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Abstract: 

Photobiological hydrogen production occurs in some cyanobacteria as a result of nitrogen 
fixation. In cyanobacteria nitrogen fixation takes place in specialized cells called heterocysts, 
which are thought to protect nitrogenase from inactivation via oxygen. There are three 
enzymes involved in hydrogen metabolism, one of which is known as the uptake 
hydrogenase, which is comprised of two subunits, HupL and HupS. Regulation of hupSL is 
thought to coincide with heterocyst formation as a result of the absence of fixed nitrogen. 
However, there is also the possibility that hupSL is regulated by other factors apart from 
nitrogen such as oxygen. Using five promoter deletion constructs fused to GFP (Figure 1) in 
Nostoc punctiforme PCC 73102 this study investigates what is preventing hupSL from being 
transcribed in the vegetative cells and whether the signal produced by GFP correlates to the 
levels of HupSL within the cultures. The quantification and localization of GFP in the five 
promoter deletion constructs fused to GFP was carried out using a Molecular Imager Pharos 
FX Plus (Bio-Rad Laboratories) and the confocal microscope setup of Leica TCS SP5 (Leica 
Microsystems). Several western blots were done using the polyclonal rabbit-anti-HupSL 
(Thiocapsa roseopersicina) antiserum (Zorin & Lindblad 1993) and the anti-GFP N-terminal 
antibody produced in rabbit (Sigma) to try and correlate the GFP signal to HupSL levels. The 
main conclusions gathered from the results were that the GFP signal within the cells is quite 
low and does not change much in signal strength when placed in either nitrogen or non-
nitrogen fixing conditions. Furthermore, from looking at the western blots, it is clear that 
there is no GFP found within the wild type of empty vector construct, however it does seem 
as though GFP and HupSL do not correlate linearly. It is clear from these results that to 
continue this research introduction of new or optimization of old methods is required, but the 
first step has been taken. 

Introduction: 

Photobiological hydrogen production is an exciting, new possibility at securing an energy 
source that is potentially more sustainable and less damaging to the world. The production of 
the hydrogen is thought to be able to be used in place of fossil fuels for electricity production 
from hydrogen fuel cells. At that point the hydrogen and oxygen within the fuel cell are 
passed through a proton exchange membrane and water and energy are produced and utilized 
(Lindberg 2003). From the production of hydrogen energy can be provided to many different 
sectors such as transportation, buildings, utilities, and industry as well as provide base storage 
options for baseload (geothermal), seasonal (hydroelectric), and intermittent (solar and wind) 
renewable resources (Elam et al. 2003). The hydrogen that is to be produced at such a large 
scale is thought that it will come from the smallest photosynthetic organisms such as 
cyanobacteria and green algae (Ghirardi et al. 2008). In cyanobacteria, there are two 
processes that are essential for photobiological hydrogen production; photosynthesis and 
nitrogen fixation. The first, photosynthesis, is required for the organisms have enough energy 
to perform both housekeeping cellular processes and initiating high energy processes such as 
the second important process, nitrogen fixation. Thus, through the highly energy consuming 
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process of nitrogen fixation is the site of the hydrogen production that has become the interest 
of many researchers around the world (Ghirardi et al. 2008).  

Nostoc punctiforme, a filamentous cyanobacterium is one of several organisms that can 
perform photobiological hydrogen production. The vegetative cells of N. punctiforme have 
several different developmental choices, depending on the environmental conditions which 
include; terminally differentiation into nitrogen fixing cells called a heterocyst, transient 
differentiation into spore like akinetes or motile filaments called hormogonia cells, a 
symbiotic relationship with certain fungi or higher terrestrial plants, and remaining as 
vegetative cells (Meeks et al . 2001). If all of the cells in the filament maintain their 
vegetative state, then the conditions for survival and growth for N. punctiforme are optimal. 
However, in cyanobacteria if nitrogen-limiting conditions arise specialized cells called 
heterocysts are formed to house and protect nitrogen fixation (Carrasco et al. 2005; 
Valladares et al. 2007). It is thought that one reason for the formation of the heterocysts is 
due to the main enzyme, Nitrogenase, being very sensitive to oxygen and thus within a 
heterocyst nitrogen fixation can occur with little disturbance from oxygen (Gallon 1992). 
Nitrogenase is oxidized via oxygen and the Fe and FeMo proteins, discussed below, are 
inactivated as a result causing the irreversible inactivation preventing nitrogen fixation 
(Gallon 1992). Nitrogen fixation can occur in both multicellular species as well as in 
unicellular stains of cyanobacteria, however in the later, temporal specialization is to separate 
the processes of photosynthesis to daytime and nitrogen fixation to the night-time. Within in 
heterocysts the Nitrogenase enzyme is protected from oxygen via two protective layers 
surrounding the heterocyst; a glycolipid layer which reduces the permeation of oxygen, and a 
polysaccharide layer for the protection of the glycolipid layer (Zhang et al. 2006).  The 
enzyme Nitrogenase which is a binary metalloprotein (Mo-Fe-protein) is able to use some of 
the energy produced by photosynthesis to bind molecular nitrogen and reduce it to ammonia 
(Gladkikh et al. 2008). The actual equation for N2 fixation is: 

 N2   +   8H+    +   8e-     +   16ATP                                     2NH3  +   H2   +   16ADP   +  16 Pi  

The genes nifDK and nifEN genes encode the dinitrogenase, while the Fe-protein is encoded 
by the nifH gene, which can be synthesized and expressed due to several different conditions 
such as availability of ammonia, phosphorus, cofactors Fe and Mo as well as oxygen 
concentration and energy restrains (Gladkikh et al. 2008; Karl et al. 2002). Further studies 
also show that heterocysts are not only inhibited in the presence of oxygen but there are genes 
that degrade nifH gene in the presence of ammonia. This switch-off, which prevents energy 
loss by turning off nitrogen fixation when it is not needed, is accomplished by the GlnB 
homologues Nifl1 and Nifl2 (Kessler et al. 2000). However, the switch-on of heterocyst 
development is controlled at the molecular level by NtcA , which has its affinity for DNA 
increased by the secondary metabolite 2-oxoglutarate (2-OG) which level increases as a result 
of the concentration of nitrogen in the system decreasing (Zhang et al. 2006). 2-OG is formed 
during the Krebs cycle and in high concentration relieves the inhibition of Nifl1 and Nifl2 
causing the activation of nitrogenase and nitrogen fixation (Dodsworth & Leigh 2006). After 
the transcriptional upregulation of NtcA, other regulatory genes such as NrrA, PatS, and 
HetR, the gene which seems to be controlling the development and pattern formation during 
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the differentiation process, also takes place (Khudyakov & Golden 2004; Zhang et al. 2007). 
Negative regulation of HetR and the development of heterocysts is overseen by two genes 
called PatS and HetN, which suppress the differentiation of vegetative cells into heterocysts 
(Borthakur et al. 2005). PatS and HetN are probably the reason there is only one heterocyst 
per ten vegetative cells on average, keeping the filament intact and highly regulated. With 
these building blocks of regulation the process of nitrogen fixation within the specialized 
heterocyst cells is able to occur. 

