGCGGTCGTACCGGAACCCATCGACGAAGCACATCTGCTTCCGACCAGGCG
TCGGCGACGTCGCCCGGTAAGGAAACGTCCTACGGTGGGTCGTCATCCTCATCTTCCTCGCCATATTCCACGCGATCCAGTACACCACCGCCGC
CGCCGCCTCGTTCGTCCCCGGAGCGACCGCAGCCCACCAGTTACACGCAAGTACCGCCACACCGACGAACGAGCGGTTCAACGTGGTCCATCGA
AGACGATAAACGACGACTACGGGAGATGCAAGTAGATGACGACTTTGAAAAACTCAAAAAAGACTTGGGTCTATAATTGTCTGATATAGAAACC
TTAGTGTCCTTTTTTCCACAGTCCTGATTTACTTTCCTATTTGCATCCGTCAAATAGGTTGCTGCTGGAAGTACAAACACGATTGCATACATAC
ATGAGTACATGTATACCTAGGCGTACCGTATGGAGGTGCTCAACTCCATGTTTCGCAACAATTTGTTCGCTAGTAAGTGTTTATTCCCAAGTCG
GCTGTGCGTTTAGGCCTTGATCTTGGCGTCGACGGCCGCGACGTGCTTCATGAGGTCGACGACACGGCCGGAGTAACCGTATTCGTTGTCGTAC
CAGGCGATGAGCTTGACAAAGTTGGGGTTGAGCATGATACCGGCATCGGCATCAAAGATGGAGGAGCGCAAGTCACCTTCAAAGTCGGTGGAGA
CCAACGGTTCGTCGGAGTATCCGAGGAATCCCTTCATTTCACCCTCGGACTTGGCCTTGATGACGGCACAGATTTCTTCGTAAGTGGTGGACTT
TTCGAGTTTTGCGGTCAAGTCGACGACGGAGACGTCAATGGTGGGGACACGGAAGGCCATGCCGGTGATCTTTCCAACGAGGGAAGGAATGACC
TTGGTGACGGCTTTGGCGGCTCCGGTGGAGGATGGGATGATATTTCCCGAGGCCGCACGTCCTCCGCGCCAGTCCTTGCGGGATGAGGAGTCGA
CAACGGCCTGGGTGGCGGTCATGGCGTGGACGGTGGTCATGAGGGCTTCCTCAATGACGAATTCGTCGTGAATGGCCTTAACCATAGGGGCAAG
TCCGTTGGTGGTGCAAGAAGCGCAGGAGATGAAATCTTCCGAACCATCGTAGGCTTCCTGGTTGACTCCCATGACAATGGTGAGTGAGTCGTCT
TTGGCGGGTGCCGAGTAGATGACCTTCTTGGCGCCTCCGTCAATGATGGACTGTGCGGATTCCTTGGTGAGGAAGACTCCGGTGGATTCGCAGA
CGTAGTCGGCTCCGAGTGCGCCCCAGCCCACTTCCTTGGGGTCACGGCAGCGCGAAGTGATGATCTTCTTGCCGTCCAAGACGAGGAAGTCGCC
ATCGATTTCGACCGTCTGCTTGGCCTTGCCGTGGATGGTATCGTACTTGTACTGGTAGGCCATGTAGTCCGGAGTGGCGGAACCGGCGTTGATT
CCGACCAAATCGCATTCGTCGTCTTCCATCATGATGCGGGTGACGAGACGTCCGATACGTCCGAATCCGTTGACTCCCATACCGGTAGCCATCG
ACATGGAGGCATCGTTGGACGCCGAGCTCTTGAGGGCCGATCCGGTAAAGCTGTCAAAGCAACGAGAGTGAGTGGATACGTGTGAGTACTTGAA
TGAGCAAATGAATAAGCGCCTGCGTTTGCGTAATACAGGCTAGAGACCAAAGGGAACTACGGTGCGGAGATGCTTTTACAGTTGACGCGTATTC
CTTCCAACCAACCGCGGTAGGCTTGGATCCGAACCCTTCCTTCGGCTCTTCGTCGTCGCGACGTGTCTCGATACGTGCCACAACAGCAGCAGCA
