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Abstract 

The filamentous cyanobacterium Nostoc puntiforme ATCC 29133 

is a promising strain for sustainable production of different 

compounds. The aim of this thesis is to investigate the native 

light-inducible promoter PcpeC as a tool for future 

biotechnological approaches. For this work the expression levels 

of different genes of Synechocystis sp. PCC 6803 and 

Clamydomonas reinhardtii under the regulation of PcpeC were 

analyzed. The genes were fused to fluorescence protein YFP or 

GFP to quantify the protein amount by determination of 

fluorescence. Three N. punctiforme strains containing the 

different constructs were tested under different green light 

conditions for induction, and under red light as repressing 

conditions. The results showed that there are different 

expression levels as well as different growth behavior of the 

tested strains. Furthermore, we were able to show that PcpeC in 

N. punctiforme ATCC 29133 is regulated by different intensities 

of green light and that this promoter is completely repressed by 

red light. Thus indicating its usefulness as a tool to regulate 

expression of recombinant proteins in cyanobacteria. 
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Abbreviations: 

DXS: 1-deoxy-D-xylulose 5-phosphate synthase 

FBP: Fructose-1,6-bisphosphatase 

HydA1: Hydrogenase of Clamydomonas reinhardtii 

PSI: Photosystem I 

PSII: Photosystem II 

PE: Phycoerythrin 

PC: Phycocyanin 

SD: Shine-Dalgarno motif 

qPCR: Quantitative Polymerase Chain Reaction 

PCR: Polymerase Chain Reaction 

YFP: Yellow fluorescence protein 

GFP: Green fluorescence protein 
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2 INTRODUCTION  

 

2.1 Fossil fuels vs. Biofuels 

About 20 years ago the United Nations signed the Kyoto protocol to restrict the emission of 

greenhouse gases to reduce the greenhouse effect. The greenhouse effect is a major player in 

climate change and therefore responsible for the extinctions of several species, the melting of 

glacier and weather extremes.  

 

Figure 1: Schematic process of the greenhouse effect.  Light, which is emitted by the sun enters the 
earth’s atmosphere in form of UV-light of low wavelength and high energy. The energy is absorbed 
by the earth’s surface and then reemitted in form of infrared light of long wavelength and low energy. 
The light can be absorbed by greenhouse gases and then emitted again into all directions.  The result 
of this effect is an increasing temperature on the earth’s surface.  

One of the reasons of the increased greenhouse effect [1] is the CO2 emission due to burning 

of fossil fuels. Fossil fuels were made and stored during the last 300 to 400 million years, when 

plants and small organism (for example plankton) were covered with sedimantary layers of 

sands, rocks and soils [2]. The high pressure of the layers created coal, oil and natural gas over 

the years. Because of this long producing period they are called non renewable fuels. An 

alternative to these environmental damaging fuels would be biofuels, which are produced by 

biological materials. Biological carbon based materials are produced through carbon fixation, 
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which means that the carbon needed to form the plant is taken from the CO2 within the air. 

Therefore biofuels can be seen as CO2 neutral, because they cannot emmit more CO2 then 

they take out of the air. Because of the fast growth of plants compared to the formation of 

fossil fuels, biofuels are renewable fuels. A big problem, which arises with biofuels is the 

tremendous amount of space that is needed to grow the plants for biofuel production to fulfill 

the amounts desired by human. According to Cai et al. (2011) with the available land, only 

about 26 – 55 % of the current world liquid fuel consumption could be covered [3].  Due to 

the expected increase of the worlds population to 9,7 billion people until 2050, the demand 

of food and energy will further increase [4].  

So there are fossil fuels, which are quite cheap, but release enormous amounts of CO2, which 

is currently conserved in form of coal, oil and natural gas beneth the earth’s surface. 

Furthermore, the unequal distribution of fossil fuels often lead to conflicts and wars, seen 

during the last decades in the Middle East [5].  

On the other hand there are biofuels produced by plants, which keep the CO2 level in the 

earths atmosphere constant, but also need agricultural land for their production. A solution 

for energy production which does not compete with agricultural land is already known: 

Cyanobacteria. 

 

2.2 Cyanobacteria 

Cyanobacteria are a group of gram-negative bacteria that can use solar energy, CO2 and water 

to produce a large variety of industrial valuable commodities [6] as well as fuels [7]. The oldest 

known fossils – more than 3.5 billion years old – derive from cyanobacteria [2]. Over this 

timeframe they had an important impact on evolution through the fact that the oxygen 

atmosphere we breathe today was generated by numerous cyanobacteria during Archean 

(4000 to 2500 million years ago) and Proterozoic (2500 to 542 million years ago) eras [2].  

They are also seen as the origin of plants. Plants use organelles called chloroplasts to harvest 

the energy of light and fix CO2 to build up their structure. The endosymbiotic theory explains 

this as cyanobacteria living within plant’s cells. Also, the eukaryotic mitochondria derive from 

symbiosis with heterotrophic bacteria [8].  
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Cyanobacteria are able to live in nearly every aquatic and terrestrial habitat [9]. Because of 

their ability to use photosynthesis, their aquatic attendance and their color they are often 

called “blue-green algae” although there is no relationship between cyanobacteria and algae, 

which belong to the domain eukaryote [2].  

Cyanobacteria did not only play an important role in earth’s history, they are also seen as a 

promising platform for future biofuel production, but also for production of other industrial 

relevant chemicals, for example isoprene [10], mycosporines as well as therapeutics, 

insecticides and anti-fouling agents [6]. Through their ability to use CO2 and light as their main 

carbon and energy source and the possibility to grow in non-agricultural land, they do not 

compete with food plants. Taking the growing world population into account and the 

agricultural land that will be needed for food production, the cultivation of cyanobacteria in 

oceans or lakes could be a cheap alternative to biofuel production via terrestrial plants.  

Cyanobacteria occur free-living or in symbiotic relationships with plants or fungi. There are 

some unicellular forms as the widely used and well-studied Synechocystis sp. PCC 6803, but 

they also appear in filamentous forms as Anabaena sp. PCC 7120 and  

Nostoc punctiforme ATCC 29133. Filamentous cyanobacteria can differentiate in three 

different forms: under favorable growing conditions they occur as vegetative cells, under 

environmental stressful conditions they form resistant akinetes and under nitrogen starvation 

they form heterocysts. In heterocysts nitrogen fixation takes place, in which the biofuel H2 is 

produced [11].  
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2.3 Oxygenic photosynthesis  

Oxygenic photosynthesis enables photoautotrophic organism (for example cyanobacteria) to 

harvest the energy of light and to use CO2 as a carbon source instead of organic compounds 

as for example sugar. Photosynthesis is divided into a light dependent part, where the energy 

of light is consumed and high energetic compounds of adenosine triphosphate (ATP) and 

NADPH are produced, and a light independent part where the produced ATP and NADPH are 

consumed within the Calvin – Benson – Bassham cycle (2.3.2. Light independent reaction) to 

produce carbohydrates [12]. In cyanobacteria, the first part takes place in the thylakoid 

membrane (Figure 2), whereas the second part is located in the cytoplasm [12]. 

 

Figure 2: Structure of cyanobacteria and phycobilisome on thylakoid membrane. Cyanobacteria are 
surrounded by a thick cell wall. Above the cell wall there is a mucoid sheath and the capsule, which 
is a layer outside the cell envelope and consists mainly of polysaccharides . The thylakoid membranes 
are free in the cytoplasm and contain both photosystem I and photosystem II as well as the attached 
phycobilisomes as light harvesting complex for  photosynthesis. The DNA lies coiled in a fibrillar 
structure in the center of the cytoplasm (Nucleoid). The ribosomes are responsible for protein 
translation. The carboxysomes contain RuBisCo for the Calvin -Benson-Bassham cycle [13].  
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2.3.1 LIGHT DEPENDENT REACTIONS  

In the light dependent reactions [12] ATP and NADPH are produced for the fixation of CO2 in 

the light independent part.  

 

Figure 3: Electron transport chain. The energy of light is absorbed in photosystem II (PSII) and I (PSI) 
to create electrons by splitting water with high reducing potential. The electrons of PSII are 
transferred to plastoquinone (PQ) and via cytochrome b6f to plastocyanin (PC). In the reaction center 
of PSI, electrons, which are transferred from PC are used to reduce ferredoxin and in a further step 
NADPH is created. The proton gradient produced during these process es is used by ATP-synthase to 
create ATP [12].  

In Figure 3 the electron transport chain of photosynthesis in the thylakoid membrane is 

shown. It consists of 4 major complexes [12]: 

1. Photosystem II (Figure 3 A):  Photons are absorbed by the phycobilisomes on the surface 

of the thylakoids. The energy is then transferred to a chlorophyll pair in the center called 

special pair. Through a pheophytin and a plastoquinone, electrons are transferred to 

another plastoquinone (PQ) which picks up 2 protons and becomes plastoquinol (PQH2). 

The oxidized special pair gains the missing electrons from a water molecule, which is 

split by a Mn - complex. Through this reaction 2 protons per H2O are produced inside 

the lumen and a proton gradient is produced. 
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2. Cytochrome b6f (B): Electrons are transferred from plastoquinol (PQH2) to plastocyanin 

(PC) while 4 protons are transferred to the lumen which results in a proton gradient. 

3. Photosystem I (C): Plastocyanin gets oxidized and the electrons are transferred to the 

reaction center of PS I, a modified chlorophyll a molecule. Through the absorption of 

photons by the phycobilisomes and energy transfer to the reaction center, electrons are 

excited and through several intermediate carriers ferredoxin is reduced. The electrons 

are then transferred from ferredoxin to NADP+ to create NADPH by ferredoxin-NADP+ 

reductase (FNR).  

4. ATP-Synthase (D): Protons are pumped from the lumen to the stroma. The energy is 

used by ATP-synthase to create ATP out of adenosine diphosphate (ADP) and phosphate. 
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2.3.2 LIGHT INDEPENDENT REACTION  

The energy that is created by the light dependent reaction is then consumed in the  

Calvin - Benson - Bassham cycle in the cytoplasm to convert carbon dioxide into hexoses. The 

enzymatic reactions of the Calvin - Benson - Bassham cycle are shown in Figure 4 [12]. 

