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SUMMARY 
 
The world is in search of clean, renewable energy sources, and the cultivation of 
photosynthetic microorganisms could be a solution.  The cyanobacterial strain Nostoc 
punctiforme ATCC 29133 fixes nitrogen from air and in the process creates molecular 
hydrogen.  Normally, this molecular hydrogen is recycled to the cells via an uptake 
hydrogenase.  However a mutant strain, NHM5 was created without this uptake hydrogenase 
and has been shown to produce hydrogen.  To scale up culture size, it is desirable to grow the 
mutant strain in a flat panel photobioreactor.  Yet while the wild-type N. punctiforme cells 
had been found to grow well in the photobioreactor in nitrogen-fixing conditions, the NHM5 
mutant had not, and cells were found to clump to one another and adhere to the glass more 
than the wild type N. punctiforme. 

 In this work, the problem of failure of the mutant cultures to thrive was approached in several 
ways.  One approach was to begin incubation with a nitrogen source, allow the culture to 
grow to a useful density, and then force it into nitrogen starvation conditions.  Another 
approach was to immobilize the cells, essentially catering to their tendency to form clumps.  
Flask-scale nitrogen shift experiments demonstrated NHM5 to be slower in biomass 
accumulation and have increased adherence in a side-by side comparison in nitrogen fixing 
conditions.  To investigate this difference, two experiments were conducted.  The first 
reintroduced the uptake hydrogenase into the mutant via recombinant DNA.  However non-
clumping, thriving growth was not restored.  This demonstrated that the differences in growth 
can not be attributed to only to the lack of the uptake hydrogenase subunit or to the presence 
of an antibiotic resistance cassette alone.  A second approach was to measure transcription of 
genes that could be a transcribed at different levels in N. punctiforme and NHM5 at both flask 
and bioreactor scale.  Reverse transcription quantitative polymerase chain reaction (qPCR), a 
method in which RNA is reverse transcribed to complementary DNA (cDNA) and then 
amplified by polymerase chain reaction (PCR) in a quantifiable way was used to measure 
transcript levels.  nifH, a gene encoding a nitrogenase subunit and hupS, encoding an uptake 
hydrogenase subunit were predictably upregulated in response to nitrogen starvation in N. 
punctiforme and NHM5.  However the hupS transcript levels increased before those of nifH 
when NHM5 was grown in the bioreactor.  This suggests that the transcript levels may be 
controlled in different way for the two genes.  pilQ, is a gene involved in the creation of pili,  
structures that give motility to a transient state known as hormogonia.  pilQ transcript peaked 
transiently after nitrogen starvation in wild-type and mutant cultures.  However, the peaks 
occurred at different time points, an indication that the hormogonia induction process may be 
attenuated in the mutant strain.  Through better understanding how the NHM5 cells are 
responding , to lack of nitrogen, it is hoped that stable hydrogen production in the bioreactor 
will be achieved.  It is hoped that the method described, using gradual decrease of nitrogen in 
the medium, will prove to be a useful method for future cultures of the NHM5 strain. 
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INTRODUCTION 

Hydrogen production with N. punctiforme 
The cyanobacterial strain Nostoc punctiforme ATCC 29133 is filamentous, heterocystous, 
nitrogen-fixing and capable of forming symbiotic relationships, having originally been 
isolated from the coralloid roots of the cycad Macrozamia (17).  The heterocyst is a 
differentiated cell type that does not produce oxygen and that is formed when a nitrogen 
source is not available.  The nitrogenase responsible for nitrogen fixation in N. punctiforme is 
oxygen sensitive and in similar strain Nostoc sp. PCC 7120 has been shown to be expressed in 
heterocysts only (17). 
  
As a byproduct of nitrogenase-mediated nitrogen fixation, molecular hydrogen (H2) is 
produced.  All examined cyanobacterial strains capable of nitrogen fixation also posses an 
uptake hydrogenase that apparently has the function of recycling nitrogenase-generated 
hydrogen (16).  HupL, one of the uptake hydrogenase subunits, has been inactivated by the 
insertion of an antibiotic resistance cassette by triparental mating forming the mutant strain, 
NHM5.  This strain has shown an increased capacity to produce hydrogen when grown under 
nitrogen-fixing conditions in air (16).  

In order to enable stable hydrogen production, the wild-type and the mutant have been 
characterized physiologically in flasks and a flat panel photobioreactor (shown in figure 16).   
Volumetric productivity, optimal light conditions, pH, temperature, carbon dioxide 
supplementation and nitrogen source consumption are among the characteristics that have 
been investigated (16, 15).  However, when attempting photobioreactor cultures a consistent 
problem has been the tendency of the mutant to adhere to surfaces and clumping together (fig 
1).  In short, in the past, the wild-type but not the mutant was successfully cultivated in the 
photobioreactor. 

 
Figure 1.  Typical observed features of flask scale cultures of NHM5 (MT) and N. 
punctiforme (WT). The cells were cultured in 600 mL of either nitrogen-containing (BG11) 
or non-nitrogen containing (BG110) medium.  
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Differentiation in N. punctiforme 
Nostoc punctiforme is capable of differentiation into at least four different states (22).  
Akinetes are enlarged cells formed when cells are dying and act like spores.  Vegetative 
filaments form when the cells are grown with a readily available nitrogen source. Heterocysts 
are microaerobic cells, the site of nitrogen fixation, which are formed when a useable nitrogen 
source is not available.  When nitrogen fixation is occurring, heterocysts are evenly spaced 
throughout filaments (roughly every tenth cell for example) of vegetative cells.  They are 
visible under the microscope as larger, darker cells.  Metabolism is divided so that carbon 
fixation by oxygenic photosynthesis occurs in the vegetative cells and nitrogen fixation occurs 
in the heterocysts, and the two cell types swap nitrogen compounds for sugars.   
 
This nitrogen fixing behavior makes the cells attractive candidates for symbiosis with higher 
plants.  In order to reach the proper environment in the plant roots, N. punctiforme forms its 
fourth differentiated form, the hormogonium.  The hormogonia are “metabolically active, but 
not growing motile filaments” (22) and occur transiently, normally for no more than a few 
days (6).  They are defined to have one or more of the following features: rapid gliding 
motility, smaller cell size (due to cell division without growth) and different cell shape (22).  
Hormogonia formation can be induced by a cell signaling molecule known as hormogonia 
induction factor (HIF), which is released from plant symbiosis partners when starved for 
nitrogen and acts as a chemoattractant (10, 22).  However, in pure cell culture hormogonia 
formation can be induced by changes in light intensity or color, transfer from aged to fresh 
medium, or depletion of nutrients (4).  A 2008 mircroarray study (6) examined the differences 
in hormogonia formed after induction by HIF to those induced by transfer of ammonium 
grown cells into nitrogen fixing conditions. 
 
Hormogonia display a surface-dependant motility.  This occurs when a pilus attaches to 
external surfaces and then retracts to move the cells along a surface. Hormogonia infectivity 
is dependent on the expression of a variety of genes related to the assembly of a type IV pilus 
(Tfp) system (10).  This type of apparatus will also result in pili linking filaments to one 
another (20)  It has also been observed that induced cultures induced to form hormogonia 
exhibit significant increases in clumping (6).   
 
qPCR 
qPCR is a method that begins by using a viral reverse transcriptase to convert all messenger 
RNA into cDNA (3).  The cDNA is used as a template for a PCR reaction with gene specific 
primers which is monitored after each step with fluorescent dyes that bind to double stranded 
DNA.  Fluorescence measured for each sample and compared to fluorescence of a reference 
gene for the same sample.  A ribosomal gene is often used as reference because its 
transcription is thought to remain stable in all conditions.  By comparing the PCR step at 
which the gene of interest reaches a threshold (defined to be above background signal), to the 
step for a reference gene within the same cDNA sample the amount of the mRNA originally 
present can be quantified.   In order for these data to be valid, the efficiency of the primers 
must be known to be comparable, which can be determined by the amounts of amplicons 
obtained using differently diluted templates.  Efficiency is a measure of the linearity of the 
amplification yield with the amount of template, 100% efficiency means a 1:1 correlation of 
measured fluorescence to known cDNA concentration. 
 
