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P OPULAR S CIENCE S UMMARY
Would it be possible to transform a little blood cell into a neuron? A
challenge of this scale is what we achieved with these bacteria! We managed
to control the transformation of photosynthetic oxygen-producing cells into
nitrogen fixing oxygen-free cells called heterocysts. And you could not
believe how did we do it! We rearranged some natural DNA parts from the
bacteria and stuck them together to give them a whole new functionality.
After a quick DNA copy-paste work we achieved to maintain photosynthetic
cells under red light only to transform them into heterocysts when we
switched on the green light. Seems like these tinny bacteria also follow
traffic lights!
But why did we do all this in the first place? Well, it turns out that the
heterocysts are used as biological hydrogen factories. So, by increasing
the number of hydrogen factories that these bacteria develop we could
produce more of this precious renewable fuel. We only need water and Sun,
resources that we all have on this planet!

A BSTRACT
The aim of this thesis is to enhance heterocyst-based hydrogen production in
Nostoc punctiforme ATCC 29133. We envision to do so by finely regulating
the ratio of heterocyst in order to optimize the filament energy balance. We
hereby report the development of an optogenetic synthetic switch based
on the native PcpeC promoter. The optogenetic switch featured a 24-fold
dynamic range when measuring reporter sfGFP fluorescence. Such a genetic
gate was conceived to artificially drive the expression of hetR, the master
regulator of heterocyst development. We achieved to induce enhanced
heterocyst differentiation in the presence of ammonia only by changing the
chromatic properties of the light source. Thus, the natural cell development
regulation was substituted by effectively introducing a full person-driven
control over the process.
Degree Project in Molecular Biotechnology 45hp, 2016
Supervisor: Prof. Peter Lindblad
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L IST OF A BBREVIATIONS
2-OG: 2 - Oxoglutarate
CDS: Coding Sequence
Chla: Chlorophyll a
EBI: European Bioinformatics Institute
EMSA: Electrophoretic Mobility Shift Assay
Fdx: Ferredoxin
FRET: Fluorescence Ressonance Energy Transfer
GL: Green Light
MCH: Multiple Contiguous Heterocysts
NCBI: National Center for Biotechnology Information
Neq: Nitrogen equivalents
PE: Phycoerethricyn
PSII: Photosystem II
qPCR: Quantitative Polymerase Chain Reaction
RBS: Ribosome Binding Site
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TEM: Transmission Electron Microscopy
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1. Personal Statement

“Human progress is neither automatic nor inevitable... Every step
toward the goal of justice requires [...] the tireless exertions and
passionate concern of dedicated individuals.”
Martin Luther King, Jr.

1.1

Climate, society and energy
For decades now, an overwhelming majority of scientific evidences have warned us about the
increasing threats of climate change. Public opinion has increasingly echoed science concerns,
raising awareness on the unpredictable effects that global warming can have on the natural ecosystems
and human societies. Lately, the economic, financial and political spheres have joined science and
society circles on referring to climate change as the world’s major challenge of the 21st century.
A collective effort to provide a global solution to climate change has already started. Communities and institutions across the world are setting up mitigation targets to reduce human-induced
damages on natural systems. All eyes are on the energy system, the fossil fuel industry is responsible
for approximately two thirds of the global warming. So, if we want to mitigate climate change we
need a transition to renewable energy. Urgently.
To top it up, energy is not only the major actor in the climate play, it also holds an important role
in the development of human societies. The development of western societies has been powered with
fossil fuels, lifting millions from poverty but also entailing the climate change historical responsibility.
Respecting the right to sustainable development of the vast majority of the world population will
need an unprecedented increase of energy use. Mitigation through energy saving is needed in the
developed societies, but it is not socially acceptable for the majority of humanity.
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The Substitute
So then, how do we respect human development and Nature at the same time? Renewable energy.
We have to phase out fossil fuels and start massively using environmentally friendly alternatives.
If we look at the most predominant renewable technologies, wind and solar, they only produce
electricity. So we are particularly speaking about renewable electricity. For the global energy system
revolution, renewable electricity will not be enough, we will also need renewable fuels to substitute
the use of fossil fuels.
Oil will not be easy to replace. It features great energetic performance: it is storable at relatively
high energy densities, it is easy to transport and it can immediately dispatch energy at will. These
properties have enabled the industrial revolution and provided wealth to – a limited fraction of –
humanity. Researchers all over the world are now challenged to find an alternative technology that
respects the natural balance while presenting oil’s great characteristics. Such technology would
offer the opportunity to easily guarantee the basic human needs to the great majority of the world
population.

1.3

Justice, equity and freedom
The problems with fossil fuels do not end with the environment. The actual system concentrates
the control over energy to the oil-rich regions - often lead by authoritarian regimes - generating
geopolitical instability. The energy revolution offers us an opportunity that we cannot miss, we have
now the chance to democratise energy production. The substitute to fossil fuels shall be based in a
widespread energy source that can be accessed equally all over the world.
Furthermore, the actual energy production system is based on large and expensive installations
that require important investments to set up. Such scenario unbalances the socio-economic power
and gives big fortunes preferential control over the energy system. As an expense, the social justice
and equality of opportunities may well be impaired. Again, the urgent energy revolution can –
and should – be based on modular and scale technologies. These, with a lower price, would be
self-managed by any person or community regardless of its economic situation, thus securing a just
access to energy to all human communities.
Finally, there is a key difference between past and future. Fossil fuels are a resource, renewable
fuels are a technology. Resources lose their value when they are consumed, but technologies
exponentially grow in value when they are applied. In the energy revolution, the more people that
have access to the new renewable technologies the more well-being they can deliver. Therefore, if
the intellectual property rights are weakened in the energy production sector we will be unveiling
technologies to their greatest potential, we will provide unfettered access to energy for everyone.

2. Introduction

2.1

Bioenergy
Human societies have always used biological systems as an energy source; from wood to fossil fuels,
most of the energy we consume has its origin in photosynthesis. New approaches that respect the
environment and promote fairer energy production systems are rising nowadays in the bioenergy
field. In our projects, we are using the power of photosynthetic organisms to generate renewable
fuels.
Autopoiesis, reproduction and evolution are Nature’s essential functions and the same features
that give biological energy production its great potential against chemical and industrial processes.
Bioenergy can avoid unnecessary replacements using living organisms which have the capacity to
autorepair. Another advantage of biological systems is their capacity to exponentially reproduce,
thus reducing the need to generate the production machinery at only one unit. This unit can then
infinitely and vastly reproduce with the potential of sustaining a world scale production.
Finally, biological systems have been evolving their natural functions for billions of years, and by
now their machinery is extremely efficient and only requires sustainable amounts of Earth abundant
elements in contrast to many chemical processes. Nevertheless, we have to consider that evolution
has been working in living organisms since the Origin of Life to maximize growth, not production.
But actually, evolution does not suppose a challenge to bioenergy production. It is indeed
its greatest gift. We can use natural evolutive processes to select for those features that lower
the reproduction and autopoietic capabilities in order to enhance the production potential of the
organisms. And we know well how to do it, we have been doing the exact same thing for eleven
thousand years with agriculture.
Moreover, with the blossoming of synthetic biology, we have now more and more tools to make
evolution work faster for our interest. With genetic engineering tools we can modify our biological
systems to reduce their growth expenditures and boost energy production at rates never seen before.
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Cyanobacteria
A promising biological production platform that is gaining attention with its recent advancements
is cyanobacteria. These prokaryotes were the first species to develop an advanced oxygenic photosynthetic machinery more than two billion years ago. They can live fully autotrophically obtaining
energy from light and generating reducing power from the water splitting reaction. Only light, water
and a minimum supplement of micronutrients are needed to sustain growth based on the fixation of
atmospheric carbon and nitrogen.
There are several ways of classifying cyanobacteria, probably the simplest is to classify them in
two major groups depending on their multicellular properties. On one hand, there is a broad group
of unicellular cyanobacteria which includes the widely used model organism Synechocystis sp. PCC
6803 (Synechocystis 6803). On the other hand, a group of cyanobacteria grows in multicellular
structures, usually arranged as cell filaments. A subgroup of the filamentous cyanobacteria is gifted
with the ability to fix atmospheric nitrogen. This is the case of the species used in this study, Nostoc
punctiforme ATCC 21933 (N.punctiforme), and its closely related filamentous cyanobacteria model
organism, Anabaena sp. PCC 7120 (Anabaena 7120). These two species develop cells specialized
in nitrogen fixation called heterocysts.
During the last decades, heterocysts have gained a lot of interest for their hydrogen production
potential [1]. In the following sections, we will underline the importance of heterocysts for hydrogen
production. Next, we will explain the basic mechanisms of hydrogen evolution in heterocystous
cyanobacteria based on nitrogenase and hydrogenase enzymatic activities.

2.3

Heterocysts
Heterocysts are differenciated cells that provide an anaerobic environment to enable nitrogen fixation
in certain filamentous cyanobacteria. These cells are only developed under nitrogen deprived
conditions and their reproduction potential is irreversibly lost during the differentiation process
[2]. In order to secure an anaerobic environment, they undergo a set of drastic morphological and
metabolic changes.
At a morphological level, heterocysts grow in size and acquire a more elongated shape in respect
to vegetative cells. They also develop a thick layer of polysaccharides on the cell wall which helps
keeping an oxygen impermeable membrane around the cell. Intracellularly, they develop the polar
bundles on the connection to the adjacent vegetative cells that hypothetically prevent the income
of oxygen generated in the vegetative cells, which perform oxygenic photosynthesis [3]. All these
features can be observed and clearly differentiated under light microscopy. Finally, the intracellular
membrane system is reorganized in parallel with changes in the photosynthetic machinery [2].
At a metabolic level, the oxygen-evolving photosystem II is completely lost in heterocysts to
prevent water splitting and oxygen evolution [4]. Nevertheless, photosystem I still remains functional
and, through cyclic photosynthesis, it provides ATP power for the activity of the nitrogenase complex.
All in all, the reorganization of the photosynthetic machinery brings about the loss of a great quantity
of chlorophyll. Additionally, apart from respiration, the expression of a number of oxygen scavengers
and oxygen reducing enzymes contributes to guarantee an anaerobic environment inside the cell [2].