 

Figure 4: Calvin-Benson-Bassham cycle. The Calvin cycle explains the carbon fixation in 
photoautotrophic organism. In the first step ribulose-1,5-bisphosphate is carboxylated. Then  
3-phosphoglycerate is phosphorylated and ATP is consumed. Through the reduction of  
1,3-Bisphosphoglycerate (1,3BPGA), 3-phosphoglyceraldehyde (G3P) is produced and NADPH is 
oxidized. G3P is then used to produce Hexoses and to regenerate ribulose-1,5-bisphosphate via 
ribulose 5-phosphate and consumption of ATP.  

The Calvin - Benson - Bassham cycle consist of several steps [12]:  

1) 3x Ribulose-1,5-bisphosphate (RuBP) are carboxylated by the enzyme  

ribulose-1,5-bisphosphate carboxylase/oxygenase to form 6x 3-phosphoglycerate 

(3PGA). In this step the CO2-fixation takes place. 

2) 6x 3-phosphoglycerate (3PGA) are phosphorylated by a phosphoglycerate kinase to  

6x 1,-3-bisphosphoglycerate (1,3BPGA). 6x ATPs are consumed during this reaction. 

3) The glyceraldehyde 3-phosphate dehydrogenase reduces 6x 1,3-bishposphoglycerate 

to 6x glyceraldehyde 3-phosphate (G3P). During this reaction 6x NADPH are oxidized 

to 6x NADP+. 
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4) In several steps 5x glyceraldehyde 3-phosphate are converted into  

3x ribulose 5-phosphate (R5P). 

5) 3x ribulose 5-phosphate are phosphorylated to 3x ribulose-1,5-bisphosphate by 

consuming 3 ATP. 

The net gain of the Calvin cycle is one G3P per three CO2 molecules. The G3P is further 

converted to hexoses like glucose. 

 

2.4 Phycobilisomes 

Cyanobacteria harvest the energy of light through light harvesting complexes called 

phycobilisomes which are located on the thylakoid membrane on PSII but are also associated 

with PSI [14]. Cyanobacteria and red algae evolved phycobilisomes to use the energy of 

wavelengths between 500 and 600 nm, which cannot be absorbed by chlorophyll a and 

chlorophyll b of PSI and PSII, which are the main light absorbing molecules (Figure 5) [14].  

 

Figure 5: Absorption spectra of Chlorophyll a and Chlorophyll b.  

Phycobilisomes consist of a core structure which consists of allophycocyanin (AP) and several 

structures build by phycoerythrin (PE), phycocyanin (PC) and several linker  

proteins (Figure 6) [15]. The rods are responsible for the light absorption and transfer of the 

energy to the core structure and then to the reaction center of PSII [16].  
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Figure 6: Structure of phycobilisomes. Phycobilisomes are light harvesting complexes located on the 
thylakoid membrane of cyanobacteria and red algae. They consist of a core structure (blue circles) 
of allophycocyanin and a rods structure of phycocyanin (blue squares) and phycoerythrin (red 
squares).  

In Table 1 the absorption maxima of the phycobiliproteins are shown [17] [18] [19] [20].  

Table 1: Absorption wavelength of phycobilisome components.  

Phycobiliprotein Absorption maxima [nm] 

Allophycocyanin 633 

Phycocyanin ~ 550, ~615 

Phycoerythrocyanin ~575 

Phycoerythrin 496, 529-534, 555 

 

 

 



Introduction 

 

  - 17 - 

2.5 Promoters & Gene expression   

For biotechnological applications, it is of big importance to change the producing organism 

genetically to optimize the cultivation of the producing strain and the production of the 

desired product. It is also important to knock out genes of pathways, which compete with the 

production pathway, but also to insert the gene for the biosynthesis of the product of interest 

in single or multiple copies. The genes are inserted under either a constitutive promoter, 

which leads to a constant transcription levels, or an inducible promoter, which expresses the 

gene after induction [21]. Which promoter is used depends on the effect of the expressed 

protein on the cells. If the protein has no negative effect on the cell, it is no problem to express 

it under a constitutive promoter, because the growth of biomass is not inhibited, whereas in 

most cases it is important to first gain biomass and then produce the desired protein in a 

second step where the protein of interest is produced by inducing gene expression. A high 

amount of biomass is needed to have lots of producing cells. Usually the induction of gene 

expression is achieved by addition of an inducing agent to the cultivating media (for example 

IPTG for the lac Operon [22] (Figure 7)), which will activate the promoter and the gene of 

interest will be expressed. It is important that the inducing agent is not toxic to the cell, only 

affects the expression of the gene of interest, and is easy to apply or remove [23].  

 

 

Figure 7: Lac Operon. LacI is the gene encoding the lac repressor, which binds to the operator of the 
lac-operon and stops transcription if no Lactose is available. In presence of Lactose, it binds to the 
lac repressor and transcription of the lac operon is started [16]. 
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A protein is produced through two different steps: First the DNA is transcribed by the RNA-

polymerase into mRNA and in the second step the mRNA is translated by the ribosome into a 

protein, which is an amino acid chain (Figure 8).   

 

Figure 8: Steps of protein expression. DNA is transcribed into messenger RNA (mRNA) by the  
RNA-Polymerase in a step called transcription. In a second step called translation, mRNA is translated 
into an amino acid chain by a protein-RNA-complex called the ribosome.  

The transcription level of a gene under a specific promoter depends on the nucleotide 

sequence of the promoter [21]. Therefore in theory, there should be no difference on 

transcription level of different constructs expressed under the same promoter. The variability 

of protein amount within the cell that may occur, even by using the same promoter for the 

different genes, derives from posttranscriptional regulation that depends on the ribosome 

binding probability to the mRNA or the stability of the mRNA [24]. This in turn determines the 

translation level. The mRNA is a single stranded nucleotide chain and is able to form different 

secondary structures, which is an important factor for posttranscriptional regulation including 

mRNA stability [24].  
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3 ABOUT THE PROJECT 

 

3.1 Motivation and aim of the project 

The aim of the project was to investigate the regulation of the light-inducible promoter PcpeC 

in the filamentous cyanobacterium Nostoc punctiforme ATCC 29133, and to investigate if the 

expression levels of different genes of interest (GOI) are differentially regulated by this 

promoter. The project was divided into two major tasks defined by two questions: 

1) Is the expression level of a downstream gene under PcpeC in Nostoc punctiforme ATCC 

29133 depending on the expressed gene or is there a constant expression level for all 

genes? 

To answer this question I investigated the expression levels of different genes under the PcpeC 

in N. punctiforme. 

 

Figure 9: Structure of a mRNA.  A mRNA consist of a 5’  untranslated region (5’  UTR) where the 
ribosome binds to start translation. The gene of interest describes the amino acid sequence in a  
3 nucleotides based code, and the 3’ untranslated region (3’ UTR) contains the termination sequence 
for the transcription. Neither the 5’ UTR nor the 3’ UTR are  part of the protein. 

In Figure 9 the main parts of the mRNA are shown. The ribosome binding site is located in the 

5’ untranslated region (5’ UTR).  In case of highly conserved secondary structures within the 

5’ UTR the probability of the ribosome to bind should be always the same, and the expression 

level should be similar [25]. If there is any difference in expression level of the different 

proteins this would lead to the assumption that the GOI part of the mRNA might form different 

secondary structures with the 5’ UTR which leads to different binding probabilities of the 

ribosomes to the ribosomal binding site [25].  

One attempt to solve the problem of different expression levels is to insert a short fragment 

of DNA after the 5’ UTR region. The interaction between the short inserted fragment and the 
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5’ UTR region is predictable because it is always the same, independent on the GOI. This 

construct is called bicistronic design (BCD) (Figure 10) [25]: 

Figure 10: Structure of a bicistronic design (BCD). A BCD is a translational regulation approach. Two 
peptides are expressed on the same mRNA under a promoter (red). The transcription start point is 
shown as ‘+1’. The ribosome binds to the ribosomal binding site (SD1) o f the first gene and melts the 
secondary structure of the mRNA while the translation , which is started at ATG (Start codon). The 
ribosomal binding side (SD2) for the second gene is within the sequence of the first gene and 
therefore no secondary structure is present, which would influence the binding probability of the 
ribosome. The binding probability of the ribosome to SD1 is constant because of its constant 
secondary structure. The ribosome starts translation at the second start codon (ATG) which overlap s 
with the stop codon of the first protein (TAA) [25].  

The ribosome binds to the Shine-Dalgarno motif (SD1) on the mRNA and starts translation of 

the inserted fragment (Figure 10, bright green). During the translation of the mRNA, the 

secondary structure of the mRNA gets melted. The following Shine-Dalgarno motif (SD2) inside 

the cistron of the leader peptide is now free for another ribosome to bind and does not have 

any secondary structure which would hinder the ribosome to bind. The mRNA is constructed 

so that the last nucleotide of the stop codon of the leader protein is the first nucleotide of the 

start codon, ATG, of the GOI (dark green). The translation rate is just dependent on the free 

energies of the binding 16S rRNA and the free SD2 sequence. The short peptide produced in 

this construct should show no further impact on the cells [25].  

2) Can the expression level of different genes under PcpeC in Nostoc punctiforme ATCC 

29133 be regulated by different light intensities? 

For biotechnological applications, not only the induction of a promoter is of big importance 

but also the ability to regulate the expression to different levels. I was interested to study the 

regulation potential of PcpeC and therefore, the potential to regulate protein expression 

under PcpeC in N. punctiforme under different light intensities was investigated. Furthermore, 

the ability to repress gene expression is of big interest, because genes regulated by leaky 

promoters can lead to cultivation- and experimental problems [26]. For this reason the 

repression capability of PcpeC in N. punctiforme was also investigated. 
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3.2 Experimental Realization  

To quantify the protein levels there are several different methods, for example Western blot, 

mass spectrometry, enzyme specific reactions and by using a promoter-reporter gene 

construct. We decided to transform N. punctiforme with genetic constructs in which the gene 

of interest was fused to the gene encoding a Yellow fluorescence protein (YFP) at the 3’ end, 

and the PcpeC-promoter was introduced 5’ of the GOI, to express the genes encoding the 

fusion protein. The amount of protein was determined by the level of fluorescence signal of 

the YFP protein. 

 

3.3 PcpeC 

It is known that many cyanobacteria species are able to regulate the PE/PC ratio of the 

phycobilisomes under different light conditions in a process called ‘complementary chromatic 

adaption’ [15]. Under green light the PE/PC ratio is increased, whereas it is reduced under red 

light. Some cyanobacteria are just able to regulate the PE content of the rods (group II) 

whereas others are able to regulate both, PE and PC (group III). The ‘complementary 

chromatic adaption’ in N. punctiforme is regulated by a complex system shown in Figure 11 

[15].  