Transcript behavior of genes possibly involved in adhesion 
pilA encodes a Tfp assembly protein (6) with known expression pattern within the first 24 
hours of hormogonia induction by HIF nitrogen starvation (NSI) (6).  pilQ encodes a pore-
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forming secretin that acts a transport system to transport pilus components to the outside of 
the outer membrane.  pilQ is also interesting because of its genomic context among other 
genes involved in pilus formation (fig. 2).  Duggans (10) demonstrated that pilA mutants will 
have reduced infectivity and suggested the same for pilQ mutants based on similar species.  
The gene known as Npun_5115 (herafter refered to as np5115) encodes a putative outer 
membrane protein. It is a putative cell envelope adhesion protein unique among all genes in 
that it was respondent only to NSI and not HIF (6). 
 

Figure 2. Genomic location of pilQ. Modified image from Cyanobase (14) shows pilQ 
(highlighted) and related pilus genes that are  proximal and transcribed in the same 
direction. 
 
 
Photobioreactors and biotechnology 
A photobioreactor is a controllable environment where photosynthetic organisms grow.  The 
design principles are similar those for to any bioreactor, except that light must be able to enter 
efficiently.  Common designs include vertical column reactors (VCR), tubular 
photobioreactors and flat panel photobioreactors (9). VCRs are transparent tubes in which gas 
enters at the bottom and provides mixing as it rises to the top.  Tubular reactors consist of 
long transparent tubes through which medium is pumped.  They are often coiled to create 
higher surface-area to volume ratio.  The photobioreactor used in the Lindblad lab is a flat 
panel design.  It is essentially a thin, vertical rectangular box, in which gas enters through a 
sparger in the bottom and light is applied from one direction, so that the cells spend a certain 
amount of time near the light incident surface.  Detailed description of the bioreactor can be 
found in reference 15 or 1. 
 
Aims  
The aim of this work was to devise a way to overcome the problem of clumping in the 
photobioreactor.  One way to achieve this is to allow the cells to first grow to a higher density 
with mineral nitrogen and then allow the culture to slowly use up nitrogen and enter into a 
nitrogen-fixing state.  Another approach is to conduct controlled experiments on the different 
responses of wild type and NHM5 N. punctiforme in their response to nitrogen step down on 
physiological and transcript level.  A final aim was to determine if the NHM5 strain could be 
made to revert to wild type characteristics by restoring the uptake hydrogenase function.  
 

pilQ 
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RESULTS 
 
Physiological Characterisation of NHM5 and WT via flask experiments. 
In order to describe the physiological difference between wild type and mutant strains, initial 
characterization was carried out by inoculating parallel cultures of wild type and mutant 
cultures and measuring growth. 
 

 
Figure 3: When grown in flasks, NHM5 shows clumping and slower growth in nitrogen-
fixing conditions. Duplicate flasks were inoculated to identical optical density (OD750) with 
BG11 grown NHM5 (MT) and wild type (WT) N. punctiforme cells.  Innoculated cultures had 
either medium with (BG11) or without (BG110) nitrate. Culture OD750 was measured 
regularly (2a).On day 4, cultures were  photographed (2b). MT BG110 cultures (bottles 1 and 
2), MT BG11 (3, 4), WT BG110 (5, 6) WT BG11 (7,8). 
 
Observing growth of biomass is a simple way to observe physiological differences between 
cell cultures, slower growth in a mutant culture indicates that growth rate is affected by the 
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mutation.  The measurements of OD750 in the bottle nitrogen shift showed that the mutant 
culture in nitrogen-fixing conditions grew more slowly (fig. 3a).  The mutant nitrogen-fixing 
culture also displayed more adherence to the bottle surface and to itself (fig. 3b). 
 

 

 
 
 

Figure 4. a.  N. puctiforme WT cells four days after nitrogen shift assay.  A culture was 
transferred from nitrogen medium to nitrogen starvation conditions.   Four days later, cells 
were sampled from flasks and observed under 40x magnification in a phase contrast light 
microscope Heterocysts (H) are the larger and darker cells. b.  NHM5 cells, four days after 
nitrogen shift.  Hormogonia (Ho) are short filaments composed of smaller cells often with a 
pointed or elongated morphology of the terminal cells. 
 
There was a tendency in mutant cultures to form hormogonia-like filaments.  Microscopy 
showed long filaments at the time of inoculation with heterocysts developing over time in WT 
BG110 cultures (fig. 4a).  In the mutant cultures, it was observed that clusters of cells 
appeared more commonly and these included cells that appeared dead, and the short filaments 
with smaller cell size and pointed cells at the ends of filaments characteristic of hormogonia 
(fig. 4b). 
 
Ammonium supplemented growth in photobioreactor. 
In order to allow the culture density to increase before nitrogen was removed, a new 
bioreactor setup was used.  Ammonium chloride (1mM) was in the medium at inoculation, 
and as it was depleted, ammonia was pumped under pH control.  The cells grown in the 
bioreactor with the novel ammonium control system increased in biomass (figure 5a).  That 
the cells grew at all was a marked improvement over previous results, (1, 15), although not 
surprising as previous attempts (1, 15) used growth without a nitrogen source.  The culture 
eventually reached OD 750 nm of 4.0 (roughly 2 g cell mass /L), which is more than is 
usually attained in bottle scale experiments.  The addition of ammonia from day 6 to day 10 
successfully maintained a usable concentration of nitrogen.  Over six days, 50 mL of 12.5% 
ammonia was added for a total of 0.36 Mol.  During this time, light was increased when it 
was observed that oxygen saturation (an indication of photosynthesis) would increase as light 
was increased in steps from 54 to 266 µE.  When the ammonia was replaced with potassium 
hydroxide (day 11), the nitrogen concentration predictably decreased to zero (day 13).  

H 

H 

 

Ho 
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Figure 5. a. Photobioreactor with NHM5 during a nitrogen shift.   Photobioreactor 
containing  BG110 medium supplemented with 1 mM (approx 37 mg/L) NH4Cl.  Additional 
NH4Cl was added at day 5.  Ammonium (grey line) was measured with test paper (Machery-
Nagel) and optical density at 750 nm (black line) were measured daily. Changes in LED light 
are indicated by the arrows.  Light began at 37 µE and was increased to 90 µE at day 6, 160 µE 
at day 7 and 230 µE at day 10.  Light was decreased to 140 µE at day17. b. pH during 
ammonium growth.  pH was measured by online electrode was throughout growth.  pH set to a 
range of 7.5- 7.9.  The early decrease in pH was a result of the ammonium base pump failing to 
engage.  Subsequent sharp increases in pH are a result of drops of either NH3 (until day 11) or 
KOH addition (after day 11).  From day 12, supplemental 0.15 L/min CO2 was added. c. 
Photographs of the bioreactor, day 11, 18 and 24 respectively.  Culture reached high density 
by, day 11.  Foam was released and patches of adherent cells created shadows on in the lower 
corners on day 18, by day 24, the culture was very dilute, with a few adherent cells remaining. 
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The day after nitrogen depletion, (day 14) the culture developed a thick foam in the upper 
phase of the bioreactor.  The foam increased so much that it clogged the filter on the 
condenser located at the top of the bioreactor.  Cells observed on this day displayed 
hormogonia and heterocyst morphologies.  By three days after nitrogen depletion, the foam 
had subsided and there were many clumps of cells adherent to the glass above the culture and 
shadows indicated areas where the cells were clumping in the reactor.  By the fourth day afer 
nitrogen depetion, OD750 had decreased to 25% of its peak value and microscopy revealed 
short filaments, many with terminal heterocysts.  After this point, the culture began 
decreasing rapidly in OD750 and adherent clumps of cells increased.  Light was decreased in 
an attempt to recover the culture, but this was not successful. 
 
Restoration of N. punctiforme uptake hydrogenase activity 
NHM5 cells were transformed with pSUN202HUPS, a plasmid containing the N. punctiforme 
hupS and hupL genes as well as the upstream promotor region. Plasmid DNA from 
transformed cells was sequenced at an offsite facility by the primer walking reaction.  
Sequencing results, indicated that two of the four sequenced plasmids had mutations that were 
confirmed by their appearance on more than one primer walking reaction.  Only those without 
mutation were cultured further.   
 