2.4 Biohydrogen
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All these heterocyst differentiation processes are very energetically expensive, so they must have
a fitness enhancement justification. Indeed, nitrogenase and other enzymes related to nitrogen and
hydrogen metabolism are oxygen sensitive, and thus heterocysts are key to support their function.
In the absence of nitrogen in the media, the expensive development of heterocysts represents an
extraordinary advantage to the organisms: they can sustain growth on atmospheric nitrogen.
Furthermore, the ordered distribution of heterocysts along the filament is also essential to sustain
the fitness of the organism. Cell differentiation naturally occurs in one out of ten consecutive cells
[5] within the filament to guarantee an even distribution of the fixed nitrogen products and divide the
energy expenses throughout the filament. The ratio of heterocysts to vegetative cells balances the
energy expenditure of the heterocysts with the energy generation in vegetative cells.

2.4

Biohydrogen
Heterocystous cyanobacteria naturally produce hydrogen (see figure 1). The nitrogenase complex
found in the heterocysts cometabolizes the evolution of hydrogen [6]. One molecule of dihydrogen
is produced concomitantly with two ammonium molecules (see R.1).
R.1

N2 + 8 e− + 16 ATP + 8 H+ –> 2 NH3 + 16 ADP + 16 Pi + H2

To compensate for the energy loss that the hydrogen evolution side reaction supposes, N.
punctiforme expresses an uptake hydrogenase (HupSL) specifically in the heterocysts [7]. This
enzyme consumes molecular hydrogen to generate reducing power that can later be spent by the
nitrogenase complex. It is still not known which is the electron acceptor of HupSL, thus the reaction
catalyzed is commonly written as R.2 [8].
R.2

H2 –> 2 H+ + 2 e−

It turns evident that by removing the uptake hydrogenase activity in heterocystous cyanobacteria
we can achieve a net production of hydrogen. This has been achieved in N. punctiforme by knocking
out the hupS gene [9] or the hupSL operon [10]. In a revolutionary strategy, Raleiras et al. have
achieved to reverse the activity of HupSL by site directed mutagenesis, thus enhancing the hydrogen
production potential of the strain [10].
Currently, a new approach is taking most of our efforts. We intend to heterocyst-specifically
overexpress a heterologous hydrogenase from Chlamydomonas reinhardtii (HydA) in a ∆hupSL
strain [1, 11]. HydA features high rates of hydrogen evolution taking the reducing power from
ferredoxin (Fdx) to reduce protons (see R.3) [12].
R.3

2 Fdxred + 2 H+ –> H2 + 2 Fdxox

Altogether, we are taking three different approaches pursuing a same objective, enhancing the
hydrogen production potential of filamentous cyanobacteria. At present, heterocyst development
is essential for every of the three approaches and nitrogen removal is needed for the production of
hydrogen in any of the cases.
The first of the approaches, knocking out the uptake hydrogenase activity, is the one which has
been most widely studied and thus we have more information about it. When scaling up the hydrogen
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Figure 1. Scheme of hydrogen production in heterocystous cyanobacteria. a) The native hydrogen
metabolism involves nitrogenase that approximately produces a molecule of hydrogen for every
molecule of fixed N2 [5]. The hydrogen produced by the nitrogenase is later reabsorbed by the
uptake hydrogenase to reuse its reducing power. b) By knocking out the uptake hydrogenase we can
engineer a strain that produces net hydrogen [9]. c) In a promisingly more efficient approach we
could also engineer a strain that expresses a heterologous hydrogenase that holds a net production
of hydrogen while knocking out the native hydrogen metabolism to suppress competing pathways.
Both approaches demand heterocysts to host the oxygen-sensitive hydrogen-producing enzymes,
nitrogenase and hydrogenase. Thus, heterocysts are a key element to establish a filamentous
cyanobacteria hydrogen production platform. Modified from Lindblad and Khanna (2015) [1].

2.5 Energy balance
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producing Anabaena PCC 7120 ∆hupW to a three litre flat panel bioreactor, we can achieve light to
hydrogen energy conversion efficiencies of 4% and production rates of 6.2 mL H2 ·L−1 ·h−1 [13].
The larger challenges for the implementation of hydrogen production in cyanobacteria remain
the low production rates and the scalability of the process. In this project, we intended to give a
solution to the scale problem of removing nitrogen sources for large volumes of media. At the same
time, we explored novel ways of enhancing hydrogen production rates. We particularly believe that
the growth-to-production energy balance plays an important role at limiting the hydrogen production
rates in filamentous cyanobacteria.
In the following paragraphs, we will introduce the relationships between heterocyst development
and the filament energy balance while considering its implications. We will continue by exploring
the possibilities of engineering a system that allows us to control the heterocyst to vegetative cell
ratio at will and independently of a nitrogen signal as a solution to the hydrogen production major
challenges.

2.5

Energy balance
Putting it simple, bioenergy production basically consists on diverting energy resources from the
natural functions of the organism into the production of desired fuels. Throughout evolution,
the energy balance has been driven towards the maintenance of the basic natural functions while
minimizing the expenses of production. It has been so since production is an energetic loss for the
organism that supposes a drop in fitness and a downturn of selection competitiveness.
The basic natural functions: reproduction, autopoiesis and evolution, are the same features that
make biological systems an appealing production platform (see Bioenergy section above). Therefore,
it is not helpful to redirect all the resources from the growth functions into production. Hence, what
is desirable is to optimize the energy balance within the organism in order to enhance production
yields.
This rational is not new. Nor it is original from the bioenergy discipline. The energy balance
management is what made the Green Revolution achieve greater production yields to feed a growing
global population during the 20th century. Norman Borlaug and his team enhanced the productivity
of agricultural crops by engineering dwarf varieties that compromised their growth potential to
dramatically increase food yields.
And still, we can do it easier and faster than the Green Revolution. Norman Borlaug and
colleagues achieved revolutionary yield enhancements using conventional breeding techniques.
Crossing and selecting, iteratively. Nowadays, synthetic biology is blossoming with its modularity
and rational design concepts. Additionally, advanced omics technologies and systems biology
analysis provide tools to carefully dissect the effects of any engineered modification in the transcriptome, proteome and metabolome of living organisms. Apart from the conventional evolutionary
methodologies, we have now a novel set of advanced biotechnology tools to employ. Rational design
and advanced omics phenotyping, iteratively. Using the incredible potential of the state-of-the-art
methodologies, we can undergo the New Green – Energy – Revolution that could achieve greater
energy production rates to power the global sustainable development of the 21st century.
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It is thus a challenge, and a great opportunity, to develop a system to timely fine regulate the
filamentous cyanobacteria energy balance at will to enhance hydrogen production. With it we could
control how much energy and resources are dedicated to growth or to hydrogen evolution at any
given time during the production process. We could for instance, initially promote the unrestrained
growth of the organism to switch to a production optimized energy balance only when the culture
reaches an optimal optical density.
In a heterocystous cyanobacterial platform, we start from an advantageous position when trying
to control the filament energy balances. Growth and production are compartmentalized. While
heterocysts are devoted to nitrogen fixation and/or hydrogen production, they cannot reproduce
and they spend very little on growth functions. On the other hand, vegetative cells are in charge of
generating the resources and energy for the filament, either to supply the heterocyst or to sustain
growth and reproduction (see figure 2).

Figure 2. Energy balancing for optimized production in photosynthetic organisms. Cyanobacteria, in particular N. punctiforme, are usually grown in photoautotrophic mode: the totality of the
energy input comes from light. In filamentous heterocyst-forming cyanobacteria photosynthesis
occurs, most importantly, in vegetative cells where water is split generating reducing power and
chemical energy. Meanwhile, heterocysts lack PSII and thus cannot generate reducing power from
water. In nitrogen deprived conditions, vegetative cells can use reducing power to fix carbon and
grow or they can transfer the energy to the heterocyst to sustain nitrogen fixation and hydrogen
production. Growth is important to maintain the factory working, but of course we want to deliver
more energy to the production compartment. It is all a matter of equilibrium and having the power
of controlling this equilibrium is the key to optimize production in any biological system. We are
lucky to have a relatively simplified mechanism in N. punctiforme where the vegetative cells generate
energy and sustain growth and the heterocysts take up some of this energy to produce hydrogen.
In this project, we studied the possibility of controlling the energy balances of the filaments by
regulating the ratio of heterocyst upon an artificial signal. We hope that this tool can help to provide
higher efficiencies to any technology sustaining hydrogen production inside the heterocysts.

2.6 Heterocysts development regulation - HetR and PatS
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Controlling the heterocyst to vegetative cell ratio within the filament would suppose an interesting
tool to timely modulate the energy fates in filamentous cyanobacteria. With that purpose, we have
envisioned a synthetic biology system that uncouples heterocyst differentiation from nitrogen signals
to give full control of its regulation to a person-controlled cue. Such system would not only have
the potential of enhancing the percentage of heterocyst but it would also induce heterocysts in
the presence of combined nitrogen. Such synthetic biology tool could be the key to unlock the
low production rates and scalability challenges of filamentous cyanobacteria hydrogen production
platforms.
The main objective of this project is therefore to create a synthetic biology system that permits
the artificial regulation of heterocyst development. The designed system should not only feature a
genetic switch that turns between induced and repressed states. In fact, it should consist of a genetic
toggle that permits the fine regulation of expression setting a percentage of energy distribution
between the basic cell functions and fuel production.
If we want to construct a genetic toggle that controls heterocyst ratio we should first of all
consider the native genetic regulation of cell differentiation. In the next section we will analyze
the main actors of heterocyst development regulation, HetR and PatS, and we will find targets to
engineer the output signal of the synthetic toggle. Next, we will review PcpeC , a native light-regulated
promoter that will be the key genetic component that responds to an external person-driven signal to
modulate the output function.