 

Figure 11: Mechanism of light inducible PcpeC. Induction (Left): The histidine kinase, which is 
activated by green light, phosphorylates the transcription factor CcaR. CcaR binds to the G-box of 
PcpeC and the transcription of cpeC is started. Repression (right): The histidine kinase, which is 
deactivated by red light, does not phosphorylate the transcription  factor CcaR. CcaR cannot bind to 
the G-box of PcpeC and the transcription of cpeC is repressed. Modified from Hirose et al. (2010) 
[15]. 
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PcpeC is the promoter in which the G-box is located and thus regulates the transcription of 

the operon cpeC-cpcG2. This operon is regulated by the two regulators, CcaS and CcaR, and 

the PcpeC. The cyanobacteriochrome CcaS of cyanobacteria consists of several parts, including 

a histidine kinase and a GAF domain. In attendance to green light, the chromophore of CcaS 

changes its conformation in the GAF domain, so that CcaS is able to phosphorylate the 

transcription factor CcaR, which then binds to the G-Box in the PcpeC and the transcription is 

started.  The G-box is a conserved direct-repeat motif of [CTTTNCNATTT] x 2, which is a 

common structure of a binding site of transcription factors, where the protein binds as a 

dimer. In attendance to red light the chromophore changes its conformation to a state that 

CcaS cannot phosphorylate CcaR any longer and thus the CcaR cannot bind to the G-Box any 

longer and the transcription is repressed [15].  

 

3.4 Nostoc punctiforme ATCC 29133 

The cyanobacterium used in this study is Nostoc punctiforme ATCC 29133, a filamentous 

cyanobacterium, which was isolated from a symbiotic association with the gymnosperm cycad 

Macrozamia sp. roots in Australia. N. punctiforme is a photoautotrophic organism, but can 

also grow rapidly in complete dark conditions, if sucrose, glucose or fructose are available [27].  
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4 MATERIAL & METHODS 

 

4.1 Instruments  

 Thermocycler:   - Biorad MJ mini gradient thermal cycler 

 Spectrophotometer:   - Varian Cary® UV-vis spectrometer 

            - Thermo scientific NanoDrop 2000 UV-vis spectrometer 

 Plate reader:   - Hidex Chameleon 4.47 

 Sonicator:   - Sonics Vibra-cell VC 130 

 Electroporator:  - Bio Rad Gene Pulser Xcell Electroporation System 

 Confocal microscope:  - Leica DM6000 CS confocal microscope 

 

4.2 Bioinformatics  

The sequences of the Promoter and the Genes for the Fusion proteins where obtained from 

Cyanobase – Kazusa Genome Resources. For the PcpeC a sequence of 264 nt upstream the 

cpeC in N. punctiforme was used (sequences shown in appendix). 

To design primers and align sequences the two free softwares ApE- A plasmid Editor 

(http://biologylabs.utah.edu/jorgensen/wayned/ape/) and SnapGene Viewer 

(http://www.snapgene.com/products/snapgene_viewer/) were used. 

 

4.3 Construction of the plasmids 

4.3.1 GENES OF INTEREST  

The genes which were used for the fusion protein with YFP were: 

 Slr1192 (1008 bp): Alcohol dehydrogenase of Synechocystis sp. PCC 6803 

 HydA1 (1296 bp): Hydrogenase of Clamydomonas reinhardtii; HydA1 is a promising 

hydrogenase for H2 production which is used in several projects in cyanobacteria.  
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 DXS (1920 bp): 1-deoxy-D-xylulose 5-phosphate synthase of Synechocystis sp. PCC 

6803; DXS is an enzyme of the MEP (methylerythritol-4-phosphate) pathway for 

terpenoid production. 

 FBP (1035bp): Fructose-1,6-bisphosphatase of Synechocystis sp. PCC 6803; FBP is an 

enzyme of the gluconeogenesis, the pentose phosphate pathway and the Calvin cycle  

The constructs PcpeC – GOI (gene of interest) were produced by overlap extension PCR with 

the sequence of PcpeC in N. punctiforme and the GOI (sequences of are shown in appendix). 

4.3.2 PLASMID 

The plasmid that was used to transform Escherichia coli and N. punctiforme was pSAW which 

derives from pSCR119 [28], is a plasmid constructed by Adam Wegelius in our lab (Figure 12).  

 

Figure 12. Self-replicative vector pSAW. pSAW is a 10kb-plasmid with an origin of replication (oriC) 
for Escherichia coli and Nostoc puntiforme. It has a kanamycin resistance cassette, multiple 
restriction sites and a lethal ccdB operon.  
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4.3.3 CONSTRUCTION OF THE PLASMIDS  

Between the genes and YFP a 4 amino acid-linker (GSGS) was put to ensure the right folding 

of YFP. To the primer sequence the nucleotide-sequence of the restriction sites and the linker 

were added. The constructs and the plasmid were cut with Sac1 and Xho1 enzymes of 

FastDigest by Thermo Scientific. The cut fragments were purified by the Thermo Scientific 

GeneJET PCR Purification kit. The ligation into pSAW was performed by the manufacturing 

instruction with the New England Biolabs QuickLigase. The final ligation mix was used for 

transformation into E. coli. 

 

4.4 Culture conditions of Escherichia coli 

E. coli was cultivated in 20 ml of lysogeny broth media (LB), supplemented with 50 µg of 

kanamycin. The cultures were grown over night at 37 °C on a shaking Table.  

 

4.5 Transformation in Escherichia coli  

For transformation of E. coli dH5α, one vial with 100 µl of competent cells were put on ice and 

5 µl of ligation mix (produced in 4.3.3) were added. After 30 minutes the cells were put into a 

water bath (42 °C) for 40 s and filled up with LB-media to 1 ml. The suspension was incubated 

at 37 °C for 1 h and spun down for 3 min at 6000 rpm. A volume of 800 µl of supernatant was 

removed and the pellet in the remaining media diluted. The final  

200 µl were plated on LB agar plates, which were supplemented with 50 µg·ml-1 kanamycin.  
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4.6 Culture conditions of Nostoc punctiforme  

4.6.1 LIQUID CULTURE 

The wild type of N. punctiforme and the transformants were grown in Erlenmeyer flasks in 

BG11 (Appendix) with 5 mM NH4Cl and 10 mM HEPES pH 7.5. For the transformants - with the 

plasmid pSAW - kanamycin (25 µg·ml-1) was added.  

4.6.2 PLATES  

For growing the different strains on plates, the media was prepared equal to liquid culture. 

Additionally, 10 g·L-1 agar were added. 

4.6.3 LIGHT CONDITIONS & TEMPERATURE   

The wild type of N. punctiforme was always grown under  

15 µmol photons·m-2·s-1 white light. After transformation, the strains were grown under non-

inducing 15 µmol photons·m-2·s-1 red light (LED panel; Green Energy Star). 

For testing the constructed strains on induction, different light intensities of green light where 

set with a multispectral LED lamp (Heliospectra). The emission spectra are shown in Figure 13.  

 

Figure 13: Emission spectra of white, red (LED panel; Green Energy Star) and green light 
(multispectral LED lamp; Heliospectra). 
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The cultures were all kept at 25 °C. Additionally, all liquid cultures were kept on a shaker to 

get homogenous conditions.  

 

4.7 Determination of Chlorophyll a content 

To determine the chlorophyll content 1 ml of sample was taken and spun down at maximum 

speed (13 000 rpm) at room temperature. Then 90 % of the supernatant was removed and 

the same amount of 100 % methanol were added. After shaking on a micromixer (vortex) and 

fully suspending of the pellet the tube was put into dark for at least 5 min. After extraction, 

the solution was spun down to remove the cell debris. The supernatant was put into a cuvette 

and the absorbance at 665 nm was measured against a 90 % Methanol blank with the UV-vis 

spectrometer. 

According to the extinction coefficient of 78.74 L-1·g-1·cm-1 for Chlorophyll a, the Abs665 value 

is multiplied with 12.7 to get µg chlorophyll a·ml-1. The calculation can be adjusted for different 

dilutions of the culture. 

 

4.8 Transformation by electroporation of Nostoc punctiforme  

30 ml of exponentially growing N. punctiforme wild type was concentrated by centrifugation 

(4000 rpm, 5 min). The supernatant was removed to get a volume of 5 ml. The concentrated 

culture was sonicated 2 times with a Sonics Vibra-cell CV130 (Amp 20-30, pulse 1p 1.0 s, 30 s). 

On the light microscope, the cells were observed to be sure they were healthy and single cells 

were available. In case the cells were not separated, the sonication was done a 3rd time. The 

sonicated cells were diluted with media to 25 ml into Erlenmeyer flasks. After recovering for 

4 h at 30 °C and weak illumination they were spun down (3500 rpm, 5 min) and suspended in 

20 ml HQ. This washing step was repeated 4 times before they were suspended with HQ to a 

final volume of 1 ml. The chlorophyll a content was measured (measurement according 4.7) 

and the concentration of the cells was adjusted to 50 – 100 µg Chlorophyll a·ml-1. A volume of 

40 µL was mixed with 1 - 3 µg plasmid DNA in an Eppendorf tube and kept on ice. The 

suspension was transferred to a pre-cooled electroporation-cuvette. The electroporation was 
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done with a Bio Rad Gene Pulser Xcell Electroporation System (2400 V, 5.0 ms exponential 

decay pulse). 

The cells were suspended in 20 ml media and incubated overnight in Erlenmeyer flasks at 

25 °C and 10 µmol photons·m-2·s-1 white light. The next day, the cells were concentrated  

(4000 rpm, 10 min) to 200 µl. The concentrated cells were then plated onto cellulose filter on 

ager plates supplemented with 25 µg kanamycin·ml-1. 

The plates were put at 10 µmol photons·m-2·s-1 white light and 25 °C for 25 – 35 days until 

colonies appeared. 

Due to problems with the transformation of N. punctiforme, the transformation protocol 

above was modified for several approaches. Therefore, the transformation was done without 

sonication, just one sonication step as well as 4 sonication steps. Also to break the filaments, 

different sizes of needles was tried. 