The transformed cells were tested for a functioning uptake hydrogenase.  After preculture 
under antibiotic selection in nitrogen fixing conditions, hydrogen production was measured by 
gas chromatography (GC) to test whether the uptake hydrogenase encoded by the plasmid 
was being expressed (fig. 6).  The results showed that hydrogen was produced in NHM5 cells, 
and NHM5 cells with an inserted empty vector at roughly the same rate (about 8% 
difference).  At the same time, cultures containing  the hupSL construct had zero observable 
hydrogen, just as the wild type.  This suggests that the uptake hydrogenase expression and 
activity had been restored. 

 
 

Figure 6. Hydrogen release in the presence and absence of uptake hydrogenase Wild-type 
N. punctiforme (WT), NHM5 (MT), an empty vector control (MT+pSun202) and two versions 
of the MT with uptake hydrogenase on inserted plasmids were precultured in BG110 medium 
before being transferred to gas-tight tubes and incubated in light conditions for 2 days. 
Hydrogen composition of gas in the tubes was measured by CG. 
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The transformed cells were tested for their response to dilution from BG11 to BG110 medium. 
The result was that the cells with the reintroduced uptake hydrogenase looked even more 
clumpy and adherent than other cells (fig.  7).  From this one cannot conclude that the 
antibiotic resistance cassette, or the loss of hydrogen as an energy source (or reducing power) 
is causing the adherence in response to nitrogen shift. 
 

 
Figure 7. Cultures of N. punctiforme with or without an uptake hydrogenase-encoding 
plasmid four days after shift to low-nitrogen medium.  All cells were precultured in BG11, 
centrifuged, washed and trasnfered to BG110.  Strains with uptake hydrogenase inserted via 
pSUN202HUPS (3,4 and 5) were compared to N. punctiforme NHM5 (1,2), N. punctiforme 
(6) and NHM5 with an empty vector control (7, 8). 
 
 
Cell culture for transcription measurement  
The large volume samples required for qPCR studies necessitated a change in culture 
methods.  In one method, the total amount of liquid in the bottle decreased with each sample, 
in the other new media was added to replace the sample volume and so the cell culture was 
diluted.  For both methods of sampling at (fig. 8), the NHM5 mutants grew more slowly than 
the wild type N. punctiforme cells while nitrogen-fixing.  Wild type or mutant cultures grew 
more slowly in nitrogen-fixing conditions than in nonnitrogen-fixing conditions.  However 
there was no difference in adherence to the bottle between wild type and mutant (fig. 8c).  
Samples from the cultures illustrated in figure 8a were analyzed by qPCR.  
 
The photobioreactor run used for transcriptional studies better met the goals of the 
experimental setup, as important experience had been gained.  Ammonium chloride was only 
added at inoculation and stable ammonium level was maintained at around 25 mg/L as 
opposed to between 100 and 75 (fig. 9).  This led to a peak OD 750 roughly half that of the 
previous trial.  Also, a sheet of  aluminum foil blocked the empty space at the top of the 
reactor, which prevented growth in the foam.  The culture was able to recover from the drop 
in biomass.  By the seventh day after nitrogen reached zero, biomass growth was occurring.  
When the outflow of the photobioreactor was connected to the GC, no hydrogen detectable in 
on-line measurements.  However, after hours in a sealed tube, enough hydrogen had 
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accumulated to be measured.  Despite differing from earlier growth conditions, these trials 
should still give some insight into what happens at the molecular level when nitrogen shift 
occurs.  

  

 
Figure 8 a. Biomass in nitrogen shift for qPCR sampling, replacing medium after 
sampling.   Washed cells were transferred from BG11 to either BG11 or BG110 medium.  
Samples of 50 mL were taken each day and the medium was replaced. b. Biomass in nitrogen 
shift for qPCR sampling, not replacing medium. Washed cells were transferred from BG11 
to either BG11 or BG110 medium.  Samples of 50 mL were taken each day and the medium 
was not replaced. c. Adherence is to glass after cultivation with replaced medium was 
analyzed visually.   
 
 
Characterization of qPCR Primers 
Dilution of a sample of cDNA should result in a proportional dilution of signal. The primer 
tests (table 2) showed that most data fit well (R2 > 0.99) to linear curves, with at least four 
data points, with one exception, pilA that had a larger variation (R2 = .948).  While the glnA, 
sucS, pilQ and rnbB had efficiency between 117 and 126% (appendix table A1), nifH (105), 
npun5115 had (190) and hupS (157) fell outside this range.  Despite the poorly fitting curve, 
PilA eff. was 99%.  The interpretation of this data is that glnA, sucS, pilQ and rnpB have very 
comparable efficiency.  nifH primers may underestimate lower concentrations slightly. For 
hupS and np5115, the absolute value should be linear, however when compared to rnbB, some 
error will be introduced. The pilA curve had the worst fit, and may underestimate expression. 
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Figure 9 Ammonium concentration and OD750 in NHM5 photobioreactor nitrogen step 
down culture used for qPCR.  NHM5 was incubated in the photobioreactor with BG110 
medium + 1mM ammonium chloride.  Offline measurements of OD750 and NH3/NH4 were 
taken regularly.  Ammonia regulation was used to control pH between 7 and 7.9.  from day -6 
to day -1.  At day -1 ammonia was replaced with potassium hydroxide to induce nitrogen 
starvation.  At day zero, nitrogen had reached the limit of detection for ammonia.  Carbon 
dioxide was used as an acid after day 0.   
 
 
In order to examine adherence, three genes were used for qPCR.  The measurement of the 
change of transcription when cultures were diluted into fresh nitrogen medium is an important 
control, as if these genes are regulated by nitrogen starvation, they should not be uppregulated 
(fig. 10).  pilQ, which had reliable primers, behaved as expected, namely, it never showed 
transcript levels greater than what was found on day 0.  np5115 was unexpectedly up-
regulated at day 2.  pilA was also upregulated on day 2, this may be correlated to reduced 
rnpB transcript levels in the day 2 sample.  How much, if any, of the pilA expression changes 
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Figure 10 Transcript levels of possible adherence related genes pilQ  (a) np5115 (b) pilA  
(c) in NHM5 cells grown in flasks in BG11 media. Cells were precultured in BG11, 
centrifuged, washed and collected.  Then flasks were inoculated at the same concentration.  
Day 0 is the day cells were inoculated.   qPCR was performed to analyze the amount of 
transcript when grown in nitrate medium and values were displayed relative to day 0. 
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were biologically explainable remains unclear.  However, this  pattern serves as a comparison 
for the nitrogen fixing conditions, where changes in expression will be expected.  
 

 
Figure 11 Transcript levels possible adherence causing genes after nitrogen shift. At flask 
scale, N- punctiforme wild type (WT) and NHM5 mutant (MT) were precultured in BG11, 
centrifuged, washed, collected and inoculated in flasks of either BG11 or BG110 to OD 750 = 
0.1. Day 0 is the day cells were inoculated.  In the photobioreactor MT cells were cultured as 
described in Figure 9, day 0 is the day when ammonia reached the last measureable value 
above zero. qPCR was done to analyze the amount of transcript. Legend- flask: a. pilQ, b. 
pilA, c. np5115, photobioreactor: d. pilQ, e. np5115, f. pilA. 
 
 
pilQ expression (fig 11a, d) displayed a transient expression pattern in nitrogen-fixing 
conditions.  A peak in expression was clearly visible in the wild type and mutant.  However, 
the observed peak in the mutant appeared two days later and at a higher expression level. This 
is consistent with the microscopy (fig. 4) that showed that day 4 mutant type cultures with 
noticeable hormogonia, but not in wild type cultures.  In the bioreactor, the pilQ expression 
seems to have begun to increase before ammonium concentration reached zero (fig 9).  This is 
consistent with the fact that the bioreactor culture reacted more quickly to nitrogen starvation 
than the flask experiments.  The genomic location of pilQ (fig 2) speaks to it’s importance as 
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Figure 12. Levels of nitrogenase and update hydrogenase transcript after nitrogen shift in 
N. punctiforme, wild type and NHM5 mutant. At flask scale, N- punctiforme wild type (WT) 
and NHM5 mutant (MT) were precultured in BG11, centrifuged, washed, collected and 
inoculated in flasks of either BG11 or BG110 to OD 750 = 0.1. Day 0 is the day cells were 
inoculated.  In the photobioreactor MT cells were cultured as described in Figure 9, day 0 is 
the day when ammonia reached the last measureable value above zero. qPCR was done to 
analyze the amount of transcript of the nitrogen shifts conducted at bottle and 
photobioreactor scale. Legend- hupS (a, c, e) and nifH (b, d, f), (WT bottle, MT bottle, MT 
photobioreactor)  
 
part of the type IV pilus assembly.  Given their consecutive sequence and parallel direction, 
pilM, pilO and the ‘fimbrial protein’ are likely to be co-regulated, so pilQ may be a good 
marker for pilus assembly as a whole.  The fact that it peaks and returns to low levels is 
consistent with the view of hormogonia as a short transition period (22). 
 
