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Abstract
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Molecular hydrogen is a potential energy carrier for the future. Nitrogen-fi xing cyanobacteria 
are a group of photosynthetic microorganisms with the inherent ability to produce molecular 
hydrogen via the enzyme complex nitrogenase. This hydrogen is not released, however, but 
is recaptured by the bacteria using an uptake hydrogenase. In this thesis, genes involved 
in cyanobacterial hydrogen metabolism were examined, and the possibility of employing 
genetically modifi ed cyanobacteria for hydrogen production was investigated.

Nostoc punctiforme PCC 73102 (ATCC 29133) is a nitrogen-fi xing fi lamentous 
cyanobacterium containing an uptake hydrogenase encoded by hupSL. The transcription 
of hupSL was characterised, and putative regulatory elements in the region upstream of the 
transcription start site were identifi ed. One of these, a binding motif for the global nitrogen 
regulator NtcA, was further investigated by mobility shift assays, and it was found that the 
motif is functional in binding NtcA. Also, a set of genes involved in maturation of hydrogenases 
was identifi ed in N. punctiforme, the hypFCDEAB operon. These genes were found to be 
situated upstream of hupSL in the opposite direction, and they were preceded by a previously 
unknown open reading frame that was found to be transcribed as part of the same operon.

The potential for hydrogen production by fi lamentous cyanobacteria was investigated by 
studying mutant strains lacking an uptake hydrogenase. A mutant strain of N. punctiforme
was constructed, where hupL was inactivated. It was found that cultures of this strain evolve 
hydrogen during nitrogen fi xation. Gas exchange in the hupL- mutant and in wild type 
N. punctiforme was measured using a mass spectrometer, and conditions under which hydrogen 
production from the nitrogenase could be increased at the expense of nitrogen fi xation were 
identifi ed. Growth and hydrogen production in continuous cultures of a  Hup- mutant of the 
related strain Nostoc PCC 7120 were also studied. 

This thesis advances the knowledge about cyanobacterial hydrogen metabolism and opens 
possibilities for further development of a process for hydrogen production using fi lamentous 
cyanobacteria.
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INTRODUCTION

HYDROGEN AS AN ENERGY CARRIER

Molecular hydrogen is widely regarded as the energy carrier of the future. It can 
be used in fuel cells, generating an electric current. The electricity generated can 
be employed to drive an engine, and fuel cell engines are thought to be a future 
replacement for combustion engines. The main benefi t of this type of engine is 
that the only exhaust fume is water. 
In order to make the use of hydrogen powered fuel cells a real environmental ad-
vantage, the hydrogen used should come from a renewable source, and no pollu-
tion should be generated in the production. In this thesis, I have investigated the 
molecular foundation for production of hydrogen by a biological system, using 
fi lamentous cyanobacteria that can be grown in bioreactors. Cyanobacteria are 
photosynthetic organisms, and thus they  have the ability to capture light energy 
and convert it to chemical energy. Some cyanobacteria are capable of producing 
hydrogen, yet they do not naturally release it from their cells. If cyanobacteria 
can be made to effi ciently evolve hydrogen using energy from sunlight (Fig. 1A), 
they could be used as a source of clean, renewable fuel.  

Hydrogen fuel cells
A hydrogen fuel cell works by a mechanism that may be regarded as reverse 
water electrolysis, where hydrogen and oxygen are combined to form water and 
an electric current is created by the process. The cell consists of two electrode 
surfaces separated by a proton exchange membrane (PEM). Hydrogen enters the 
fuel cell on one side, at the “anode”, and encounters a catalytic surface, where it 
will dissociate into protons and electrons. The membrane is only permeable to 
protons, while electrons are directed to the “cathode” through an external cir-
cuit, generating an electric current. On the other side of the membrane, oxygen 
enters the cell and is combined with the protons and electrons to form water 
(Fig. 1B). The overall reaction that takes place in the cell can be summarised as 

2H2 + O2 -> 2H2O + energy.
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Fig. 1. Schematic picture showing hydrogen production by fi lamentous cyanobacteria in 
a bioreactor (A), and the use of hydrogen in a PEM fuel cell to generate electrical energy 
(B).

Vehicles running on hydrogen have already been constructed and will become 
increasingly common in the near future. Fuel cells are suggested to be suitable 
for other purposes as well, such as eliminating the use of batteries in portable 
devices.

Production of hydrogen for use in fuel cells
At present, most of the hydrogen used for industrial applications and for fuel 
cells is produced from natural gas in a process that gives carbondioxide (CO2) as 
a by-product. Since this CO2 is eventually released to the atmosphere, the envi-
ronmental gain of running fuel cells on the hydrogen produced in this way is less-
ened. It would serve as a means for reducing pollution in areas with heavy traffi c, 
and thus allow for cleaner air in cities, and the pollution by substances other than 
CO2 would be smaller, but the overall release of CO2 would be as high as with 
traditional combustion engines. Thus, if combustion engines are to be replaced 
with hydrogen powered, fuel cell driven engines, alternative technologies for 
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producing the hydrogen must be developed. The ideal way would be if we could 
use the most abundant source of energy available, the sun, and convert that en-
ergy into energy stored as hydrogen gas. There are several ways to accomplish 
this. One way would be to use solar energy to produce electricity by solar cells, 
which can then be used to split water into hydrogen and oxygen by electrolysis. 
Another way would be to use photoactive materials that upon illumination can 
catalyse the splitting of water directly. There are materials that can do this, and 
development is ongoing (28, 56, 57). It is also possible to try to mimic the pho-
tosynthetic enzymes of plants and bacteria, where nature has already developed 
a way to use light energy to grab electrons from water and produce an electric 
current. The electrons can then be routed to another molecule performing a hy-
drogenase function producing hydrogen from protons and electrons (41, 125). 
Alternatively, the actual enzymes could be purifi ed from photosynthetic organ-
isms and the system put together in vitro. These ideas are all under development, 
though they are not practically feasible yet. Finally, living microorganisms could 
also be used for hydrogen production.

Biohydrogen
There are several groups of microorganisms that can produce hydrogen. Some 
are heterotrophic bacteria that are not dependent on sunlight but require a sup-
ply of chemically bound energy. This could be in form of wastes, from house-
holds and industries, and hydrogen is one possible product of fermentation of 
such materials (45). Some photosynthetic microorganisms can also produce H2, 
and could be employed for hydrogen production from solar energy. Eukaryotic 
green algae have been shown to possess hydrogen-producing enzymes, and can 
be used to produce high amounts of molecular hydrogen when cycled between 
certain growth conditions (77). Another group of photosynthetic microorgan-
isms are the cyanobacteria, photosynthetic bacteria some of which are capable of 
nitrogen fi xation and thus able to live on air, water and minerals, with sunlight as 
their only source of energy. The cyanobacterial enzyme responsible for nitrogen 
fi xation, nitrogenase, produces hydrogen gas as a by-product (10). 
Exploration of the possibility of using a cyanobacterium for nitrogenase-based 
hydrogen production is the main focus of this thesis.
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ENZYMES INVOLVED IN HYDROGEN METABOLISM

Hydrogenases

Hydrogenases are enzymes that catalyse the reaction 

H2 D 2H+ + 2e_

in either direction. Microorganisms can make use of this simple reaction in dif-
ferent ways. Many bacteria and archae are able to use hydrogen as a source of 
electrons using hydrogenases. Some fermentative bacteria, and also green algae, 
use hydrogenases as a means of doing the opposite, to vent an excess of reducing 
power by reducing protons to form hydrogen, and nitrogen-fi xing bacteria use 
hydrogenases to recapture hydrogen produced by nitrogenase (104, 120).
Hydrogenases can be divided into three phylogenetically distinct classes; [Fe]-
hydrogenases, [NiFe]-hydrogenases, and metal-free hydrogenases (120). All 
hydrogenases can be sorted into a class on the basis of sequence similarity (con-
servation of the catalytic core regions) and metal content. The [Fe]- and [NiFe]-
hydrogenases are the most studied, and it has been found that they exhibit a 
great degree of similarity in terms of structure and chemistry around the active 
sites, although the protein sequences are not similar. It is believed that this is a 
case of convergent evolution of the two different groups of enzymes (120). All 
cyanobacterial hydrogenases belong to the class of [NiFe]-hydrogenases (paper 
VII). 

[NiFe]-hydrogenases
The catalytic mechanism of the [NiFe]-hydrogenases is dependent on two metal 
atoms, a nickel and an iron. The metals are bound by two pairs of cystein resi-
dues, and the iron has the unusual ligands of one CO and two CN

_
 (42, 90). The 

class is divided into four different subgroups (120, 128);
(i) Membrane-associated respiratory uptake [NiFe]-hydrogenases (group 1), that 
can support growth on hydrogen as an energy source by transferring electrons 
from hydrogen to a membrane-located complex coupling electron transport with 
reduction of electron acceptors and generation of ATP. This is the group where 
the classical uptake hydrogenases, encoded by hupSL, of most bacteria belong.
(ii) Cytoplasmic heterodimeric [NiFe]-hydrogenases (group 2), which includes 
the cyanobacterial uptake hydrogenase and also H2-sensing hydrogenases. The 
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cyanobacterial hydrogenase has most of its features in common with the group 1 
hydrogenases, however, for reasons of sequence similarities it belongs to this 
group (see further discussion in “Uptake hydrogenases” below).
(iii) Cytoplasmic heterodimeric reversible [NiFe]-hydrogenases (group 3). These 
are multimeric enzymes, whose function depend on binding of some cofactor, 
a NAD+, NADP, or a ferredoxin. Hydrogenses belonging to this group can be 
hydrogen consuming or bi-directional, that is they may have the ability to both 
produce and take up hydrogen depending on conditions. The cyanobacterial bi-
directional hydrogenase belongs to this group.
(iv) Membrane associated H2 evolving respiratory [NiFe]-hydrogenases (group 
4). 