 

4.9 Fluorescence measurement 

4.9.1 MEASUREMENT WITH PLATE READER (HIDEX CHAMELEON 4.47) 

The Fluorescence measurement was used to determine the expression level of the fusion 

proteins. The different strains were grown under red light until the exponential phase was 

reached. Afterwards, the chlorophyll content was measured and triplicates of 5 ml cultures 

were prepared in 6-well plates with a concentration of 1 µg of chlorophyll a·ml-1 of culture. 

Duplicates were taken at time point 0 h, 24 h and 48 h. 

200 µl of culture were taken and put into a well of a transparent 96-well plate. The excitation 

filter was set to 485 nm while the emission filter was at 535 nm. With the chlorophyll a 

concentration (measurement according 3.7) the Fluorescence signal per µg of Chlorophyll a 

could be calculated.  

The whole experiment was done in a 25 °C growth room. 
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4.9.2 CONFOCAL MICROSCOPY  

To image the YFP amount which was expressed, a DM6000 TM fluorescence confocal 

microscope (Leica Microsystem) was used. 20 µl of culture were put on glass slides and 

illuminated with an argon laser light source at 20 % power. The emission wavelength was set 

to 488 nm and 20 % power. The pictures were taken with a HCX PL Fluotar 40x objective. The 

wavelength of the two detectors were set (Table 2) and the bright field image was set to  

“Scan – BF”.  

Table 2: Detector Settings.  

Detector Wavelength [nm] 

PMT1 (GFP/YFP fluorescence)  525 – 570  

PMT2 (Chlorophyll auto fluorescence) 645 – 705  

 

The objective was adjusted to a maximum signal of PMT2 to be sure to be in the mid layer of 

the cell. This procedure was done for every sample to make them comparable. The sensitivity 

of the detectors was set to a level, where no saturation was reached.   
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PcpeC-YFP  

 

 

PcpeC-SLR1192-YFP 

PcpeC-HydA1-YFP 

 

 

PcpeC-DXS-YFP 

 

 

PcpeC-FBP-YFP 

 

 

5 RESULTS  

 

5.1 Transformation of Escherichia coli 

After transformation of E. coli DH5α with pSAW with the 5 different constructs under PcpeC 

(Figure 14), see also 4.3.1., the strains were cultivated and the plasmids were extracted. The 

sequencing results of the plasmids showed that all 5 constructs were correct. The plasmids 

were purified and transformed into the wild type of N. puntiforme. 

 

Figure 14: Successful Transformants into E.coli. . 5 different constructs (PcpeC-YFP,  
PcpeC-SLR1192-YFP, PcpeC-HydA1-YFP, PcpeC-DXS-YFP, PcpeC-FBP-YFP) were successful transformed 
into E. coli. 

 

5.2 Transformation of Nostoc punctiforme  

The transformation into N. punctiforme led to colonies for three of the five constructs with 

PcpeC (Figure 14). The constructs with fbp, dxs and without any GOI showed positive results, 

whereas the constructs with hydA1 and slr1192 did not show any colonies. The transformation 

was repeated several times without detection of any positive colonies. The three successful 

transformations (control, fbp and dxs) were checked for the inserted fragment via polymerase 

chain reaction (PCR) and gel electrophoresis. 
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PcpeC-GFP 

 

 

PcpeC-DXS-YFP 

 

 

PcpeC-FBP-YFP 

 

 

During the fluorescence measurements, we noticed that the construct PcpeC-YFP did not 

show any fluorescence signals. Therefore, only the strains PcpeC-DXS-YFP and  

PcpeC-FBP-YFP were used. Additionally, an available strain PcpeC-GFP in pAW in N. puntiforme 

(Figure 15), which was created by Marcel Llavero Pasquina was used for the fluorescence 

measurements to answer the questions in 3.1. (Figure 15) [29].  

 

Figure 15: Successful Transformants of Nostoc punctiforme ATCC 29133. Two different constructs 
(PcpeC-DXS-YFP and PcpeC-FBP-YFP) were successfully inserted into pSAW and transformed into  
N. punctiforme ATCC 29133. Third construct was available from former experiments in pAW (same 
vector as pSAW, only difference is that it contains a GFP instead of YFP) in N. puntiforme ATCC 29133. 

 

5.3 Fluorescence measurements 

To study the effect of different light intensities on the expression level of PcpeC in N. 

punctiforme the fluorescence signals of the fluorescence proteins GFP of PcpeC-GFP, and YFP 

of PcpeC-DXS-YFP and PcpeC-FBP-YFP in N. punctiforme were measured after 0, 24 and 48 h 

in cells cultivated under four different light conditions. The strains were treated without any 

green light under 15 µmol photons·m-2·s-1 red light (A), with 1.5 µmol photons·m-2·s-1 green 

light (B), with 7.5 µmol photons·m-2·s-1 green light (C) and with 15 µmol photons·m-2·s-1 green 

light (D) (Figure 16).  
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5.3.1 FLUORESCENCE MEASUREMENT OF PcpeC-GFP 

The fluorescence results of the treatment (treatments shown in 5.3) under red light (Figure 

16A) show that there is no significant increase in fluorescence after 24 and 48 h. For all three 

treatments with green light, there is already a significant increase in fluorescence after 24 h 

and a further increase until 48 h. Under 1.5 µmol photons·m-2·s-1 green light (Figure 16B) the 

fluorescence after 24 and 48 h is smaller compared to the treatments under higher green light 

intensities (Figure 16 C and D). Under higher green light intensities the strain shows a similar 

fluorescence signal at 24 h, but after 48 h the treatment with 15 µmol photons·m-2·s-1 green 

light leads to a 1.5 times higher fluorescence signal as compared to the treatment with  

7.5 µmol photons·m-2·s-1 green light after 48 h. 

Furthermore, it is visible that the increase of fluorescence over time at different green light 

intensities is not linear.  

 

Figure 16: Fluorescence signal of PcpeC-GFP under different light conditions. PcpeC-GFP in pAW 
transformed into N. punctiforme ATCC 29133 was tested under repressing conditions with  
15 µmol photons·m-2·s-1red light (A), under 1.5 µmol photons·m -2·s-1 green light (B), under  
7.5 µmol photons·m -2·s-1 green light (C), under 15 µmol photons·m -2·s-1 green light (D). The 
fluorescence signal was determined as Signal per µg Chlorophyll.  
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5.3.2 FLUORESCENCE MEASUREMENT OF PcpeC-DXS-YFP 

The fluorescence results of the treatment (treatments shown in 5.3) of PcpeC-DXS-YFP under 

red light (Figure 17A) show that there is no significant increase in fluorescence after 24 and  

48 h. The three treatments with different green light conditions show a significant increase 

after 24 h and a further increase after 48 h. The fluorescence increase of the strain under 

treatment with 1.5 µmol photons·m-2·s-1 green light (Figure 17B) shows a linear increase over 

time, whereas the slopes at treatment with higher green light intensities (Figure 17 C and D) 

seem to have a higher slope between 24 and 48 h. The fluorescence signals increase with 

increasing green light intensities (D>C>B). 

 

Figure 17: Fluorescence signal of PcpeC-DXS-YFP under different light conditions. PcpeC-DXS-YFP in 
pSAW transformed into N. punctiforme ATCC 29133 was tested under repressing conditions with 
15 µmol photons·m -2·s-1 red light (A), under 1.5 µmol photons·m -2·s-1 green light (B), under 
7.5 µmol photons·m -2·s-1 green light (C), under 15 µmol photons·m -2·s-1 green light (D). The 
fluorescence signal was determined as Signal per µg Chlorophyll.  
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5.3.3 FLUORESCENCE MEASUREMENT OF PcpeC-FBP-YFP 

The fluorescence results of the treatment (treatments shown in 5.3) under red light (Figure 

18A) show that there is no significant increase in fluorescence after 24 and 48 h. The three 

treatments with different green light conditions show a significant increase after 24 h and a 

further increase after 48 h. The fluorescence increase of the strain under treatment with  

7.5 µmol photons·m-2·s-1 green light (Figure 18C) shows a linear increase over time, whereas 

the slopes at treatment with 1.5 and 15 µmol photons·m-2·s-1 green light (Figure 18 B and D) 

seem to have a higher gradient between 24 and 48 h. The fluorescence signals increase with 

increasing green light intensities (D>C>B). 

 

Figure 18: Fluorescence signal of PcpeC-FBP-YFP under different light conditions. PcpeC-FBP-YFP in 
pSAW transformed into N. punctiforme ATCC 29133 was tested under repressing conditions with  
15 µmol photons·m -2·s-1 red light (A), under 1.5 µmol photons·m -2·s-1 green light (B), under  
7.5 µmol photons·m -2·s-1 green light (C), under 15 µmol photons·m -2·s-1 green light (D). The 
fluorescence signal was determined as Signal per µg Chlorophyll.  
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5.3.4 COMPARISON OF THE EXPRESSION OF THE DIFFERENT  
GOI-YFP CONSTRUCTS 

 

Figure 19: Comparison of fluorescence increase of PcpeC-GFP, PcpeC-DXS-YFP and PcpeC-FBP-YFP 
in N. punctiforme ATCC 29133 under different light conditions. PcpeC-GFP, PcpeC-DXS-YFP and 
PcpeC-FBP-YFP in pSAW transformed into N. punctiforme ATCC 29133 were tested under repressing 
conditions with 15 µmol photons·m -2·s-1 red light (A), under 1.5 µmol photons·m-2·s-1 green light (B), 
under 7.5 µmol photons·m -2·s-1 green light (C), under 15 µmol photons·m -2·s-1 green light (D). The 
fluorescence signal was determined as Signal per µg Chlorophyll.  

The light intensity dependent fluorescence signals of the three different constructs show 

similar patterns (Figure 19). Under 15 µmol photons·m-2·s-1 of red light (Figure 19A) they do 

not show a significant increase in fluorescence after 24 and 48 h. 

In contrast after induction with 1.5 µmol photons·m-2·s-1 green light (Figure 19B), they show 

significant increase of fluorescence signal already after 24 h although PcpeC-FBP-YFP shows 

less increase than PcpeC-GFP and PcpeC-DXS-YFP which show similar values. After 48 h the 

difference is clearly visible with high fluorescence values for PcpeC-GFP and PcpeC- DXS-YFP.  