 Despite the unpredicted transcript levels in the nitrogen grown cells (fig. 10), some analysis 
was be made on nitrogen-fixing cultures’ expression of np5115 (fig 11 b, e).  The transcript 
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levels of, WT BG110 cells followed the same pattern as the nitrate grown cells, peak 
expression at day two.  NHM5 BG110 cultures had peak expression at day one and similar 
expression at day two to the wt cells.  This data was consistent with Cambell’s data (2008) 
which showed an increase in np5115 in nitrogen starved cultures at 24 hours.  So while one 
cannot be sure what was causing the peak at day 2, one can conclude that the mutant type 
cells are unique in their peak on day 1.  The bioreactor culture, which also showed peak 
transcript levels at day one and two.  The day 7 value of np5115 from the bottom of the 
bioreactor was 148 (not shown).   This indicates that the cell population at the bottom had 
significantly higher expression of this gene.  Perhaps np5115 is involved in the adherence 
clumping processes that made these cells stay at the bottom. 
 
pilA expression (fig 11 c, f) was less easily interpretable.  The day two peak seen in the nitrate 
grown cultures was also seen in the WT BG110 sample, however MT BG110 peaked at day 
one.  In the bioreactor, pilA expression peaked at day 1 and remained low afterwards.  This is 
a similar profile to that of the bottle experiments. 
 
The updake hydrogenase large subunit has been inactivated in the NHM5 strain and is not 
found in proteomic studies (Stensjö, Karin personal communication).  The small subunit of 
the hydrogenase has not been altered and yet it was found to decrease compared to wild type.  
Therefore, the transcription was studied (fig. 12b, d, f) to see if these differences were 
occurred at the protein level or RNA level.  Although the mean of the WT day one samples 
(n=2) was 16 compared to 228 in the MT, the standard deviation of the mt biological 
replicates was 222.  Both WT and MT followed a similar pattern, up-regulation at day one 
followed by down regulation at day two and a spread of data over days four and seven.  So 
there was no evidence that hupS is transcriptionally regulated. 

 
 
Figure 13. Transcript levels of glnA (a), sucS (b) during nitrogen shifts. N- punctiforme 
wild type (WT) and NHM5 mutant (MT) were precultured in BG11 medium, centrifuged, 
washed, collected and inoculated in flasks of either BG11 or BG110 to OD 750 = 0.1. Day 0 
is the day cells were inoculated qPCR was done to analyze the amount of transcript in the 
nitrogen shifts conducted at flask scale (biological replicates).  Replicates of wild type are 
blue diamonds and red squares, mutant type: green trianges, or purple crosses. 
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nifH  transcript (fig. 12 a, c, e) increased sharply at day one in the flask experiments.  
However, in the photobioreactor it did not increase noticeably until day three (day two data 
missing).  In all cases, the expression remained high, unsurprisingly as nitrogen fixation was 
still required.  
 
sucS and glnA are example of genes where observed translation patterns cannot be confirmed 
at the tracriptional level.  glnA expression was studied because a 36% increase could be seen 
in protein from mt heterocyst preparations compared to wt (Stensjö).  However no difference 
between wild type and mutant could be observed.  All transcripts increased by a similar 
amount at day 1 and then varied without discernable difference between MT and WT (fig 
13a). 
 
sucS expression was studied because a decrease had been found in MT sucS protein levels 
compared to wt (29).  However, no difference between wild type and mutant could be 
observed in this case. All transcripts decreased by a similar amount at day 1 and then varied 
without discernable difference between WT and MT (fig 13b).   
 
A summary of all qPCR data and how they compare to relevant previous findings is presented  
in Table 1. 
 
 
Table 1 qPCR conclusions 

Gene 
 

Function Previous observations (wild type) Transcript levels observed 
here 
 

nifH NiFe nitrogenase Expressed in heterocysts during 
nitrogen fixing conditions 

Increased directly after N. 
starvation, remained high. 
Transcripts in mutant cells 
increased more in the Pbr1 
than in flasks. 

hupS Uptake hydrogenase small 
subunit 

Expressed in heterocysts during 
nitrogen fixing conditions 
(13) 

Increased directly after N. 
starvation, remained high.  
Perhaps more transcript in WT 
cells than MT cells 
 

pilQ Pore-forming secretin 
type II and III secretion 
system protein 
 

 Mutants lose Type IV secretion 
motility. (10) 

Transient expression at 
different times in flask MT, 
flask WT and MT Pbr 

pilA pilin synthesis type IV 
assembly protein 

Increased expression by NSI2and 
HIF324h (6). Mutants lose of 
motility and Type IV motility. 
(10) 

Unclear due to surprising 
activity in non-nitrogen fixing 
conditions. 
 

np5115 putative cell envelope 
adhesion protein (OMP like) 

Responds 3h and 24h in the NSI 
but not HIF (6). 

mt cells, but not wt showed an 
increase at day one. 

rnpB (ref) RNase P subunit B Cleaves tRNA.  A ribozyme. 
classically thought to be 
expressed in a stable manner 

- 

1 Pbr: photobioreactor  
2 NSI: nitrogen starvation induction  
3 HIF: hormogonium induction factor  
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Biotechnological results 
Two additional biotechnological methods were adopted. The first, was used since the 
nitrogen-fixing capacity of similar strains has been demonstrated to increase when 
immobilized in various matrixes (8).  To determine if polyurethane foam was suitable for 
cultivation of NHM5, immobilization was carried out in shaking flasks.  Immobilization 
proved to be possible (fig. 14).   The cells seemed to attach to the foam, which remained 
green for months.  Cells were tested at different temperatures and culture density. Any of the 
conditions tested that involve washing the ammonia medium away seemed equally good in 
allowing the cultures to remain for months. 
 
Second, providing adequate but not so much as to damage cells is one of the crucial purposes 
of any photobioreactor.  After cells are saturated with light, additional light begins to become 
inhibitory.  In a photobioreactor with an oxygen sensor, one way to measure photosynthetic 
activity instantaneously is by using the rate of change of oxygen dissolved in the medium.  
The methods of Cerveny et al. (8) were used to determine the rate of oxygen transfer to liquid 
under different amounts of light at a specific culture density.  Dissolved oxygen was 
measured (fig .15a).  Measured values were fit to linear equations (fig. 15b).  This type of 
measurement (denoted Psat – R for is the rate of photosynthesis in saturating irradiance, 
minus respiration) can be used to determine the saturating amount of light.  In a 
photobioreactor with OD750 2.5, light saturation was determined to occur at about 500 uE, 
among the points measured (fig. 215c). 
 