Uptake hydrogenases
The uptake hydrogenases and H2-sensing hydrogenases of groups 1 and 2 are 
heterodimeric enzymes consisting of a large and a small subunit. The active 
center is located in the large subunit, encoded by hupL. HupL contains the four 
conserved cysteins that are necessary for binding of the active center. The small 
subunit, encoded by hupS, contains three FeS clusters bound by cystein and/or 
cystein and histidine residues. The function for these clusters are in electron 
transport, passing electrons from the active center on to a third protein that 
resides in the membrane (except in the case of the H2-sensing hydrogenases). 
This electron acceptor is in turn connected to the electron transport chain. The 
enzyme performing this function is encoded by hupC, or hupC, or hupC hoxZ (as is its name in hoxZ (as is its name in hoxZ
for some hydrogenases), usually located directly downstream of hupSL and tran-hupSL and tran-hupSL
scribed together with those genes as an operon (6, 26, 35, 100). 
The H2-sensing hydrogenases, HupUV (or HoxBC), are similar to the uptake 
hydrogenases. However, they are soluble and their function is to sense the avail-
ability of hydrogen in the cell and regulate other hydrogenase genes in response 
to H2 (7, 58, 62, 120, 121). The signal is transferred via a two-component tran-
scriptional regulatory system, encoded by hupT (or hupT (or hupT hoxJ) (a histidine kinase) and hoxJ) (a histidine kinase) and hoxJ
hupR (or hupR (or hupR hoxA) (a DNA-binding response regulator)(5, 24, 62). The hydrogen 
uptake activities of these enzymes are low. However, measurements of HD-ex-
change activity (the formation by the enzyme of hydrogen-deuterium molecules 
from molecular hydrogen and deuterium (D2)), and the formation or oxidation 
of hydrogen from artifi cial electron donors and acceptors, have shown that they 
are indeed active in binding H2 (5, 121).

Maturation of [NiFe]-hydrogenases
The complex metal centers of the [NiFe]-hydrogenases require a “manufacturing 
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plant” of accessory enzymes for insertion of the metals and formation of the lig-
ands, and to ensure proper folding and processing of the proteins. The hyp-genes 
(for hyhydrogenase ppleiotrophic) are a set of genes responsible for some of these 
functions (64). hypF, hypF, hypF C, C, C D, E, A, and B have been identifi ed in several organisms B have been identifi ed in several organisms B
(20, 23, 64, 83, 84, 94). HypD and HypC are suggested to be involved in inser-
tion of Fe into the active center, and for stabilizing the hydrogenase formation 
complex (8, 25, 65). HypF is responsible for converting carbamoyl phosphate 
into CN

_
 ligands of the Fe, and for formation of the CO ligand (8, 88, 89, 93). 

HypE is also involved in formation of the CO and CN
_
 ligands (8). The reactions 

catalysed by both HypF and HypE are ATP dependent. HypA and HypB are 
most likely involved in the insertion of Ni in the active site. HypB is a GTPase, 
and GTP hydrolysis has been shown to be necessary for hydrogenase maturation 
(66, 67). 
When the active center of the hydrogenase containing both metals has been 
assembled, an endopeptidase is required to cleave the protein and induce a con-
formational change, positioning the active center correctly in the protein. The 
cleavage occurs at a specifi c site near the C-terminal end of the protein (39, 78) 
and only after the incorporation of nickel has taken place (99, 109). Endopepti-
dases of this type are specifi c for each hydrogenase and have been found for 
several hydrogenases (6, 78, 98, 113, 129). The crystal structure of one of them 
has been determined (34).

Nitrogenase
Nitrogenase is a large enzyme complex made up of several subunits, and the reac-
tion it performes can be summarised as:

N2 + (6+2n)H+ + (6+2n)e_ + p(6+2n)ATP  D  NH3 + nH2 + p(6+2n)ADP + 
p(6+2n)Pi

n≥1 and p≥2

where n is the number of hydrogen molecules produced for each molecule of 
nitrogen fi xed, and p is the number of ATP consumed per electron transferred 
(92). Nitrogenase must be considered in a discussion of hydrogen metabolism, 
since the production of at least one molecule of hydrogen per molecule of nitro-
gen fi xed is an obligatory result of nitrogen fi xation.
The most studied type of nitrogenase, molybdenium nitrogenase, is made up of 
two parts, dinitrogenase, or the MoFe-protein, which consists of two subunits 
each of NifD and NifK, and dinitrogenase reductase, or the Fe-protein, which 
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consists of two subunits of NifH. The substrate-reducing active site is located in 
the MoFe-protein, which contains two copies of an iron-molybdenium cofactor 
(FeMo-cofactor), believed to be the site of substrate reduction (12). The MoFe-
protein also has two copies of the P-cluster (an 8Fe-7S-cluster) which is believed 
to participate in electron transfer from the Fe-protein to the FeMo-cofactor (92). 
The two subunits of the Fe-protein coordinately binds a 4Fe-4S cluster, and also 
binds Mg-ATP, at one site in each subunit (Fig. 2).
Reduction of N2 to NH3 requires transfer of six electrons, by a mechanism that 
has not yet been completely elucidated. Reduction of the Fe-protein by a ferre-
doxin or fl avodoxin is the fi rst step. Reduced Fe-protein forms a complex with the 
MoFe-protein, two Mg-ATP are hydrolysed by the Fe-protein, and transfer of an 
electron to the MoFe-protein occurs. The complex dissociates, ADP is released 
and the Fe-protein can be reduced again (92). The process must be repeated 
until enough electrons have been transferred to N2 to form NH3, and since the 
reduction of protons to form H2 is an obligatory part of the process, this means 
at least eight cycles, and the consumption of at least 16 ATP, as described in the 
formula above. Hydrolysis of ATP is accelerating the rate of electron transfer 
between the Fe- and MoFe-proteins, probably by inducing a conformational 
change in the Fe-protein (12, 92). The role for hydrogen production in the 
mechanism of nitrogenase is not clear, but the simplest explanation is that it is a 
result of an unavoidable leakage of reducing potential (27). Alternatively, it could 
be that formation of H2 is a prerequisite for binding of N2 to the active site (12) 
Nitrogenase can produce hydrogen in the absence of nitrogen, and the enzyme 
is also able to reduce a number of other substrates, such as N2O, CN_ and C2H2

(13). It is also very sensitive to inactivation by oxygen (32).

Fig. 2. Schematic representation of suggested mechanism of nitrogenase. The Fe-protein 
is reduced by ferredoxin and binds to the MoFe protein. ATP is hydrolysed and the com-
plex undergoes a conformational change, facilitating the transfer of an electron from the 
Fe-protein to the MoFe protein, probably via the P-cluster to the FeMo-cofactor. The 
complex dissociates again, ADP is exchanged for ATP, and the cycle can start over. When 
enough electrons have been transferred, substrate reduction takes place (12, 92).
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CYANOBACTERIA

Cyanobacteria are an ancient and widespread group of microorganisms, belong-
ing to the eubacteria. They are found in almost all environments on Earth. Some 
are found on the surface of glaciers, some live inside rocks in hot deserts, and yet 
others in hot springs. In the oceans, a large portion of the biomass is made up 
of cyanobacteria. They have been found in fossil form in rock as old as 3.5 bil-
lion years. It was their ancestors that fi rst evolved oxygenic photosynthesis, and 
thereby changed the world into a place where oxygen-dependent organisms, like 
ourselves, could develop. 
Cyanobacteria come in many different forms. They can be unicellular or form 
fi laments of cells connected to each other. These fi laments can be found individu-
ally or in colonies of different shapes. 
Some, but not all, cyanobacteria are able to fi x atmospheric nitrogen using ni-
trogenase to reduce N2 into ammonia. Since nitrogenase is an oxygen sensitive 
enzyme, nitrogen-fi xing cyanobacteria have evolved a variety of strategies to 
combine nitrogen fi xation with oxygen-evolving photosynthesis. Some separate 
the two processes temporally. Others use a spatial separation; only certain cells 
perform nitrogen fi xation. 
Traditionally, taxonomists divide cyanobacteria into fi ve major groups based on 
their mode of division, whether or not they form fi laments and if those fi laments 
are able to differentiate heterocysts (see “Heterocystous cyanobacteria” below). 
These groups are: the unicellular Chroococcales (i), reproducing by binary fi s-
sion or budding, and Pleurocapsales (ii), dividing by multiple fi ssion; the fi lamen-
tous Oscillatoriales (iii), non-heterocyst forming and dividing in one plane, Nos-
tocales (iv), heterocyst forming and dividing in one plane, and Stigonematales 
(iv), dividing in more than one plane (18). It is unclear, however, how well this 
division will compare to a molecular analysis of cyanobacterial phylogeny (119).