GGCAAGATATCCACTTACGAAGAACTGGAGTAGGCAGCGGCAGATCCTACAAGGGCAGCAAAAGTGGCGGCAGAGAACTTCATGATGGAGTCAA
AAAAGAAAGTAGAGTGAACTAACTGTCAGGTACAAAGTTATCGACGAACTCGGAGGATTTGTGAGACTCGTGTGTGTGGAGCGACGTGAGACCG
GGAAGATTTGCATTTTGTTAGAAGCCTCTTTTCTCGCCCCATGCTCTTCCACCGGCTTTCGTACGTCAGTGGTCTCGTCCCCCGAAAAACCAAC
CAAGTCAAAACGACTCCGGATGGCTCAGGCCCAATCGATGAGATACATTGCAGTCCCGTACCGACGAGACCACCCTCACAGGTCACCAAATCTC
ATACACAGACACACGTTTTCGCGGAAACCAGTACGTATCACGCGGAACACGTATGTGGATGGGGAGCAGCTGCCAGACCGACACACGAGTGGAA
TGACAGACGATATCTTTTCATTCTTATTTCTATAATTCTTCAAATATCATCCTAGGGAGTAAACCGGATGTGACAGAACATGTGACGTGTCCAA
AATGGATTGCTTCAATTCCAACCAGCTCAGGAGTGGGTCGGGTCGGACCCAACACGCGTGTGCGTTTCCCAGTCGTGCTGTAGAACGGCAGACG
GACGATAGATACGTCCAACGCAGTCCGAATCGGTTTGGAAAGGCGAAATTTACGGTACGCAAGGAGACAGGCAGTGAACTATTGCGCAATCCCG
CAAACAATACATACAATCGAGAAGCACCGGCTTCGGTTCGAGAGGGTAGGAAACGCTCTACAGAGCATGACGAAAATTGACGGAACGGACTGTG
AATACGAACGCAATAACATTACAGTAACCATTTCCGTTCCCTACTCTAAAGTGAAGGAAACATATCAAGCAACCAACAGTATTGGTATGAAACA
CAAT 
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TTGAGCAAGAATAGACCATGCAGGAATTTCCACTGTTCAGTAGTAACGAGATCGAGGTAGACGAGCCAGTTGATGAAGAATCCACAAAAGTACT
TGGCCCAGAGAAAGAAAATCTTGACTGTAAAGGTCCCAATTTCGTAGAAGCGTTTGTTGCTCTCGGAGCGACCCTTGTAGGTTGTACCAGTGTT
GGAGAAGCGTGTCACGGGAAACCATGTCCTCACGAGAATGTAGGGAAAGAAGAGATATATTCCTTCCACCAGCTTACCTCCCAAGTGTGTCTGC
ATAATAGATCGGACAGGGGTATTGTAGTAGATGGATCCCCATACGGACATGAGCGAAAAGAAGAGATTTTCGTGAACAAAGTTACGTGACAGCA
CAGCTTTGTCGGAGTAGTATCCAGCATCGATGAGATCGGGTAGAACCTTGAACGAAAAGTAGGCCGATGTTCCTTGGATAATCCCTGATTAGGC
GGAGAAGAAGAGCGTGTGAGAAGAAACCGAACGGCAACTCACAACACACGGACTGAAACCGAAAGCGGCAATACGATGCGTACGTACCATTGAG
GGCAATGAAATGGGGTAAAAAGCTTTTGGCAGCGTTGTCGTAATCGGTAAAATATTCGACCCAAGCAAATGTGTACTGTACGAGATACATGAGC
CCCATGTATCGATGGATCTTGTGCCGACGGGCTCTGGTTCCGGTCCATAATCCGGCCCGAAACGGTGCGACGAAGAACACGTAGAGGAGCGACA
AGACCAGCGAAAAGATGACACCCGTTTGTGCATATTCCTGCCAATCCTGATATTCCCCGTCAACGGCAGTCTTGGTCAAGTCGCGCGTGTAACC