2.6

Heterocysts development regulation - HetR and PatS
Studying heterocyst development regulation provides us with a pool of putative gene targets to
use in synthetic biology approaches to enhance hydrogen production. Heterocyst development
regulatory networks have been a matter of study for decades and can be used as a model to explain
cell differentiation and patterning in embryos of higher organisms. Already in 1952, biological
patterning mechanisms such as heterocyst development were a focus of interest for the models of
Alan Turing [14].
The cell differentiation mechanisms have been widely studied in Anabaena 7120, a relatively
close relative of N. punctiforme. Although, despite the great efforts of the scientific community,
there are still many processes that we still do not understand and very little has been investigated in
N. punctiforme. With the results presented in this report we are partly aiming to contribute to these
efforts and help to understand the N. punctiforme development processes. In the next paragraphs, we
will compile what is known about heterocyst differentiation in Anabaena 7120 in a model that is
graphically represented in figure 3. The regulation is very complex, hence the model used for this
explanation has been simplified for simplicity of the explanations. A full review of the mechanism
can be read in [15,16].
Heterocyst differentiation is triggered by a nitrogen deprivation environmental signal. It is logic
since heterocysts are only needed to fix atmospheric nitrogen in conditions where this element cannot
be obtained from the media. The signal is sensed inside the cell as an increase in the levels of 2 –
oxoglutarate (2-OG) [17]. The role of this metabolite is key for determining the balances between
carbon and nitrogen metabolisms. 2-OG is part of the Krebs Cycle - which is not fully closed in
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cyanobacteria - and at the same time, it is the carbon skeleton where ammonia gets fixed onto in the
GS – GOGAT cycle.
When heterocystous cyanobacteria encounter nitrogen deprived conditions, the availability of
ammonia is reduced and the GS – GOGAT is consequently slowed down. It all contributes to build
up the intracellular concentrations of 2-OG. Higher concentrations of 2-OG increase the chances of
it binding to PII, the key carbon-nitrogen ratio internal sensor [18]. This last factor, that also senses
the energetic status of the cell by binding ADP [19], usually has interactions with PipX effectively
achieving to sequester it in the presence of ammonia. In nitrogen deprived conditions, the binding
of 2-OG to PII promotes a conformational change that releases PipX. In turn, PipX enhances the
transcription factor activity of NtcA, the master regulator of nitrogen deprived metabolic responses
[20]. Additionally, it has been reported that 2-OG is necessary for - and enhances - NtcA transcription
factor activity [21, 22].
Passed this critical point, a positive feedback induction of NtcA will amplify the signal [23]
and bring about a whole cascade of metabolic transformations to adapt to the new environmental
conditions. From here on, NtcA will activate the expression of HetR, that interestingly also induces
expression of NtcA in a yet more positive feedback loop [24]. If this was not enough to amplify
the signal, HetR also has the capacity to act as a transcription factor of its own gene, increasing
the complexity of the system and locking the heterocyst development [25]. Passed a threshold of
HetR activity the cells remain committed to development and cannot revert the process back into
vegetative cells, they are completely compromising their reproduction potential to fix nitrogen in
benefit of the filament.
HetR is a master transcription factor and regulates more than 200 genes in Anabaena 7120
[26]. It facilitates the transcription initiation through interactions with RNA polimerase [27] and by
specifically binding a DNA region in a process that requires dimerization of the factor [28]. HetR
dimerization can be prevented by the mutation C48A [29] that completely abolishes DNA binding
activity of the protein. Other models have suggested that HetR serine protease activity together with
additional proteases mediate heterocysts induction through HetR, although this model is now being
on dispute [5,28,30,31].
Finally, another determining factor halting HetR heterocyst induction is inhibiton by PatS
[32], a 13 aminoacid peptide in N. punctiforme. It has been postulated that this inhibitor acts as
the diffusible differentiation repressor in a biological pattern formation model. In such model, a
differentiation activator (in this case HetR) would be overexpressed in certain cells committing
them to differentiation. Concomitantly, the activator would induce the expression of the diffusible
differentiation repressor (in this case PatS) that would diffuse along the filaments and repress the
activity of HetR in the neighbouring cells. In such fashion, the HetR/PatS system can define a
heterocyst pattern to guarantee that only one heterocyst appears every approximately 10 cells. Such
configuration, brings about an even distribution of differentiated cells that ensures a nitrogen supply
to all the vegetative cells in the filament as long as a steady energy and reducing power supply to all
the heterocysts [33].
The PatS diffusion and inhibition mechanisms are not fully understood. There are evidences
that pores exists between heterocysts and vegetative cells which could tunnel the diffusible peptide
[34]. The crystal structure of the PatS – HetR complex has recently been elucidated. PatS turns out
not to bind to the DNA binding domain nor halt the dimerization of HetR. Thus, it is hypothesized

2.7 PcpeC and Phycoerethricyn
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that PatS inhibits the activity of HetR by altering its conformation and weakening the allosteric
interactions of the transcription factor with the DNA helix [27].

Figure 3. Scheme of the heterocyst regulation network. In green we have represented the different
proteins involved, in purple the metabolites, in light blue the adaptation responses and the two cycles
represent the central metabolism. Notably, all the different components are in a way or another
interconnected. The signaling molecule that triggers the cascade of interactions is 2-Oxoglutarate
(2-OG), shared in the central metabolism of carbon and nitrogen. The levels of 2-OG in the cell are
a good measure of the carbon to nitrogen ratio. HetR, together with NtcA are the main transcription
factors that regulate a vast number of heterocyst development processes.
The complexity of the heterocyst differentiation regulation is understood given the importance
of tightly regulating a very energy intensive process such as nitrogen fixation and heterocyst development. The control of this process includes complex genetic gates such as lock-on positive
feedback loops and pattern formation through a diffusive inhibitor negative feedback. Such regulatory complexity makes it very difficult to attempt genetic engineering of the system. However, the
enormous potential of heterocysts for hydrogen production makes the differentiation regulation a
very promising target to enhance production rates.

2.7

PcpeC and Phycoerethricyn
Cyanobacteria adapt their pigment composition depending on the light chromatic properties [35]. If
there is not green light, they will stall the synthesis of phycoerythrin, the pigment responsible for
absorbing the green wavelengths. The system is activated and enhanced once again after green light
reaches the organism.
Such regulation depends on a simple genetic mechanism, the CcaS-CcaR-PcpeC system [36] (see
figure 4). CcaS and CcaR are a pair of two-component regulators. CcaS is the sensor that detects if
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there is green light present by changing conformation of an internal chromophore upon green light
illumination. When CcaS is activated by green light, it phosphorilates CcaR that in turn will bind
the G – box operator in the PcpeC promoter to induce expression of phycoerythrin synthesis and
assembly related genes.
It is also modeled that when red light hits the chromophore, it changes conformation activating
the phosphatase activity of CcaS that, in turn, will inactivate the function of CcaR. A homologous
system [37] has already been used in Synechocystis 6803 to drive the expression of GFP [38]. Abe
et al. reported that a combination of green (20 µmol·m-2 ·s-1 ) and red (20 µmol·m-2 ·s-1 ) light still
gives the same expression levels as only green light [38]. Although, it could be that a ratio of green
to red light determines the activity of CcaS and thus the expression levels of the CcaS-CcaR-PcpeC
system. Both green and red light might be two different signals regulating the same output. Such
mechanisms provide a more precise range of possibilities to tune genetic expression quantitatively.

Figure 4. Scheme of the CcaS-CcaR-PcpeC regulation system. The regulation is based on a typical
two component system. The CcaS acts as the histidine kinase of the system although it could also act
as a phosphatase. Its activity is determined by conformational changes in its structure driven by a
chromophore that can exist in two states with two different conformations. The absorbance spectra of
both states are represented in the graph, top right corner; green light illumination (536 nm) triggers
kinase activity while red light (672 nm) would trigger phosphatase activity. The response regulator
is CcaR, only when it is phosphorylated it binds to the G – Box in the PcpeC promoter and induces
the transcription of an operon containing genes related to phycoerythrin synthesis and assembly.
The ultimate output of a green light induction is the chromatic adaptation of the cells that will have
an enhanced ratio of pigments absorbing at the green region of the spectrum. Modified from Hirose
et al. (2010) [36].

3. Materials & Methods

3.1

Strains and culture conditions

The strain used for this study was the natural
occurring Nostoc punctiforme ATCC 29133-S
strain (known as UCD 153) (referred to as N.
punctiforme in this work) [39]. The media used
was generally BG11 supplemented with 2.5 mM
NH4 Cl and 5 mM HEPES pH 7.5; or BG110 for
heterocyst induction. The media was supplemented with 25 µg of kanamycin / mL when
culturing mutants containing the pSAW plasmid.
Plates were prepared by supplementing 1% agar
(Sigma Aldrich) to the respective media.
N. punctiforme was standardly cultivated
at 25°C and 10 µmol·m-2 ·s-1 fluorescent tube
white light. For the light treatments, red and
green LED bulbs (Northlight), a red LED panel
(Green Energy Star) or a multispectral LED
lamp (Heliospectra) were used. The emission
spectra of the different lights can be compared
in figure 5.

Figure 5. Emission spectra of the different light
sources used in this study. The grey landscape
corresponds to the fluorescent tube, while the
green and red curves represent the spectra of the
respective LEDs.
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Determination of heterocyst ratio
In order to induce heterocysts in the WT strain, BG110 was used to wash 4 times an exponentially
growing culture with a 1:10 dilution per washing. Centrifugation at 4000 rpm for 5 minutes in an
Eppendorf Centrifuge 5804R was used to concentrate the biomass between washing steps. This
process is commonly referred to as “step down”.
After 24 or 48 hours incubation under normal conditions, 20 µL of sample was prepared for
microscopy observation. Heterocyst ratio was counted in an Axiostar Plus™ microscope (Carl Zeiss)
with a 40x objective.
For the HetR inhibition studies, 6 well plates containing 2 mL of BG110 supplemented in
triplicates with increasing amounts of L-Arg (0.275, 2.75 and 27.5 µM) and PatS – 5 (0, 0.1, 1,
10 µM) were prepared. A culture at 3.80 µg Chla/mL was stepped down and concentrated to 10
µg Chla/mL. Immediately after, 300 µL of the concentrated culture was added to each of the 21
wells and the cells were incubated 24 and 48 hours in standard conditions before determining the
heterocyst percentage.

3.3

Confocal Microscopy
The florescence microscopy work was performed in a DM6000B ™ fluorescence confocal microscope (Leica Microystems). The samples were illuminated with an argon laser light source at 20
% power adjusting the emission at 488 nm at an 8 % on the LAS X software parameter panel. The
pictures were taken with a HCX PL Fluotar 40x objective in dry mode. The fluorescence images
were acquired at a resolution of either 512x512 or 8192x8192 using a scan speed of 400 s−1 with
the PMT1 detector (GFP fluorescence) set at a range from 500 to 525 nm, the PMT2 detector
(Chlorophyll autofluorescence) at a range from 600 to 700 nm and the PMT Trans (Bright field
image) set at the “Scan – BF” mode. The sensitivity of the detectors was adjusted for each individual
image to guarantee that the readings were not saturated. The three different detector channels were
overlaid on a single image to create the final pictures.