After induction with 7.5 µmol photons·m-2·s-1 green light (Figure 19C) the strains show similar 

patterns as during the treatment with lower green light intensity, although they show a 

steeper increase of the fluorescence signal between 24 and 48 h. PcpeC-FBP-YFP remains 
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linear over time. All three strains show higher fluorescence signals for 24 and 48 h compared 

to induction with 1.5 µmol photons·m-2·s-1 green light. 

For induction with 15 µmol photons·m-2·s-1 green light (Figure 19D) the increase in 

fluorescence signal shows the same pattern as with 7.5 µmol photons·m-2·s-1 green light. It is 

also visible that the fluorescence signals are higher compared to the induction with lower 

green light intensities. 

5.3.5 FLUORESCENCE SIGNAL UNDER DIFFERENT LIGHT INTENSITIES 

 

Figure 20: Fluorescence signal compared to the green light intensity. The fluorescence signals of 
PcpeC-GFP, PcpeC-DXS-YFP and PcpeC-FBP-YFP in N. punctiforme  ATCC 29133 are compared with 
their inducing light intensities after 24 h (left) and 48 h (right) . 

The results of the fluorescence signals of PcpeC-GFP, PcpeC-DXS-YFP, PcpeC-FBP-YFP against 

their different light intensity treatments are shown in Figure 20. It is clearly visible that in both 

cases (24 and 48 h) the fluorescence signal increases for all three strains at higher light 

intensities. The fluorescence signal under higher green light intensity raises to a fourfold signal 

as compared to under low green light. The fluorescence signal of PcpeC-FBP-YFP shows lower 

absolute increase compared to the other two strains at both time points. Its graph shows a 

nearly linear course, whereas the fluorescence signals of PcpeC-GFP and PcpeC-DXS-YFP have 

a steep increase at lower intensities and gets flatter at higher intensities. 
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5.4 Determination of relative codon usage  

To analyze the effect of codon usage of dxs and fbp the relative frequency a codon was used 

to produce its amino acid was determined and compared with the codon bias of Kazusa DNA 

Research Institute [30] for N. punctiforme. In Figure 21 the result of this comparison is shown. 

The codon usage of dxs shows a distribution around 1, whereas the codon usage of fbp more 

often uses codons, which are less common in N. punctiforme, shown by the codons with a 

frequency greater than 1.  

 

Figure 21: Determination of relative codon usage. The diagram shows the relative use of codons. 
Codons which are used around a frequency of 1 show a good match to the codon usage of  
N. punctiforme ATCC 29133 and therefore, should not slow down the speed of translation, because 
the availability of tRNA. 
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5.5 Growth measurement 

To study the effect of different light intensities on the growth of the three strain of N. 

punctiforme (PcpeC-GFP; PcpeC-DXS-YFP; PcpeC-FBP-YFP), the chlorophyll a content was 

measured after 0, 24 and 48 h during the treatment with four different light conditions. 

The strains were treated without any green light under 15 µmol photons·m-2·s-1 red light (A), 

with 1.5 µmol photons·m-2·s-1 green light (B), with 7.5 µmol photons·m-2·s-1 green light (C) and 

with 15 µmol photons·m-2·s-1 green light (D). The concentration at 0 h was set to 1 µg 

chlorophyll a·ml-1. 

5.5.1 GROWTH CURVE OF THE STRAIN PcpeC-GFP 

PcpeC-GFP shows significant growth under treatment (treatments shown in 5.5) with red light 

(Figure 22A) after 48 h, although there is no growth after 24 h. The strain treated with  

1.5 µmol photons·m-2·s-1 green light and 7.5 µmol photons·m-2·s-1 green light (Figure 22, B and 

C) do not show any significant growth after 48 h.  Under 15 µmol photons·m-2·s-1 green light 

(Figure 22D) there is a small increase in culture density to about 1.3 µg·ml-1, although there is 

a higher density at 24 h, which could be seen as a dying of the cells between 24 and 48 h. 

  

Figure 22: Growth of PcpeC-GFP. PcpeC-GFP in pSAW transformed into Nostoc punctiforme  ATCC 
29133 was treated with different µmol photons·m -2·s-1 of green light (0/1.5/7.5/15) and the 
chlorophyll content was measured at 0h (blue), 24h (orange) and 48h (grey). The chlorophyll 
concentration at time point 0h was set to 1 µg·ml-1 culture. 
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5.5.2 GROWTH CURVE OF THE STRAIN PcpeC-DXS-YFP 

Under red light (treatments shown in 5.5)  PcpeC-DXS-YFP (Figure23A) shows growth after  

24 h and a further increase after 48 h to about 1.7 . At 1.5 µmol photons·m-2·s-1 green light and 

7.5 µmol photons·m-2·s-1 green light (Figure 23 B and C) the strains seem to decrease cell 

density after 24 h and stay constant the second half of the observation period.  

Under 15 µmol photons·m-2·s-1 green light (Figure 23D) there is an increase in cell density after 

24 h but a lower density at the end of the observation period. 

 

Figure 23: Growth of PcpeC-DXS-YFP. PcpeC-DXS-YFP in pSAW transformed into Nostoc punctiforme  
ATCC 29133was treated with under different µmol photons·m-2·s-1 of green light (0/1.5/7.5/15) and 
the chlorophyll content was measured at 0h, 24h and 48h. The chlorophyll concentration at time 
point 0h was set to 1 µg·ml-1 culture. 
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5.5.3 GROWTH CURVE OF THE STRAIN PcpeC-FBP-YFP 

The growth of PcpeC-FBP-YFP under red light (Figure 24A) shows a clear growth already after 

24 h, which then increases to three times the amount of 0 h at 48 h. At low green light 

conditions (Figure 24B) the strain does not grow after 24 or 48 h. At 7.5 µmol photons·m-2·s-1 

green light (Figure 24C), the strain shows slightly increased chlorophyll content after 24 and 

48 h, whereas at 15 µmol photons·m-2·s-1 green light (Figure 24D) the chlorophyll a content 

does not increase after 24 h although it raised to 1.5-fold in the first 24 h.  

 

Figure 24: Growth of PcpeC-FBP-YFP. PcpeC-FBP-YFP in pSAW transformed into Nostoc punctiforme  
ATCC 29133was treated with under different µmol photons·m -2·s-1 of green light (0/1.5/7.5/15) and 
the chlorophyll content was measured at 0h, 24h  and 48h. The chlorophyll concentration at time 
point 0h was set to 1 µg·ml-1 culture. 
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5.5.4 COMPARISON OF GROWTH UNDER THE SAME LIGHT CONDITIONS  

There are two different growth patterns of PcpeC-GFP, PcpeC-DXS-YFP and PcpeC-FBP-YFP. If 

the cultures are treated without green light and 15 µmol photons·m-2·s-1red light (Figure 25A), 

there is a significant growth during the 48 h of the analysis (Figure 25A). The chlorophyll a 

content of PcpeC-FBP-YFP is nearly double the amount as PcpeC-DXS-YFP. When the cultures 

are treated with 15 µmol photons·m-2·s-1 green light (Figure 25B) they show nearly no growth 

between 24 and 48 h, although the measurements at 24 h would lead to the conclusion that 

there is slow growth of the strains.  

 

Figure 25: Growth of Nostoc punctiforme ATCC 29133 with three different plasmids under different 
light conditions. The diagram shows the growth patterns of PcpeC-GFP, PcpeC-DXS-YFP and  
PcpeC-FBP-YFP under red light (A) and under green light (B) after 0 h (blue), 24 h (red) and 48 h 
(green). 

 

5.6 Confocal microscopy  

To observe the uniform expression of the genes in N. punctiforme the fluorescence from the 

three different constructs, PcpeC-GFP, PcpeC-DXS-YFP and PcpeC-FBP-YFP, were observed 

under the confocal microscope for 48 h. To have comparable results, the fluorescence from 

one specific filament was observed over the time of the experiment. All three strains showed 

growth on the agarose plates, which led to breakage of the filament of PcpeC-GFP and PcpeC-

FBP-YFP. 
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5.6.1 CONFOCAL MICROSCOPY OF PCPEC-GFP OVER 48H 
The construct PcpeC-GFP shows a uniform fluorescence signal throughout the whole filament 
(Figure 26). A steady increase of the fluorescence signal was clearly visible for the whole 48 h.  

 

 

 

 

 

Figure 26: Investigation of fluorescence increase under confocal microscope of PcpeC-GFP in Nostoc 
punctiforme ATCC 29133. The protein expression of PcpeC-GFP in pAW in N. punctiforme  ATCC 29133 
over 48 h is shown by the fluorescence increase under the confocal microscope. For  illustration the 
same filament was analyzed every two h for 24 h and an additional picture after 48 h. 
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5.6.2 CONFOCAL MICROSCOPY OF PCPEC-DXS-YFP OVER 48H 
The construct PcpeC-DXS-YFP shows a uniform fluorescence signal throughout the whole 
filament (Figure 27). A steady increase of the fluorescence signal was clearly visible for the 
whole 48 h.  

 

 

 

 

 
Figure27: Investigation of fluorescence increase under confocal microscope of P cpeC-DXS-YFP in 
Nostoc punctiforme  ATCC 29133. The protein expression of PcpeC-DXS-YFP in pSAW in N. 
punctiforme ATCC 29133 over 48 h is shown by the fluorescence increase under the confocal 
microscope. For illustration the same filament was analyzed for every two h for 24 h and an 
additional picture after 48 h. 
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5.6.3 CONFOCAL MICROSCOPY OF PCPEC-FBP-YFP OVER 48H 
The construct PcpeC-FBP-YFP shows a uniform fluorescence signal throughout the whole 
filament (Figure 28). A steady increase of the fluorescence signal was clearly visible for the 
whole 48 h.  

 

 

 

 

 
Figure 28: Investigation of fluorescence increase under confocal microscope of P cpeC-FBP-YFP in 
Nostoc punctiforme ATCC 29133. The protein expression of PcpeC-FBP-YFP in pSAW in N. punctiforme  
ATCC 29133 over 48 h is shown by the fluorescence increase under the confocal microscope. For 
illustration the same filament was analyzed for every two h for 24 h and an additional picture after 
48 h. 

0h 2h 4h 

6h 8h 10h 

12h 14h 16h 

18h 20h 22h 

24h 48h 



Discussion 

 

  - 45 - 

6 DISCUSSION  

 

6.1  Selected Cyanobacteria 

The reason why N. puntiforme ATCC 29133 and not a well-studied filamentous 

cyanobacterium like Anabaena sp. PCC 7120  was chosen for this project is the increased 

potential of N. punctiforme as a H2 producing platform [31]. H2 which is produced during 

nitrogen fixation in heterocystous cyanobacteria is reused by the cell due to reoxidation of H2 

by an uptake hydrogenase. The reducing power can then be used for N2 fixation by the 

nitrogenase complex [31].  