Heterocystous cyanobacteria 
Some fi lamentous cyanobacteria develop specialised cells for nitrogen fi xation, 
called heterocysts. When the need for nitrogen fi xation arises, i.e. when no source 
of combined nitrogen such as ammonia, nitrate, or urea is available, these cells 
will differentiate at regular intervals along the fi laments, separated by streches of 
vegetative cells (Fig. 3 (Nostoc)). In the heterocysts there is no oxygen evolving 
activity of photosystem II, the part of the photosynthetic apparatus that performs 
splitting of water (108). The heterocysts also have a thicker cell envelope, made 
up of layers of polysaccharide and glycolipid, that makes them less permeable to 
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gases from the environment than the vegetative cells (81, 117, 122). Together 
with an enhanced level of respiration, this makes it possible to keep the oxygen 
tension low enough to allow for nitrogen fi xation to take place in the heterocysts 
(81). The nitrogen fi xed in the heterocysts is subsequentely exported to the veg-
etative cells in the form of amino acids (68, 107, 114). To support the need for 
reducing equivalents and energy in the heterocysts in the absence of PSII activity, 
heterocysts import carbohydrates from the surrounding vegetative cells. Differ-
entiation into a heterocyst is a terminal event for the cell.
Filamentous cyanobacteria also have other developmental pathways. Some are 
able to form akinetes, spores, when they are exposed to an energy-limited en-
vironment (105, 126). These spores are resistant to harsh conditions like cold 
and draught, and can survive for a long time before eventually starting to grow 
and develop into vegetative cells when conditions are again favourable. The 
akinetes are much larger than vegetative cells and contain high levels of stored 
carbohydrates in the form of glycogen, as well as nitrogen storage in the form of 
cyanophycin (122). It is thought that akinetes are an older form of differentiated 
cells, and that heterocysts have developed from the ability of the bacteria to form 
akinetes (122). Indeed, both hetR, a regulatory protein, and hepA, necessary for 
formation of the envelope polysaccharide layer, have been shown to be involved 
in not only differentiation of heterocysts, but also formation of akinetes (60, 61). 
Yet another developmental alternative is the formation of short motile fi laments 
called hormogonia, consisting of cells that are smaller, and more cylindrical in 
shape compared to vegetative cells. The smaller cell size is a result of the hor-
mogonia being formed by cell division in vegetative cells without cell growth or 
DNA replication. This also results in fewer copies of the chromosome in each 
cell (107). Hormogonia are formed in response to certain environmental stimuli, 
positive or negetive for growth, such as light conditions (22, 46) and chemical 
environment (46, 107), or, for symbiotic species, plant signals (15).

Nostoc punctiforme 
The strain that is the main focus of this thesis, Nostoc punctiforme PCC 73102 punctiforme PCC 73102 punctiforme
(or ATCC 29133, the American Type Culture Collection synonym for the same 
strain, both from here on referred to as N. punctiforme), is a fi lamentous het-
erocystous strain belonging to the order Nostocales (Fig. 3). It is symbiotically 
competent and can form nitrogen-fi xing associations with a number of different 
plants and fungi, e.g. the angiosperm Gunnera spp. (52) and the bryophyte Gunnera spp. (52) and the bryophyte Gunnera An-
thoceros punctatus (30, 126), although it was originally isolated from a root of the thoceros punctatus (30, 126), although it was originally isolated from a root of the thoceros punctatus
cycad Macrozamia sp., a gymnosperm (96). Macrozamia sp., a gymnosperm (96). Macrozamia
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Fig. 3. N. punctiforme. Filaments of N. punctiforme, with nitrogen fi xing heterocysts (h) 
interspersed by vegetative cells (v). 

In the symbiotic state, N. punctiforme lives inside specialised structures of the punctiforme lives inside specialised structures of the punctiforme
host. Establishment of a symbiotic association is dependent on chemical signals 
from the plant, which induce the formation of hormogonia in the cyanobacte-
rium. The hormogonia migrate towards and enter into the symbiotic compart-
ments of the host (1). The morphology and physiology of the symbiotic fi laments 
are changed, so that the growth rate is lowered and the nitrogen fi xation rate is 
increased. The cyanobacteria export fi xed nitrogen to the host plant, and in re-
turn receive carbohydrates, allowing them to rely on a heterotrophic metabolism 
to support nitrogen fi xation (1, 71). The pattern of heterocysts in the fi lament 
is also altered in the symbiotic state, so that the frequency of heterocysts in the 
symbiotic fi lament is elevated, reaching as much as 50% heterocysts, as compared 
to a heterocyst frequency in the free-living state of about 5% (21).
Nitrogen-fi xing cyanobacteria are able to grow autotrophically, that is they can 
grow with only water, minerals, air and sunlight as their sources of nutrients and 
energy. N. punctiforme is no exception; even if it in its symbiotic state is grow-punctiforme is no exception; even if it in its symbiotic state is grow-punctiforme
ing heterotrophically, it is also able to survive as a free-living organism and does 
so in the wild, since every new cycad must form a new symbiotic association 
with Nostoc from the soil. When grown in the laboratory, Nostoc from the soil. When grown in the laboratory, Nostoc N. punctiforme can be punctiforme can be punctiforme
kept under nitrogen-fi xing conditions using minimal media without combined 
nitrogen. It is also, in agreement with its symbiotic lifestyle, able to grow and fi x 
nitrogen in the dark if supplied with sucrose, fructose or glucose (105).
The genome of N. punctiforme has been shotgun sequenced, assembled and 
computationally annotated (74). It is the only sequenced strain that possess all 
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potential cyanobacterial development patterns (vegetative cells, hormogonia, aki-
netes, and heterocysts), and its genome is one of the largest microbial genomes 
sequenced so far. An interesting trait is that it contains an unusually high number 
of genes encoding two-component regulatory systems, typically used for sensing 
a certain signal and induce a response, which may refl ect the versatility of this 
strain of Nostoc and its ability to sense and adapt to highly variable conditions Nostoc and its ability to sense and adapt to highly variable conditions Nostoc
(74).
N. punctiforme has been used as a model organism for studies of cyanobacteria punctiforme has been used as a model organism for studies of cyanobacteria punctiforme
in symbiosis and of cyanobacterial cell differentiation processes (72, 73). Genetic 
techniques are available for use in N. punctiforme. Targeted gene replacement 
can be done via triparental mating with Escherischia coli carrying a conjugable Escherischia coli carrying a conjugable Escherischia coli
plasmid (19) followed by selection for recombination events. There are also vec-
tors available that are possible to transfer to N. punctiforme via electroporation punctiforme via electroporation punctiforme
(105). 

Nostoc PCC 7120Nostoc PCC 7120Nostoc
Nostoc PCC 7120Nostoc PCC 7120Nostoc 1 is the organism used for the studies presented in paper V. It 
is a heterocystous cyanobacterium, and although it is related to N. punctiforme, 
it is not symbiotically competent and lacks the ability to form either hormogonia 
or akinetes (96, 97). However, since it has the ability to form nitrogen-fi xing 
heterocysts and since genetic techniques have long been available for this strain 
(29, 124), it has been used extensively for studies of nitrogen fi xation, cell dif-
ferentiation, and heterocyst pattern formation (38). It was the fi rst fi lamentous 
cyanobacterium to have its genome sequenced, and the complete sequence is 
now available (53). The genome of Nostoc PCC 7120 is smaller than that of Nostoc PCC 7120 is smaller than that of Nostoc N.
punctiforme, possibly refl ecting the lack of genes that in the latter are necessary 
for differentiation of hormogonia and akinetes. 

1 Nostoc PCC 7120 has previously been labelled as Nostoc PCC 7120 has previously been labelled as Nostoc Anabaena, however, it is more similar 
to strains of genus Nostoc (97), and that name will therefore be used here.Nostoc (97), and that name will therefore be used here.Nostoc
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NITROGEN FIXATION AND HYDROGEN METABOLISM 