3.4

Pigment ratio determination
For the determination of phycoerythrin (PE) and chlorophyll-a (Chla) absorbance, 1 mL of culture
was sampled and concentrated to 100 µL. 900 µL of pure methanol was added and vortexed briefly
before incubating 15 minutes in darkness. After incubation, the samples were spun down for 2
minutes at 13 krpm. 900 µL of the supernatant were used to measure the absorbance spectra of the
lipophilic pigments with a peak at 665 nm for Chla.
The remaining 100 µL of pellet were combined with 900 µL of extraction buffer (50 mM Tris-Cl
pH 7.8, 0.1% Triton – X and 0.02% SDS) and transferred to a screw cap tube previously filled
with 50 µL glass beads. The cells were then disrupted with a Precellys® 24 bead-beater (Bertin
Technologies) at 6800 rpm for 30 seconds, 4 repetitions. Between repetitions, the samples were kept
in ice.

3.5 Bioinformatics
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The cell debris was then centrifuged at 13 krpm for 2 minutes one last time and 900 µL from the
supernatant were used to measure the absorbance spectra of the hydrophilic pigments with a peak at
556 nm for PE.
To draw the growth curves under different light conditions an initial culture at 0.06 OD665 nm
was aliquoted in 6 well plates, 6 mL in each well. 3 replicates were incubated under 10 µmol·m-2 ·s-1
red light (635 nm), 3 more under 15 µmol·m-2 ·s-1 green light (530 nm) and 3 more replicates were
incubated at 10 µmol·m-2 ·s-1 fluorescent tube white light. The light intensities were adjusted so that
all the samples received a similar amount of energy. Samples were taken at time 0, 48, 96, 144 and
196 hours of treatment in sterile red light conditions.

3.5

Bioinformatics
The sequences for PcpeC (N. punctiforme) and PcpcG2 (Synechocystis 6803) were retrieved from the
CyanoBase from the Kazusa DNA Research Institute. The length of the promoters was established at
264 nt for the PcpeC and 260 nt for the PcpcG2 , being the last 3’ nucleotide the immediate precedent
to the ATG of the corresponding gene. 16S rRNA and ccaR sequences were retrieved from GenBank
by the National Center for Biotechnology Information (NCBI).
The G – box and the ccaR homologous sequences were found using BLASTN by NCBI using
the N. punctiforme natural sequences as query and narrowing down the search at “Cyanobacteria
(taxid:1117)” in the organism parameter. For the G – box, the match and mismatch score were
set at +1 and -1, respectively; and the gap opening and extension at -5 and -2. For ccaR, the
default parameters were used. Later, all the hits were double checked in the Graphics suite of the
GenBank database to make sure that they were situated in similar genetic environments as the native
N. punctiforme genes before proceeding to alignments.
The homologs were aligned using the Cluscal Omega tool from the European Bioinformatics
Institute (EBI) using the default parameters for DNA alignment. The resulting alignments were
drawn as phylogenetic trees using the TreeDyn tool [40]. The sequence logo was obtained with the
WebLogo online software [41] providing the G – Box homologs FASTA compilation as input.

3.6

Construction of plasmids
The plasmid used to clone all the constructs and transform N. punctiforme was pSAW, drafted in
figure 6. The plasmid contains a replication origin active in N. punctiforme (pDC1 OriV) and a
resistance cassette (npt) from pSCR119 [42]. The multiple cloning site (MCS) was reengineered and
it contains a set of four restriction sites: XbaI and SalI upstream and XhoI and SacI downstream of a
lethal gene (ccdB). SalI and XhoI have complementary end ligation and the system is used following
the BioBrick concept [43]. ccdB is used to negatively select those plasmids religated without insert
during the cloning process in E.coli DH5α.
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Figure 6. pSAW scheme. The plasmid used in this study contains replication origins for N. punctiforme (pDC1 OriV) and E. coli (ColE Ori). It also contains an nptII cassette that confers resistance
to kanamycin in both hosts. Finally, it contains a cloning platform with a ccdB lethal gene surrounded by 4 restriction sites in a BioBricks fashion. ccdB allows for negative selection of religated
plasmids during cloning procedures and the BioBricks inspired restriction sites allow for successive
modular cloning of genetic parts. To avoid read-throughs, a double transcription terminator is
situated at each end of the cloning platform (red). The primers pSCRseq_fwd and pSCRseq_rv are
used to sequence the constructs cloned into the vector. (See primers in Table S1 in the Appendix.)

3.6 Construction of plasmids
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The different genetic parts used to build up the constructs were amplified from N. punctiforme
genomic DNA or previous plasmids. The parts were assembled by overlap extension PCR and
cloned into pSAW by restriction and ligation. The primers used to amplify each part as well as their
templates are listed in Table S1 attached in the Appendix. The ten constructs cloned into the vector
during this study are schematically listed in figure 7.

Figure 7. Representation of the constructs used in this study. The constructs displayed were
cloned into pSAW using different restriction sites and as a consequence the constructs containing
hetR have their 3’ end at the SalI restriction site whereas the constructs only containing sfGFP have
their 3’ end at the XhoI site. All the constructs contain a transcription terminator sequence following
the hetR and sfGFP open reading frames. Additionally, an empty vector construct was obtained by
religating the original pSAW at its SalI and XhoI restriction sites deleting the ccdB marker.
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Electroporation of N. punctiforme
A volume of exponentially growing N. punctiforme WT containing 100 µg of Chla was concentrated
down to 5 mL by centrifugation and sonicated twice for 30 seconds at 25 % amplitude with a VC
130 W sonicator (Sonics&Materials, Inc.). The cells were observed with light microscopy before,
between and after sonication to ensure that the cells were healthy and the filaments were generally
broken down to single cells. If after two sonication rounds most cells were still part of filaments,
additional sonication was applied until single cells dominated the culture. The cells were resuspended
in 25 mL BG11 supplemented with NH+
4 and HEPES and incubated in E-flasks for 4 hours at 30 °C
-2
-1
and 10 µmol·m ·s white light.
After incubation, the cells were concentrated to 1 mL and 40 µL of concentrated culture were
mixed with 1 – 3 µg of plasmid diluted in water at 1 µg/µL approximately. The mixture was then
transferred to 2 mm wide electroporation cuvettes and chilled for 5 minutes on ice. Then, a 5 ms
squared pulse at 2400 V was applied with a Gene Pulser XCell ™ (Biorad) and the cuvettes were
immediately put back on ice.
The electroporated samples were resuspended in 20 mL of media and incubated overnight in
E-flasks at 25 °C and 10 µmol·m-2 ·s-1 white light. The day after, the cells were concentrated to
200 µL and plated on a cellulose filter on agar plates supplemented with 25 µg of kanamycin per
mL. The plates were incubated at 25 °C and 10 µmol·m-2 ·s-1 white light until colonies appeared,
approximately after 25 days.
When working with the PcpeC _hetR constructs, the WT culture was grown in red light and the
electroporation procedure was conducted under red light conditions. During electroporation, 15 µM
of PatS – 5 [32] (GeneScript) was supplemented to the media and reapplied at day 2 and day 4 after
electroporation. The post-electroporation recovery was performed in 2 mL media in 6-well plates
and selection was conducted in 5 mL petri dishes to reduce the consumption of PatS – 5. It has not
been determined yet if PatS – 5 is essentially required to clone hetR constructs.

3.8

Conjugation of N. punctiforme
350 µL of an overnight culture of E. coli cargo strain carrying the desired pSAW vector and the
pRL623 helper plasmid were inoculated in 10 mL LB supplemented with 50 µg of kanamycin
and 35 µg of chloramphenicol per mL. For each cargo strain, an E. coli conjugal strain carrying
pRL443 was inoculated in parallel in 10 mL LB with 100 µg of ampicillin per mL. E. coli cells were
incubated for 150 minutes at 37 °C.
After incubation, both E. coli strains were centrifuged and resuspended in 100 µL LB without
antibiotics. Every 100 µL of cargo strain were combined with 100 µL of conjugal strain and later
with 100 µL of exponentially growing N. punctiforme WT previously sonicated and recovered as
explained for the electroporation procedure.
The three-way combination was incubated for 150 minutes at 30 °C under approximately 5
µmol·m-2 ·s-1 white light sitting idle. The co-culture was transferred to a cellulose filter on a BG11
supplemented with NH+
4 and HEPES plate without antibiotics for 5 days. Then, the filter was
transferred to a selection plate containing 25 µg of kanamycin per mL and colonies should have
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appeared after 25 days. The plates were kept at 30 °C during the first 24 hours and the rest of the
procedure at 25 °C. Approximately 10 µmol·m-2 ·s-1 white light was used throughout the selection
process.
This procedure was never used for constructs containing the PcpeC promoter due to its high
inefficiency.

3.9

Fluorescence quantification
Three biological replicates for each of the constructs were grown in 6-well plates in 5 mL BG11
supplemented with 2.5 mM NH4 Cl and 5 mM HEPES. The cultures were grown at 10 µmol·m-2 ·s-1
red light for three days before the first measurement in repressive conditions. Next, the cultures were
induced for 24 hours in 10 µmol·m-2 ·s-1 red light and 10 µmol·m-2 ·s-1 green light before taking the
second measurement.
The fluorescence measurements for the quantification of PcpeC activity were taken using a
Chameleon V Microplate Reader (Hidex). We used 485 nm excitation filter and a 540 nm emission
filter. Three aliquots of 50 mL from each sample were transferred to a 96-well plate, the measurements were taken independently and later the three aliquot values were added up to determine the
reading for each sample.

4. Results

4.1

HetR inhibition studies
To begin with, we tested how HetR participates in the heterocysts development induction and their
frequency determination in a WT background. We tested HetR functions by applying increasing
concentrations of PatS – 5, a synthetic analog to PatS that naturally inhibits the transcription factor
activity of HetR [32]. The results are shown in figures 8 and 9.