In N. punctiforme there is just one known uptake hydrogenase (HupSL), which could be 

knocked out and lead to molecular hydrogen production [31]. Furthermore, there are 

attempts to insert a heterologous hydrogenase of Chlamydomonas reinhardtii (HydA1) into 

the heterocysts of N. punctiforme to potentially increase the net hydrogen production [32].  

 

6.2 Expression level of different genes under PcpeC in Nostoc 
punctiforme  

To answer the question if the expression level of a gene of interest under the promoter of 

cpeC depends on the gene which is expressed, it is visible that there is a significant difference 

between the fluorescent signals of the YFP-fusion protein with the DXS-gene and the FBP-gene 

(Figure 19). The ratio ‘fluorescence signal of PcpeC-DXS-YFP to fluorescence signal of PcpeC-

FBP-YFP’ varies from 2.5 (at 1.5 µmol photons·m-2·s-1) to 3.9 (at 15 µmol photons·m-2·s-1) after 

48 h. This is a surprising result taking into account that the DXS-gene (1920 bp) is nearly double 

the length of the FBP-gene (1035 bp). Usually we would assume that with the same amount 

of mRNA a longer gene would lead to lower protein expression due to higher probability of 

the ribosome to drop off and thereby stop the translation [33]. Beside the possibility of a 

different mRNA structure, which would lead to different binding probabilities for the 

ribosomes, there is also the possibility of translation difference because of antisense RNA [34] 

or different codon bias [35].  
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Both genes were taken from Synechocystis sp. PCC 6803 and are therefore based on the codon 

bias of another organism. Although they are both cyanobacteria the codon usage shows that 

there are differences (Figure 21).  

It seems that the sequence of dxs of Synechocystis sp PCC 6803 is more compatible with the 

codon bias of N. punctiforme, because most of the codons reach a value around 1, which 

indicates a perfect relative amount of this codon for N. punctiforme.  However, the codons of 

fbp of Synechocystis sp PC 6803 show a different distribution, where it is more likely that a 

codon is used more often compared to the codon bias of N. punctiforme (frequency > 1). 

A frequency above 1 indicates a codon which is rarely used in the normal codon bias of N. 

punctiforme compared to the rate of the codon in the gene fbp of  

Synechocystis sp PC 6803. The usage of the rare codons could be part of the explanation for 

the lower expression level of the FBP-YFP-protein. Through the low accessibility of the right 

tRNA for the high frequent codons, the translation is slowed down [35]. Whereas the 

comparison of codons which were used in these two genes and usually do not appear in N. 

punctiforme show that in dxs there are more not occurring codons, which should compensate 

the effect explained above.  

Therefore, for future studies it is better to codon optimize the sequence of a heterologous 

gene to ensure that there is no difference on expression level because of translation speed 

[35].  

To ensure that the difference in fluorescence is due to different ribosome binding probabilities 

it is also necessary to do an analysis of the mRNA level from each construct. With semi-

quantitative RT-PCR or RT-qPCR the mRNA concentrations can be compared between the two 

different strains. This analysis was started within this project, but did not lead to reasonable 

results until the end of the project. Furthermore, it is necessary to investigate the PcpeC 

activity of a higher number of genes, to ensure that this effect is not due to the effect of the 

protein, encoded by the tested genes, on the metabolism of the cell which may directs the 

metabolic flux into a different direction as shown by Englund et al. (2016) for the 

overexpression of dxs in Synechocystis sp. PCC 6803 [36].  

The fluorescence signals of the three different strains tested during this master thesis show 

similar expression patterns. The expression of PcpeC-GFP, PcpeC-DXS-YFP and PcpeC-FBP-YFP 
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can be completely repressed under 15 µmol photons·m-2·s-1 of red light in all three cases 

(Figure 19). This is shown by the fact that the intensity of the fluorescence signal does not 

change significantly after 24 and 48 h. The different starting fluorescence signals are because 

of different delay time in white light during culture preparation for the experiment.  

The expression pattern under 7.5 and 15 µmol photons·m-2·s-1 green light differ from the 

pattern under 1.5 µmol photons·m-2·s-1. The fluorescence increase between 24 and 48 h is 

bigger than between 0 and 24 h and therefore not linear any more over the whole 48 h. This 

increase could be explained by the assumption that the adaption of cyanobacteria to the new 

green light conditions takes some time after the phycobilisomes have been adapted to the 15 

µmol photons·m-2·s-1 red light during the cultivation. In the presence of green light, the cells 

have to change their phycobilisome composition to a high part of PE. The adaption is a 

complex process, where DNA has to be transcribed first before they are translated into 

proteins and correctly folded and integrated into the phycobilisomes. Until this adaption is 

reached not the whole energy of the green light can be used and the metabolism is slowed 

down. Bittencourt-Oliveira et al. (2012) already showed that metabolism of cyanobacteria is 

dependent on the light intensity [37].  

Another reason can be that not only the cell needs time to adapt, but also the initiation of the 

transcription of DNA and the translation of mRNA is a time consuming step.  

To compare the expression levels of PcpeC-GFP with the other two constructs with YFP a 

quantitative comparison of fluorescence signals of GFP and YFP was performed. There was no 

literature found on the excitation and emission probability of the two different fluorescence 

proteins. Although YFP is derived from GFP and the difference in the amino acid sequence is 

small, there would be some uncertainties in the assumption that they both would lead to the 

same fluorescence intensity. It would be necessary to produce two strains, one with GFP and 

one with YFP, which produce the same amount of fluorescence protein. With the comparison 

of these fluorescence signals it would be possible to calculate a ratio of the fluorescence 

signals of GFP and YFP. The PcpeC-GFP strain is more relevant for the second question, if the 

expression level can be regulated by different light intensities. 
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6.3 Regulation of PcpeC by different light intensities 

The results of the fluorescence signal of PcpeC-GFP, PcpeC-DXS-YPF and PcpeC-FBP-YFP (Figure 

20) show clearly that it is possible to regulate the expression level with different intensities of 

green light. In all cases, after 24 h and 48 h, it is clearly visible that there is an increase in 

fluorescence signal for all three strains at higher light intensities compared to lower light 

intensities, which indicates a higher protein amount expressed under higher intensity of green 

light. 

The flattening of the increase in fluorescence signals at higher green light intensities after  

24 h could be explained by the time of the adaption of the phycobilisomes to the light 

conditions. My results indicate that the adaption time, until the cells are completely adapted 

to the 15 µmol photons·m-2·s-1 green light, takes a relative big part of the induction time of 24 

h. One possible explanation of the low fluorescence signal at 15 µmol photons·m-2·s-1 green 

light could be that the cells cannot use the complete energy of the light from the beginning, 

because their phycobilisomes are not able to harvest the complete energy delivered by light. 

In contrast the energy of the 1.5 µmol photons·m-2·s-1 green light is nearly completely 

absorbed over the whole 24 h. The time point until all of the light is absorbed µmol photons·m-

2·s-1 green light can be absorbed should be reached earlier at 1.5 µmol photons·m-2·s-1. This 

would include that at 48 h the adaption period’s part of the 48 h is half of the part at 24 h and 

so the cells are longer able to use all of the energy of the 15 µmol photons·m-2·s-1 green light. 

Therefore, the three strains show a more linear behavior after 48 h than after 

24 h. 

 Additionally, the protein expression might also be a limiting factor, because it not only takes 

the cell time until it is able to use all the energy of the light, but it also take some time before 

the expression is on its maximum level. If the fluorescence signals at 24 and 48 h are compared 

it is visible that the fluorescence signals at 48 h is about 5 times higher than the signal at 24 h 

which indicates that there is a long period where the expression is not on its maximum level. 

Out of these results it is not possible to say if the promoter reached its maximum expression 

level after 48 h. To answer this question, further measurements at higher light intensities are 

needed. With the result of higher light intensities, it would also be possible to identify the 
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limitations of the induction of PcpeC by green light. At higher light intensities, the degradation 

of chlorophyll also needs to be analyzed [38].  

Nonetheless with the results at 48 h it is visible that it is possible to regulate the protein 

expression under PcpeC with different green light intensities.  

 

6.4 Growth under different Light conditions 

There are two different growth patterns of PcpeC-GFP, PcpeC-DXS-YFP and PcpeC-FBP-YFP. If 

the cultures are treated without green light and only red light, which was used during 

cultivation before the experiment, there is a significant growth during the 48 h’s period of the 

analysis visible (Figure 25; A) although there is not always an obvious growth after 24 h. When 

the cultures are treated with different intensities of green light (Figure 25; B), there is no 

significant difference between 24 and 48 h. The difference between 0 h and 24 h might be due 

to the unequal distribution of the biomass within the media, because of agglomerations of the 

cells. Before the dilution to 1 µg chlorophyll a·ml-1 of culture, the chlorophyll of a 20 ml culture 

was measured three times, and always some agglomerations of cells was seen. With the 

determined values of the 20 ml culture, the 5 ml cultures for the fluorescence measurement 

were prepared by diluting the culture to a chlorophyll a content of 1 µg·ml-1. These cultures 

were then homogenized with a syringe and a sterile needle to get a good cell homogenization 

for the 24 h and the 48 h measurements. 

The growth patterns could be explained by the composition of the phycobilisomes. In the 

presence of red light, the phycobilisomes are already adapted to the light conditions due to 

the cultivation under red light. The cells are able to absorb the red light (620 nm) due to their 

high PC content in the phycobilisomes and therefore these cell could keep the same growth 

rate as from the cultivation phase. 

It is also visible that the PcpeC-FBP construct shows higher growth than the PcpeC-DXS 

construct under repressing conditions, although there should be no protein expressed and 

therefore, no effect visible. The difference in growth might be due to small protein amounts 

which are expressed during the preparation phase of the cultures, although the amount of 

expressed protein should be low, because of the short preparation time.  
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6.5 Growth on agar plates (Confocal microscopy)  

The confocal pictures, which were taken of the same filament of one of the three N. 

punctiforme strains for 48 h, show that there is a homogenous expression throughout the 

whole filament. Some filaments seem to show more fluorescence than others, but this is 

reasoned by the growth of the filaments as it is not possible to get the whole filament into 

one focal plane. After 48 h, the filaments on agarose plates show a significant growth under 

green light. This is in contrast to the observation of the strains under green light in liquid 

culture. There are at least two possible explanations for this. On the one hand chlorophyll is 

light sensitive and therefore, it might be degraded under higher green light intensities, which 

would lead to conclusion that the chlorophyll amount is not a good strategy to determine 

biomass at higher light intensities.  