CAAGAGTGCAACGCACGTGCTAGCCGAGGTCGCCATGGACCGCCACCAGCTTTGCAACGTCTCGACGCGATAGACACCACCGTAGAATTCAAGC
GCAAATATGGTGCCGTAGATAACGTACATACTGTAAGGAATCTGAGAGCGCTCCTTGAGCGACTTGCGCGGGACTGTCGACGGCTTTTGCATGC
CTTTCAAATCGTCCGTGGACGATTGGTGGGACGGTGGGTTGGAACTCGACGACGTTGCCTCATCGTCGACGACTTCGGTGCCGCCCTTCTTTCG
TTGCGTCAAACCGACGGACATGACGACTCCTTGATCCTTGTGTTGTTGGTATTGCCCAATTGCTCTACGGGAATGTGTGTGCCTCTCCACTGGC
CAGAGGACGTAGGAAAATTGTTCCGTCTGTGAAATTGAAATGGACAGCTAACTCTGCTAGGCGGTAGGCATGCCGGCATGGAGGTAGTTGGACG
GGTAGGCAAACAGGTGAGGTATATTCCGCGGTGACTTTCGCTCTCTCGGTGATTCGCATTGTTGCCGTCGTCACCGATTCCATTCTCCCGCCTA
TGCCCGCTTGGTGCGCGCGTGTTTTTCTCCCCCCGAACAAACCAATTTGGAATAATCGTCTGTCTGCTTCCAGCAGGGTCTGTCCTGTATTCCG
AATCCAAAGTTGACGACAATTTTACATTAGACTGTGAATCACAGCCACTGTTACCCCCCAATACCAATCCCATTCCGGAGGATCGATTCACGGT
TACCCACGTCGGAGTGATGTCACGCAAGCATCGGATTGGTGGAGAATCCATTTTCGTGGTCGCGGCGCGCCACGTCGTACCCCTTGTACTCACG
CACACGAGGACGTACGCGGAAACCGAACCGACCGACAGAGACCAGATACCATCGATAGATAGAGAGTATACACGCACGTACTTGTTGTTGTGGT
GGTGCGCCAGCCCCAAACCACGAGGTTTTCCGATCCAGGGATTGGCTCGACCGGAGGCAGTACGCTGCTGGCTAAGCTCTCTCTGTAGCTAGAG
CTAGCTAGCGTTCGTACGGTACGCCAGGCTTGGACGACGTACGTTTTCTCGAAGATACGTGAGCCCACGAGCGAGAAGGGAAACCTTTCTCGTT
GCCTCCCGTCTCGACACAATCCCTCTCACAAGTCTGTCTTATTAATATTGTTTTAGATTGTACTACTCGTCCTCACTTCCATTACTTCTGATCC
CAAACATGAAGTTTGCTGTCTTTGCCTCTCTCACCGCAACAGCGGCTGCCTTTGCACCGACAGCGTTCGTGCCGTCGAACCTGCGCGGTGTGGC
CCCGTCCGCGAGTAGCCTGAACATGGCTCTCAAGGAGGGACAGACACCCATCATTATCGGTGTAGCGGCCGATTCGGGCTGCGGAAAGTCCACT
TTCATGCGTCGTCTAACCAACATCTTTGGCGGGGACGTCGTCGGCCCCCTCGGCGGTGGATTCGACAAGGGTAGCTGGGAAACCAACACGCTCG
TCTCGGACTTGACGACCGTCATCTGTCTAGACGACTACCATCTCAACGACCGCGCCGGACGGAAGGTTACCATGCGAACTGCCCTCGACCCGGA
AGAAAACAACTTTGACCTCATGTACGAACAGGTCAAGGCACTCAAGGACGGCAAGACGGTCGAAAAGCCCATCTACAATCACGTCAACGGTACC
CTCGATACACCCGAAACAATCGAACCGACTCCCATCATCATCTTTGAGGGTCTACACCCCATGCACGACAAGCGTGTCCTCGATTTGCTCGACT
TCTCTCTCTACCTCGATATTTCCGACGATGTCAAGCTCAACTGGAAGGTGCAGCGTGACATGGAAGAGCGTGGTCACTCCATGGAATCGATCTT