IN HETEROCYSTOUS CYANOBACTERIA

Nitrogen fi xation in heterocystous cyanobacteria
Cyanobacteria may have more than one nitrogenase. The heterocystous Anabae-
na variabilis, for example, possesses two molybdenum-containing nitrogenases variabilis, for example, possesses two molybdenum-containing nitrogenases variabilis
and also an alternative, vanadium-containing nitrogenase (110, 112). One of the 
Mo-dependent nitrogenases, encoded by the nif1-operon, is expressed in hetero-
cysts, while the other, encoded by the nif2-genes, is expressed only in vegetative 
cells, under anaerobic conditions only (111, 112). The vnf-genes encoding the vnf-genes encoding the vnf
vanadium-containing nitrogenase are transcribed in the absence of molybdenum 
(110). A fourth, Mo and V independent nitrogenase has also been suggested 
(55). However, N. punctiforme and N. punctiforme and N. punctiforme Nostoc PCC 7120 both possess only one mo-Nostoc PCC 7120 both possess only one mo-Nostoc
lybdenum nitrogenase, encoded by the structural genes nifHDK (44, 74, 95). It nifHDK (44, 74, 95). It nifHDK
has been shown for Nostoc PCC 7120 that these genes are only expressed in the Nostoc PCC 7120 that these genes are only expressed in the Nostoc
heterocysts (36, 37). In N. punctiforme as well as in punctiforme as well as in punctiforme A. variabilis and A. variabilis and A. variabilis Nostoc PCC Nostoc PCC Nostoc
7120, they are located together with a number of additional accessory nif-genes, nif-genes, nif
organised as nifB-fdxN-fdxN- -fdxN-fdxN nifS-nifU-nifU-nifU nifH-nifH-nifH nifD-nifK-nifK-nifK orf-orf-orf nifE-nifN-nifE-nifN-nifE-nifN nifX-nifX-nifX orf-orf-orf orf-orf-orf
nifW-nifW-nifW hesA-hesB-fdxH -fdxH - (74).
The reaction catalysed by nitrogenase requires a source of reducing power. Since 
nitrogenase is very sensitive to inactivation by reactive oxygen species (32), the 
electrons cannot be derived from water by PSII in the heterocysts. In fact, as 
mentioned above, heterocysts do not show any PSII activity (122). Instead, 
electrons are derived from carbohydrates imported into the heterocyst from the 
surrounding vegetative cells. The carbohydrates are degraded through the oxida-
tive pentose phosphate (OPP) pathway, enzymes of which have been shown to be 
necessary for nitrogen fi xation to take place in N. punctiforme (105). Electrons punctiforme (105). Electrons punctiforme
are transferred to nitrogenase via NADPH and a heterocyst specifi c ferredoxin, 
which reduces the nitrogenase Fe-protein. Alternatively, the electrons can pass 
to nitrogenase via NADH and a NADH-dehydrogenase to a pool of plastoqui-
nones and on to PSI, which can also reduce ferredoxin (122) (Fig. 4). It is not 
known what carbohydrate(s) are imported into the heterocyst. However, sucrose 
is a likely candidate since, in A. variabilis, the enzyme responsible for cleavage A. variabilis, the enzyme responsible for cleavage A. variabilis
of sucrose have been found to be almost exclusively active in heterocysts, while 
sucrose synthase is almost exclusively active in vegetative cells (101). 
ATP necessary for nitrogen fi xation is generated by cyclic electron fl ow around 
PSI and/or by oxidative phosphorylation, which also helps keeping the oxygen 
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level in the heterocyst low, using the same source of reductant as nitrogen fi xa-
tion (122). 
Ammonia produced by nitrogenase is assimilated through the GS-GOGAT path-
way, that is, it is combined by glutamine synthetase (GS) with glutamate to form 
glutamine, and subsequently by glutamate synthase (GOGAT) with 2-oxoglutar-
ate to yield 2 molecules of glutamate (75, 76, 107). GS is active in the hetero-
cysts, while GOGAT is not (68). Therefore, the glutamate to serve as a substrate 
for GS must be imported to the heterocysts from vegetative cells. Isocitrate de-
hydrogenase (IDH) is also active in the heterocysts and produces 2-oxoglutarate 
and NADPH from isocitrate and NADP (68). The NADPH may be used in the 
heterocysts to reduce ferredoxin and serve as a reductant for nitrogenase or for 
respiration (63, 73). The 2-oxoglutarate is used by GOGAT to yield glutamate. 
Measurements of IDH activities have shown the enzyme to be much more ac-
tive in heterocysts than in vegetative cells (82, 87), which would make GOGAT 
dependent on import of 2-oxoglutarate from the heterocysts. It has been sug-
gested however, that in those experiments, IDH may have been inactivated in 
extracts of vegetative cells (122). Also, IDH has been shown to be transcribed 
and the protein present in vegetative cells (68). It does appear as unnecessar-
ily complicated that glutamine is produced in the heterocysts from glutamate 
imported from vegetative cells, which in turn is made from 2-oxoglutarate and 
glutamine exported from the heterocysts. However, 2-oxoglutarate may have an 
additional role as a signalling molecule. Since 2-oxoglutarate will directly enter 
the GS-GOGAT cycle in cyanobacteria, serving as carbon skeleton for nitrogen 
incorporation, levels of 2-oxoglutarate can serve as a signal for the balance of car-
bon and nitrogen in the fi lament (79, 80). High levels of 2-oxoglutarate would 
indicate nitrogen starvation (a high C/N ratio) and induce nitrogen assimilation 
systems. Low levels on the other hand would indicate excess of nitrogen (a low 
C/N ratio) and would serve as a signal for down-regulating those systems. It has 
been shown that addition of ammonium represses synthesis of new nitrogenase, 
but only when GS is active, and the same is true for repression of nitrogenase 
synthesis by nitrate (33, 107). This fi ts with the hypothesis that 2-oxoglutarate 
may function as a central signal for C/N balance. 
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Fig. 4. Heterocyst metabolism and exchange with vegetative cells. Carbohydrates are 
imported into the heterocysts from vegetative cells, and used to supply reducing power 
for nitrogen fi xation. Fixed nitrogen is converted to glutamine and exported to vegetative 
cells, however, it is uncertain what specifi c substance is exported (dashed line). ATP is 
generated in the heterocysts by cyclic electron fl ow around PSI or by oxidative phosphor-
ylation. Hydrogen produced by nitrogenase is recaptured by an uptake hydrogenase. Dot-
ted lines represent fl ow of reducing equivalents. Abbreviations: OPP – oxidative pentose 
phosphate pathway; RET – respiratory electron transport chain; PSI – photosystem I; 
IDH – isocitrate dehydrogenase; GS – glutamine synthetase; GOGAT – Glutamate syn-
thase: Fd – ferredoxin (heterocyst-specifi c); Gln – glutamine; Glu – glutamate; 2-OG – 2-
oxoglutarate; N2ase – nitrogenase; H2ase – uptake hydrogenase. (Based on (9, 73, 122).)

When conditions are unfavourable for nitrogen fi xation, a modifi cation of the 
nitrogenase Fe-protein can occur that will inactivate nitrogenase reversibly (31, 
122). The modifi cation appears to occur in response to an increase in internal 
oxygen tension in the heterocysts, and can be induced by high concentrations 
of O2, or by addition of ammonia at high pH. The latter condition may lead to 
increasing oxygen levels in the heterocysts by limiting the available reductant for 
respiration; high levels of ammonia will divert use of carbohydrates to assimila-
tion of ammonia, leaving less carbohydrates to be used as reductant, the result 
being an increase in oxygen in the cell. Similarly, the modifi cation can also be 
induced during periods of low carbohydrate supply to the heterocysts, e.g. in 
the dark for cultures grown with dark-light cycles (122). Low carbohydrate sup-
ply or addition of ammonia will not induce the Fe-protein modifi cation under 
anaerobic conditions, which also points to that the mechanism is dependent on 
the oxygen level in the heterocyst (31). Since the modifi cation of the nitrogenase 
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is thus indirectly dependent on supplies of carbohydrates and ammonia, it repre-
sents another coordination of nitrogen and carbon assimilation. Also, it has been 
suggested that the modifi cation may serve to protect nitrogenase from inactiva-
tion under conditions when lack of reductant causes a buildup of oxygen in the 
heterocysts (122).
Presence of ammonium will repress transcription of nif genes. However, since nif genes. However, since nif
nif-transcripts are only present in heterocysts, it could be that repression of nif-transcripts are only present in heterocysts, it could be that repression of nif nif-nif-nif
genes is not directly infl uenced by ammonium levels, but an effect of ammonium 
inhibiting differentiation of heterocysts (33, 122). It has also been shown, how-
ever, that ammonium and nitrate affects synthesis of new nitrogenase in cultures 
that already have heterocysts, and the regulation occurs in at least one example at 
the transcriptional level (33). As mentioned above, this inhibition may be medi-
ated by some signal molecule sensing the C/N ratio, possibly 2-oxoglutarate.

Heterocyst differentiation
Development of nitrogen-fi xing heterocysts is controlled by the nitrogen status 
of the fi lament. When no source of combined nitrogen is available, cells along 
the fi lament start to differentiate, in a highly regulated process which is not yet 
fully understood.
Studies of heterocyst differentiation have yielded information on some of the 
regulatory elements involved in the process (Fig. 5). These studies have been 
performed mostly in Nostoc PCC 7120, but also in N. punctiforme. When com-
bined nitrogen is not available to a free-living culture, regularly spaced cells along 
the fi lament will develop into heterocysts. The earliest identifi ed response to ni-
trogen deprivation is activation of the regulatory protein NtcA, a global nitrogen 
regulator in cyanobacteria. NtcA is in turn necessary for activation of HetR, 
which is transcribed early in clusters of vegetative cells, of which only a single cell 
will fi nally develop into a mature heterocyst. HetR is a protein unique to cyano-
bacteria, but its molecular mechanism in regulating cellular differentiation is still 
unclear. Mutants lacking hetR do not develop heterocysts, while overexpression 
of the gene gives rise to multiple heterocysts, as well as to heterocysts under nor-
mally inhibiting conditions (11). 
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Fig. 5. A model of relationships between some of the regulatory gene products involved 
in the differentiation of heterocysts from vegetative cells that are in a favourable position 
in the cell cycle. (Based on (11, 14, 73).)

The activity of HetR is modulated by the products of hetF and patA. HetR ac-
tivates its own transcription, however it is apparently only able to do so in the 
presence of HetF, and mutants lacking hetF do not show any early stages of 
heterocyst differentiation (127). patA

_
patA

_
patA mutants do form heterocysts, but only 

at the end of fi laments and they grow poorly in nitrogen-fi xing conditions. The 
product of patA may be involved at a later stage in the regulatory circuit by 
modulating the activity of HetR (11). 
Other genes downstream of hetR have also been identifi ed as necessary for de-
velopment of the mature, functional heterocyst. The heterocyst differentiation 
inducing activity of HetR is counteracted by at least two proteins, PatS and 
HetN. PatS is a small peptide, synthesized in developing heterocysts. It has been 
suggested that PatS diffuses out from developing heterocysts and inhibits dif-
ferentiation of neighbouring cells that lie within the cluster of initially hetR-ex-
pressing cells (130). patS