On the other hand, N. punctiforme is known to survive under completely dark heterotrophic 

conditions by converting sucrose, glucose or fructose. This leads to the assumption that N. 

punctiforme maybe is also able to convert galactose out of the agarose of the plates and use 

it for growth. 
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7 CONCLUSION  

 

With the results discussed above it is possible to partly answer the two questions (1) is the 

expression level of a gene under the light inducible PcpeC in N. punctiforme ATCC 29133 

dependent on the expressed gene and (2) is the expression level is regulated by different light 

intensities. 

It was possible to express different genes under PcpeC in N. punctiforme. All three strains 

containing the different PcpeC – GOI – YFP constructs show clear light regulation properties 

on different light conditions, although it seems that the protein expression needs time to 

reach its maximum level. Despite the different expression levels of the different constructs, it 

is not clear if these expression levels derive from different secondary structures of the mRNA 

and therefore, from the ribosome binding capability. To ensure that the difference seen is due 

to different translation rates and not because of a difference in transcript levels the mRNA 

amounts need to be compared to a reference gene (for example 16S rRNA). To check the 

mRNA amount it is necessary to transform the already available constructs in E. coli, made in 

this project, into N. punctiforme and compare the mRNA levels of these five constructs to find 

out if there are any differences. 

It is also necessary to find out the effect of the five different enzymes on the cells by 

overexpressing them in N. punctiforme.  

In another approach, the promoter strength should be analyzed. This could be achieved by 

transforming the constructs of this thesis under another, well known promoter into N. 

punctiforme and comparing the fluorescence signal with the results of this thesis.  

The second question about the possibility to regulate the promoter by different light 

intensities is answered clearly. It is possible to regulate the gene expression of PcpeC by 

different green light intensities. 

I conclude that PcpeC therefore can become a useful tool for controlled gene expression in 

further approaches (for example biofuel production) in N. puntiforme due to its ability to 

repress protein expression completely under red light and its ability to regulate protein 
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expression by different green light intensities. Especially for toxic substrates the long time it 

takes, until the expression rate is on its maximum level, could be an additional advantage.  
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8 APPENDIX  

8.1 BG11  

Table 3:BG11 

Stock Components 1000x (g/L) 
Stock 1 K2HPO4 40 

Stock 2 MgSO4 + 7 H2O 75 

Stock 3 CaCl2 + 2 H2O 
Citric Acid 

36 
6.0 

Stock 4 Ferric ammonium citrate 
EDTA disodium salt 

6.0 
1.0 

Stock 5 Na2CO3 20 

Stock 6 H3BO3 
MnCl2 + 2 H2O 
ZnSO4 + 2 H2O 
Na2MoO4 
CuSO4 + 5 H2O 
Co (NO3)2 + 5 H2O 

2.86 
1.81 
0.222 
0.395 
0.0790 
0.0494 

 

8.2 Sequences 

PcpeC 

GTACATCATCTTCAACTAAGAGAATTCGCATACATTTTTTTTAACCCATACAACTTATGTTTAAAACTAT
CTGCGGACTCCCATTAAGAAAATATTGCAAAAAGTAACAATTTCTAGTTTTCGTTGCTTCTTTCCGATTT
CTTTACCATTTCCTGAGCGATTTCCTTACTTTTACTGTGTAATTTTCTATTCTATGTAGGTTTTTAATAAC
CTCCTTTAGACGTTCTAAAAGAACTCTATGTTTAGCCAGGGGATTTTTAGAAA 

 

PrbcL 

GTGCGATTTTTTATCTTTACGCTCATCACTCTGCTAAATCTATGTCAAGTAAATTCTTTTCTGGTATCTTT
TCCATCAACGGAGAAGATATAGGGAGTGTAAAGGCGGGAATGTGTGCCAGCCAGCCCAATCCCCTAA
ATATCCCGATTTGTAGGGGAATTATCTAAATGCTAACCGCAAAATGCGGGAGTTTTGGTGAAATTGAG
AAGGTTTAGTCGGGTGCGAAGAAGAGGTAAAAAAGAATTTTGACTCGTAAGAAGAGGAAACAGTAG
AAGCGCTAGGTCGTGTACCCCTAGAAGGGGATAACACTGGTGAGGAGGGCTACCACCGCTACCAAA
GTGTCCGCCGCAAAAAAACTGCTACCCTTTGGCAAAAACAATCCCTAACAAAAATTTTGCCCAATCTTC
TCCCCGATGAAGGGGGGAAAAATCGGGTGAGGGGAAGTTGCACAAAACGTGATTTGATAATTAATTA
AGAGTGATTTCAGGGAAGGATAAAAT 

 

slr1192 

ATGATTAAAGCCTACGCTGCCCTGGAAGCCAACGGAAAACTCCAACCCTTTGAATACGACCCCGGTGC
CCTGGGTGCTAATGAGGTGGAGATTGAGGTGCAGTATTGTGGGGTGTGCCACAGTGATTTGTCCATG
ATTAATAACGAATGGGGCATTTCCAATTACCCCCTAGTGCCGGGTCATGAGGTGGTGGGTACTGTGG
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CCGCCATGGGCGAAGGGGTGAACCATGTTGAGGTGGGGGATTTAGTGGGGCTGGGTTGGCATTCGG
GCTACTGCATGACCTGCCATAGTTGTTTATCTGGCTACCACAACCTTTGTGCCACGGCGGAATCGACC
ATTGTGGGCCACTACGGTGGCTTTGGCGATCGGGTTCGGGCCAAGGGAGTCAGCGTGGTGAAATTAC
CTAAAGGCATTGACCTAGCCAGTGCCGGGCCCCTTTTCTGTGGAGGAATTACCGTTTTCAGTCCTATG
GTGGAACTGAGTTTAAAGCCCACTGCAAAAGTGGCAGTGATCGGCATTGGGGGCTTGGGCCATTTAG
CGGTGCAATTTCTCCGGGCCTGGGGCTGTGAAGTGACTGCCTTTACCTCCAGTGCCAGGAAGCAAAC
GGAAGTGTTGGAATTGGGCGCTCACCACATACTAGATTCCACCAATCCAGAGGCGATCGCCAGTGCG
GAAGGCAAATTTGACTATATTATCTCCACTGTGAACCTGAAGCTTGACTGGAACTTATACATCAGCACC
CTGGCGCCCCAGGGACATTTCCACTTTGTTGGGGTGGTGTTGGAGCCTTTGGATCTAAATCTTTTTCCC
CTTTTGATGGGACAACGCTCCGTTTCTGCCTCCCCAGTGGGTAGTCCCGCCACCATTGCCACCATGTTG
GACTTTGCTGTGCGCCATGACATTAAACCCGTGGTGGAACAATTTAGCTTTGATCAGATCAACGAGGC
GATCGCCCATCTAGAAAGCGGCAAAGCCCATTATCGGGTAGTGCTCAGCCATAGTAAAAATTAG 

 

dxs 

ATGCACATCAGCGAACTGACCCACCCCAATGAGTTAAAGGGTTTATCTATCCGTGAGCTGGAGGAAGT
TTCCCGGCAAATCCGAGAAAAACATCTCCAAACTGTGGCCACCAGCGGCGGTCATCTGGGGCCTGGG
TTGGGAGTGGTGGAACTGACGGTGGCCCTATATTCCACTCTTGATTTAGACAAAGACCGGGTGATTTG
GGATGTGGGACACCAAGCCTATCCCCACAAAATGTTGACGGGACGTTACCATGATTTCCATACCCTGC
GGCAAAAAGATGGGGTGGCTGGTTACCTCAAACGCTCTGAAAGTCGTTTTGACCATTTTGGTGCTGG
GCACGCTTCCACAAGTATTTCCGCTGGTTTGGGCATGGCTTTAGCTCGAGATGCCAAGGGGGAAGATT
TTAAAGTAGTTTCCATCATTGGCGATGGTGCTTTAACCGGGGGCATGGCCTTGGAGGCAATCAACCAT
GCCGGGCATTTGCCCCATACCAGACTAATGGTGATTCTCAATGACAATGAGATGTCCATTTCCCCCAAC
GTGGGAGCCATTTCCCGTTATTTAAATAAAGTCCGCCTCAGCAGTCCGATGCAGTTTTTGACGGACAA
TCTGGAGGAACAGATCAAACACTTGCCCTTTGTGGGGGATTCCCTCACCCCGGAGATGGAAAGGGTC
AAGGAGGGAATGAAACGTCTTGTTGTCCCCAAAGTGGGAGCGGTGATTGAAGAACTAGGATTTAAAT
ATTTTGGTCCCATTGACGGTCATAGTTTACAGGAATTAATCGATACCTTTAAACAAGCGGAAAAAGTG
CCTGGTCCGGTGTTTGTCCATGTTTCCACCACCAAGGGCAAGGGTTATGACTTAGCCGAAAAGGATCA
AGTAGGCTACCACGCCCAAAGTCCTTTCAACCTTTCCACCGGTAAGGCCTATCCTTCTAGTAAGCCGAA
ACCCCCCAGCTATTCCAAGGTTTTTGCCCATACGTTGACTACCCTGGCCAAGGAAAATCCCAACATTGT
CGGTATCACGGCTGCTATGGCGACGGGGACAGGGCTAGATAAACTCCAGGCCAAGCTACCCAAGCA
GTATGTGGACGTGGGCATTGCGGAACAACACGCAGTTACTTTGGCGGCGGGCATGGCCTGCGAGGG
CATTCGTCCAGTGGTGGCCATCTATTCCACCTTTTTGCAACGGGGTTACGACCAGATTATCCATGACGT
TTGTATTCAAAAATTACCCGTATTTTTCTGCCTAGACCGGGCGGGCATTGTGGGGGCGGATGGGCCCA
CCCACCAAGGGATGTATGACATTGCCTATCTCCGTTGCATTCCCAATCTGGTGCTGATGGCTCCCAAG
GATGAAGCAGAGTTACAACAAATGCTGGTTACTGGGGTTAACTACACCGGTGGGGCGATCGCCATGC
GTTATCCCCGGGGTAATGGCATCGGGGTGCCCCTGATGGAGGAAGGTTGGGAACCGCTGGAAATTG
GTAAAGCTGAAATTCTCCGGTCGGGGGATGATGTGCTTCTGTTGGGCTACGGCTCCATGGTCTATCCC
GCTCTGCAAACAGCGGAATTACTCCACGAACACGGCATCGAAGCAACGGTGGTTAATGCCCGCTTTGT
TAAACCACTAGATACGGAATTAATTTTGCCCTTGGCCGAGCGCATCGGCAAAGTGGTGACCATGGAA
GAAGGTTGCCTCATGGGGGGCTTTGGCTCAGCAGTGGCGGAGGCCCTGATGGATAACAACGTGTTG
GTGCCCTTGAAACGTTTAGGGGTGCCCGACATACTTGTGGACCATGCCACTCCGGAACAATCCACCGT
TGACCTTGGTTTAACCCCAGCCCAGATGGCGCAGAATATTATGGCTTCACTGTTCAAAACTGAAACTG
AATCAGTTGTCGCTCCTGGAGTTAGT 
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fbp 