 
Figure 14.  Immobilization of N. punctiforme NHM5.  Cells were precultured in BG110 
medium with 1 µM NH4Cl.  50 mL OD750 1.0 culture was centrifuged and washed and 
resuspended in 50 mL BG110 containing cubes of polyurethane foam in a flask. Different 
culture conditions were used (from left to right).  1. Cells grown at room temperature 2. 
Double the concentration of cells was grown at room temperature. 3. Cells grown at 30° C. 4. 
Culture was not centrifuged or washed and directly mixed with cubes in BG110  1 µM NH4Cl 
medium. 
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Figure 15a. Amount of dissolved oxygen in real-time during several cycle of rate of 
photosynthesis in saturating irradiance, minus respiration (Psat-R) of measurements of 
NHM5 in bioreactor. Dissolved oxygen (percent divided by two) was measured over time 
(HH:MM).  A cycle was conducted wherein, airflow stopped, light was extinguished, and light 
was turned on.  The sharp increases represent the point when light is turned on. NHM5 
density was 2.5 (OD 750). b. increases in dissolved oxygen were plotted to determine the 
rate Psat-R.  The period during which the oxygen increased between 48 and 50 units was fit 
to a linear function for different illuminations. (Units are percent divided by two). Light 
intensity was varied from 178 to 671 µE  c. Psat-R varies with illumination.  The slopes of 
lines plotted in figure 20b were plotted by light intensity.   
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DISCUSSION 
 
Cultivation of NHM5 in the bioreactor 
The bioreactor was rebuilt in a more robust way.  The ammonium chloride at inoculation 
combined with pH regulated ammonium addition proved to be an effective strategy for 
achieving a high-density culture in the end.  Although there was significant improvement 
between runs, this is an expected result of gaining experience.  As fig. 9 demonstrates, there 
was still a significant decline in growth four days before the decline leveled off and then 
growth resumed.  Clumping and adherence occurred even in the trail indicated in fig. 9, but it 
was less than in the previous case (fig 5a) and did not result in the total loss of the culture.  
This is a promising sign that that the flat panel photobioreactor can be a useful tool for 
growing NHM5 cells.    
 
Although the cells in the bioreactor four days after nitrogen shift produced hydrogen gas 
measureable by GC after 24 hours in vacuum tubes (data not shown), an online GC 
measurement was not able to detect any hydrogen.  This is likely because the airflow through 
the bioreactor was enough to dilute the hydrogen to a level not detectable by the GC.  
Therefore, online hydrogen measurements would most simply be achieved by recirculation of 
the gas flow via a pump, rather than allowing any evolved hydrogen to be released directly 
into the outflow(9). 
 
Immobilization of cells was demonstrated to be relatively simple to achieve.  It seems that 
since the motility genes are expressed, the cells could be expected to burrow into foam or a 
similar medium in the bioreactor.  However, such a system may push the limits of a vertical 
flat panel bioreactor.  The presence of small foam cubes would likely require a higher flow 
rate to keep them from settling on the bottom of the reactor.  However, if the immobilized 
cells are able to withstand such a flow rate and remain immobilized the system may work.  
The potential advantage with immobilization is that the frequency of heterocyst occurrence 
may be increased (2).  Since it was demonstrated that the cells can be immobilized (fig. 14), 
and concentration of cells could be approximated via methanol extraction, these two things 
done on the same day would allow a comparison of efficiency of nitogenase-mediated 
hydrogen expression.  The rate of hydrogen production can be directly compared between 
immobilized and free living cells.  This should give insight into the gains that can be obtained 
by immobilization. 
 
Another consideration as the bioreactor is developed is to find a way to optimize light, mixing 
and other process conditions.  Continuous culture (18) allows for determination of optimal 
growth rate.  Much could be gained by having a continuous culture photobioreactor system.  
However, while culturing in a batch method as described in this report, it will be optimal to 
adjust light often, as the optimal amount of light will change when the cells grow.  Therefore, 
determining the saturating light condition (fig. 15) may be a useful tool. 
 
Transcription  
The timing of the transcription is an interesting result to come from the qPCR results.  The 
nitrogen shift in the bioreactors was a gradual step down, with day zero representing the last 
day that ammonium was measurable in the medium, while the bottle experiments represented 
a sharp shift from nitrate to no nitrate.   This difference may explain why the nifH transcript 
level on day one in the bioreactor was low, while it was clearly increased in both mt and wt 
samples after 24 hours.  It is surprising then that the hupS transcript level appeared to respond 
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to the nitrogen starvation before nifH did in the bioreactor.  This would suggest that the hup 
genes are transcribed before the nitrogenase that provides the hydrogen. 
 
The pilQ and pilA genes transcription increased sooner in the bioreactor than in the flask scale 
experiments.  They also preceded nifH increase.  Their expression on day one and decline by 
day two is expected of a transient cell state, such as hormogonium.   
 
In the future, other adherence genes, such as the central gene for motility, pilT could be 
studied (10).  More information could be obtained via microarray studies, which could 
demonstrate altered expression of many hitherto unsuspected genes that may be active in 
nitrogen step-down.  Finally, there are already at least two other closely related strains of 
heterocystous, nitrogen fixing cyanobacteria that have had hupS or hupL inactivated to 
increase hydrogen yield (12, 19).   Imagine the amount of data that could be collected by 
growing all three strains in the photobioreactor under identical conditions and collecting 
microarray data!  Transcription factor regulation, stress responses, many other complexities 
could be investigated in such a manner.  
 
Reintroduction of uptake hydrogenase 
The simplest positive response to the restoration of hydrogenase activity would have been a 
prevention of the clumping phenotype.  This would have simply shown that nitrogen fixation 
without hydrogen uptake was to stressful.  However, figure 7 demonstrates that that did not 
occur and figure 8c demonstrates that the link between the mutant genome and clumping is 
easily disturbed.  In fact, the wild type may also clump to some extent in certain situations.  
Since the cells containing empty vector did not clump, ampicillin resistance alone does not 
cause clumping.  Thus, neither the antibiotic resistance cassette nor the loss of reducing power 
by the cells seemed to be enough to cause over-induction of an adherent phenotype in 
response to nitrogen shift.  It is unclear why the restored hydrogenase NHM5 strains showed 
increased clumping compared to the original NHM5.  One possibility is that the neomycin 
cassette has been inserted into more than one place in the genome.  A southern blot could 
confirm or refute this.  Otherwise, causes that would be more difficult to diagnose, such as the 
gradual change of laboratory strains, or contaminating microbes could be invoked. Depending 
upon how well the strain is able to grow in the photobioreactor as it is now developed, such 
hypotheses may need to be investigated. 
 
Outlook 
The experience so far gained with NHM5 cells in the flat panel photobioreactor is still very 
limited, numbering in total just a few runs.  This is partially due to the details of engineering 
or design that have been addressed (to name a few: using glass instead of plastic, improving 
the design of the frame so that the glass withstands autoclave, ensuring that peristaltic pumps 
pump when they should and remain tight when they are controlling gas flow, ensuring that 
higher intensity light doesn’t increase culture temperature, or shielding the top portion of the 
reactor so that cells do not grow when foam is produced.)  Cultivation by the end of my 
experience was more controlled and successful than at the beginning (fig. 9 vs. fig. 5).  
Improvements in fits and starts are to be expected in a novel complex process.  Most of the 
incremental variables involved in this system have not been optimized for the NHM5 in the 
photobioreactor (the optimal light regime for each culture density, the optimal airflow rate, 
continuous light vs. light-dark cycles, and many others).  Now the method of providing a 
nitrogen source in initial stages has been determined to overcome the previous impediment to 
cultivation of NHM5, these factors can begin to be addressed.  Further development of the 
photobioreactor into a continuous culture system may be one way to study the impact of these 
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variables in a more efficient way.  Keeping the culture density constant, and measuring 
instantaneous variables (such as oxygen production or hydrogen evolution), is a much faster 
way to find optimal settings than changing one setting at a time and then beginning two week 
incubations.  However, perhaps the most relevant experiment I did not have time to complete 
was cultivation of wild type N. punctiforme in the photobioreactor.  Without these data, we 
cannot determine whether the ammonium cultivation method allows the NHM5 mutant to 
grow as well as the wild type. 
 
It is clear now that any serious biotechnological attempt to grow N. punctiforme or its mutants 
must have a strategy to deal with hormogonia, a differential state that has evolved to respond  
environmental signals.  As noted (5), induction often occurs in small portions of the culture 
population, and this state is normally transient.  Therefore making transitions, such as the one 
from BG11 to BG110, as gradual as possible may be enough to minimize clumping.  On the 
other hand, by using immobilization, the hormogonium phase could be exploited.  Their 
motility and adherence would enable the cells to work their way into the pockets of matrix.  
Transcription studies (either qPCR or microarray) can be an effective strategy to measure the 
timing and extent of cellular response.  Of course, the study of genes here was a first effort, 
and there are certain to be many other interesting genes to study.  Also, by making more of 
the observations in the first 24 hours of response to nitrogen starvation as in (6), one could 
determine which genes respond first and how transcript levels fluctuate.   
 