GGCCTCCATCGAAGCCCGCAAGCCCGATTTCGACGCATACATTGACCCCCAGAAGCAGCTCGCCGACCTTATCATTGAAGTTCTCCCCACTCGA
CTCGACCAGGACGACAAGAAGACTCTCCGTGTCCGGTGCATCCAGAAGGAAGGCGTGGAAAACTTCGACCCCTGCTTCCTCTTTGACGAGGGAT
CCTCGATCGAATGGACCCCCGCTCCCACCAAACTCTCCAGCCCCGCCCCCGGAATCAAGCTCGCATACTACCCCGAAGAATTCTTCGGCAAGGA
CGCTCAGGTCCTCGAAATGGACGGAAACTTTGACAACATCCAGGAGCTTGTCTACGTGGAATCCGCCTTGAGCAACACCAAGACCAAGTTTTAC
GGAGAAATGACCCAGGCCATGCTCGCCCTGGCTACCGCCCCCGGATCCAACAATGGTACCGGTCTTATGCAAACGCTCGCCGCCTTTGCTATCC
GGGACATTTACGAAAAGAAGACGGCCGCCGCCAAGGCCAAGGCCGGTGTTTCTGCGGCCGCCGCCTAAAGCACAACCCGCTGGAGAGACCTACC
TAGTTTACCTTCTAGTAGAAAATGCCTTGTTTCCGTTTTATTCTGGTAGTTGCATAGTCGTTAATGCGTCCGCATACTTACGGAGCAATGCAGC
AAGTACCGCTAAGACTCAATAAATTCCCGTGTTACAGTAGTTGTACTCGGATTGTTTGATCAGATACCATAGAGCGACACACCCCTATACCCTA
TACTTGTTTCCGAATACCAACCAGCATAGGGCGCCACCTGGAAGCAGGTTTGGGGTTCGACCATTCCCTACTACTACTAGCTACTCTAGCATCC
AACGACAACTGTGTCCGTATCGGCTCACCAAAATTCTGCGCCAAACGAAGCGAGGGAGAAAATCAAGCAAACAAACGGATTCGTTTGTTTGATC
AAGTCATCACAGGGAAAACCTCAATCGAAAAGGTAGATCACGGGATAATGTCCGAGCGGAAAACGCCGGCGGTACAAGCATTACTCGCTTTTGC
CGTCTTGGTCTTGGTGGTTGCCGGCATCCCAACTTCCGTTGATGGAGTGATCCGCCAAGAAGGTTCCGCCAGGGCGTCTCGTTTCGAACCTGGT
CCCATTCTGTACCGGAGGAAGACCTGGGAGCTGCAGCAAACGAGAAGTCTACACCTGCCGAGAGGAGGTAGCGACGATGAATTTTCTGACGCAG
CCAGCAGCGACGACGATGACGGCGTCGCACTTGCTTCGAATGGAAGAACTGTCCTGAATCTTCCCAAAAAAGTGGCTGTCTTTTTCGGAAAGGT
CACCTTGGGATCGATTAAAGCACTTGGCCGGGGCCTACAGGCAGCTTTTCAAGGTAGCGACGAAGGGGAAGACGTCGAATTGGGTATCGCAACT
CAGATCTTTCGAGGACTCAAGAGGATGGTGTCGGCTGCCTGGAATTCTCCTGGTACTGCGAAGGACGATGCAGAAGACAAAGACGAGGCAGCAG
AGAAAGCAAAGAAATCATCTCCAAAAGGAGCGAAATCGGTAGTCGCTAAAACTCGGACTCGCAACTCGGACTTTGGAGAGTTTCTCTCGTCGTC
GTACCGAGTTAATAGCTCTCGAGCCGAGGTGGAGCGGCCGTCTCCAGTATTGGGCGGCAACATAGTTGATGCACTCA 
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TGAGTGCATCAACTATGTTGCCGCCCAATACTGGAGACGGCCGCTCCACCTCGGCTCGAGAGCTATTAACTCGGTACGACGACGAGAGAAACTC