Figure 8. Synthetically added PatS analog effects heterocysts percentage in N. punctiforme filaments under nitrogen deprivation. Right after nitrogen step down, N. punctiforme cultures were
supplemented with increasing concentrations of PatS - 5 as test or L-Arginin as negative control.
The concentrations of the treatment and the control were adjusted to have the same concentration of
nitrogen equivalents (Neq). At 24 hours after step down, the PatS -5 treatment completely represses
heterocyst development and shows significant differences with the control already at 11 µM nitrogen
equivalents. At 48 h the full repression by PatS - 5 is released and there are only significant differences at the highest concentration, 110 µM Neq. Treatment concentration independent T-tests with
95 % confidence. 3 biological replicates.
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The quantitative results, in figure 8, showed how the PatS – 5 treatment inhibited the development
of heterocysts 24 hours after step-down (removal of any form of nitrogen from the media). Even
so, the complete heterocyst development inhibition only happened at the maximum PatS – 5
concentration, 10 µM (110 µM nitrogen equivalents). Important to note is that at 10 µM PatS - 5
24 hours after step down two of the replicates had a value of 0 %; the third replicate had 5.88 % of
heterocysts and was dismissed in the statistical analysis and plotting.
After 48 hours in BG110 , the repression of PatS – 5 was partially released. The effect of 1 µM
(11 µM nitrogen equivalents) inhibitor was no longer significantly different from the L – Arginine
control. The 10 µM treatment resulted on a heterocyst ratio of 2.89 ± 0.64 %, still significantly
lower than the native ratio set by the control at 6.63 ± 0.68 %. The treatment with 0.1 µM PatS – 5
did not register a significant effect over the heterocyst ratio.
It is important to highlight that the artificial inhibitor did not change the ratio of heterocysts
randomly, it did so in a patterned fashion. In figure 9, we can observe the effect of different
concentrations of PatS – 5 on the heterocyst formation pattern 24 hours after step-down. The
native pattern was defined by a control in BG110 only, it had a general interheterocyst distance of
approximately 10 cells. This distance increased progressively with the concentration of inhibitor
applied. With an 8 µM treatment, we could see how the overall distance between heterocysts easily
rose up to more than 50 cells. Finally, in the same experiment, a sample with 16 µM PatS – 5 did
not present any heterocyst (not shown). These observations are consistent with the quantitative data
shown in figure 8.

4.1 HetR inhibition studies
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Figure 9. Effects of PatS – 5 inhibition on heterocyst development pattern. Cultures of N. punctiforme were stepped down for 24 hours and supplemented with 0 µM (a), 2 µM (b), 4 µM (c) and 8
µM (d) PatS – 5. Pictures were taken at the confocal microscope and the chlorophyll autofluorescence (red) and the bright field channels are merged and presented. Heterocysts appear deprived
of chlorophyll and thus do not show autofluorescence, they are signaled with black arrowheads to
facilitate observation. The development pattern at 2 µM PatS – 5 (b) is nearly unchanged from the
native distribution (a). Whereas we can see increasing interheterocyst distance for 4 µM treatment
(c) and even more accentuated increase in the case of 8 µM inhibitor (d). A fifth culture was treated
with 16 µM PatS – 5 and did not show any heterocysts, consistently with the quantitative results
shown in figure 8.

With these results we understood the activity of PatS and HetR. The next step was to overexpress
HetR to enhance the ratio of heterocysts to vegetative cells with the aim of prioritizing hydrogen
production over growth. We cloned and transformed hetR under the expression of the Ptrc promoter.
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4.2

4. Results

Ptrc _HetR Lethal Phenotype
The constructs containing the PtrcO1_prox promoter driving the expression of hetR, either with or
without Flag tag or with or without sfGFP, were electroporated and conjugated into N. punctiforme
WT cells, and plated on selection plates.
The results are shown in figure 10. We can observe how the plasmids containing the combination
of PtrcO1_prox with hetR were lethal and did not bring about any colony on the selection plates.
Alternatively, the control vector containing the Phup_316 promoter driving the expression of a sfGFP
did show viable colonies. Later on, the Phup_GFP colonies were confirmed to be correct by colony
PCR, sequencing of the plasmid and confocal microscopy.
None of the conjugation attempts succeeded to give colonies, not even with the control vector.
Positive and negative controls showed the effectiveness of the selection.

Figure 10. Growth results after plating the transformants of the PcpeC _hetR constructs on BG11
+ 2.5 µM NH+
4 + 25 µg kanamycin/mL selective plates. Within each plate the top filter is plated
with conjugated samples, the bottom filter is plated with electroporated samples. The positive control
consists of an older strain containing the kanamycin resistance cassette in a self replicative vector
electroporated with water instead of plasmid and conjugated with LB instead of cargo cells. The
negative control consists of wild type cells treated as the positive control. None of the conjugated
samples grew on selective plates. Only the cells electroporated with the Phup _GFP control construct
grew on selection plates. Any of the constructs that contained the Ptrc promoter driving the expression
of hetR grew on selection plates.

4.3 PcpeC Phylogenetics
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The overexpression of hetR driven by a constitutive strong promoter was apparently lethal. Hence,
it was necessary to explore alternatives. The most promising option was an inducible promoter, but
the synthetic biology inventory for N. punctiforme is very limited. Thus, it was needed to develop a
new artificial inducible promoter for this project.

4.3

PcpeC Phylogenetics
The only inducible promoter candidate that was found in the literature was PcpeC [36], a green light
inducible promoter. We proceeded to study the genetic features of the selected promoter and its
phylogenetic relationships within the cyanobacteria taxon. The results of such study are shown in
figures 11 and 12.
To start with, we aligned the sequences of PcpeC with its homologous in Synechocystis sp. PCC
6803, PcpcG2 , which was already used in a synthetic biology approach by Abe et al. [38]. The
similarities between the promoters are high, especially in the G-box region, highlighted in green.
Other than the high similarity in the operator sequence, we can also see similarities in the -35 and -10
boxes predicted for the PcpcG2 promoter in E. coli by Schmidl et al. [44]. The predicted sigma factor
binding regions show an identity of 62.5 % over the 51.5 % observed for the complete promoter
sequence.
It is important to notice that in the work by Abe et al. [38] the 3 last bases of the promoter were
mutated to include a restriction site and thus are not coincident with the native sequence, the one
used in this alignment.
Later on, homologs of PcpeC were found in 6 different species of cyanobacteria. All the promoters
showed a very high similarity in the G-box sequence. Some of the homologs were found in related
filamentous heterocyst-forming cyanobacteria such as Anabaena cylindrical PCC 7122 or Calothrix
sp. 336/3. Other homologs were present in non-heterocystous filamentous cyanobacteria like
Leptolyngbya boryana or Microleus sp. PCC 7113. Unicellular cyanobacteria like Synechocystis
sp. PCC 6803 or Geminocystis sp. NIES 3709 also contained PcpeC homologs. And finally, the
unicellular and neurotoxin producer Microcystis aeruginosa NIES 843 was also found to contain a
homolog, although this last species had a very divergent sequence in respect to the major group of
PcpeC homologs.
To sum it up, a sequence logo was built to determine a consensus sequence attributed to the G-box
for its potential use in the design of synthetic light regulated promoters: 5’ – CTTCCGATTTCTTTACCGTTT – 3’.
All G-boxes found were part of PcpeC homologous promoters. In all cases, this promoter had the
same genomic arrangement. It was directly driving the expression of an operon of genes related to
phycocyanin or phycoerythrin assembly into the phycobilisomes. The ccaS gene is typically located
in this same operon, it is the case of Synechocystis 6803, N. puctiforme or Calothrix.
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Figure 11. Bioinformatics study on the PcpeC promoter in cyanobacteria. a) Alignment of the
PcpcG2 promoter from Synechocystis 6803 with the PcpeC promoter from N. punctiforme. The alignment reveals high similarities between both species. Specially conserved is the G-box, highlighted in
green. The G-box consists of a direct repeat of an 11 bases motive. Schmidl et al. [44] predicted two
sigma factor binding regions for E. coli in the PcpcG2 promoter, they are underlined in the sketch.
The arrow represents the only transcription start site mapped by Kpof et al. [45]. b) Alignment of
the G-box found in 7 different cyanobacterial species reveals a very high similarity of the sequences.
c) Sequence logo of the consensus sequence for the G-box, the putative binding site for the activated
CcaR regulator.
Immediately upstream and in the complementary strand from the PcpeC promoter homolog there
was always a gene annotated as “two component transcriptional regulator – response regulator
receiver”. These genes were all homologs among them and corresponded to the CcaR transcription
factor that binds the G - box when phosphorilated upon green light illumination[36].
All the species that had a G - Box also contained ccaR. In figure 12, we aligned and plotted in
a phylogram of the different ccaR homologs. The response regulator in Microcystis showed the
largest differences from the rest of the group, just as in the G - Box case. Additionally, we found
a species of Nostoc that contained a copy of ccaR very similar to the one in N. punctiforme but
did not have a truly structural G-box. Nostoc azollae ccaR gene was inverted and upstream of an
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operon related to phycocyanin bioassembly, yet there was a CDS between both regions. This CDS,
ADI65107.1, annotated as “pseudouridine synthase, RluA family” contained a G - box-like sequence:
5’- CTTTCACATTTACTTTCTTTGA – 3’. Despite the similarity at the 5’ half of the sequence, the
G - box does not show a real structure of two direct repeats and therefore was not considered as a
true G - box.
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Figure 12. Phylogenetic trees for 16S rRNA (top) and CcaR protein homologs (bottom) of different cyanobacteria. The scale bars represent the number of substitutions per residue between the
species. In the 16S tree we added the E. coli rRNA for reference and discovered some interesting
evolutionary relationships within the cyanobacteria taxa. For instance, we could appreciate how the
evolutionary distance between Geminocystis and the other two species of unicellular cyanobacteria
(blue) was as big as its distance to the filamentous heterocyst-forming clade (green). Also interesting,
Leptolyngbya boryana, despite being a filamentous non-heterocystous (orange) species did not fall
into the same branch as the rest of the filamentous (orange and green) and it was at a similar genetic
distance to the unicellular Synechocystis 6803 and Microcystis. On the other extreme, we could see
how the Nostocales, including genus of Nostoc and Anabaena, showed high genetic similarity and
grouped together in a heterocyst-forming clade together with Calothrix. Regarding the CcaR protein
homolog phylogenetic tree (bottom), most notably we can see how Microcystis CcaR protein is much
different from the rest of the homologs. This observation is consistent with the variability of the G-box,
where Mycrocystis also presented the higher degree of divergence in respect to its homologs. The rest
of the evolutionary relationships seem in line with what could be predicted by the morphology of the
different species. CcaR proteins seemed to have a common origin for the unicellular cyanobacteria.
The Nostocales grouped together in the same clade, with the extraordinary exception of Nostoc sp.
7120, also known as Anabaena sp. PCC 7120, which does not contain any CcaR homolog in its
genome. Again, this observation is consistent with the absence of G-box homologs in its genome.
Interestingly enough, one homolog of ccaR appeared in the Nostoc azollae genome which did not
have a clear G-box in its genome.

4.4 PcpeC growth curves
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After analyzing the genetic structure of the PcpeC promoter and its genomic environment, we
discovered a large number of homolog systems in a number of cyanobacterial species. We could also
verify that despite the widespread presence of the light regulated system, there are cyanobacteria
species that do not contain this system at all. One of these species is Nostoc sp. PCC 7120, also
known as Anabaena sp. PCC 7120, which is a reference organism for physiological studies and
synthetic biology of filamentous heterocysts-forming cyanobacteria and a relatively close relative of
N. punctiforme.
Once acquainted with the genetic features of our candidate promoter PcpeC , we found necessary
to perform in-house tests to guarantee that the different light regimes were sensed by the native
system and did not have a major effect in other cell functions.