_
mutants show a phenotype with multiple contiguous 

heterocysts that later resolves into a near normal pattern. HetN is expressed later 
in the differentiation process, after the point when the cell is irreversibly commit-
ted to differentiation. It is suggested to block autoinduction of HetR in adjacent 
cells once mature heterocysts have formed, thus playing a role in maintaining an 
established pattern (14). 
The regular spacing pattern of heterocysts in the fi lament is proposed to be the 
consequence of two processes. First, assume that at the moment of nitrogen 
deprivation, every vegetative cell in a fi lament is able to differentiate into a het-
erocyst. Second, assume that cells which have started to differentiate excrete a 
signal and this signal molecule inhibits differentiation in nearby vegetative cells 
that consume it. The result of this lateral inhibition will be a regularly spaced pat-
tern, as has been mathematically predicted and observed (123). 
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However, evidence from recent studies of gene expression and of characteristics 
of mutants in Nostoc PCC 7120 and N. punctiforme imply that this one-stage N. punctiforme imply that this one-stage N. punctiforme
model is too simple. The regulation and the patterns formed in the different 
mutant strains are too complex to be explained only by lateral inhibition along 
the fi lament. Also, if the pattern formation was really dependent on a single 
mechanism, one should be able to isolate mutants with a random spacing pat-
tern. No such mutants have been found, whereas several mutants are identifi ed 
with altered, but still non-random patterns.
A two-stage model has been proposed (73), with the main difference that the 
heterocyst differentiation is initiated only in groups of cells along the fi lament, 
rather than all cells, and the initiating cell groups are possibly distinguished by 
their stage in the cell cycle when the signal of nitrogen starvation is perceived. 
Those cells all start to differentiate, but then the cluster of differentiating cells 
resolves to a single heterocyst at the site as a consequence of the secretion of an 
inhibitory signal, most likely PatS. Mutations or external signals that result in 
altered, but non-random pattern formation can be explained in this model either 
by disruptions in the resolution stage, when the groups of cells that have initiated 
differentiation are proposed to resolve to single heterocysts, or by alterations in 
the cell cycle that defi nes the initiation stage (73).

Cyanobacterial hydrogenases
Cyanobacterial hydrogenases are of two different kinds, a reversible, or bi-direc-
tional, hydrogenase, belonging to group 3 of the [NiFe]-hydrogenases, and an 
uptake hydrogenase belonging to group 2 of the [NiFe]-hydrogenases ((120) 
and paper VII, see “[NiFe]-hydrogenases” above). 

Bi-directional hydrogenase
The cyanobacterial bi-directional hydrogenase is a soluble or loosely membrane-
associated enzyme (49, 54). In analogy with other group 3 [NiFe]-hydrogenases, 
it contains a diaphorase part, made up of HoxF and HoxU, and a hydrogenase 
part, consisting of HoxH and HoxY. Recently, it has been reported that in two 
unicellular strains of cyanobacteria, the enzyme also contains a fi fth subunit, 
HoxE. The gene encoding this subunit is present in the genome of Nostoc PCC Nostoc PCC Nostoc
7120 (102). 
The activity of the bi-directional hydrogenase is induced under anaerobic condi-
tions (50), and it has been shown that anaerobiosis does activate a regulation 
at the transcriptional level (2). The enzyme is not present in all cyanobacteria, 
for example, while Nostoc PCC 7120 does have it, it is absent in Nostoc PCC 7120 does have it, it is absent in Nostoc N. punctiforme 
(106). Its function has long been unclear, but it has been suggested that it may 
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be involved in fermentation (104), a suggestion which has received further sup-
port by a recent study of fermentation in the unicellular strain Gloeocapsa alpicola
(115), where it was shown that H2 can be produced as a product of fermentative 
degradation of glycogen.

Uptake hydrogenase
An uptake hydrogenase consisting of HupS and HupL has been found in all cy-
anobacterial strains that are capable of nitrogen fi xation examined so far (paper 
VII, and references therein). The apparent function of the uptake hydrogenase 
is to recycle the molecular hydrogen that is released as a product of nitrogen 
fi xation by nitrogenase, making sure that the bacterium does not lose energy 
unnecessarily (Fig. 4). 
Only three cyanobacterial uptake hydrogenases have been characterised in any 
detail. hupSL from hupSL from hupSL Nostoc PCC 7120, Nostoc PCC 7120, Nostoc A. variabilis, and A. variabilis, and A. variabilis N. punctiforme have N. punctiforme have N. punctiforme
been cloned and sequenced (16, 43, 85) (Fig. 6). The genes are very similar, ex-
cept for the interruption of hupL in hupL in hupL N. PCC 7120 by a 10.5 kb sequence, which 
is excised from the chromosome during heterocyst differentiation. A gene, xisC,
encoding a specifi c recombinase necessary for the excision is located within the 
interrupting sequence (16). In N. punctiforme and in punctiforme and in punctiforme A. variabilis, no such rear-A. variabilis, no such rear-A. variabilis
rangement occurs (43, 85). 
Transcription of hupSL has been shown to be activated by a shift from nitrogen hupSL has been shown to be activated by a shift from nitrogen hupSL
replete to nitrogen depleted conditions (3), and in Nostoc PCC 7120, a transcript Nostoc PCC 7120, a transcript Nostoc
of the genes can only be detected after excision of the 10.5 kb element in hetero-
cysts (16). This is in agreement with the function of the hydrogenase being to 
recapture hydrogen produced during nitrogen fi xation. It has also been shown 
that transcription of hupSL, and subsequently also uptake hydrogenase activity, in 
nitrogen-fi xing Nostoc cultures is increased following incubation under anaerobic Nostoc cultures is increased following incubation under anaerobic Nostoc
conditions, incubation with addition of H2 to the gas phase, or by addition of Ni 
to the culture medium (2, 86).
As stated above, the cyanobacterial uptake hydrogenase does not fall into the 
same group as other uptake hydrogenases with a similar function in other bacte-
ria. Although they do possess the conserved amino acids necessary for the func-
tion of uptake hydrogenases (Fig. 6), there are certain sequence and structural 
differences between the groups. The small subunits of the group 1 hydroge-
nases all possess an N-terminal signal peptide, targeting them to the membrane 
through which they are transported in an already folded form via the Tat-system. 
No such signal peptide is found in the cyanobacterial uptake hydroganses. This, 
along with other characteristics of the sequence, make them more similar to the 
H2-sensing hydrogenases than to uptake hydrogenases in other bacteria (120). 
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However, while the H2-sensing hydrogenases in, e.g., Ralstonia eutropha or Ralstonia eutropha or Ralstonia eutropha
Rhodobacter capsulatus have only limited uptake hydrogenase activities, the cy-Rhodobacter capsulatus have only limited uptake hydrogenase activities, the cy-Rhodobacter capsulatus
anobacterial uptake hydrogenases have been shown to really function as such. In 
the genomes of Nostoc PCC 7120 and Nostoc PCC 7120 and Nostoc N. punctiforme, there are no ORFs apart 
from hupSL that are similar to uptake hydrogenases, and that could account for hupSL that are similar to uptake hydrogenases, and that could account for hupSL
the uptake hydrogenase activities observed in these strains if hupSL were really hupSL were really hupSL
encoding a H2-sensing hydrogenase. Mutational studies have also shown that 
when hupSL are inactivated, the hydrogen uptake ability is lost ((43, 69), paper hupSL are inactivated, the hydrogen uptake ability is lost ((43, 69), paper hupSL
III). Also, in other organisms, hupSL is followed by a third gene, hupSL is followed by a third gene, hupSL hupC (or hupC (or hupC hoxZ), hoxZ), hoxZ
which encodes a b-type cytochrome with four membrane spanning regions be-
lieved to be the receiver of electrons from the small subunit and also to be an-
choring the hydrogenase to the membrane (see “Uptake hydrogenases” above). 
This third subunit is not located in the same operon as hupSL in cyanobacteria, hupSL in cyanobacteria, hupSL
and a gene encoding a similar function has not been identifi ed so far (paper VII), 
however see “Results and Discussion” below. 

Fig. 6. hupSL in three fi lamentous cyanobacteria. Vertical black bars represent positions of hupSL in three fi lamentous cyanobacteria. Vertical black bars represent positions of hupSL
conserved cysteins binding FeS-clusters and the active site metals. Downstream of hupSL
are different, non-hydrogenase related, open reading frames in all three strains. The loca-
tion of rearrangement of hupL in hupL in hupL Nostoc PCC 7120 is indicated. (Adapted from paper Nostoc PCC 7120 is indicated. (Adapted from paper Nostoc
VII.)
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Hydrogenase accessory genes in cyanobacteria
A complete set of hyp-genes have been identifi ed in N. punctiforme (paper VI) as N. punctiforme (paper VI) as N. punctiforme
well as in Nostoc PCC 7120 ((40), paper VII). Genes encoding hydrogenase spe-Nostoc PCC 7120 ((40), paper VII). Genes encoding hydrogenase spe-Nostoc
cifi c endopeptidases have also been identifi ed in cyanobacteria. In N. punctiforme
there is one gene, hupW, suggested to be the protease necessary for processing of hupW, suggested to be the protease necessary for processing of hupW
the uptake hydrogenase large subunit. Nostoc PCC 7120, which has both types Nostoc PCC 7120, which has both types Nostoc
of hydrogenases, has this gene and an additional gene, hoxW, predicted to be the hoxW, predicted to be the hoxW
specifi c protease for the bi-directional hydrogenase. The sequence similarities 
of the cyanobacterial genes to those of corresponding genes in other bacteria is 
rather low, however, since the structure of one hydrogenase-specifi c protease is 
known (34), structure modelling was used to identify the cyanobacterial enzymes 
(129). 
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RESULTS AND DISCUSSION

TRANSCRIPTION OF hupSL (PAPERS I AND II)