TCCAAAGTCCGAGTTGCGAGTCCGAGTTTTAGCGACTACCGATTTCGCTCCTTTTGGAGATGATTTCTTTGCTTTCTCTGCTGCCTCGTCTTTG
TCTTCTGCATCGTCCTTCGCAGTACCAGGAGAATTCCAGGCAGCCGACACCATCCTCTTGAGTCCTCGAAAGATCTGAGTTGCGATACCCAATT
CGACGTCTTCCCCTTCGTCGCTACCTTGAAAAGCTGCCTGTAGGCCCCGGCCAAGTGCTTTAATCGATCCCAAGGTGACCTTTCCGAAAAAGAC
AGCCACTTTTTTGGGAAGATTCAGGACAGTTCTTCCATTCGAAGCAAGTGCGACGCCGTCATCGTCGTCGCTGCTGGCTGCGTCAGAAAATTCA
TCGTCGCTACCTCCTCTCGGCAGGTGTAGACTTCTCGTTTGCTGCAGCTCCCAGGTCTTCCTCCGGTACAGAATGGGACCAGGTTCGAAACGAG
ACGCCCTGGCGGAACCTTCTTGGCGGATCACTCCATCAACGGAAGTTGGGATGCCGGCAACCACCAAGACCAAGACGGCAAAAGCGAGTAATGC
TTGTACCGCCGGCGTTTTCCGCTCGGACATTATCCCGTGATCTACCTTTTCGATTGAGGTTTTCCCTGTGATGACTTGATCAAACAAACGAATC
CGTTTGTTTGCTTGATTTTCTCCCTCGCTTCGTTTGGCGCAGAATTTTGGTGAGCCGATACGGACACAGTTGTCGTTGGATGCTAGAGTAGCTA
GTAGTAGTAGGGAATGGTCGAACCCCAAACCTGCTTCCAGGTGGCGCCCTATGCTGGTTGGTATTCGGAAACAAGTATAGGGTATAGGGGTGTG
TCGCTCTATGGTATCTGATCAAACAATCCGAGTACAACTACTGTAACACGGGAATTTATTGAGTCTTAGCGGTACTTGCTGCATTGCTCCGTAA
GTATGCGGACGCATTAACGACTATGCAACTACCAGAATAAAACGGAAACAAGGCATTTTCTACTAGAAGGTAAACTAGGTAGGTCTCTCCAGCG
GGTTGTGCTTTAGGCGGCGGCCGCAGAAACACCGGCCTTGGCCTTGGCGGCGGCCGTCTTCTTTTCGTAAATGTCCCGGATAGCAAAGGCGGCG
AGCGTTTGCATAAGACCGGTACCATTGTTGGATCCGGGGGCGGTAGCCAGGGCGAGCATGGCCTGGGTCATTTCTCCGTAAAACTTGGTCTTGG
TGTTGCTCAAGGCGGATTCCACGTAGACAAGCTCCTGGATGTTGTCAAAGTTTCCGTCCATTTCGAGGACCTGAGCGTCCTTGCCGAAGAATTC
TTCGGGGTAGTATGCGAGCTTGATTCCGGGGGCGGGGCTGGAGAGTTTGGTGGGAGCGGGGGTCCATTCGATCGAGGATCCCTCGTCAAAGAGG
AAGCAGGGGTCGAAGTTTTCCACGCCTTCCTTCTGGATGCACCGGACACGGAGAGTCTTCTTGTCGTCCTGGTCGAGTCGAGTGGGGAGAACTT
CAATGATAAGGTCGGCGAGCTGCTTCTGGGGGTCAATGTATGCGTCGAAATCGGGCTTGCGGGCTTCGATGGAGGCCAAGATCGATTCCATGGA
GTGACCACGCTCTTCCATGTCACGCTGCACCTTCCAGTTGAGCTTGACATCGTCGGAAATATCGAGGTAGAGAGAGAAGTCGAGCAAATCGAGG
ACACGCTTGTCGTGCATGGGGTGTAGACCCTCAAAGATGATGATGGGAGTCGGTTCGATTGTTTCGGGTGTATCGAGGGTACCGTTGACGTGAT
TGTAGATGGGCTTTTCGACCGTCTTGCCGTCCTTGAGTGCCTTGACCTGTTCGTACATGAGGTCAAAGTTGTTTTCTTCCGGGTCGAGGGCAGT