Going back to the process of photobiological hydrogen production, along with nitrogenase, 
there are two other important enzymes, an uptake hydrogenase and a bidirectional 
hydrogenase. The uptake hydrogenase has been found only in the nitrogen fixing 
cyanobacteria, whereas the bidirectional hydrogenase has been found in both nitrogen and 
non nitrogen fixing cyanobacteria but is not universal (Tamaginin et al. 2007). The 
bidirectional enzyme is made up of two moieties; a hydrogenase coded by the HoxYH genes, 
and a diaphorase encoded by the HoxUEF genes (Sheremetieva et al. 2002). The hydrogenase 
and diaphorase subunits make up the typical cyanobacterial NAD(P)+-reducing bidirectional 
hydrogenase, which is soluble or loosely membrane associated within the cell (Sheremetieva 
et al. 2002; Tamagnini et al. 2002). However, not much else is known about the bidirectional 
hydrogenase other than it can both produce and oxidize hydrogen in the presence of a 
cofactor such as NAD+, NADP+, or ferrodoxin (Tamagnini et al. 2002). The other enzyme, 
the uptake hydrogenase is an enzyme that is found in either the cytoplasmic or the thylakoid 
membrane, of heterocysts and are membrane-bound enzymes which consist of two subunits 
HupL and HupS containing [Fe-S] clusters as prosthetic groups (Happe et al. 2000). The two 
subunits are transcribed by hupS and hupL, which share the same promoter and thus the same 
transcription start point (tsp) found 259 bp upstream of the ATG (Lindberg et al. 2000). The 
larger protein subunit, HupL, is in the size range of 46-72 kDa and carries the additional Ni 
and Fe atoms in the active centre and is responsible for the uptaking of the hydrogen (Dutta et 
al. 2005; Happe et al. 2000; Oxelfelt et al. 1998). The HupS subunit on the other hand takes 
care of the reduction of hydrogen and is the size range of 23-38 kDa (Lindberg et al. 2000; 
Oxelfelt et al. 1998). The transcriptional start sites of the hup operons for the cyanobacteria 
Nostoc punctiforme is found at 259 bp upstream of the hupS start codon (Leitao et al. 2005; 
Tamagnini et al. 2007).  A study first showed that the transcription of the hupL coincides with 
the formation of heterocysts by using RT-PCR on Anabaena strain PCC 7120 cells grown in 
non-nitrogen fixing conditions, which were then transferred to nitrogen fixing conditions 
(Carrasco et al. 1995). Induction of the hupSL genes leads to the formation of the uptake 
hydrogenase, which in turn leads to the increase of absorption of hydrogen, which is 
produced during either nitrogen fixation or formed by the bi-directional hydrogenase. Thus, 
the uptake hydrogenase represents a major obstacle in terms of sustainable photobiological 
hydrogen production as it recycles the produced hydrogen back into the cell.  

Although the entire regulation process is not yet clear it is known that hydrogenases go 
through many processes before they are fully matured involving different accessory proteins, 
finishing with the proteolytic cleavage of the C-terminal or the large subunit to allow both 
subunits to join together (Devine et al. 2009; Menon et al. 1993). It has been recently 



5 

 

suggested that the proteases that are specifically responsible for hydrogenase cleaving are 
under the same or similar regulation as that of the hydrogenase itself (Devine et al. 2009). 
Regulation of hupSL may depend on the species the hydrogenase is from as it may be that 
some have different controls as a result of growth patterns of the species (Burgdorf et al. 
2005). However, there has been some successful research concerning this topic and it is 
thought that one of the controls in cyanobacteria is whether or not a superior nitrogen source, 
such as ammonia or nitrate, is present (Axelsson et al. 1999). Thus, hydrogen uptake was 
induced once the cyanobacteria were transferred from media with ammonia to media without 
any combined nitrogen source, as described in Axelsson et al. (1999). In the same study it 
was also shown that the hupL transcript was detected in conjunction along with the induction 
of the hydrogen uptake. Therefore, as nitrogen fixation and hydrogen production coincide it 
may be that the hupSL is coordinated under the same controls as the nitrogenase. 
Furthermore, there has been research surfacing that the gene NtcA is the regulator for both 
heterocyst differentiation and transcription of the hupSL in the absence of fixed nitrogen 
(Weyman et al. 2008). In the same study the results also postulated that the anaerobic 
conditions were not sufficient in allowing the upregulation of hupSL transcription. In two 
contrasting studies there is a difference of opinion as to whether hydrogen itself is a regulator 
of hupSL. In the first study, Weyman et al. (2008), it was found that hydrogen did not 
increase the transcription level, while the study by Troshina et al. (1996) gave results 
showing that there were increased levels of uptake hydrogenase. Another regulation 
mechanism could be oxygen since this inactivates the nitrogenase at high concentrations and 
there are also many accounts of different bacterial genes being regulated by oxygen. 
Therefore the hydrogenase regulation could be linked entirely to the regulation of the 
heterocyst or possibly there is another form of control governing over the hydrogenases. 

The purpose of this study was to continue to the research done by Holmqvist et al. (2009) 
(Figure 1), where 5 different promoter deletion constructs fused to GFP were assessed on 
there ability to produce a GFP signal which correlated to corresponding promoter activity. At 
the beginning of this study the question that was to be answered is what is preventing hupSL 

from being transcribed in the vegetative cells or alternatively what is allowing the 
transcription of hupSL in the heterocysts? To accomplish this, an experiment was laid out to 
allow the quantification of GFP using the promoter deletion constructs, which were 
previously used in Holmqvist et al. (2009). An empty vector construct (pSUN202) was used 
as a negative control to normalise the values from the constructs to the background signal 
being produced naturally. The experiments were designed to quantify the GFP signal after 
growing the constructs in environmental conditions such as changes in nitrogen sources, 
concentration of oxygen, carbon dioxide, and hydrogen, and also to see if growth in darkness 
has an affect. It was thought that there was some part of the promoter region that was 
confining hupSL upregulation to the specialized heterocyst cells and once disposed of hupSL 
could be seen in both heterocysts and vegetative cells at similar amounts. This brings about 
the second question that was set out to be answered in this study; does the signal produced by 
GFP correlate to the levels of HupSL within the cultures? The hypothesis to this question was 
that there was going to be a correlation of GFP signal to HupSL levels, and if there were 
differences due to promoter length then they should theoretically show up when processing 
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the GFP signal. To answer those questions a series of experiments were done to first quantify 
GFP within the constructs to see if there is a difference in signal when the promoter length of 
hupSL is changed. Secondly, western blots were performed to see whether there is a 
correlation between the GFP signal and HupSL levels. Therefore, at the end of these 
experiments we should theoretically know if there is something in the promoter region of 
hupSL that confines it to the specialized heterocyst cells and if the GFP signal correlates to 
HupSL levels. 