Understanding will be improved by combining transcription studies with microscopic 
methods that quantify the proportion of filaments that are hormogonia and other physiological 
methods.  One such method is fluorescent induction, which can reflect the properties of 
chlorophyll a and its surroundings (11) in the cell.  This property should vary among 
hormogonia and heterocystous filaments (7) and therefore would offer another way to 
determine the extent to which a culture is composed of these different filaments. 
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MATERIALS AND METHODS 
 
Biological Material:  
The wild type Nostoc punctiforme ATCC 29133 
(26), and its uptake hydrogenase deficient mutant, 
Nostoc punctiforme NHM5 (17) were used. BG110 
(26) is a minimal medium without nitrogen source 
(Table 2), BG11 is the same medium with sodium 
nitrate.  Single colonies on BG110 agar plates were 
selected for liquid culture in 50 mL BG110 medium 
in shaking flasks at room temperature with 
fluorescent light. 
 
For cloning work, DH5α E. coli cells (Invitrogen) 
were used for cloning work, as was the plasmid 
pSUN202, a shuttle vector with the pDC1 
cyanobacterial origin of replication, ColE1 origin of 
replication for use in E. coli, ampicillin resistance 
(GenBank: AY622812.1). Luria broth (LB) (10 g 
tryptone, 5 g yeast extract, 10 g NaCl, 1 L water). 
  
Measuring amount of cells 
Concentration of cells was determined two ways.  For most cell culture work, biomass was 
approximated by optical density at 750 nm (OD750) as measured in a Varian 
spectrophotometer.   
 
For hydrogen measurent, chlorophyll a (chla) was approximated after methanol extraction.  
Briefly 0.1 mL cell culture was mixed with 0.9 mL methanol, vortexed, and after a short time 
in darkness, centrifuged at 4° C 14000 g for 5 minutes.  The OD665 of the supernatant was 
measured , and converted to grams of chla using the extinction coefficient of 78.74 g-1

 cm-1  
(16). 
 
Light microscopy 
A Zeiss light microscope with a 40x objective was used to along with a digital camera to 
identify the differentation of the filaments.  Heterocysts are larger and darker than vegetative 
cells and tend to be evenly spaced through the filaments.  Hormogonia filaments are 
characterized by smaller cell size and sometimes have pointed cells at the terminus of the 
filament (7). 
 
Immobilizing cells 
”3300AY” a nominal 22 kg / m3 polyester polyurethane foam was obtained from Caligen Co. 
(UK).   An immobilization procedure was adapted from (2).  Foam was cut into 5 mm cubes 
and rinsed for 4 days in distilled water to remove any contaminants.  The foam was 
autoclaved in BG110 media.  50 mL BG110 + 1 mM NH4Cl grown cells with an OD750 of 1 
were washed and mixed with enough 5 mm sided cubes of foam to cover the bottom of a 100 
mL flask.    Cells were incubated in 50 mL of BG110 medium.   
 
Hydrogen Measurement 
Hydrogen was measured by gas chromatography (GC) (21).  10 mL of cell culture was 
collected via centrifugation (14000x g for 5 minutes) and resuspended in 2 mL BG110 

Table 2. Components of growth medium 
BG11 or BG110  per liter of water  
Component Amount (g) 
NaNO3 (not in BG110) 1.5  
K2HPO4  0.04  
MgSO4 * 7H2O  0.075  
CaCl2 * 2H2O 
  

0.036  

Citric acid  0.006  
Ferric ammonium citrate 0.006  
EDTA (disodium salt) 0.001  
NaCO3  0.02  
Agar (if needed) 10.0  
H3BO3  2.86  
MnCl2 * 4H2O  1.81  
ZnSO4 * 7H2O  0.222  
NaMoO4 * 2H2O 0.39  
CuSO4 * 5H2O  0.079  
Co(NO3)2 * 6H2O 0.0494  
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medium in 8 mL gas-tight (vacuum) incubation tubes.  The cells were incubated under 50 µE 
light.  They were sampled with a Hamilton syringe, removing 100 µL air and injecting into an 
argon flushed GC.  Peaks for oxygen, nitrogen and hydrogen were integrated by the 
computer.  The area of the peak for hydrogen was compared to a known standard of a mixture 
of hydrogen and air.  The measurements were compared to chlorophyll a concentration. 
 
 
Measuring hydrogen in immobilized cells 
Hydrogen was measured by GC, by putting cubes in a sealed tube as above.  Chlorophyll a 
extraction was performed on the cells via a modified 90% methanol extraction method 
described above.  The procedure was modified in that approximately 10 mL of methanol was 
needed to extract all the chlorophyll from three cubes.  The sample was repeatedly 
centrifuged and vortexed to ensure that cells were removed from the foam. 
 
Physiological characterization of wt and NHM5 flask experiments 
Precultures of Nostoc punctiforme and NHM5 were allowed to grow for approximately one 
week in 400 mL BG11 medium in half liter cylindrical bottles in 50 µE (micro Einstein) at 
30° C.  Cells were centrifuged 10 minutes 5000 g (standard for cyanobacteria) and washed 
with BG110 media.  Duplicate test cultures were inoculated an OD750 of 0.1 in either BG11 
or BG110 in the same bottle and under the same light conditions.  The air flow rate through 
the glass tubes was set to 1.5 L/min.  The OD750 was measured and light microscopy 
performed regularly.   
 
Growth in photobioreactor 
The photobioreactor (fig. 16.) was optimized throughout the experimental time.  The 
photobioreactor was sterilized by autoclaving before each test.  Initial tests were done with 8 
mm thick plastic panels and 50 µE (micro Einstein) fluorescent light.  A light emitting diode 
(LED) panel and glass were later used and the frame was redesigned to so that the glass was 
not stressed by the frame’s direct pressure.  The new frame supported the glass but did not 
exert direct pressure upon it.  The final working photobioreactor was constructed from a 
stainless steel frame, glass panels, rubber septum and a silicone O-ring to seal the panels.  
Incoming air was filtered by a HEPA filter, and outgoing air was first passed through a water-
cooled condenser before passing another sterile filter.  The liquid volume was two liters, 
allowing air above, which acted as a headspace that prevented foam from reaching the 
condenser.   A Clark type O2 sensor and a pH electrode were used.  These inputs were fed into 
a BIO-PHANTOM Flexible Control system designed by Belach Bioteknik.  This software 
could control up to two peristaltic pumps for maintaining pH and it recorded temperature, 
oxygen and pH.  The software did not record the time that acid or base was added or the 
volume added.  The software’s built-in “carbon dioxide for pH regulation” control did not 
work.  However a peristaltic pump could be used to pump carbon dioxide under pH control. 
 
Ammonium supplemented growth in photobioreactor 
The airlift photobioreactor was optimized to allow for steady low levels of ammonia.  This 
was achieved using BG110 medium with 1 mM ammonium chloride.  A peristaltic pump 
under pH control via the computer pumped 12.5% ammonia.  This had the effect of ensuring 
that a nitrogen source was available, while maintaining pH at an optimal level (7.5 to 8). In 
order to induce a shift to nitrogen starvation conditions, the ammonium base was replaced 
with 3M potassium hydroxide, after a high density culture was attained. 
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The photobioreactor was inoculated via sterile syringe with nitrate-grown cells to an OD750 
of 0.1.   Growth was allowed to continue until high density (OD750  > 1) was achieved.  To 
attain higher density, additional ammonium chloride was added via sterile syringe. 
Ammonium colorimetric test paper (Macherey- Nagel) with a lower limit 10 mg/L and optical 
density 750 nm were used for offline measurements.   The test paper was dipped for one 
second in a solution of medium sampled from the bioreactor mixed with 2 drops of test 
reagent (Macherey-Nagel) per mL. 
 