ATGGACAGCACCCTCGGTTTAGAAATTATTGAAGTCGTAGAACAAGCGGCGATCGCCTCGGCAAAAT
GGATGGGCAAAGGTGAAAAAAACACCGCTGACCAAGTAGCCGTAGAAGCCATGCGGGAACGGATGA
ATAAAATCCACATGCGGGGCCGCATCGTCATTGGCGAGGGGGAAAGGGATGATGCACCCATGCTCTA
CATCGGCGAAGAAGTAGGCATTTGCACCAGAGAAGATGCCAAATCCTTCTGCAATCCCGACGAATTG
GTAGAAATTGACATTGCTGTTGACCCCTGTGAAGGTACCAACCTAGTAGCCTATGGTCAAAACGGTTC
CATGGCCGTGTTGGCAATTTCTGAAAAAGGTGGTTTGTTTGCCGCTCCCGACTTCTACATGAAAAAACT
GGCGGCTCCCCCAGCGGCCAAAGGTCATGTGGACATCGACAAATCGGCCACCGAAAACCTGAAAATC
CTCTCCGATTGCCTCAACCGCAGCATTGAAGAATTGGTGGTAGTGGTCATGGATCGTCCCCGCCACAA
AGAATTGATCCAAGAAATCCGCAATGCCGGTGCTCGGGTACGTCTAATCAGTGATGGAGACGTTTCC
GCCGCCATTTCCTGTGCTTTTTCCGGCACCAACATCCACGCTCTGATGGGCATCGGGGCTGCTCCTGA
AGGGGTAATTTCCGCTGCTGCCATGCGCTGTCTGGGGGGTCACTTCCAAGGTCAGTTAATCTACGATC
CCGAAGTGGTTAAAACCGGCCTAATCGGTGAAAGTCGGGAAGGCAACCTAGAGCGTCTCGCTTCCAT
GGGCATCAAAAATCCTGACCAGGTTTATAACTGCGAAGAATTGGCCTGTGGCGAAACCGTATTATTTG
CCGCCTGTGGTATCACCCCTGGCACTTTGATGGAAGGAGTCCGCTTCTTCCATGGTGGGGTACGGACC
CAAAGCTTGGTTATTTCTAGCCAGTCCAGCACCGCCCGCTTTGTAGACACTGTCCATATGAAGGAAAG
CCCCAAAGTAATCCAACTGCAT 

 

hydA1 

ATGGCTGCTCCTGCTGCTGAAGCTCCTTTAAGTCATGTACAACAAGCATTAGCAGAGTTAGCTAAACCT
AAAGATGATCCCACACGCAAGCACGTGTGCGTCCAAGTCGCTCCCGCAGTGCGAGTAGCTATCGCTG
AAACATTAGGTTTGGCTCCCGGAGCCACCACCCCTAAGCAATTAGCCGAAGGTTTACGTCGTCTCGGT
TTCGATGAAGTTTTTGATACCTTATTTGGTGCTGACCTCACTATCATGGAAGAAGGTTCTGAGTTATTA
CATCGATTGACCGAACATTTAGAAGCCCATCCCCATAGTGATGAACCTCTCCCCATGTTTACTTCCTGTT
GCCCCGGTTGGATCGCTATGCTCGAAAAATCTTATCCCGACCTCATTCCTTATGTAAGCTCTTGCAAAT
CTCCCCAAATGATGTTAGCCGCGATGGTTAAAAGCTATTTGGCCGAGAAGAAGGGCATTGCTCCCAAA
GACATGGTGATGGTCAGTATTATGCCCTGTACTCGCAAACAAAGTGAAGCTGATCGAGACTGGTTTTG
CGTTGATGCTGATCCCACTCTCCGCCAATTGGACCATGTAATCACTACCGTAGAACTCGGCAACATCTT
TAAAGAACGAGGTATCAATTTAGCAGAATTACCCGAGGGTGAATGGGATAATCCCATGGGAGTAGGT
AGTGGCGCCGGTGTCTTGTTTGGAACCACTGGAGGCGTCATGGAAGCTGCTTTACGAACAGCTTATG
AACTCTTTACTGGAACCCCCTTACCCCGATTATCTTTATCCGAGGTCCGCGGCATGGATGGCATCAAAG
AAACAAATATTACTATGGTCCCTGCGCCTGGCTCCAAATTCGAAGAGTTACTCAAACATCGCGCGGCT
GCTCGAGCCGAAGCCGCCGCTCATGGCACTCCTGGCCCCCTCGCTTGGGATGGTGGAGCAGGCTTTA
CATCCGAAGATGGACGCGGCGGAATTACTTTGCGCGTCGCTGTGGCCAACGGCTTAGGTAATGCTAA
GAAATTGATCACCAAGATGCAAGCGGGTGAAGCCAAATACGATTTCGTCGAGATCATGGCATGTCCT
GCCGGTTGTGTTGGTGGTGGTGGTCAACCCCGAAGTACTGATAAAGCGATCACGCAAAAACGCCAAG
CAGCGTTATACAATTTAGACGAAAAATCTACGTTGCGTCGCAGTCATGAGAATCCCTCTATCCGAGAA
TTATATGACACTTATTTAGGAGAACCCTTAGGTCATAAAGCGCATGAACTCTTACATACTCATTACGTC
GGT 
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8.3 Primers 

Table 4: Primers. 

Name of 
Primer 

Sequence (5’ to 3’) Primer length 
(+Restriction site)  
(no. of nt.) 

Melting point 
[°C] 

PcpeC_fwd 
(Sal1) 

GTCGACGTACATCATCTTCAACTA
AGAGAATTCG 

28(+6) 63 

PcpeC_rev 
(Xho1) 

CTCGAGTTTCTAAAAATCCCCTGG
C 

19(+6) 60 

PcpeC_rev 
(OL_SLR1192) 

GGCTTTAATCATTTTCTAAAAATC
CCCTGGC 

19(+12) 60 

SLR1192_fwd 
(OL_PcpeC) 

GATTTTTAGAAAATGATTAAAGCC
TACGCTGC 

20(+12) 61 

SLR1192_rev 
(Xho1_Linke) 

CTCGAGACTTCCGCTACCCTAATT
TTTACTATGGCTGAGCACTAC 

27(+18) 61 

PcpeC_rev 
(OL_DXS) 

TGATGTGCATTTTCTAAAAATCCC
CTGGC 

19 (+10) 60 

DXS_fwd 
(OL_PcpeC) 

TTTTTAGAAAATGCACATCAGCGA
ACTGAC 

20(+10) 64 

DXS_rev 
(Xho1_Link) 

CTCGAGACTTCCGCTACCCTAACT
AACTCCAGGAGCGACAAC 

24(+18) 64 

PcpeC_rev 
(OL_FBP) 

CTTTGCCCATTTTCTAAAAATCCC
CTGGC 

19(+10) 60 

FBP_fwd 
(OL_PcpeC) 

TTTTTAGAAAATGGGCAAAGGTG
AAAAAAAC 

21(+10) 64 

FBP_rev 
(Xho1_Link) 

CTCGAGACTTCCGCTACCTTAATG
CAGTTGGATTACTTTGGG 

24(+18) 65 

PcpeC_rev 
(OL_HydA1) 

GAGCAGCCATTTTCTAAAAATCCC
CTGGC 

19(+10) 60 

Hyda1_fwd 
(OL_PcpeC) 

TTTTTAGAAAATGGCTGCTCCTGC
TGCTG 

19 69 

Hyda1_rev 
(Xho1_Link) 

CTCGAGACTTCCGCTACCACCGAC
GTAATGAGTATGTAAGAGTTCAT
G 

30 67 

    

PrbcL_fwd 
(Sal1) 

GTCGACGTGCGATTTTTTATCTTT
ACGC 

22(+6) 61 

PrbcL_rev 
(Xho1) 

CTCGAGATTTTATCCTTCCCTGAA
ATCAC 

23(+6) 61 

PrbcL_rev 
(OL_SLR1192) 

GGCTTTAATCATATTTTATCCTTCC
CTGAAATCAC 

23(+12) 61 

SLR1192_fwd 
(OL_PrbcL) 

GAAGGATAAAATATGATTAAAGC
CTACGCTGC 

20(+12) 61 

PrbcL_rev 
(OL_DXS) 

GCTGATGTGCATATTTTATCCTTC
CCTGAAATCAC 

23(+12) 61 
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DXS_fwd 
(OL_PrbcL) 

GAAGGATAAAATATGCACATCAG
CGAACTGAC 

20(+12) 64 

PrbcL_rev 
(OL_FBP) 

CTTTGCCCATATTTTATCCTTCCCT
GAAATCAC 

23(+10) 61 

FBP_fwd 
(OL_PrbcL) 

AGGATAAAATATGGGCAAAGGT
GAAAAAAAC 

21(+10) 64 

PrbcL_rev 
(OL_HydA1) 

GAGCAGCCATATTTTATCCTTCCC
TGAAATCAC 

23(+10) 61 

HydA1_fwd 
(OL_PrbcL) 

AGGATAAAATATGGCTGCTCCTG
CTGCTG 

19(+10) 69 
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