In order to further characterise the previously cloned and sequenced genes for 
the uptake hydrogenase in N. punctiforme (85), a study on transcription of the punctiforme (85), a study on transcription of the punctiforme
genes was performed. RT-PCR with RNA isolated from nitrogen-fi xing cultures 
of Nostoc PCC 73102 and primers within Nostoc PCC 73102 and primers within Nostoc hupS and hupS and hupS hupL were used to determine hupL were used to determine hupL
if hupSL is transcribed as an operon. It was found that both genes are present on hupSL is transcribed as an operon. It was found that both genes are present on hupSL
the same transcript (Fig. 7). Downstream of hupL, a putative transcription termi-
nator was identifi ed. The region between hupS and hupS and hupS hupL contains a strech of im-hupL contains a strech of im-hupL
perfect repetitions of a seven bp sequence followed by a non-repetetive sequence, 
and then followed by an inversion of the fi rst repeat, allowing for a possible 
formation of a large hairpin structure in the mRNA. It is not known whether this 
structure has a function and, if so, what that function could be. Similar putative 
hairpin structures based on the same type of repeats can be found in other inter-
genic regions in fi lamentous cyanobacteria, including hupSL of hupSL of hupSL Nostoc PCC 7120 Nostoc PCC 7120 Nostoc
and A. variabilis (papers I and VII), and the repeats themselves make up a large variabilis (papers I and VII), and the repeats themselves make up a large variabilis
part of the genome of both N. punctiforme and N. punctiforme and N. punctiforme Nostoc PCC 7120 (74). Nostoc PCC 7120 (74). Nostoc
5’-RACE, an RT-PCR based method for locating 5’ ends of mRNA, was used 
to identify the startpoint of transcription of hupSL in hupSL in hupSL Nostoc PCC 73102. A Nostoc PCC 73102. A Nostoc
startpoint was found 259 bp upstream of the start codon of hupS. Upstream 
of this point, a few putative promoter elements were identifi ed, one of which 
conformed to the consensus for an NtcA binding site (paper I) (Fig. 7). NtcA is 
a global nitrogen regulator in cyanobacteria, and has been shown to be neces-
sary for heterocyst differentiation in both N. punctiforme (126) and punctiforme (126) and punctiforme Nostoc PCC Nostoc PCC Nostoc
7120 (118). To determine whether this site really would bind NtcA, mobility 
shift assays with purifi ed NtcA from Nostoc PCC 7120 were perfomed (paper Nostoc PCC 7120 were perfomed (paper Nostoc
II). The deduced amino acid sequences of NtcA from N. punctiforme and punctiforme and punctiforme Nostoc
PCC 7120 are identical. Therefore, the NtcA from Nostoc PCC 7120 can be used Nostoc PCC 7120 can be used Nostoc
instead of the one from N. punctiforme. A DNA fragment containing the puta-
tive NtcA binding site was amplifi ed by PCR (Fig. 7). This fragment was end-la-
bled with [α-32P]-dCTP and incubated with different amounts of purifi ed NtcA. 
The samples were separated on a polyacrylamide gel, so that protein-bound 
DNA could be detected by altered mobility compared to free DNA fragments. A 
known NtcA-binding DNA fragment, the gor promotor from gor promotor from gor Nostoc PCC 7120 Nostoc PCC 7120 Nostoc
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(51), was used as a positive control for protein binding. To determine that the 
interaction between the hupSL promoter fragment and NtcA was specifi c, com-hupSL promoter fragment and NtcA was specifi c, com-hupSL
petetive binding with unlabelled fragments was performed. It was found that the 
PCR fragment containing the NtcA binding motif did bind NtcA specifi cally. 
The start point of transcription of hupSL has been identifi ed also in hupSL has been identifi ed also in hupSL A. variabilis,
and there, no NtcA binding motif was found (43). However, since A. variabilis
does have an array of differently utilized nitrogenases, at least one of which is 
found in vegetative cells under anaerobic conditions, it is not implausible that 
the regulation of hupSL may be different in that organism compared to hupSL may be different in that organism compared to hupSL N. punc-
tiforme with its single nitrogenase. tiforme with its single nitrogenase. tiforme
Different consensus binding motifs for NtcA have been reported (47). The site 
found here is most similar to the fi rst motif to be described, TGT-N(9 or 10)-
ACA, for NtcA in N. PCC 7120 (91), and differs from the GTA-N(8)-TAC con-
sensus sequence later reported to be strongly favoured (47). Sites conforming to 
the former motif was found in the promoter regions of the NtcA regulated genes 
xisA, glnB, rbcL (91), and rbcL (91), and rbcL gor (51) all of which are transcriptionally regulated gor (51) all of which are transcriptionally regulated gor
during heterocyst differentiation. As mentioned above, NtcA is a global nitrogen 
regulator in cyanobacteria, meaning that it is also involved in pathways of nitro-
gen assimilation other than nitrogen fi xation, both in nitrogen-fi xing and non-
nitrogen-fi xing cyanobacteria. The slight divergence of binding motifs reported, 
probably affecting the binding affi nity of NtcA, may refl ect actual differences in 
regulation by NtcA for different groups of genes.

Fig. 7. Transcription hupSL in hupSL in hupSL N.punctiforme. The transcription start point (tsp) and puta-
tive transcription terminator are indicated, as well as putative promoter elements. F and R 
are the primers used to amplify the DNA fragment for mobility shift assays. RT-PCR F and 
RT-PCR R are primers used for RT-PCR, showing that hupS and hupS and hupS hupL are on the same hupL are on the same hupL
transcript. The integenic sequence hairpin is also shown. (Based on papers I and II.)
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CONSTRUCTION AND ANALYSIS OF MUTANTS OF 

THE UPTAKE HYDROGENASE (PAPERS III, IV AND V)

N. punctiforme, like all nitrogen-fi xing cyanobacteria, will release hydrogen when 
it is grown under nitrogen-fi xing conditions and then incubated under argon. 
This release is the result of enhanced hydrogen production from the nitrogenase 
in the absence of nitrogen, yielding large amounts of hydrogen which cannot 
all be processed by the uptake hydrogenase. However, this production is not of 
much use from a biotechnological perspective, if the aim is to produce hydrogen 
at as low a cost as possible, since the cells need to be kept in the absence of air. 
Also, the cultures cannot survive for very long under such conditions. Therefore, 
in order to be able to examine the possibilities for hydrogen production from the 
nitrogenase under normal growth conditions under air, a mutant of N. puncti-
forme lacking the uptake hydrogenase was constructed by targeted gene inacti-forme lacking the uptake hydrogenase was constructed by targeted gene inacti-forme
vation (paper III). hupL was inactivated by insertion of an antibiotic resistence hupL was inactivated by insertion of an antibiotic resistence hupL
gene cassette (Fig. 8), and transferred to N. punctiforme via triparental mating punctiforme via triparental mating punctiforme
with E. coli. 

Fig. 8. N. punctiforme hupL inactivated by insertion of an antibiotic resistance cassette in hupL inactivated by insertion of an antibiotic resistance cassette in hupL
a KpnI-site. F and R are primers used for PCR to identify the insertion. Since the same 
primers give differently sized PCR-products depending on if the insertion is present or 
not, this method can be used to distinguish between wild type and mutant genotype. The 
HindIII-sites shown were used for digestion of genomic DNA, also yielding different 
sized DNA fragments for the wild type and mutant strains, for Southern hybridisations 
with a probe against hupSL. (Adapted from paper III.)

After selection for antibiotic resistance, recombinant strains carrying the inser-
tion in all copies of the chromosome were identifi ed using PCR and Southern 
hybridisation (Fig. 8). One of the resulting mutant clones was selected for fur-
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ther characterisation. This mutant strain, NHM5 (NostocNostocN hydrogenase ydrogenase mutant 
nr 5) was found to evolve hydrogen when grown under nitrogen-fi xing condi-
tions. Measurements were made using a hydrogen electrode, where the mutant 
strain was incubated under saturating light conditions for up to 40 min (Fig. 
9). During this time, it showed continous hydrogen production with rates up 
to 14 µmol(mg Chl a)-1h-1. The production was lower in the beginning of the 
incubation and increased at the end of the experiments, after about 20 minutes 
of incubation. 

Fig. 9. H2-electrode recordings of cultures of NHM5 (A) and wild type N. punctiforme
(B). Arrows indicate the start of illumination. The rate of hydrogen evolution in the mu-
tant strain was higher in the end than in the beginning of the light period. (From paper 
III.)

To further characterise the hydrogenase-free NHM5 and its potential for hydro-
gen production, a series of measurements of gas exchange in both mutant and 
wild type N. punctiforme was performed (paper IV). A mass spectrometer was punctiforme was performed (paper IV). A mass spectrometer was punctiforme
used to record changes of H2, N2, O2 and CO2 in cultures of both strains. 18O2