TCGCATGGTAACCTTCCGTCCGGCGCGGTCGTTGAGATGGTAGTCGTCTAGACAGATGACGGTCGTCAAGTCCGAGACGAGCGTGTTGGTTTCC
CAGCTACCCTTGTCGAATCCACCGCCGAGGGGGCCGACGACGTCCCCGCCAAAGATGTTGGTTAGACGACGCATGAAAGTGGACTTTCCGCAGC
CCGAATCGGCCGCTACACCGATAATGATGGGTGTCTGTCCCTCCTTGAGAGCCATGTTCAGGCTACTCGCGGACGGGGCCACACCGCGCAGGTT
CGACGGCACGAACGCTGTCGGTGCAAAGGCAGCCGCTGTTGCGGTGAGAGAGGCAAAGACAGCAAACTTCATGTTTGGGATCAGAAGTAATGGA
AGTGAGGACGAGTAGTACAATCTAAAACAATATTAATAAGACAGACTTGTGAGAGGGATTGTGTCGAGACGGGAGGCAACGAGAAAGGTTTCCC
TTCTCGCTCGTGGGCTCACGTATCTTCGAGAAAACGTACGTCGTCCAAGCCTGGCGTACCGTACGAACGCTAGCTAGCTCTAGCTACAGAGAGA
GCTTAGCCAGCAGCGTACTGCCTCCGGTCGAGCCAATCCCTGGATCGGAAAACCTCGTGGTTTGGGGCTGGCGCACCACCACAACAACAAGTAC
GTGCGTGTATACTCTCTATCTATCGATGGTATCTGGTCTCTGTCGGTCGGTTCGGTTTCCGCGTACGTCCTCGTGTGCGTGAGTACAAGGGGTA
CGACGTGGCGCGCCGCGACCACGAAAATGGATTCTCCACCAATCCGATGCTTGCGTGACATCACTCCGACGTGGGTAACCGTGAATCGATCCTC
CGGAATGGGATTGGTATTGGGGGGTAACAGTGGCTGTGATTCACAGTCTAATGTAAAATTGTCGTCAACTTTGGATTCGGAATACAGGACAGAC
CCTGCTGGAAGCAGACAGACGATTATTCCAAATTGGTTTGTTCGGGGGGAGAAAAACACGCGCGCACCAAGCGGGCATAGGCGGGAGAATGGAA
TCGGTGACGACGGCAACAATGCGAATCACCGAGAGAGCGAAAGTCACCGCGGAATATACCTCACCTGTTTGCCTACCCGTCCAACTACCTCCAT
GCCGGCATGCCTACCGCCTAGCAGAGTTAGCTGTCCATTTCAATTTCACAGACGGAACAATTTTCCTACGTCCTCTGGCCAGTGGAGAGGCACA
CACATTCCCGTAGAGCAATTGGGCAATACCAACAACACAAGGATCAAGGAGTCGTCATGTCCGTCGGTTTGACGCAACGAAAGAAGGGCGGCAC
CGAAGTCGTCGACGATGAGGCAACGTCGTCGAGTTCCAACCCACCGTCCCACCAATCGTCCACGGACGATTTGAAAGGCATGCAAAAGCCGTCG
ACAGTCCCGCGCAAGTCGCTCAAGGAGCGCTCTCAGATTCCTTACAGTATGTACGTTATCTACGGCACCATATTTGCGCTTGAATTCTACGGTG
GTGTCTATCGCGTCGAGACGTTGCAAAGCTGGTGGCGGTCCATGGCGACCTCGGCTAGCACGTGCGTTGCACTCTTGGGTTACACGCGCGACTT
GACCAAGACTGCCGTTGACGGGGAATATCAGGATTGGCAGGAATATGCACAAACGGGTGTCATCTTTTCGCTGGTCTTGTCGCTCCTCTACGTG
TTCTTCGTCGCACCGTTTCGGGCCGGATTATGGACCGGAACCAGAGCCCGTCGGCACAAGATCCATCGATACATGGGGCTCATGTATCTCGTAC
AGTACACATTTGCTTGGGTCGAATATTTTACCGATTACGACAACGCTGCCAAAAGCTTTTTACCCCATTTCATTGCCCTCAATGGTACGTACGC