Materials and Methods: 

Bacterial Strains and Growth Conditions: 

The Nostoc punctiforme PCC 73102 strain was used in all experimental methods within this 
study as the test organism. Both wild type and hupSL promoter deletion constructs fused with 
GFP as described by Holmquist et al. (2009) and shown in Figure 1 were grown for 
experimental purposes. Two control cultures were also grown; a construct containing only an 
empty vector known as pSUN202, as well as a construct with GFP fused to the rbcL 
promoter known as pPprbcL-gfp. Growth proceeded in a continuous temperature of 25°C and 
irradiance of 40 µmol of photons m-2s-1. Cultures were grown in 200ml and 300ml 
Erlenmeyer flasks as well as 1L tall slender flasks (for western blots) in both BG-11 
(containing nitrate), to induce non-nitrogen fixing conditions, and BG-110 (containing no 
nitrogen source) to induce nitrogen fixing conditions (Rippka et al. 1971). Cultures grown 
with the addition of 5mM NH4+ as a superior nitrogen source were also proceeded by using a 
BG-110 media but containing 10mM hepes buffer (pH 7.5). The addition of 5mM NH4+ 
occurred every couple of days to ensure the lowest amount of heterocyst production occurs. 
Cells intended for the experimental time series were pre-grown in media with non-nitrogen 
fixing conditions so that no heterocysts were present at the zero time point. In media 
containing the hupSL promoter deletion constructs 50 mg/ml of ampicillin was used to ensure 
the selection pressure for the construct was high. The experimental outline is shown in Figure 
2 which presents the beginning of how all the experiments started in regards to growing, 
transferring, and amounts of culture taken for each experiment. 

 

 

 

 

 

 

 

 

 



7 

 

 

Wt – 751 bp 

A – 695 bp  

B – 610 bp 

C – 559 bp 

D – 479 bp 

E – 316 bp 

 

     = tsp (start)                = putative IHF binding site      = putative NtcA binding site             = -35 and -10 boxes 

                 = hupS                    = GFP            = DNA from pSUN202 vector                          = promoter region 

Figure 1. Showing the five promoter deletion constructs and the wild type (Wt) and the promoter with the 
different lengths of the promoter coupled to the reporter gene GFP and the important elements inside the 
promoter. 

  

 

 

 

 

 

 

 

 

 

 

Figure 2. Outline of the experimental design for the growth and transfer of the different constructs during the 
study. For each step all five constructs plus the two control constructs were grown in this way, excluding the 
western blot experiments, where only construct A and Wild type was grown. Every transfer involved the 
addition of 50 mg/ml ampicillin to each culture and 5mM NH4+ to the cultures in non-nitrogen fixing condition. 

Reverse Transcriptase PCR: 

Genomic DNA was isolated from the cultures of Nostoc punctiforme, via the method 
previously described (Tamagnini et al. 1997). The primers used for this were previously 
described and used in Holmquist et al. 2009 where the design was accomplished using the 

2.Transfer 
to new 
media 

1. Non-nitrogen 
fixing conditions 
for approximately 
7 days 

3 (a).Grown in nitrogen fixing conditions, samples taken at each time point 

3 (b). Grown in non-nitrogen fixing conditions, samples taken at each time point 

4. 2 mL (5(a)) or 50 mL (5(b)) where 
taken from cultures and centrifuged (for 
microscope experiments only need 20 uL 
which is un-centrifuged to place on 
slides) 

5 (b). For western blot procedure pour off all supernatant and resuspend with 400 µL of 
protein extraction buffer. 

5 (a). For the Fluorescence measurements pour all supernatant except for 
100 µL per biological replicate, which should be placed into a 96 well 
plate along with GFP standard (1 mg/mL). 
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Primer3 program http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi and blasted 
against the Nostoc punctiforme genome (JGI Microbial genomes, http://genomeportal.jgi-
psf.org/). The PCR reactions took place using the MJ Mini Personal Thermal Cycler (Bio-
Rad), the isolated genomic DNA, and a PCR reaction mix containing Taq polymerase.  

Fluorescence measurements: 

Measurements of fluorescence from GFP were accomplished by using a Molecular Imager 
Pharos FX Plus (Bio-Rad Laboratories) with an excitation wavelength of 488 nm and an 
emission wavelength of 520nm. The cultures were grown in non-nitrogen fixing conditions, 
then washed with BG-110 media and transferred to either BG-110 with ammonia or without. 
The beginning part of the experiment is shown in Figure 2, which is followed through to 
number 5 (a) where the experiments split off into separate entities. After the methods 
described in Figure 2, the five promoter deletion constructs were placed in a row with the two 
controls at the end as well as a GFP standard solution of 1 mg/mL in three wells per row (the 
beginning, middle and end). The GFP standard was made using GFP powder (graciously 
supplied by Dr. Thorsten Heidorn, Uppsala University) and with a 1M Tris-HCl solution (pH 
7.5), and stored in the freezer. Every experiment used a new GFP standard solution to avoid 
degradation of GFP. The measurements from the Molecular Imager Pharos FX Plus (Bio-Rad 
Laboratories) were given the unit CNT (counts)/mm2 and was then divided by the chlorophyll 
concentration to get a value of CNT/mm2 of Chl a (µg/ml). 

Determination of Chlorophyll Concentration: 

After the fluorescence measurements, the same 100 µL of sample was also used to determine 
the chlorophyll concentration. The 100 µL of each sample was transferred to a 2.0 mL 
Eppendorf tube with 900 mL of methanol, then vortexed for 45 seconds each, wrapped in 
aluminum foil and left in darkness for an hour. The samples were then centrifuged at 14000 
rpm for 5 minutes at 4°C followed by the removal of the supernatant to a quartz cuvette. The 
blank consisted of 90% methanol and 10% BG-110. The absorbance of chlorophyll was 
measured at 665nm and the concentration calculated using the following formula so that the 
results from the fluorescence measurements could be normalised: 

[Chl a – ug/mL] = 12.7 * Absorbance665nm * dilution factor 

Determination of presence and location of GFP: 

To determine the location of the GFP within the cells the confocal microscope setup of Leica 
TCS SP5 (Leica Microsystems) was used. The cultures were placed on slides with cover slips 
and located at first by using the light microscope settings of the confocal microscope. Using 
the sequential settings the first excitation wavelength of 650-690nm was used to decide if a 
cell was a heterocyst or not, as they will not have any auto-fluorescence. For the second 
wavelength setting 500-520nm was used for the excitation of GFP and the picture was 
obtained where the cells contained GFP. The program LAS-AF was then used for the 
quantification of GFP by taking each picture and analyzing 10 cells, as every 10 cells one 
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will be a heterocyst, using the same size for the objects quantifying GFP. However not every 
picture contained a heterocyst due to the conditions that the cultures were placed under.  