Figure 16 schematic of photobioreactor.  Air enters the photobioreactor through rubber 
tubes (a) after passing through a flask of water (b) and a HEPA filter (k).  The air flows 
through tubes and a sparger (c) where it bubbles up from the bottom.  Air escapes through a 
water-cooled condenser (d) and another HEPA filter (l).  The pH and dissolved oxygen are 
measured by sensors (f and g) and sent to the computer.  The computer can control peristaltic 
pumps (h, i) which pump either gaseous CO2 or a base (NH3 or KOH) to regulate pH. Light 
is provided by the LED panel, and passes into the culture through glass panels facing 
forward.  The side and top frame is stainless steel.  The glass joins the frame with a soft 
silicon O-ring (not shown).  
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Determining light saturation  
A dense NHM5 culture growing with ammonium supplemeted BG110 medium in the 
photobioreactor was used.  A cycle of procedures was used (8).  First, airflow through the 
reactor was stopped.  Second, light was extinguished.  Third, light was switched on.  To end 
the cycle, aeration was resumed.  This cycle was repeated with different illumination levels.  
The rate at which oxygen was evolved after step three was plotted during the time when it 
was increasing in a linear fashion.  The slope of this line is the rate Psat – R which is the rate 
of photosynthesis in saturating irradiance, minus respiration.   Since, respiration should not 
change during short changes in light intensity, increases in the rate can be assumed to be due 
to an increase in instantaneous occurrence of photosynthesis. 
 
Cell growth and sampling for qPCR   
Cells used for qPCR were treated in principle in the same way as those used in the flask and 
photobioreactor characterization experiments above.  In the bioreactor, samples 
approximately equal to 50 mL at an OD750 of 0.1 were taken via sterile syringe through a 
rubber septum.  When the bioreactor began to develop some clumping at the bottom, there 
was an opportunity to take samples from the bottom area.   
 
Sampling from the flasks posed a challenge because the amount of material required would 
influence bottle characteristics.  When 50 mL of medium was removed at each time point, the 
liquid level dropped so that the area at the liquid surface where adherence often occured was 
left dry.  Additionally, the aeration conditions of the culture seemed to be altered by reduction 
of the volume available for gas exchange.  Rather than changing the cultures in this way, I 
chose to add 50 mL fresh BG110 medium at each time point.  This ensured the adherent cells 
would remain near liquid surface and that aeration was the same. 
 
RNA extraction 
The “PGTX 95” protocol was followed (24).  Samples (5 mL at culture of 1.0 OD750) were 
centrifuged 10 min at 5000x g to remove medium, then resuspended in 1 mL – 5 mL RNA 
extraction buffer “Phenol Guanadine Triton X” (PGTX) vortexed to ensure even suspension 
and kept on ice until frozen at -80° C until needed.  PGTX contains: phenol 39.6 g, glycerol 
6.9 mL, 8-hydroxyquinoline 0.1 g, EDTA 0.58 g, sodium acetate 0.8 g guanidine thiocyanate 
9.5 g, guanidine hydrochloride 4.6 g, Triton X-100 2 mL.  After thawing, cells were incubated 
5 minutes at 95° C, then allowed to cool 5 min on ice. 100 µL bromochloropropane was 
added and the sample mixed by vortexing.  Samples were stored at room temperature 
approximately 15 min before being centrifuged for 15 min at 12000x g, 4° C in phase lock 
tubes (Eppendorf).  The upper phase was transferred to a new tube, to which an equal volume 
of isopropanol was added to precipitate 50 µL RNA.  After 15 more min storage at room 
temperature, samples were centrifuged 10 minutes 12000x g, 4° C.  Supernatant was 
discarded and 1 mL 75% ethanol was added to the pellet to wash.   After centrifuging at 
8000x g, 4° C, the supernatant was discarded.  Upon air-drying the pellet was resuspended in 
RNA storage buffer 50 µL (1 mM sodium citrate, pH 6.4, Ambion).  RNA was quantified 
using the Biorad Experion automated microfluidic electrophoresis system, which measures 
signal of an RNA binding dye. 

 
DNase treatment  
Up to 2 µg of RNA was treated with Fermentas DNase I in the manufacturer’s supplied buffer 
with Mn2+ for 30 minutes at 37° C.  The enzyme was then inactivated with 25 mM EDTA at 
65° C for 10 minutes. 
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Reverse transcription 
Reverse transcription (RT) was carried out with the Fermentas M-MuLV Reverse 
Transcriptase, using the provided random hexamers and dNTP mix and RiboLock™ RNase 
Inhibitor. Samples of up to 2 µg RNA were incubated for 10 minutes at 25° C, followed by 60 
minutes at 37°C and the reaction was terminated by heating at 70°C for 10 minutes.  The 
resulting cDNA was stored at -20°. 
 
Primer design 
The web based application Primer3 (27) was used to design the primers (table 1).  Primers 
were 20 base pairs, 45-55% GC content with minimal self-pairing or complementing and a 
calculated melting temperature of 60° C All primer pairs led to products of 160 – 240 base 
pairs.  Sequences were checked to ensure they would not amplify other sequences via BLAST 
(23). Primers were synthesized by Thermo Scientific (Ulm, Germany). 
 
Primer testing 
Primers (table 2) were tested to ensure that the concentration of a sample corresponded to the 
cycle at which detection of florescence occurs.  One cDNA sample from nitrogen fixing WT 
cells was used for primer testing. The sample was diluted by 10 serially six times.  Primers 
were diluted to 10 pM and used with SYBR Green Mastermix (Bio-Rad) and 1 µL template 
with 15 µL total volume per well.  The amplification was done as in (13): first 95 °C for 10 
minutes, second 40 cycles (95 °C for 15 s, 55 °C for 15 s, and 72 °C for 15 s) with 
fluorescence measurement after of each cycle at 72 °C at a heating rate of 20 °C s−1, and 
finally melting curve analysis to verify the specificity of each qPCR reaction, heating from 55 
to 95 °C at rate of 15 °C s−1with continuous fluorescence measurement. Non-template control 
was used for all amplifications to check for DNA contaminations. Amplification data was 
analyzed by the iQ5 optical system software (Bio-Rad).  Melting curves of each product were 
examined to ensure that one peak with melting temperature at greater than 80° C was 
observed, wells without this characteristic were considered to be the product of non-template 
related fluorescence.  Cycle threshold (Ct) values were plotted by fold-dilution and a linear 
curve was obtained.  The fit of the curve (R2) and efficiency (extent to which 10 fold dilution 
leads to 10 times lower fluorescence) of the reaction were determined. 

 
qPCR 
In qPCR, transcription level is quantified by comparing an observed amplification of the gene 
of interest to a reference gene (3). Samples were analyzed under the same PCR conditions of 
the primer test, using 1 µL template with 15 µL total volume per well.  The Ct values of each 
sample were subtracted from the Ct value for RNase P subunit B (rnpB), the reference gene, 
to give the ∆Ct values.  Expression of all genes was compared to those at day zero.  For 
example if ∆Ct of “geneX” is 9 at day zero and 6 at day one, then that gene has 3 ∆Ct stronger 
expression relative to day zero, denoted ‘3 ∆∆Ct’ (because 9 - 6 = 3).  As the amount of 
cDNA doubles with every PCR cycle, the difference in ∆Ct is converted into expression 
relative to day zero by the formula: expression relative to day zero = 2∆∆Ct.  So for this 
example, the day one sample has 8-fold higher expression relative to day zero (because 23 = 
8). 
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Table 3: Primers used for qPCR 

Gene1 Primer pair 5’ - 3’ Designer2 
Npun_R5387 glutamine synthetase glnA TCTTCTCAAACACGCACCAG 

TTGCAGCAAATGCCAAGTAG 
 

JVW 

Npun_F1876 sucrose synthase sucS TTAGGTCGTCCCGATACTGG 
TCGGTACCGTGGACTTTTTC 
 

“ 

Npun_F5008 type II and III secretion system 
protein pilQ 

CAGTTTTTGTGGGGCCTAAA 
GGGTGATAGGAGCAACTCCA 
 

“ 

Npun_F0069 pilus protein pilA TTGTAAATCGCCAGCAAGTG 
TTTCCATGTGGGACTTCCAT 
 

“ 

Npun_F5115 hypothetical outer membrane 
protein 

CAGCCCGTACAAACGGTAAT 
GCATCACCACCATACAGCAC 
 

“ 

Npun_R0415 nitrogenase iron protein Nnfh GCAGAACGTGGTGCAGTAGA 
ACCTTCACGGATAGGCATTG 
 