4.4

PcpeC growth curves
A parallel growth curve experiment was performed testing different cultures of N. punctiforme
under three different light qualities: 15 µmol·m-2 ·s-1 530 nm LED (green), 10 µmol·m-2 ·s-1 630
nm LED (red) and 10 µmol·m-2 ·s-1 fluorescent tube (white). The chlorophyll-a levels were used to
evaluate culture growth and the phycoerythrin (PE) levels were used to follow the activity of the
PcpeC promoter.
When analyzing the growth curves of the different treatments following the chlorophyll-a
absorbance at 665 nm no significant differences were observed between the different light treatments.
The morphology of the cells as well as the cell development status did not show visible differences
under the various treatments.
Despite that the chlorpophyll-a absorbance remained similar between the treatments, the values
of PE absorbance at 556 nm showed significant differences between the treatments beginning at the
144 h measurement.
To compare the different treatments, the ratio of PE absorbance to chlorophyll-a absorbance
is plotted in figure 13. Starting from the same mother culture grown under white light, the three
treatments show different trajectories in their pigment ratios.
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Figure 13. Evolution of the ratio of phycoerithricyn (PE) to chlorophyll-a in a N. punctiforme
WT culture depends on light treatment. In red light, the synthesis of PE is inhibited and thus the
pigment ratio decreases over time. Green light and white light both give activating signals for PE
synthesis and thus maintain a constant ratio throughout the culture. Green light treatment shows a
slight increase of the ratio at the last two measured time-points due to an increase in PE levels. The
ratios show significant differences between light treatments at the last two measurements. Time point
individual Kruskal-Wallis tests with 95 % confidence, three biological replicates.
The cultures under white light maintain a constant ratio throughout the experiment. The cultures
under green light follow a flat trend until day 4 of culture, when it has a chlorophyll-a absorbance
of 0.33 ± 0.03. After that point the pigment ratio follows an increasing trend. Finally, the cultures
under red light follow a decreasing trend from the start of the treatment and keep a sustainably lower
ratio than the other treatments throughout the experiment.
To sum up, we proved that the different light regimes regulated the activity of PcpeC although
they did not affect growth nor cell development. The next step was to test the performance of the
PcpeC promoter in a synthetic biology reporter construct and quantify its expression level in the
repressed and induced modes. Therefore we built up a reporter system where a superfold GFP was
cloned after PcpeC and we proceeded to characterize the expression profile.

4.5

PcpeC _GFP Characterization
The sfGFP [46] was cloned after the PcpeC promoter with and without the addition of RBS* [47]
and both constructs were transformed into N. punctiforme on the pSAW vector. Cells were grown
continuously in 10 µmol·m-2 ·s-1 red light (RL) and then transferred to 10 µmol·m-2 ·s-1 RL (620nm)
+ 10 µmol·m-2 ·s-1 green light (GL) for 24 hours. The fluorescence measurements before and after
the 24 hours induction revealed a dramatic change in expression level (see figure 14).
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Figure 14. GFP expression driven by the PcpeC
promoter with and without RBS*. In a) we can
see the expression levels of 3 different mutants under repressive conditions (10 µmol·m-2 ·s-1 RL, red
bars) or 24 hours post-induction (10 µmol·m-2 ·s-1
RL + µmol·m-2 ·s-1 GL, green bars). A dramatic
induction can be observed for the PcpeC _GFP
construct while the RBS* variant shows a reduced effect of green light induction. 3 biological replicates for each strain were analyzed. b)
and c) show confocal microscopy images of the
PcpeC _GFP and the RBS* variant respectively after 24 hours induction. For both images the fluorescence detector sensitivity was fixed at 635 to allow
for comparison. Both mutants show homogenous
expression throughout the filaments. Consistently
with the quantitative data, the variant with RBS*
presents a much weaker fluorescence.
Before induction, in the repressed mode, the PcpeC _RBS*_GFP mutant showed fluorescence
levels at 281 a.u. / OD665nm while the empty vector control gave values of 101 and 234 a.u. / OD665nm
in RL and RL + GL, respectively. The RBS* mutant gave a better inhibition than the PcpeC _GFP
mutant that counted up to a considerable high 790 a.u. / OD665nm .
Surprisingly, after 24 hours of induction the construct designed to enhance expression with the
RBS* only achieved one fifth of the expression from the PcpeC _GFP construct. The dynamic range
was also better in the version without the RBS*, that reached a considerable 24-fold enhancement
of expression upon induction. In contrast, the construct designed with RBS* only gave a 9-fold
increase.
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Observing the strains under the confocal microscope we could corroborate that the PcpeC _GFP
mutant had a greater expression level than its RBS* version 24 hours after induction. We could also
observe a homogeneous distribution of the GFP expression along the filaments. No heterocysts were
observed in the sample.
With all the above presented results we understood the natural importance of HetR for the
heterocyst development mechanism in N. punctiforme, the native PcpeC regulation of the pigment
composition and the heterologous expression potential of such promoter. Therefore, we proceeded
to combine both genetic functions in a synthetic biology approach to create a strain that develops
heterocysts upon green light induction.

4.6

PcpeC_HetR Phenotyping
The pSAW plasmid containing an insert with the PcpeC promoter driving the expression of hetR
with the RBS* artificially designed ribosome binding site was introduced in N. punctiforme to create
the PcpeC _RBS*_HetR mutant. The electroporation and the cultivation of this strain was always
performed under 10 µmol·m-2 ·s-1 630 nm LED light and supplementation of 15 µM PatS – 5 during
the first 4 days after electroporation. The version without RBS* was also electroporated but it
did not render any colonies at the first attempt. A second attempt succeeded, although the strain
proved very difficult to grow. Therefore, all the phenotyping experiments were performed on the
PcpeC _RBS*_HetR mutant.
The strain was microscopically scrutinized to determine its phenotype under repressive (red
light) or inductive (white light) conditions. The cells were induced by removing 100 µL of a RL
grown culture into 2 mL of BG11 supplemented with 2.5 mM NH4 Cl, 5 mM HEPES and 25 µg
of kanamycin / mL (no antibiotics for the WT control). The diluted cultures were exposed to 10
µmol·m-2 ·s-1 white light in a 6-well plate shaking at 25 °C for 43 hours. The confocal pictures of
the culture under the different conditions are shown in figure 15.
The confocal pictures confirmed that the N. punctiforme PcpeC _RBS*_HetR strain develops
heterocysts upon white light induction and independently from a nitrogen signal. Under repressive
red light conditions there was no evidence of heterocyst development in the mutant. In red light
conditions, the mutant is practically indistinguishable from a WT strain, the main difference relies
on the length of the filaments. While the hyperheterocystous strain typically has filaments of 10
to 30 cells, rarely longer than 100 cells; the WT strain can have filaments thousands of cells long.
Otherwise, there are no apparent morphological differences between the mutant under repressive
conditions and N. punctiforme WT.
Upon white light exposition for 43 hours, the PcpeC _RBS*_HetR mutant developed heterocysts
at a frequency higher than the native. The heterocyst ratio proved difficult to determinate due to the
fact that the mutant was forming aggregates. The formation of such aggregates is a typical feature of
the formation of heterocysts. Generally, the heterocysts tend to stick to one another generating a
knot between multiple filaments. This phenomena happens after step-down of a WT strain or, to a
greater extent, upon white light exposition of the PcpeC _RBS*_HetR mutant in liquid media.
At a morphological level, the induced cells presented an enlarged size compared to vegetative
cells, a feature attributable to heterocysts. Moreover, they also showed the polar bundles typical in
heterocyst to vegetative cell contact membranes (see figure 15.d). Finally, the newly developed cells
presented the typical depigmentation related to the heterocyst development process. As observed in
figures 15.c and 15.d, the developed cells have very few chlorophyll autofluorescence.
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With these results, we proved that upon green light induction the PcpeC _RBS*_HetR mutant that
we have designed develops heterocyst-like cells. All the morphological traits give evidence that we
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Figure 15. Morphological phenotyping of the N. puntiforme PcpeC _RBS*_HetR strain. Confocal
microscope pictures represent the overposition of the chl-a autoflorescence (red), GFP fluorescence
(green) and the bright field images. a) is a N. punctiforme WT filament in BG11 supplemented with
-2 -1
-2 -1
2,5 mM NH+
4 grown under 10 µmol·m ·s red light and transferred to 10 µmol·m ·s white light
43 hours before this picture was taken. b) is a N. puntiforme PcpeC _RBS*_HetR filament grown in
-2 -1
BG11 + 2,5 mM NH+
4 under 10 µmol·m ·s red light conditions. c) and d) is the PcpeC _RBS*_HetR
mutant treated like a). e) is a PcpeC _RBS*_GFP mutant under the same treatment as a). We observe
how the PcpeC _RBS*_HetR mutant did not show any special phenotype under repressive conditions
(red light). The only difference of a mutant culture under red light and a WT culture is the length of
the filaments, much shorter for the mutant. When the mutant is exposed to white light for 43 hours,
even with presence of ammonia in the media, develops a substantial amount of chlorophyll-less cells.
We suspect that these cells are indeed heterocysts. It is important to notice the hyperheterocysity
of the mutant; in picture c) heterocysts appear much more frequently than in native conditions
(see figure 9). Interestingly, the interheterocyst distance is reduced to 3 cells in many cases, we
can even observe some contiguous heterocysts, extremely rare in the WT strain. Except from their
pigmentation characteristics, the chlorophyll-less cells also show morphological changes such as
appearance of polar bundles (see 15.d), arrows) and increased size respect the vegetative cells. These
observations provide yet more evidence to argue that the green-light induced cells are heterocysts.
The control based on the PcpeC _RBS*_sfGFP mutant showed induction of the promoter but no trace
of heterocyst development.

are indeed looking at heterocysts developed in the presence of ammonia, something we have never
seen in a native setup. Afterwards, we wanted to move on and check the biomolecular activity of
the observed hypothetic heterocysts to make sure they were also active at a genetic expression and
metabolic level.
In an attempt to perform such biomolecular studies, the mutant was scaled up to larger volumes
in E-flasks and even 500 mL bubbling flasks. At this stage, we discovered that the strain had extreme
difficulties to grow and scale up outside an agarose plate or a small liquid volume. For months now,
we have failed to grow enough biomass of the mutant and thus the biomolecular studies have not yet
been performed.
Large volumes (>50 mL) of dense cultures are needed for determination of hydrogen production.
The difficulties to grow the strain also prevented the determination of the hydrogen production
potential of the herein developed N. punctiforme strain.