ATCGTATTGCCGCTTTCGGTTTCAGTCCGTGTGTTGTGAGTTGCCGTTCGGTTTCTTCTCACACGCTCTTCTTCTCCGCCTAATCAGGGATTAT
CCAAGGAACATCGGCCTACTTTTCGTTCAAGGTTCTACCCGATCTCATCGATGCTGGATACTACTCCGACAAAGCTGTGCTGTCACGTAACTTT
GTTCACGAAAATCTCTTCTTTTCGCTCATGTCCGTATGGGGATCCATCTACTACAATACCCCTGTCCGATCTATTATGCAGACACACTTGGGAG
GTAAGCTGGTGGAAGGAATATATCTCTTCTTTCCCTACATTCTCGTGAGGACATGGTTTCCCGTGACACGCTTCTCCAACACTGGTACAACCTA
CAAGGGTCGCTCCGAGAGCAACAAACGCTTCTACGAAATTGGGACCTTTACAGTCAAGATTTTCTTTCTCTGGGCCAAGTACTTTTGTGGATTC
TTCATCAACTGGCTCGTCTACCTCGATCTCGTTACTACTGAACAGTGGAAATTCCTGCATGGTCTATTCTTGCTCAA 

Supplemental Figure 9-SIII Analysis of the GAP C1 (22122) and PRK (50773) genes for potential AUREO1a  
(49116) recognition sites (cis elements). The chromosomal sequence is investigated in sense and antisense 
orientation. The gene sequence of PRK and GAP C1 exons are dyed green. Neighbouring genes are marked in 
grey. Untranslated regions are marked in blue letters, START codons in dark grey. The sequences were screened 
for the V. frigida aureochrome1 recognition site consensus sequence (TC)TGACG(TGA) [51]. The nucleotides 
in brackets are not totally conserved, but the T at position 8 is very highly conserved and is putatively very 
necessary for aureochrome recognition as well. Recognition sites which are featuring identity in these six highly 
conserved positions are marked in yellow, those which are missing identity at position 8 are marked in turquoise. 
Each nucleotide corresponding to the likeliest nucleotide of the predicted recognition sequence is marked in red 
letters. PRK and GAP C1 all feature many possible aureochrome binding sites and each gene is featuring at least 
one closely associated highly homologous (yellow) recognition site, making them likely target for AUREO1a 
blue light sensitive transcription factor. 
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