“ 

Npun_F0368 Uptake hydrogenase hupS GCAGACATTGCTTTCGATGA, 
AGACGCGGTTCCATAAGATG 

XG 

Npun_r018 catalytic subunit of RNAse P rnpB  CGAAAGACCAAACTTGCTGG 
ACCAACCGTAGTTCCTATCG 

PL 

1 ‹ Gene names from cyanobase.  
2 PL, Pia Lindberg; XG, Xiaohui Geng; JVW, Jon Van Wagenen 

 
Construction of plasmid 
pSUN202HUPS, a transfer vector containing a cyanobacterial origin of replication and 
ampicillin resistance gene and the hupSL genes and upstream promoter was constructed as 
follows:  First, Phusion DNA polymerase (Fermentas) was used for proof-reading PCR, 35 
cycles carried out according to manufacturers instructions with 98° C denaturation, 60° C 
annealing 10 s,  72° C elongation 2 minutes, using the primers hup-SacI-r3 and hup-SmaI-f1 
and 0.1 mL wild-type cells (from an OD750 1.0 dense culture washed in distilled water 
heated 95° C 4 minutes) as the template and HF buffer (New England Biolabs).  The 3.7 kb 
product was visualized on a 0.8 % thiazole orange agarose gel (.17 g agarose/ 25 mL thiazole 
orange mix of water and 1:1000 thiazole orange) after electrophoresis (hereafter referred to as 
agarose gel) and digested with Fermentas Fast Digest enzymes SacI and SmaI to cleave off 
the ends of the fragment.  pSUN202 plasmid DNA was cut with the same two enzymes. The 
digested plasmid purified by excising bands from an agarose gel.  The digested PCR product 
was purified with a QuickPurify silica-membrane-based purification kit (Invitrogen).  The 
digested PCR product was ligated into the vector using Fermentas T4 DNA ligase.  The 
ligation was carried out at by incubating a 50 ng vector 150 ng insert ratio 20 minutes 37° C 
in supplied buffer and inactivated with 10 minutes 66° C.    An agarose gel confirmed that the 
plasmid was over 10 kb in size.   
 
The newly constructed plasmid, pSUN202HUPS was transferred into chemically competent 
E. coli DH5α cells via heat shock method.   0.1 mL competent cells (Invitrogen) were thawed 
on ice, 20 µL of the ligation mixture was added.  After 5 minutes on ice, the tube of cells was 
placed in a 42° C water bath for 1 minute, cooled 2 minutes and then 900 µL of SOC medium 
(Invitrogen) was added, and the cells were incubated 37° C for one hour.  The cells were 
collected by brief centrifugation and spread on Luria agar plates (15 g/L agar added to LB) 
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with 100 µg/mL ampicillin, where they were grown overnight for at 37° C.  PCR was 
performed directly on colonies mixed with water, using Dreamtaq Polymerase (as Phusion but 
with 56 melting and 3.5 min elongation), and primers hup-SacI-r3 and hup-SmaI-f1 in order 
to select colonies that had a 3,7 kb insert from those that did not.  Four such colonies were 
used to inoculate LB with 100 µg/mL ampicillin, grown overnight at 37° C and a silica 
membrane based plasmid purification kit (Invitrogen) was used to purify the plasmid.  
Plasmids were sent for sequencing, performed by the primer walking method by Macrogen in 
Korea using primers (table 3) designed to cover the entire amplified region.  
 
 Table 4 Primers  
Name Function Characteristics, sequence 5’ to 3’ Creator or 

Ref1 

    
hup-SmaI-f1 Cloning 

from 
genome 

TCACCCGGGGTAGGCCCGGTAATATAAGCC DC 

hup-SacI-r3 
 

“ GCGCGTTTTCGGACTGCTTAAGAGCTCTTT DC 

hupSL-seq1-1 Sequencing 
reaction 

GGGTAAGTTTTCCGTATGTTGC DC 

hupSL-seq1-2 “  ATCGCACCACTAAACCCACT DC 

hupSL-seq2-1 “ TGACCAAGAGTAGGCGTTATC DC 

hupSL-seq2-2 “ GGTTTGTTTGCCATTGATTTA DC 

hupSL-seq4-1     “ GAGGTCAAAGAAGGGAAAT DC 

hupSL-seq4-2     “ 
GGCAAACAATACAAAAACAC 

DC 

hupSL-seq5-1     “ 
AGCACCACCTTGTAGCCATA 

DC 

hupSL-seq5-2     “ 
TGAACGAGACACATTTACGC 

DC 

hupSL-seq6-1    “ 
 TGCGTTGTGTCAGGTCAT 

DC 

hupSL-seq6-2    “ 
 GGGTCTTGAGGGGTTTTT 

DC 

hupSL-seq3-1 “ CGTAAGATTTGCCAGTGAAGG DC 

hupSL-seq3-2    “  GCCTATTTTATGACTTGGGTTG DC 

M13 forward 
“ GTAAAACGACGGCCAGT Macrogen 

M13 reverse “ AACAGCTATGACCATG Macrogen 

MCS flanking. 
S 

Colony 
PCR 

CAGGGTTTTCCCAGTCACGAC PK 

MCS flanking 
AS 

“ 
TAGTGGCTCCAAGTAGCGAAG 

PK 

1 DC, Daniel Camsund; PK, Petra Kellers. 
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Transformation 
Four isolates of pSUN202HUPS plasmids and a vector without insert were transformed into 
Nostoc punctiforme NHM5 via electoporation (13).  An NHM5 culture was grown to an 
OD750  2.0 in 400 mL flasks in BG11 containing 20 ug/mL neomycin, and, concentrated by 
centrifugation for 10 min at 5000x g.  The filaments were disrupted by sonication for three 
times for 30 seconds with 20 kHz to generate single cells.  The cells were resuspended in 25 
ml BG110 with 5 mM NH4Cl and 5 mM MOPS and allowed to recover overnight with the 
plate wrapped in tissue paper to reduce the intensity of white fluorescent light.  The cells were 
centrifuged for 10 min at 5000x g and washed four times with sterile water.  Chlorophyll a 
content was measured upon 90% methanol extraction and the cells were diluted to between 50 
and 100 mg chla /ml.  10 mg plasmid DNA was mixed with 40 ml cells in a tube on ice. The 
suspension was transfered to a cooled cuvette, where the Gene-Pulsure Xcel (Bio-Rad) was 
used set at 25 µF, 300Ω 1.6 kV.  Following the discharge, cells were cooled on ice and then 
transferred to culture flasks with 20 ml BG110, NH4Cl  and MOPS and incubated overnight 
with illumination reduced by tissue paper.  Cells were centrifuged for 10 min at 5000x g and 
were placed membranes on top of BG110 agar plates with ampicillin (50 µg/mL), NH4Cl, 
MOPS, and neomycin (10 µg/mL).  The membrane was transferred to fresh plates every 
week, as the cells were allowed to grow under tissue light weakend by tissue paper.   After 
about one month, the colonies were picked and placed into BG110 with NH4Cl, MOPS, 50 
µg/mL ampicillin and 10 µg/mL neomycin.   
 
Colony PCR was done on liquid cultures to confirm the presence of the 3.7 kb insert in the 
multiple cloning site.  Colonies were suspended in 10 µL water and vortexed.  Flanking 
primers (table 1) and the Dreamtaq kit (Fermentas) according to above specifications.  
Verification of size was achieved by comparison to a 1 kb plus GeneRuler ladder (Fermentas) 
on an agarose gel. 
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APPENDIX 
  
Table A1: Primers used for qPCR, their efficiency and fit of linear dilution curvea 

Gene Efficiency R2 
Npun_R5387 glutamine synthetase glnA 126 .99 

Npun_F1876 sucrose synthase sucS 120 
 

.997 

Npun_F5008 type II and III secretion system protein 
pilQ 

122 .98 

Npun_F0069 pilus protein pilA 99,2 .95 

Npun_F5115 hypothetical outer membrane protein 190 .997 

Npun_R0415 nitrogenase iron protein Nnfh 105 .998 

Npun_F0368 Uptake hydrogenase hupS 157 .999 

Npun_r018 catalytic subunit of RNAse P rnpB  117 
 

.996 

a Primers were measured via dilution curves for the relationship between cDNA concentration and measured fluorescence 
values.  
 
 
 