Protein extraction and quantification: 

The same growth conditions described above were used for the western blots, however only 
promoter deletion construct A (Figure 1) and Wild type Nostoc punctiforme ATCC 29133 
were grown for experimental purposes. After being grown in pre-growing conditions in 300 
mL Erlenmeyer flasks, the cells were moved to 1L tall slender flasks which were hooked up 
to a filtered oxygen system. The rest of the beginning of the experiment is shown in Figure 2 
following the western blot route. The supernatant was then discarded and the pellet was 
resuspended in 350 µL of protein extraction buffer (Figure 2) which consisted of 50 mM 
Tris-HCl pH 7.5, 1 mM EDTA, 2 mM DTT (prepared fresh), 0.5% triton X-100, 10% 
glycerol and 1 Complete Mini EDTA Protease Inhibitor Cocktail Tablet (Roche Applied 
Science). The resulting mixtures were then placed into screw cap tubes with 0.6 mg of 425-
600 µm sterilized glass beads (Sigma), which were placed into a bead beader to break apart 
the cells to extract the proteins. The settings on the bead breaker (Precellys 24) were 5800 
rpm, 3 times, 25 second intervals, with a 5 second break in between each time interval, which 
was done twice for each tube. The tubes were kept on ice in between each time point and 
after this method was performed. The cells were then centrifuged at 10000 rpm at 4°C for 10 
minutes and the resulting supernatant was placed into new 1.5 mL tubes. At this point if the 
samples were to be saved for a later time, they were stored at -80°C to prevent degradation of 
the proteins. Next, protein concentration was determined via the Bradford (Bio-Rad Protein 
Assay) method where the samples were diluted 10 times and of which 20 µL were placed into 
1 mL of a 5 times diluted Bradford solution. These solutions were then run on a 
spectrophotometer at a wavelength of 595nm against five standards and a blank made up of 
only the diluted Bradford solution. The protein concentration could then be calculated using a 
Calibration equation and the resulting absorbance. 

SDS-PAGE electrophoresis: 

The protein concentration was calculated to allow the highest amount to be placed within 30 
µL of sample containing SDS buffer and water. After the samples were made they were 
placed in a heating block set at 95°C for 10 minutes. The protein samples described above 
were then run on a SDS-PAGE 12% Acrylamide gel at approximately 20 mA per gel. Each 
time two gels were run, one for the actual western blot and the other for the gel staining 
method. 

SDS gel staining procedure: 

The gel staining procedure uses the Fast coomassie staining (Pharmacia) method for the 
purpose of detecting proteins on an SDS-PAGE gel. First the SDS-PAGE gel was placed into 
the staining solution for 8 minutes at 50°C (water bath). The staining solution was comprised 
of one PhastGel Blue R tablet (Pharmacia) dissolved in 80 mL of water and 120 mL of 
methanol, which was then added in a 1:1 ratio to a solution made up of 20% acetic acid. Next 
the gel was placed into three wash steps with a destaining solution for 5, 8, and 10 minutes 
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respectfully at 50°C. The destaining solution was comprised of 30% methanol and 10% acetic 
acid in distilled water. The gel was then placed into a preserving solution for 5 minutes at 
50°C. The preserving solution had 5% glycerol with 10% acetic acid dissolved into distilled 
water. Lastly, the gels were placed into a plastic covering with the preserving solution and 
photographed using the Molecular Imager ChemiDoc XR5 plus system (Bio-Rad). 

Membrane Transfer: 

The membrane transfer took place within a TE 22 mini Tank Transfer Unit (GE Healthcare) 
with the gel and an AmershamTM Hybond-ECL  nitrocellulose membrane (GE Healthcare) 
surrounded by filter paper, sponges and a hinged, colour-coded cassette. The solution used 
was a protein transfer buffer made up of 3.03 g Trizma base, 14.4g, and 200 mL methanol 
filled to a total volume of 1 L with distilled water. The transfer proceeded for 1.5 hours at 400 
mA or overnight at 60 mA with the protein transfer buffer surrounding the transfer and being 
stirred lightly the whole time by a magnet. 

Western Blotting: 

The membrane was placed into a TBS-T (Tris buffered saline pH 7.6 with 0.1% Tween) 
solution with 5% (w/v) blocking reagent (Blotting grade blocker Non-fat dry milk (Bio-Rad)) 
for 1.5 hours. The Tris buffered saline solution was made by adding 12.1 g of Trizma base 
and 40 g of NaCl to 1 L of distilled water and HCl to adjust the pH to 7.6. Next two 15 
minute washing steps using TBS-T occurs. After washing the membrane the primary 
antibody was added in appropriate concentrations for a 1 hour time period. For the detection 
of hupSL, the polyclonal rabbit-anti-HupSL (Thiocapsa roseopersicina) antiserum (Zorin & 
Lindblad 1993), an antiserum which was also used in Tamagnini et al. 1995, was used in a 
1:1000 dilution in TBS solution. The antibody used for GFP detection was the anti-GFP N-
terminal antibody produced in rabbit (Sigma) with a dilution of 1:4000 in TBS-T solution. 
After another hour there were two more 15 minute washing steps using TBS-T. Proceeded by 
the washing steps was the addition of the secondary antibody, which in this case was the anti-
rabbit IgG horse radish peroxidise linked antibody with the standard 1:5000 dilution in TBS-
T solution. Again, there were 2 more 15 minute washing steps followed by the application of 
the two detection solutions (AmershamTM ECLTM Western Blotting Analysis System from 
GE Healthcare) in a 1:1 ratio for the development of the membrane. Detection was 
accomplished via the Molecular Imager ChemiDoc XR5 plus system (Bio-Rad) by using the 
correct settings for western blots. 

Results: 

PCR: 

To confirm whether the correct constructs were being used, two PCR’s were preformed, the 
first (Figure 3 (a)) showing that constructs B-E were correct but the construct A was 
incorrect. The second PCR shown in Figure 3 (b) shows that construct A, and the empty 
vector are producing the correct sizes as seen in Holmqvist et al. 2009. Correlation of Figure 
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1 (the sizes of the constructs) and Figure 3 can also show that the sizes of the constructs 
match the sizes of the bands from the PCR.  

 

Figure 3. Results from two PCR experiments to confirm the promoter deletion constructs are correct. In (a) the 
constructs B-E were confirmed by the correct size of the band, while construct A was the wrong size. However, 
in (b) both construct A and pSUN202 were confirmed by the correct size of the band. 
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Data from First Experimental Setup: 
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Figure 4. Each of the five promoter deletion constructs (A-E) are shown in sequential order at time points 0 to 
48 hours in both Nitrogen Fixing Conditions (blue) and Non-Nitrogen Fixing Conditions (red). The units 
CNT/mm2 per Chl a (ug/mL) are a result of the values taken from the Molecular Imager Pharos FX Plus scanner 
(CNT (counts)/mm2) and the values being normalised to chlorophyll content (Chl a (ug/mL)). Quantification of 
GFP expression is thus an overall average of signal within a certain area in regards to how much chlorophyll is 
present in the sample. All values are normalized to the expression from the empty vector construct, pSUN202. 