5. Discussion

5.1

PatS - 5 represses HetR in a patterned fashion
The study of the HetR activity by the application of the synthetic inhibitor PatS – 5 was inspired by
the work of Yoon and Golden [32] in the early 90s and the further mechanistic characterizations by
Huang et al. [25]. Both studies have been performed in Anabaena 7120 and, to our knowledge, the
current study is the first reported example of the activity of PatS – 5 in N. punctiforme.
In the experiments by Yoon and Golden a concentration of 1 µM of the artificial inhibitor was
enough to completely repress the development of heterocysts. This data was confirmed by Huang
et al. In N. punctiforme, we had to raise this concentration up to 10 µM to start seeing a complete
repression of heterocyst development. Even with 8 µM a residual amount of heterocysts was still
developed. This important difference can be hypothetically attributed to a number of different
explanations. First of all, the peptide might have different diffusion rates through the cell membrane
of the different species due to essential differences in their membrane composition. Important to note
is that the PatS - 5 pentapeptide contains two arginines which are positively charged aminoacids. The
different diffusion rates would determine a different accessibility of the inhibitor to its intracellular
target.
A second plausible explanation is that PatS – 5 inhibition kinetics is significantly different
between both HetR homologs. As discussed by Risser and Callahan [33], both PatS and HetN
are diffusible peptides that inhibit the activity of HetR in Anabaena 7120 vegetative cells. Both
peptides have in common the RGSGR pentapeptide, and this sequence is the only essential for the
inhibition activity of such peptides. In N. punctiforme there are homologs to PatS and HetN, and
although PatS 6 C-terminal aminoacids are identical to the Anabaena 7120 peptide, HetN does not
contain an RGSGR-like sequence. The sequences of HetR are extremely well conserved between
both filamentous cyanobacteria, but few differences remain between the homologs. These little
differences in the sequences of PatS and HetR may translate into slightly different 3D conformations.
These, in turn, may affect the PatS inhibition kinetics where a higher concentration of the peptide is
needed to inhibit heterocyst development in N. punctiforme.
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Another hypothesis is that the levels of HetR, or the HetR activity threshold for heterocyst
development, are significantly different between both species. As determined by Huang et al. a 2:1
molar ratio of PatS – 5 to HetR practically inhibits the DNA binding activity of HetR in an in vitro
EMSA assay. Therefore we might need higher concentrations of PatS – 5 to inhibit higher titers of
HetR in N. puctiforme.
On another note, it is important to highlight that in this study the inhibition was also checked at
48 hours after step-down. This experimental data, might have been recorded by previous researchers
but they never published it in their studies. It results in an important piece of information that
leads to argue that the pentapeptide has a very high degradation rate, probably enhanced by the
nitrogen depravation of the cells and the nitrogen rich composition of the inhibitor. Extrapolating to
the natural inhibitor, we can discuss that the 13 nucleotide long diffusible peptide also has a very
short life and a very fast turnover rate has to be maintained under nitrogen depletion to stabilize the
heterocyst pattern [33]. The quick degradation of PatS – 5 was taken into account when applying it
to facilitate transformation of the HetR cosntructs and the inhibitor was resupplied every 48 hours.
The density of the culture shall be also regarded in further studies when discussing degradation rates
of an artificially added peptide.
The heterocyst development was modified in a patterned fashion, the interheterocyst distance
increased upon incremental PatS – 5 concentrations. If we extrapolate that to a scenario where the
activity of HetR is enhanced rather than inhibited we can argue that the heterocyst development will
increase also in a patterned fashion. The increased activity of HetR would overcome the native PatS
inhibition in the midpoint between heterocysts where the concentration of the diffusible peptide is
lowest. In this case we would have a filament with a higher percentage of heterocyst that still maintain
a number of vegetative cells between them. This is important to consider for the energy balances
of the filament and for the optimization of hydrogen production. The equilibrated arrangement of
heterocysts to vegetative cells guarantees an optimal transfer of carbon and reducing power from
their source in the vegetative cells towards the heterocysts and the opposite direction flow of nitrogen
compounds. With this background argumentation we proceeded to overexpress HetR in order to
enhance its activity and increase the heterocyst ratio.

5.2

Overexpression of HetR from Ptrc is lethal in N. punctiforme
With the first attempt of overexpressing HetR in N. punctiforme we did not succeed to generate
a mutant. From the beginning, the genetic engineered design was set to fail. Nevertheless, the
experiment provided us with important information that helped us develop a better overexpression
system.
The PtrcO1 promoter has been characterized as the strongest constitutive promoter in cyanobacteria in previous projects in our lab [48]. It has also been reported as one of the few promoters
available for expression in N. punctiforme [48].
Observing the results in figure 10, we can conclude that the constructs expressing HetR from
the Ptrc1O promoter were lethal. Basically, every single cell that survived on the selection plate
must have contained the pSAW plasmid with the construct. In intracellular conditions, the Ptrc1O
is constitutively active and therefore HetR is expressed at high rates. HetR activates heterocyst
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differentiation. And therefore, all the cells that could have survived on the selection plates turned
into heterocysts. Since heterocysts cannot divide, it was impossible to observe any colony after
transformation.
By explaining the lethality in such a way we are assuming that the electroporation process worked
without problems. We can propose so provided that both positive and negative controls behaved as
expected and a fifth plasmid without the PtrcO1 _HetR construct rendered positive colonies.
Knowing the lethality of HetR, we learned that in future transformations it was advisable to
supplement the media with PatS – 5 right after electroporation to prevent any early heterocyst
development event. After a few days, when a number of duplications of the transformed cells
might have generated the first mutant filaments, the artificial inhibition could be released. With
mutant filaments we would have several contiguous cells with the ability to survive on selection
plates. Probably one or more of these cells would turn into heterocysts but at the same time they
would endogenously express PatS and repress the development of the rest of transformed cells in the
filament. Together with the use of a tightly repressed promoter, the supplementation of PatS right
after electroporation can prove essential for the viability of the HetR overexpressing strains.
On another note, after failing at creating a strain expressing HetR constitutively we realized
of the potential of using HetR as a lethal marker. The availability of an artificial inhibitor of the
lethality, PatS – 5, brings yet one more degree of flexibility to such a reporter system. Another
example of a lethal gene, sacB, has already been used in Synechocystis 6803 and Anabaena 7120 to
generate marker-less knock-out mutants [49] and for the selection of tightly regulated promoters or
riboswitches [50].
The potential of the last approach is confirmed when looking at the literature; the only successful
approaches of overexpressing HetR in Anabaena 7120 have been using the native promoter [51],
a tightly regulated copper inducible promoter, P petE [52]; or the constitutive high-light stimulated
P psbA [53]. In the first two cases the promoters are tightly repressed in the absence of an inducer and
thus achieve to grow avoiding the lethality of HetR. The overexpression from P psbA is an exception
where the construct is directly inserted in the genome which may have effects on gene regulation
and expression. In their work Chaurasia and Apte [53] only report a hyperheterocystous phenotype
under nitrogen depravation. To our knowledge, no other hetR overexpressions have been achieved in
Anabena 7120 and no overexpression has yet been reported for N. punctiforme.
Following the example of the overexpressions in Anabaena 7120 and the knowledge that a
constitutive expression of HetR was lethal, the only option left was using an inducible promoter.
Unfortunately, in N. punctiforme, the synthetic biology parts repertoire is very limited and very few
inducible promoters have been characterized. Only the inducible expression of zwf [54], responsive
to carbon and nitrogen signals; or scyA [55], responsive to UVA light have been characterized in N.
punctiforme. Others such as PnirA [56], responsive to NO−
3 or the same P petE have been widely used
in Anabaena 7120.
A nitrogen related inducible promoter was not desired to drive the expression of hetR in order to
avoid crosstalk with heterocyst development and nitrogen metabolism signaling pathways. Moreover,
we were concerned about the scale up issues of the metal promoters: it is not economically feasible
to purify large quantities of media without metal traces, it is not cheap to add metal inducers at
an industrial scale and the addition of metals could generate a culture and environmental toxicity
problem.
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Therefore, we needed a novel promoter that could induce hetR expression in a tightly regulated
manner, without interfering with the delicate carbon-nitrogen balances and that presented no potential
toxicity.