tracing was used to separate PSII activity (which in the light produces O2 from 
H2O, i.e. essentially 16O2), from O2 uptake phenomena (which consume the 
18O2). Similarly, 13CO2 tracing was used to separate CO2 production (from stored 
carbohydrates, essentially 12CO2), from labelled 13CO2 uptake by photosynthesis. 
D2 (deuterium gas) tracing was used to assay the H-D exchange activity in the 
cells, stemming from nitrogenase and (in the wild type) uptake hydrogenase 
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activity.
It was found that the characteristics of the two strains concerning photosynthetic 
activities, exchange of oxygen and CO2, was similar, as was the rate of nitrogen 
fi xation. There was, as expected, an uptake of CO2 and evolution of O2 in the 
light. A rapid uptake of CO2, most likely the effect of carbon concentrating 
mechanisms (4) was observed at the onset of light. Respiratory oxygen uptake 
was slightly inhibited under low light, but increased under high light. This could 
be an effect of an accumulation of reducing power under high light, when PSII 
activity exceeds the ability of the Calvin cycle to fi x CO2, which will favour oxy-
gen consuming reactions (graphs not shown).
When recording levels of nitrogen fi xation and hydrogen evolution, the 
amount of H2 produced per molecule of N2 fi xed was found to vary with light 
conditions (Fig. 10A). Under low light (20 µmol photons m-2 s-1) the ratio 
was approximately 1.4 H2 produced per N2 fi xed, whereas under high light 
(1000 µmol photons m-2 s-1), the ratio was approximately 6.1. This may be the 
result of an excess of reducing power and ATP generated under high light, ex-
ceeding the capacity of the nitrogenase to fi x N2, and more hydrogen is produced 
instead. When a longer measurement was made where the cultures were allowed 
to become depleted of CO2, the rate of nitrogen fi xation decreased, while the 
rate of hydrogen production by the nitrogenase was fi rst inhibited, and then 
increased to a rate higher than in the beginning of the experiment (Fig. 10B), 
in the same way as was observed previously using the hydrogen electrode (paper 
III, Fig. 9). There may be several explanations for these changes. The rate of ni-
trogen fi xation may be dropping as a result of a lack of carbohydrates to provide 
carboskeletons to incorporate ammonia, and to provide reductant for the nitro-
genase. Also, it may be that a low level of available carbohydrates impair the rate 
of respiration in the heterocysts, due to lack of reductant, resulting in increasing 
oxygen tension causing an inactivation of the nitrogenase. However, if the nitro-
genase is partially inactivated, how can the hydrogen production increase? Pos-
sibly, when the ability of nitrogenase to fi x nitrogen is partly inhibited, hydrogen 
is produced more effectively than nitrogen is fi xed. It should be noted that the 
electron fl ow through nitrogenase, calculated as the sum of electrons used for 
hydrogen production and nitrogen fi xation, was still lower in the end of the light 
phase than in the beginning, despite the increase in H2 production.



31

Fig. 10. Mass spectrometric measurements of N2, H2, O2 and CO2 in cultures of N.
punctiforme and the hydrogenase free NHM5. (A) Npunctiforme and the hydrogenase free NHM5. (A) Npunctiforme 2 fi xation and H2 production by the 
two strains under different light conditions. (B) Photosynthetic exchange of O2 and CO2

measured simultaneously with N2 fi xation and H2 production under high light for an ex-
tended time period. Bars under the graphs indicate light conditions; black – darkness, grey 
– low light, white – high light. (Adapted from paper IV.)
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A Hup
_
 mutant of Nostoc PCC 7120 was also examined (paper V). This mutant, 

AMC 414 (17) has an inactivated xisC, the gene responsible for rearrangement xisC, the gene responsible for rearrangement xisC
of hupL during heterocyst differentiation. Without this gene, hupL during heterocyst differentiation. Without this gene, hupL hupL cannot be hupL cannot be hupL
transcribed and thus no uptake hydrogenase can be formed in the heterocysts. 
The characteristics of the mutant strain and wild type Nostoc PCC 7120 were Nostoc PCC 7120 were Nostoc
compared. When grown separately in batch cultures, the strains show very similar 
characteristics, with similar growth rates. Thus, it would seem that the wild type 
gains no advantage by expressing an uptake hydrogenase, even under nitrogen-
fi xing conditions. To investigate if the strains would behave differently from 
each other when cultivated together, AMC 414 was grown in a bioreactor in 
competition with wild type Nostoc PCC 7120. The relative abundance of the two 
strains under different light conditions was determined by a DNA hybridisation 
method. Genomic DNA was isolated from the mixed culture, and the two strains 
were detected by southern hybridisation to a PCR generated probe binding to 
fragments of different length in the wild type and the mutant. When the strains 
were fi rst introduced in the bioreactor the relative amounts of the two strains 
were stable. When, after a few weeks of cultivation, the light was increased, the 
wild type grew faster than the mutant. This is most likely due to the ability of the 
wild type strain to use the hydrogen released from the mutant strain. The mutant 
strain was also grown in a bioreactor outdoors for 10 days and was found to pro-
duce hydrogen during the day consistently for that period, with rates of around 
25 µmol(mg Chl a)-1h-1

.

It has been argued that hydrogen production by nitrogenase based systems, such 
as the two mutant Nostoc strains described above, is not effi cient enough to be Nostoc strains described above, is not effi cient enough to be Nostoc
of practical use, because the nitrogenase is expensive for the cells. It must be 
produced in large amounts, it requires a number of other proteins to assemble 
and to maintain a suitable environment for it, and also, the reaction it catalyses 
consumes a large amount of ATP. However, as has been shown in paper IV and 
described above, there are conditions under which the effi ciency of the nitro-
genase for hydrogen production can be increased at the expense of nitrogen 
fi xation. Further optimisation of the process, identifying optimal conditions for 
hydrogen production is certainly possible, and continued genetic engineering of 
the strains may also improve it. The rates of hydrogen production in these two 
uptake hydrogenase defi cient strains are already comparable to the rate of hydro-
gen production reported for a system of hydrogen production by green algae, 
where the production rates lie in the range of up to 17 µmol(mg Chl a)-1h-1 (77). 
The Fe-hydrogenase responsible for the hydrogen production in green algae is 
very oxygen sensitive. To overcome this complication, the algae are deprived of 
sulphur which causes a degradation of PSII, whereupon the culture rapidly be-
comes anaerobic, and hydrogen production will commence. For this system, hy-
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drogen could be evolved continously for several days. However, the culture can 
only be maintained in this state for a limited amount of time, after which it must 
be allowed to start photosynthesising again or the algae would die. The solution 
is to cycle the culture between sulphur-deprivation and anerobiosis, and normal 
growth conditions. For the cyanobacterial cultures however, hydrogen produc-
tion takes place under air and in normal, nitrogen-fi xing cultures. This makes 
for a more economical handling of the cultures and less complicated bioreactor 
designs, should they be used for hydrogen production on a commercial scale.

HYDROGENASE ACCESSORY GENES IN 

N. PUNCTIFORME (PAPER VI)N. PUNCTIFORME (PAPER VI)N. PUNCTIFORME

A complete set of hyp genes were cloned and sequenced from hyp genes were cloned and sequenced from hyp N. punctiforme
(paper VI). These were in the order hypFCDEAB and were found to be situated hypFCDEAB and were found to be situated hypFCDEAB
approximately 3.8 kb upstream from hupSL, in the reverse direction (Fig. 11). 
The hyp genes have motifs and characteristics of hyp genes have motifs and characteristics of hyp hyp genes in other bacteria. The hyp genes in other bacteria. The hyp
organisation of hyp genes and the location upstream from hyp genes and the location upstream from hyp hupSL is the same in hupSL is the same in hupSL
Nostoc PCC 7120 as in Nostoc PCC 7120 as in Nostoc N. punctiforme ((40), paper VII).N. punctiforme ((40), paper VII).N. punctiforme

Fig. 11. Relative location of the hypFCDAEB and hupSL operons in hupSL operons in hupSL N. punctiforme, with 
transcription start points indicated. (Based on papers I and VI.)

Directly upstream of hypF a previously unknown open reading frame, denoted hypF a previously unknown open reading frame, denoted hypF
ORF1, was found. This ORF was shown, using RT-PCR and 5’-RACE, to be 
transcribed together with the hyp genes as an operon. hyp genes as an operon. hyp ORF1 has homologues in 
Nostoc PCC 7120 as well as in Nostoc PCC 7120 as well as in Nostoc Trichodesmium erythraeum and in the fi lamentous Trichodesmium erythraeum and in the fi lamentous Trichodesmium erythraeum
phototrophic bacterium Chlorofl exus aurantiacus (Table 1, Fig. 12). However, Chlorofl exus aurantiacus (Table 1, Fig. 12). However, Chlorofl exus aurantiacus
it is not homologous to any other genes in the databases that might give a clue 
to its function. In Nostoc PCC 7120 as well as in Nostoc PCC 7120 as well as in Nostoc T. erythraeum, it is found in 
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the same position relative to hypF (see Fig. 12B). In hypF (see Fig. 12B). In hypF Cfl . aurantiacus it is found Cfl . aurantiacus it is found Cfl . aurantiacus
directly upstream of hypC and hypC and hypC hypD, whereas hypF, hypF, hypF hypA and hypA and hypA hypB is located close 
to hupSL, and hypE is found at a third position. The relative location of these hypE is found at a third position. The relative location of these hypE
groups of genes is unknown, since the genome sequence of Cfl . aurantiacus is Cfl . aurantiacus is Cfl . aurantiacus
not yet assembled (Fig. 12B). The position of ORF1 in close proximity to the hyp
genes in all the organisms where it is found points to it really having a function in 
hydrogen metabolism/hydrogenase processing, although it is unclear what that 
function may be.
The transcription startpoint for the ORF1-hyp-operon in Nostoc PCC 73102 was Nostoc PCC 73102 was Nostoc
determined using 5’-RACE, and it was found to be located 19 bp upstream of 
the fi rst possible start codon of ORF1. Preceding the transcription start site was, 
as for hupSL, a putative NtcA binding motif, indicating that the hyp operon may hyp operon may hyp
be regulated in respons to nitrogen status and during heterocyst differentiation. 
Since there is no bi-directional hydrogenase in N. punctiforme, and the hyp-genes 
are therefore supposedly only needed for processing of the uptake hydrogenase, 
this is certainly possible.

Table 1. Genbank accession numbers for ORF1 in different bacterial strains.