The first goal of the first experiment was to use a Molecular Imager Pharos FX Plus scanner 
(Bio-Rad) to try and quantify GFP within the promoter deletion constructs and do so over the 
time when heterocyst formation is about to occur. Figure 4 shows five successive graphs of 
the five promoter deletion constructs (A-E) at time points 0, 6, 10, 24, and 48 hours in both 
non-nitrogen and nitrogen fixation conditions. There is no discernable pattern that can be 
recognized between whether the cultures were in nitrogen or non-nitrogen fixing conditions 
as well as between the different constructs (A-E). Furthermore, there is no increase of GFP as 
time goes on, and at 48 hours GFP seems to decrease throughout the constructs. Also, from 
doing these experiments it seems clear that the GFP signal within the cell is very weak with 
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respect to the empty vector construct and that the changes of GFP signal within the cell do 
not have a big enough difference to see a definite pattern forming. 

 

Figure 5. Three pictures showing the GFP (b), auto-fluorescence (c) and the overlay (a) of both (b) and (c). 

The pictures taken by the Leica TCS SPS Spectral Confocal Microscope System (Leica 
Microsystems) shown in Figure 5 confirms the distribution of GFP within the cells to be 
much more in the heterocysts compared to the vegetative cells. The pictures in Figure 5 are 
from a culture placed under nitrogen fixing conditions as under non-nitrogen fixing 
conditions there are no heterocysts, but aside from not having any heterocysts, the pictures 
were relatively similar only differing in the signal strength found within the vegetative cells. 
Not shown is a picture presenting the background emitting from the empty vector, which was 
normalised for when quantifying GFP but normalised for the pictures in Figure 5. It is not 
possible to tell whether or not that these pictures from Figure 5 and the graphs from Figure 4 
correlate with each other, but since they are from the same cultures we can speculate that they 
do.  

Data from Second Experimental Setup: 
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Figure 6. Each of the five promoter deletion constructs (A-E) are shown in sequential order at time points 0 to 
48 hours in both Nitrogen Fixing Conditions (blue) and Non-Nitrogen Fixing Conditions (red). The values from 
the y-axis correspond to the GFP signal quantified via the Leica-AF software by taking an area within a cell (ten 
cells per picture taken by the Leica TCS SP5 (Leica Microsystems)). The error bars represent the amount of 
standard deviation between the values, which is quite high in some instances due to the presence or absence of 
heterocysts.  All values are normalized to the expression from the empty vector construct, pSUN202. 

The layout of the second experiment was very similar to the first, as it used the same growth 
conditions for the same cultures and the same time points as explained above in the layout of 
the first experiment. The differences lay within the methods used as instead of using the 
Molecular Imager Pharos FX Plus (Bio-Rad Laboratories) to attempt to quantify GFP the 
confocal microscope setup of Leica TCS SP5 (Leica Microsystems) was used. The program 
LAS-AF, which was also used to take the pictures, was used to quantify an area within the 
cells in the pictures taken, which is shown in the graphs in Figure 6. In each picture 10 cells 
were analyzed, as every 10 cells one will be a heterocyst, however not every picture 
contained a heterocyst due to the conditions that the cultures were placed under. All of the 
results were normalised to the empty vector (pSUN202) signal to adjust for background noise 
caused by naturally occurring products in the cell. However, just as in the first experiment no 
pattern could be recognized to say whether one construct seemed to have more signal than the 
others as a result of being exposed to nitrogen fixing conditions or non-nitrogen fixing 
conditions. The GFP signal within the cell is very weak with respect to the empty vector 
construct and that the changes of GFP signal within the cell do not have a big enough 
difference to see a definite pattern forming. Furthermore, the GFP signal is not increasing 
over time within the cells that were placed under nitrogen fixing conditions as a result of 
increased upregulation of the promoter of hupSL. 
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 Data from Third Experimental Setup: 

 

  

  

Figure 7. Western blots performed using the GFP antibody (Sigma) and a 250 kDa stained protein ladder 
(Fermentas; PageRulerTM Plus Prestained Protein Ladder). In (a) construct A (A), with a band, and wild type 
(Wt), without any band, are shown along with the stained gel in (c) showing that relatively the same amount of 
protein was loaded on the gels. The band showing GFP is observed above the orange line. In (b) is the western 
blot done on time points 0, 6, 10, 24, and 48 hours in both non-nitrogen (-) and nitrogen fixing (+) conditions. 
The stained gel in (d) show that there is relatively the same amount of protein was loaded in each well for the 
western blot. Both gels in (c) and (d) were stained with coomassie, was non-reducing and made with 12% 
acrylamide. 

Lastly, the third experiment also uses the same growth conditions and time points as the first 
two experiments, however only promoter deletion construct A (Holmqvist et al. 2009) and 
Wild type Nostoc punctiforme ATCC 29133 were grown for experimental purposes. After 
being grown in pre-growing conditions in 300 mL Erlenmeyer flasks, the cells were moved to 
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1L tall slender flasks which were hooked up to a filtered oxygen system. In Figure 7, two 
western blots are shown using the GFP antibody (Sigma) and a 250 kDa stained protein 
ladder (Fermentas; PageRulerTM Plus Prestained Protein Ladder). In Figure 7 (a) it is shown 
that the Wild type Nostoc punctiforme does not have any GFP while the construct (A) does. 
Furthermore, shown in Figure 7 (b) it can be seen that every time point has GFP except time 
point 0 and at time 24 hours in nitrogen fixing conditions that a stronger signal can be seen. 
After time point 0 hours there is an increase in GFP in the nitrogen fixing conditions in time 
points 6, 10, and 24 hours while the non-nitrogen fixing conditions stays relatively the same. 
In the end two lanes at 48 hours, there seems to be a drop off in GFP signal all together. 
There seems to be binding of many other unspecific bands, however since the size of GFP is 
approximately 26.9 kDa and the ladder is a Protein ladder of 250 kDa (Fermentas; 
PageRulerTM Plus Prestained Protein Ladder), we can say that the GFP band is indeed the 
band situated above the orange line. Lastly, we can see in figures 7 (c) and (d) that the protein 
loaded onto the gels was more or less of similar amount, which in this case was between 7-10 
µg of protein depending on the gel. 

 

 

Figure 8. Western blot (a) performed using the GFP antibody and a stained gel (b) showing the total amount of 
protein loaded. A 250 kDa stained protein ladder was used (Fermentas; PageRulerTM Plus Prestained Protein 
Ladder) in both (a) and (b). The band showing GFP is observed above the orange line. Both wild type, and 
pSUN202 show no band as a result of the western blot while A (new) shows a very light band and A (old) a very 
dark band. The gel in (b) was stained with coomassie, was non-reducing and made with 12% acrylamide 

Another western blot using the GFP antibody was performed for two reasons; first to see if 
there was any GFP leakage from the empty vector (pSUN202) construct and secondly to see 
if GFP is accumulating in the cell overtime (Figure 8). This part of the experiment did not 
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have any time series experimentation and cultures A (new) and pSUN202 were grown for 
seven days while the wild type and A (old) cultures were grown for about three weeks.  In 
Figure 8 (a) three results are shown, the first two being confirmation that there is no signal in 
the wild type as well as in the empty vector (pSUN202). The other result has to do with the 
accumulation of GFP within the cultures confirmed by the very dark band in Figure 8 (a) in 
the A (old) culture, which was grown for approximately 3 weeks while the A (new) culture 
has a very light band. Lastly, we can see in Figure 8 (b) that the protein loaded onto the gels 
were more or less of similar amount, which in this case was 20 µg of protein. 

 

 

 

Figure 9. Western blots performed using the polyclonal rabbit-anti-hupSL (Thiocapsa roseopersicina) antiserum 
(Zorin & Lindblad 1993) on Construct A (a) and Wild type (b). Shown is the western blot completed at time 
points 0, 6, 10, 24, and 48 hours in both non-nitrogen (-) and nitrogen fixing (+) conditions. A 250 kDa stained 
protein ladder was used (Fermentas; PageRulerTM Plus Prestained Protein Ladder). HupL is shown by two bands 
in between 70 and 55 kDa while HupS is also shown by two bands in between 35 and 27 kDa. 
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Figure 10. Shown in (a) is the stained gel for construct A while in (b) is the stained gel for wild type Nostoc 

punctiforme showing that relatively the same amount of protein was loaded on the gels on time points 0, 6, 10, 
24, and 48 hours in both non-nitrogen (-) and nitrogen fixing (+) conditions. A 250 kDa stained protein ladder 
was used (Fermentas; PageRulerTM Plus Prestained Protein Ladder). Both gels were stained with coomassie, was 
non-reducing and made with 12% acrylamide 

The western blots using the polyclonal rabbit-anti-hupSL (Thiocapsa roseopersicina) 
antiserum (Zorin & Lindblad 1993) are shown in Figure 9 (a) and (b) respectively. Two 
problems with the western blots in Figure 9 is that there is a lot of smearing in the blot and 
there are several extra bands where there should not be anything as the subunit, HupL, is in 
the size range of 46-70 kDa while HupS is between 23-38 kDa (Oxelfelt 1998). However, 
both HupL and HupS are shown by two bands in Figure 9. The band at the bottom of the gels 
is the dye that was used during running and should not be considered a protein band. When 
observing the differences in the bands in Figure 9 (a) all time points aside from time point 0 
hours do not seem like they change in levels of HupSL concerning either of the conditions the 
cells were placed under. Figure 9 (b) also fallows this trend although, there is a lower level of 
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HupSL at 6 and 10 hours in both conditions but that increases at 24 hours to similar levels 
seen in Figure 9 (a). If you then compare Figure 7 (a) to Figure 9 (a), it does not seem like 
they follow the same pattern suggesting that the GFP and HupSL do not have linear 
relationship. Lastly, in Figure 10 (a) and (b) it is shown that again that a similar amount of 
protein was loaded on each of the wells, aside from two wells (6+ and 10-) on Figure 9(b), 
which did not stain properly due to the gel folding over during the process. 
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Figure 11. Construct A, wild type and the difference between the two are shown in sequential order at time 
points 0 to 48 hours in both Nitrogen Fixing Conditions (blue) and Non-Nitrogen Fixing Conditions (red). The 
values from the y-axis correspond to the GFP signal quantified via the Leica-AF software by taking an area 
within a cell (ten cells per picture taken by the Leica TCS SP5 (Leica Microsystems)). The error bars represent 
the amount of standard deviation between the values, which is quite high in some instances due to the presence 
or absence of heterocysts.  All values are normalized to the expression from the empty vector construct, 
pSUN202. 

In the last part of the experiment, Figure 11 shows the data collected from the Leica TCS SP5 
(Leica Microsystems) confocal microscope, which was used to quantify the GFP signal 
within the cells using a certain area. In these there is not much change in GFP signal between 
time points except maybe at the 48 hour time point, where there seems to be a drop in signal. 
Something else to note is that the background signal is quite high compared to the construct, 
as well shown in the Wild type measurements as there should be no GFP found within those 
cultures. It is hard to see a correlation between the results from Figure 11 and the western 
blots done on both the GFP (Figure 7) and HupSL (Figure 9). 

Discussion: 

In this study two questions were looked at; what is preventing hupSL from being transcribed 
in the vegetative cells or alternatively what is allowing the transcription of hupSL in the 
heterocysts, and does the signal produced by GFP correlate to the HupSL levels within the 
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cultures. It is thought that the regulation of hupSL may have alternate controls aside from the 
formation of heterocysts. Five promoter deletion constructs were used to localize and 
quantify GFP by using both a Molecular Imager Pharos FX Plus (Bio-Rad Laboratories) and 
a Leica TCS SP5 (Leica Microsystems). The fused GFP is thought to have a direct correlation 
with hupSL, and thus the quantification of GFP should give a result concerning regulation of 
hupSL within the constructs. Next detection of both the HupSL and GFP proteins was 
accomplished by western blot techniques using the polyclonal rabbit-anti-hupSL (Thiocapsa 
roseopersicina) antiserum (Zorin & Lindblad 1993) and anti-GFP N-terminal antibody 
produced in rabbit (Sigma). The western blots were done to discern whether the proteins, 
GFP and HupSL, were acting in a similar manner as the constructs had been fused to GFP 
and theoretically have a change of GFP signal due to hupSL up or down regulation. The final 
goal of this study is to produce a clearer picture of the regulation of hupSL as well as whether 
or not the fused GFP is working correctly within the constructs. 

Before the GFP in the five promoter deletion constructs were quantified several reverse 
transcriptase PCR’s were preformed to ascertain whether the constructs had the correct sizes. 
From looking at the reverse transcriptase PCR results in Figure 3 (a) and correlating that with 
Figure 1 it is clear the constructs B-E have the correct size and that construct A is not the 
correct size. However, in Figure 3 (b) it is proven that both construct A and pSUN202, the 
empty vector construct, have correct sizes. Several reverse transcriptase PCR's were unable 
confirm or disconfirm whether the pPprbcL-gfp construct was the correct size or not, 
however, pictures showing the entire filament, except the heterocysts, with a saturated GFP 
signal from the Leica TCS SP5 (Leica Microsystems) confirmed that it was correct (not 
shown in results). Furthermore, all of these results are also provided in Holmqvist et al. 2009, 
which used the same promoter deletion constructs as in the current study. Due to the sizes 
being correct on the constructs A-E and the empty vector construct, pSUN202, it is expected 
the constructs to act as though the only difference being the size of the promoter length on 
hupSL, which should theoretically be seen as a difference in GFP signal within the cell. 
Therefore we can expect the constructs to act as though the only difference between them is 
the size of the promoter length fused to GFP within the vector, which should be theoretically 
seen as a difference in GFP signal within the cells. 