Organism GenBank acc. no. for ORF1

Nostoc punctiforme ZP_00112362

Nostoc PCC 7120Nostoc PCC 7120Nostoc NP_484736

Trichodesmium erythreaum ZP_00071421

Chlorofl exus aureantiacus ZP_00020349
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Fig. 12. ORF1 sequence alignment and gene map. (A) Alignment of deduced amino acid 
sequences of ORF1 from the four strains where it can be found. Note that ORF1 from 
Chl. aureantiacus is truncated at the N-terminal end due to lack of sequence data. (B) Chl. aureantiacus is truncated at the N-terminal end due to lack of sequence data. (B) Chl. aureantiacus
Location of ORF1 relative to other hyp-genes. It should be noted that in T. erythreaum, 
hupSL is not located upstream of the hupSL is not located upstream of the hupSL hyp-operon. In Chl. aureantiacus, lack of sequence Chl. aureantiacus, lack of sequence Chl. aureantiacus
data makes it impossible to determine the relative location of the groups of genes shown 
here. Note that hupL in hupL in hupL Chl. aureantiacus is followed by a putative hydrogenase-specifi c Chl. aureantiacus is followed by a putative hydrogenase-specifi c Chl. aureantiacus
protease, hoxW. (Part B partly adapted from paper VII.)hoxW. (Part B partly adapted from paper VII.)hoxW
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A PUTATIVE hupC IN N. PUNCTIFORME

As described above, the gene organisation for the uptake hydrogenase of cyano-
bacteria differ from that of other bacteria. The gene hupC, or hoxZ, encoding a hoxZ, encoding a hoxZ
cytochrome b which anchors the hydrogenase heterodimer to the membrane and b which anchors the hydrogenase heterodimer to the membrane and b
receives electrons from the small subunit, is not present downstream of hupL. 
Instead there are other unrelated genes, different in different strains (Fig. 6). 
However, in the genome of N. punctiforme, there is one predicted open read-
ing frame, Npun3194 (GenBank ZP_00108760), which may possibly constitute 
this missing subunit of the hydrogenase. It is not located near hupSL, and its 
sequence homology to hupC of other organisms is rather low. However, it retains hupC of other organisms is rather low. However, it retains hupC
conserved features of those genes. HupC/HoxZ in other bacteria is a b-type 
cytochrome, with four predicted membrane spanning regions (26). Located 
inside the membrane are four conserved histidines suggested to bind two heme 
groups involved in electron transport (26, 70). These histidine residues have 
been shown, by amino acid substitution, to be necessary for H2 oxidation by the 
membrane-bound hydrogenase in Azotobacter vinelandii (70). A fi fth histidine 
residue, less well conserved and predicted to be located at the cytoplasmic side 
of the membrane, was also found important but not entirely essential for hydog-
enase activity, as replacing it with an alanine resulted in the enzyme complex hav-
ing approximately 1/3 of wild type activity (70). The putative hupC in hupC in hupC N. punc-
tiforme also has four membrane spanning regions, as predicted by the Tmpred tiforme also has four membrane spanning regions, as predicted by the Tmpred tiforme
(48), HMMTOP (116) and TMHMM2 (59, 103) prediction programs, and 
conserves the heme-binding histidines shown to be necessary for the function of 
HoxZ in Azotobacter vinelandii  (Fig. 13A). Azotobacter vinelandii  (Fig. 13A). Azotobacter vinelandii
Npun3194 is fl anked by genes encoding a regulatory protein (lumQ) and a puta-lumQ) and a puta-lumQ
tive orotate phosphoribosyltransferase (pyrE) (Fig. 13B). Between Npun3194 
and pyrE, a putative transcription terminator can be found. Another open read-
ing frame very similar to Npun3194 can also be identifi ed in N. punctiforme, 
Npun2735. However, this ORF does not preserve the fi fth histidine identifi ed as 
important, but not essential, for full hydrogen oxidation activity in A. vinelan-
dii. The same is true for the only homologue of Npun3194 that can be found 
in Nostoc PCC 7120, alr2943 (GenBank BAB74642), however, this ORF is still Nostoc PCC 7120, alr2943 (GenBank BAB74642), however, this ORF is still Nostoc
more similar to Npun3194 than to Npun2735. Directly downstream of alr2943 
are two ORFs, the fi rst of which is also found downstream of Npun2735, while 
the second is similar to the putative pyrE found downstream of Npun 3194. It pyrE found downstream of Npun 3194. It pyrE
should be noted that the ORF Npun3194 has no homologues in the non-nitro-
gen-fi xing Synechocystis PCC 6803, which does not have an uptake hydrogenase, Synechocystis PCC 6803, which does not have an uptake hydrogenase, Synechocystis
and so would not contain hupC.
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Fig. 13. Putative hupC of hupC of hupC N. punctiforme. (A) Amino acid sequence alignment with the 
putative Nostoc hupC (Npun3194) and hupC (Npun3194) and hupC hupC from other organisms. Conserved histidines hupC from other organisms. Conserved histidines hupC
(*) and predicted transmembrane regions (lines, solid lines above sequence show pre-
dicted membrane spanning regions of HoxZ in A. vinelandii (70)) are indicated. (B) Map A. vinelandii (70)) are indicated. (B) Map A. vinelandii
of location of the putative hupC (Npun3194)hupC (Npun3194)hupC .
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SUMMARY AND OUTLOOK

In this thesis I have continued the characterisation of the uptake hydrogenase 
in N. punctiforme, encoded by hupSL, which had been previously cloned and 
sequenced. The genes were found to be transcribed as an operon, and a transcrip-
tion start site was identifi ed at –259 bp from the deduced start codon. Putative 
promoter elements were identifi ed. One of them, an NtcA binding motif, was 
investigated further and was shown in mobility shift assays to be bound specifi -
cally by NtcA. 
A mutant strain of N. punctiforme was constructed where punctiforme was constructed where punctiforme hupL was inactivated hupL was inactivated hupL
by insertion of an antibiotic resistance cassette. This mutant was found to evolve 
H2 when grown under nitrogen-fi xing conditions. Mass spectrometry was used 
to measure exchange of O2, CO2, N2 and H2 in the hupL_hupL_hupL  mutant and wild type 
N. punctiforme, and conditions where H2 production was increased at the ex-
pense of N2 fi xation were identifi ed. 
Competition experiments with a HupL

_
Competition experiments with a HupL

_
Competition experiments with a HupL  mutant and wild type Nostoc PCC 7120 Nostoc PCC 7120 Nostoc
were performed. It was also shown that hydrogen production from the mutant 
strain for several days was possible in continous cultures in a bioreactor. 
Hydrogenase accessory genes were cloned and sequenced from N. punctiforme
and their transcription investigated. It was found that the genes ORF1-hyp-
FCDEAB, where ORF1 is a previously unknown gene, are transcribed as an 
operon, and that the this operon is located 3.8 kb upstream of hupSL.
An open reading frame from the N. punctiforme genome was suggested as a pu-punctiforme genome was suggested as a pu-punctiforme
tative candidate for a cyanobacterial hupC.

The work presented here was performed in order to gain a better understand-
ing of the hydrogen metabolism in fi lamentous cyanobacteria, with the ultimate 
aim of being able to use cyanobacterial cultures for production of hydrogen. 
The model organism for most of the work was N. punctiforme. This strain only 
has one nitrogenase and only one hydrogenase, the uptake hydrogense, making 
it a simpler system than other fi lamentous cyanobacteria that might have been 
chosen as the object of study. It is also possible to use genetic techniques in this 
strain, which is not the case for all cyanobacteria.
In the part of this project where uptake hydrogenase mutants were studied, it 
was found that such mutants already do produce substantial amount of hydrogen 
when grown under nitrogen-fi xing condition. However, the process leaves a lot 
of room for further improvement. The growth conditions can be optimised to 
fi nd the best balance between a low growth rate (giving low biomass produc-
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tion) and hydrogen production. There are also several potential targets of further 
genetic modifi cations. First of all, the nitrogenase itself could be modifi ed to de-
crease nitrogen fi xation and increase hydrogen production, possibly by blocking 
access to the active site for N2 by substitution of critical amino acids. The pho-
tosynthetic apparatus could be adjusted, reducing the antenna size to increase 
the effi ciency of light harvesting. Finally, the process of heterocyst differentiation 
could be targeted. It should be possible, given the increasing amount of informa-
tion about regulation and control of this process, to create mutants that have a 
shorter distance between heterocysts in the fi lament, and maybe also to increase 
the nitrogenase activity in each heterocyst. 
The last approach may be especially feasible in N. punctiforme. In symbiosis, 
N. punctiforme behaves in several respects just as we would like cyanobacteria N. punctiforme behaves in several respects just as we would like cyanobacteria N. punctiforme
growing in a bioreactor for hydrogen production to behave. Its growth rate is 
extremely low, which means that no energy will be wasted on generation of bio-
mass. Still, metabolic activities in the cells are high, and most importantly, the 
activity of nitrogenase is increased, as is the heterocyst frequency. These changes 
in the cyanobacterium’s behaviour are controlled by signals from the plant host, 
which means that we already know they are possible to induce from the outside. 
Since nature have already evolved this system, so well suited to our biotechno-
logical needs, all we need to do is to fi nd out how to be able to tweak the system 
to work the way we want it to. Perhaps changes in the genes controlling initiation 
of heterocyst development, combined with the right signal substances extracted 
from a symbiotic plant will yield Nostoc fi laments similar to those in the symbiotic Nostoc fi laments similar to those in the symbiotic Nostoc
state. If they are then also from the beginning devoid of an uptake hydrogenase, 
we may end up with an improved system for hydrogen production. The increas-
ing amount of knowledge about heterocyst differentiation combined with more 
research into the characteristics of N. punctiforme should get us on the way.
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