Figures 4, and 6 show the results from GFP quantification using the Molecular Imager Pharos 
FX Plus (Bio-Rad Laboratories) (Figure 4) and the Leica TCS SP5 (Leica Microsystems) 
(Figure 6), which also produced the photographs shown in Figure 5 of where GFP was 
located. However, looking at both Figure 4 and 6, it is difficult to see any formation of 
pattern in terms of differences between conditions, in this case nitrogen and non-nitrogen 
fixation, as well as changes due to the different constructs used. This is an unexpected and 
disappointing result as it is known that due to the formation of heterocysts in nitrogen fixing 
conditions induces the transcription of hupSL, which should lead to an increase of GFP 
produced in this situation (Carrasco et al. 1995; Tamaginin et al. 2007). As the difference of 
GFP signal strength between the conditions was supposed to have happened, then a 
difference should also have formed between the different constructs if indeed the promoter 
length causes differences in upregulation of hupSL. A hypothesis as to why these methods did 
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not produce understandable results may be due to the difference in GFP being so small that it 
was not possible to see any real change in quantity. Therefore, because of the change in the 
GFP signal not being great enough and the instruments insufficient sensitivity, two separate 
methods were used to try and cope with this problem. Although, one could argue that the lack 
of pattern in Figures 4 and 6 was due to nitrogen not having any affect on upregulation of 
hupSL, however previous studies have shown otherwise (Axelsson et al. 1999; Carrasco et al. 
1995; Weyman et al. 2008). However, the results in Figure 4 from Molecular Imager Pharos 
FX Plus (Bio-Rad Laboratories) had no greater success than the Leica TCS SP5 (Leica 
Microsystems) shown in Figure 6. Therefore, the only conclusion that can be formed from 
these results is that these methods did not allow a clear image of whether there was a change 
in GFP due to different promoter lengths on the hupSL promoter as a result of being placed 
into nitrogen and non-nitrogen fixing conditions. To go forward with this experimentation 
there are three clear ways continue; change to a more sensitive method, continue to optimize 
the current methods, or use an alternate way for quantification of GFP or hupSL. Lastly, 
Figure 5 did show that most of the GFP is located within the heterocyst with a lower signal 
coming from the vegetative cells. It is not possible to correlate the results from Figure 5 with 
the results from Figures 4 and 6. Although from these results there is nothing that can be used 
to further our knowledge in terms of regulation of hupSL, it can be used as a starting point for 
further research in this field. 

To overcome the problem of the GFP signal in constructs being quite low a more sensitive 
instrument such as fluorescent flow cytometry or image cytometry coupled with an advanced 
modelling system to quantify GFP taking into account all experimental aspects might be a 
good option to take (Leveau & Lindow 2001). In this situation, where the change in GFP is 
relatively small other factors must be taken into account when calculating how much GFP is 
actually present within the cell. Thus, it might prudent to not only have a very sensitive 
instrument, but also use an equation or program specially made for calculating GFP signal in 
Nostoc punctiforme PCC 73102. These factors that are unique to GFP and growth of Nostoc 

sp. may also be a good discussion point as far as why the results in Figures 4 and 6 did not 
amount to anything. For example in Leveau & Lindow they discuss how GFP has two 
undesirable traits that must be taken into account; that newly synthesized GFP must first 
undergo several rate-limiting steps before it becomes fluorescent, and that GFP is mostly 
resistant to proteolysis and it will persist in the cell even after the promoter is shut down 
(Tsien 1998). Furthermore other factors must be taken into account when calculating GFP 
such as growth rate, or that the heterocysts are not dividing because the faster the cells divide, 
the faster the GFP is diluted which may result in a spike or dip (Leveau & Lindow; Tsien 
1998). Another point that should be made is that if GFP does stay in the cells after the 
promoter is shut down then perhaps the GFP within the vegetative cells is actually just GFP 
that has moved from the heterocysts. Thus, all the GFP within the vegetative cells could just 
be run off of GFP diffusion from the heterocysts, or the cells destined to become heterocysts 
(Lippincott-Schwartz et al. 2001). Lastly, a paradox concerning GFP does exist as well, since 
GFP requires oxygen to fully mature but it is found with the highest signal within a 
specialized cell that is supposed to keep oxygen from entering (Tsien 1998). Thus, the reason 
for the signal being low might have something to do with not enough oxygen to allow GFP to 
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fully mature within the heterocysts. However, it could be that even though there is a 
sufficiently lower amount of oxygen within the heterocysts, it is enough to allow the 
maturation of GFP for a correct signal as no test has been done on this matter. That being said 
GFP does have a lot of problems, however it has been a very successful reporter gene 
nonetheless and perhaps only needs to be correctly optimized in a more sensitive method for 
an informative result to occur. 

The results from the first two experiments may seem unexpected, as well as disappointing, 
due to the fact that in the preceding study by Holmqvist et al. 2009 a result showing a 
difference between the constructs were obtained. The reasons for the differences in the results 
have to do with the experimental design concerning growth and the final calculated numbers 
that were represented graphically. The study by Holmqvist et al. 2009 had no time series only 
growth of the constructs over an unknown period of time and then a measurement taken. 
Comparatively, this study had a time series over 48 hours, which was completed after the 
cultures had been growing in non-nitrogen fixing conditions for approximately seven days. 
Secondly, the other big difference between the studies were the units that were being used, as 
in Holmqvist et al. 2009 the unit was relative induction, whereas in this study CNT 
(counts)/mm2 per chl a (ug/mL) were the units used for quantifying GFP. Therefore, the 
results from the two studies can not be directly related but it is difficult to imagine that if 
there was a difference between the constructs a pattern would not have immerged in Figures 
4 or 6. This does indicate however that more research is needed on the promoter deletion 
constructs to both ensure they are correctly made and be able to quantify GFP with them. 

In the third experimental setup, there were three different sets of results; the western blots 
using the GFP antibody shown in Figure 7 and 8, the western blots using the polyclonal 
rabbit-anti-hupSL (Thiocapsa roseopersicina) antiserum (Zorin & Lindblad 1993) shown in 
Figure 9 and 10, and Figure 11 which shows quantification of GFP from construct A, Wild 
type and the difference between the two from the Leica TCS SP5 (Leica Microsystems) 
confocal microscope in a graphical representation. The purpose of running this experiment 
was to try and confirm whether the proteins, GFP and HupSL, were acting in a linear 
relationship as the constructs have a fused GFP and theoretically will change in GFP signal 
with respect to hupSL levels. This is only theoretical because the GFP is not bound to hupSL 
but simply the promoter which is found in front of hupSL (Holmqvist et al. 2009). Shown in 
Figures 7 (a) and 8 (a) GFP is found within the construct and not within the wild type or 
empty vector (pSUN202), which is expected as the wild type and empty vector do not have a 
GFP fused construct. In Figure 7 (b) and 8 (a) there are several extra bands as a result of the 
western blot, suggesting there is some unspecific binding, but since GFP is approximately 
26.9 kDa the bands above the orange line are thought to be GFP within the cells. Shown in 
Figure 8 (a) is an accumulation of GFP as there is a very dark band in the A (old) culture 
while the A (new) culture has a very light band. Thus, because the only difference in the two 
cultures was the length of time they were growing for, it can be said from Figure 8 (a) that 
overtime GFP is accumulating within the cell. Supporting this theory is time point 0 hours in 
Figure 7 (b) as it has a darker band than all the other time points and there should not be any 
or a limited amount of HupSL in the cultures that GFP is accumulating. In previous studies it 
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has been shown that the half-life of GFP within a cell to be greater than a day 1 but less than 
2 days, which does not correlate with the band shown at time point 0 hours in Figure 7 (b) 
(Andersen et al. 1998). Looking closer at Figure 7 (b) the two bands at time point 6 hours 
could simply be the subtraction of time point 0 hours since the GFP would still be floating in 
the cells. However, it is shown that there is an increase in GFP signal in the nitrogen fixing 
condition up to the 24 hour time point, while not much difference in the non-nitrogen fixing 
condition (Figure 7 (b)). Therefore, it seems like time point 24 under nitrogen fixing 
conditions has the largest intensity, aside from time point 0, which makes sense if after 24 
hours of being in nitrogen fixing conditions heterocyst development has more or less been 
completed (Zhang et al. 2006). Therefore, the main conclusions that come from Figures 7 and 
8 is that; both wild type and pSUN202 empty vector show no signs of GFP leakage yet still 
contain background noise when using the microscope, GFP is accumulating in the cultures 
which may cause a non-linear relationship between GFP and HupSL, and there is an increase 
of GFP signal as a result of nitrogen fixing conditions. 

In Figure 9 (a) all of the bands have comparable band intensity for both the HupL bands, 
between 70 and 55 kDa and HupS, between 23-38 kDa aside from time point 0 hours. This 
suggests that overtime there is no extra HupSL being translated in the cultures even though 
some of the cultures are placed into situations which should result in HupSL translation. 
Another example from the results is at time point zero the GFP signal is not there, whereas 
the HupSL signal at time point zero is quite low. Since the changes within the constructs are 
do to the promoter and what GFP is bound to, maybe some occurs when the promoter is 
shortened that caused these results to occur. Although, then the western blot using the wild 
type form would have to be disregarded because it shows a similar result to that of the 
promoter deletion construct. This is somewhat strange since hupSL is supposed to be 
upregulated in the cells that have also upregulated NtcA for heterocyst development 
(Carrasco et al. 1995; Weyman et al. 2008). Therefore, the western blots shown in Figure 9 
do not correlate with the western blot in Figure 7 (b), as GFP increases in nitrogen fixing 
conditions over time, while HupSL does not. When performing western blots there is usually 
a band around 58 kDa and a band around 34 kDa (Tamagnini et al. 2007), which is not what 
is shown in Figure 9 suggesting there is some smearing or non-specific binding occurring. 
This might also be supported by the fact that the experiment was on every cell in the filament 
and not just the heterocysts, which would give the antibodies more proteins to unspecifically 
bind to. However, it could also be due to the polyclonal rabbit-anti-hupSL (Thiocapsa 
roseopersicina) antiserum (Zorin & Lindblad 1993) not binding specifically to the HupSL 
proteins but other proteins as well. Since western blotting has a very precise methodology, a 
poor result due to error in the experiment is also a likely possibility, which should be 
addressed by running more experiments. The issue of whether or not the polyclonal rabbit-
anti-hupSL (Thiocapsa roseopersicina) antiserum (Zorin & Lindblad 1993) is actually 
binding specifically to the HupSL proteins or not should be addressed as it is a large problem 
within this area of research. Due to the HupSL not increasing very much during the 
experiment the only that can be concluded is that GFP and HupSL do not correlate linearly 
using the experimental methods performed in this study.  
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Lastly, from the third experiment is the results shown in Figure 11 from the Leica TCS SP5 
(Leica Microsystems) confocal microscope, which was used to quantify the GFP signal 
within the cells using a certain area. The graphs in Figure 11 show that overtime, the GFP 
change within the cell does not increase or decrease at a rate that can make a pattern to show 
that something is occurring. It is more a representation that nothing is happening within the 
cell as there is only a dip in GFP at time point 48 hours, after the development of the 
heterocysts is supposed to have been completed (Zhang et al. 2006). Thus, this result can not 
be correlated with Figure 7 (b) as it shows that there are differences of GFP within the cell. 
However, this does add to the data that the confocal microscope is not a worthy method for 
this particular type of quantification as there was nothing that could be gained from using it in 
this situation. 

It is important to continue this research due to its potential, as once the regulation of hupSL is 
discovered, it may be possible to control it within a certain culture to increase the amount of 
hydrogen production. The point of this study was to try and discover whether certain 
environmental factors were the control over the regulation of hupSL promoter. However, the 
conclusions that can be made from the experiments (Figures 4-6) done in this study do not 
point to what the regulation of hupSL is, rather that there should be a different approach 
towards figuring out what the regulation is. There are however, several other conclusions that 
can be made from the results. Firstly, that the five promoter deletion constructs are indeed the 
correct size and have GFP fused to them (Figure 1 and 3). Secondly, from using both the 
Molecular Imager Pharos FX Plus (Bio-Rad Laboratories) and a Leica TCS SP5 (Leica 
Microsystems), it is shown that the change in GFP within the cultures is very small even 
during heterocyst development even though there should be an increase of GFP as time goes 
on. Furthermore, there should be a larger GFP signal in the nitrogen fixing conditions 
compared to non-nitrogen fixing conditions, which should act as a control to then allow the 
constructs to show the differences due to the promoter size. There is also a background 
signal, which is seen in both the empty vector and wild type cultures but it is not due to GFP 
but rather something else occurring naturally within the cells. Lastly, the results from the 
western blots suggest that the GFP and HupSL do not have a linear correlation but due to 
some characteristics of GFP, and some problems with the hupSL antibodies it is not a clear-
cut result. GFP does not seem to be leaving the cell quickly enough and accumulates within 
the cell but does seem to increase over a certain time. Furthermore, the hupSL antibodies may 
also be in question, as the western blots in Figure 9 did not show any difference between the 
time points or conditions and there was some smearing and unspecific binding to other 
proteins. However, this could also be due to the experimental design that was used in this 
study, which is why there should be a fallow up to both this paper and Holmqvist et al. 2009 
to continue working with these results. Hopefully with more research using the promoter 
deletion constructs a good result can be produced but there are several options that must be 
explored especially if GFP is going to be used. Therefore to continue with this research one 
must use more sensitive instruments to quantify GFP and optimize the methodology for the 
western blots or change the way that the hupSL transcription levels are quantified. However, 
there is also to change or introduce some more parameters within the experimental design for 
example; adding another marker gene in something that is always present or to put both the 
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non-nitrogen and nitrogen fixing cultures into the same slide and try to take a picture of both. 
Also, it might be prudent to come up with a computational or mathematical modelling system 
to quantify GFP and take into account all factors governing the specific molecule as well as 
the organism, in this case Nostoc punctiforme PCC 73102. These are just some options that 
could allow for a better result and at the same to continue this study. 
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