5.3

The potential of PcpeC as an inducible promoter
The most promising inducible promoter candidate that was found in the literature was PcpeC [36], a
green light inducible promoter. This promoter has been studied at a physiological level but has never
been used in a synthetic biology approach. Nevertheless, there is a number of precedents of the use
of a homologous promoter from Synechocystis sp. PCC 6803, PcpcG2 [37, 38, 44, 57].
Before proceeding with the cloning and utilization of the promoter a study of its more relevant
genetic traits was performed. The analysis brought about very interesting information giving rise to
a number of hypothesis.
To start with, when we aligned the PcpeC and the PcpcG2 sequences we found very high similarities,
especially in the G-box region, highlighted in green in figure 11. The G-box is an operator sequence
that has a conserved structure among a diversity of cyanobacterial species. It is a 22 nucleotide
long sequence composed by two direct repetitions of a motive. A DNA loop is approximately 11
base pairs, exactly the length of one of the repetitions, thus both tandem motives appear to be on
the same orientation within the DNA helix. This structure is characteristic of a great number of
transcription factor binding sites were the protein partner binds to the sequence as a dimer [58]. CcaR,
as many response regulators from the OmpR family, would display the dimerization sites only upon
phosphorylation of an arginine at position 51. Only when CcaR would dimerize it could effectively
bind the tandem repeat in the G – box and activate transcription. Probably, the phosphorylation of
CcaR has other effects through a number of conformational changes, for instance the exposition of
the DNA binding site.
Further efforts could be directed to elucidating which aminoacids of the C-terminal domain of
CcaR bind to the operator sequence. The response regulator belongs to the OmpR family, which
contains a helix-turn-helix motive responsible to bind the DNA. In the C-terminal domain of the CcaR
homologs we can observe 3 conserved stretches of DNA which may coincide with the homologous
helix-turn-helix motive of the structure of OmpR [59]. One of these stretches, spanning from the
position 190 until 203, has four conserved basic aminoacids, two lysines and two arginines, following
a spacing of three and four residues between them that would conform a basic surface of an alpha
helix that could be responsible for establishing strong polar interactions with the G – box operator
sequence.
Further mutagenesis and EMSA assays can be performed to clarify how the dimerization and
DNA binding mechanisms work. With this knowledge then we could think of building up synthetic
chimeric response regulators that bind the G – Box but instead respond to other inductive signals. Or
the other way round, we could custom engineer the DNA binding motive of CcaR to bind any given
DNA sequence, like Dong et al. did using high-throughput yeast-three-hybrid screening methods
[60]. In this way we could build totally synthetic operator sequences to create orthologous expression
regulation systems.
But the G – box is not the only noticeable conserved sequence. When the PcpcG2 promoter
was introduced in E. coli two alternative transcription start sites (TSS) were predicted [43]. Both
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transcription start sites were associated with two pairs of -35 and -10 boxes which turned out to be
specifically conserved in PcpeC . With the data we have, we cannot prove that the higher similarity is
due to random phenomena. Nonetheless, this observation opens up the possibility for new approaches
and hypothesis.
In their work, Schmidl et al. [44] conclude that the upstream TSS is inducible and activated by
the binding of CcaR in the closely situated G – Box. On the other hand, the TSS closer to the open
reading frame would be a weak constitutive promoter keeping a low transcription all time. In the case
that this pattern was conserved in the native system in N. punctiforme, we could think of engineering
a shorter version of the promoter that only included the upstream TSS. We hypothesize that this
engineered version of the promoter would have a much tighter regulation and a greater dynamic
range. These last characteristics being of key importance for the expression of a lethal gene such as
hetR. Nonetheless, it is important to mention that in the native setup, the transcript analysis of the
cpeC gene under red light conditions shows an absolute blank in both northern blot and RT-PCR tests
[36]. So the observations in the Schimdl et al. work would probably not be applicable to the native
promoter from N. punctiforme. These two hypothesis remain up to elucidation; promoter truncation
experiments could help shed a light into this question and potentially improve the performance of
the PcpeC promoter.
Turning to the phylogenetic analysis of CcaR, the first interesting observation is that there is
no such gene or regulation system in Anabaena 7120. This opens up the possibility of introducing
the whole CcaS-CcaR-PcpeC system in the most widely studied filamentous cyanobacteria. By
transplanting the system, we could create an orthologous regulation pathway that did not interact
with or disturb the natural functions of the organism. The transplantation of the homologous PcpcG2
has already been reported in Synechococcus sp. NKBG 15041c, a marine cyanobacteria that does not
contain the CcaS-CcaR-PcpcG2 system [57].
Furthermore, we have encountered a related Nostoc species that did contain a homologous
ccaR sequence but did not really show a truly structural G – Box arranged in a functional genomic
environment. Moreover, the CcaR sequence of Microcystis aeruginosa NIES 843 differed greatly
from all the other homologs, likewise its G – Box sequence. Among the all possible hypothesis,
we could think that the system in Nostoc azollae has become non-functional and some of its
components have evolved into pseudogenes due to the lack of a strong selective pressure, in other
words, uselessness of the system due to no chromatic changes in the light regimes. We might be
observing a similar process for Microcystis, where this species could be suffering an elevated number
of mutations to its system components due to loss of selective pressure. To illustrate these changes
we only have to analyze its G – box, which does not even maintain a well conserved direct repeat
sequence.
The lack of selection pressure or the limited use of this system could be a beneficial feature for
the synthetic biology application of CcaS-CcaR-PcpeC system. This could mean that when applying
the PcpeC promoter in a genetic engineered construct we would not be directly disturbing a central
biological process. To test this hypothesis, we decided to perform in-house growth curves and a first
preliminary overexpression.
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Different light wavelengths control PcpeC activity while not affecting growth
The results of the in-house preliminary tests showed how the different light regimes, when adjusted
to deliver the same light power to the samples, did not have an effect on growth. This observations
add up to the hypothesis that the inducing signal for the CcaS-CcaR-PcpeC system does not have
further effects to cell functions other than pigment synthesis regulation. This is good news for the
utilization of such system in a synthetic biology approach. We can introduce an ectopic copy of the
promoter for the overexpression of a gene of interest without altering central biological functions of
the organism.
These tests also served to establish that the rather rudimentary light bulbs that we used at the
lab were indeed sensed by the native two component system and the cyanobacteria gave different
responses to different stimuli. Therefore, we can repress overexpression of a gene of interest in
future engineered strains when applying red light and induce expression upon green light exposition.
Just as it does in the native system with the synthesis of phycoerythrin.
With regards to the kinetics of the activation, they seem very slow for the native system. The
first significant differences in pigment composition are only observed after 144 hours of treatment.
We hope and expect that this retarded response does not depend on transcriptional rates, but instead
on posttranslational regulation. Actually, it has been hypothesized that the pigments involved are
very long lived and this explains the delay on the signal when measuring the ratios of pigments [36].
As a remarkable fact we would like to highlight the incredible capacity and flexibility of N.
puntiforme to obtain energy from a diversity of different wavelengths. The charge separation reaction,
responsible to transform the excitation energy in an electric potential and later in reducing power and
biological energy, is performed by the chlorophyll molecules at the photosystem reaction centers.
These essential pigments that support the generation of almost all energy coming into the biosphere
only absorb light at specific wavelengths. But cyanobacteria has built up an incredible intricate
system of pigments and membrane related antennas that funnel through FRET any light excitation
in the visible range to the reaction centers, with almost 100 % efficiency! This could explain that
regardless of the light wavelength provided to the N. punctiforme cultures, if the power output was
the same, we could practically see no difference on the growth rate between treatments.
At this point, we wanted to further characterize properties such as the inducing kinetics, the
dynamic range of the promoter and its possibility to be used in synthetic biology circuits. We
therefore assembled a genetic construct to test all these parameters.

5.5

PcpeC features up to 24-fold dynamic range upon green light activation
The PcpeC test with the reporter provided promising results. First of all, we managed to make the
promoter work from a self-replicating plasmid and with a completely different downstream gene.
We therefore established an individualized independent 264 base pairs long genetic part with a
determined function. The design of independent parts with a reproducible function is the base of
synthetic biology design. This is the first example of the use of PcpeC , but new constructs should be
tested to prove that the promoter works in different genetic environments and to start exploiting its
functionalities.
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The results also showed how green light indeed induces the expression from the promoter,
results consistent with the native characterization of the promoter, the bioinformatics analysis of
its genetic components and the chromatic adaptation response already discussed. Additionally, we
could observe a great expression induction already after 24 hours, thus proving that the kinetics of
the promoter are faster than we have seen with the pigment ratio change output. The measurements
were conducted only at 24 hours, but most probably the promoter has an even shorter, maybe in
the minutes range, induction time. This hypothesis should be tested with earlier measurements
and should be accompanied of qPCR quantification to obtain a more accurate parametrization,
circumventing the posttranscriptional regulation events.
Following the fluorescence output, we hereby stablished a 24-fold expression increase between
the repressed and the induced mode in the version without additional RBS*. In this case, a qPCR
study would also provide better information over the dynamic range of PcpeC . With such technique
we could measure quantitatively the level of transcript for every mutant and every condition. With
this data we could calculate the dynamic range without the noise that posttranscriptional regulation,
protein translation and protein accumulation gave in the currently reported calculation.
Surprisingly, the addition of a well characterized and optimized artificial RBS like RBS* [47]
disturbed the expression of sfGFP. In a general setting, RBS* is added routinely to the synthetic
constructs in the lab to ensure a reliable translation of the genes of interest. In this particular case
we observe the opposite, RBS* is hindering the expression of sfGFP. We argue that the presence of
the RBS* sequence in the mRNA could have an effect on the secondary structure of the transcript
disturbing the delicate interaction with the translation machinery. This information is important to
keep in mind when designing other constructs with the PcpeC promoter; we have seen how it has
an effect in the expression of HetR. And yet more, it should also be considered when analyzing the
expression results of other constructs incorporating RBS* in any cyanobacteria.
The performance of RBS* in our experiment is inconsistent with the work by Abe et al. with
PcpcG2 in Synechocystis 6803 [38]. In their case, the addition of an artificial Shine-Dalgarno sequence
dramatically increased the expression of the reporter gene, another GFP version. The sequences
of the reporter genes, the artificial RBS and the promoter are very similar in both cases, but not
identical. These small differences may explain that the construct folds in secondary structures that
hinder translation in N. punctiforme while it enhances expression in Synechocystis 6803.
In the same paper, Abe and colleagues introduce extra copies of ccaS and ccaR separately. They
obtain higher levels of expression when they introduce only the response regulator, CcaR; while the
expression pattern barely changes when introducing CcaS. The levels of expression with the CcaR
additional copy increased both in the repressed and the induced mode, therefore this modification
would be of no help when trying to increase the dynamic range or trying to overexpress a lethal gene
such as hetR. On the other hand, an extra copy of ccaS helps lowering the expression base level of
the repressed state. Hypothetically, it does so through the red-light induced dephosphorylation of
CcaR. The more CcaS molecules we have in the cytoplasm, the easier it would be to keep all the
CcaR molecules inactive and therefore the better repressed the promoter will be. Overexpressing
CcaS, rather than CcaR, would be interesting for expressing hetR, or other negatively selected genes,
and therefore it remains as a possibility to explore in future experiments.
The just mentioned red-light induced dephosphorylation adds yet another level of control over
the system. We could both induce by applying increasing green light intensities and repress by
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increasing the red light intensity. We would have two toggles to control a single output signal. The
accuracy of the expression is exponentially enhanced. It has not been tested yet in this project, but
further work with this system could consist in analyzing the fluorescence output of these constructs
in a matrix of different green and red light intensities. With this test we could also determine the
saturation signals of both lights and the intensity to power ratio differences between the inducing
and repressive wavelengths. This experiment could ultimately draw a preliminary standard curve for
the custom adjustment of the PcpeC expression strength.
Red-light induced dephosphorylation is highly dependent on the absorption spectra of the
chromophore in CcaS. For this particular event, the optimum wavelength is 672 nm, although the
absorption peak is quite broad [36]. With the current light setups at the lab we have only tested LED
emitting at 630 and 620 nm. In the future, we should explore the possibility of changing to 660 nm
LED that would better hit the chromophore absorption peak. Additionally, at this wavelength we
would be providing photons at a close to optimal wavelength for the absorption by chlorophyll a.
Maybe this could have an effect on energy harvest and growth in cyanobacteria.
Finally, based on some preliminary experiences, we suspect that the cultivation of the cyanobacteria in darkness could have inducing outputs. For now, this is a mere assumption based on accidental
observations. But this condition should be properly assayed if we want to use PcpeC for other
purposes and especially if we want to use it in natural light settings with day – night cycles. Other
open questions in the same direction are the effect of flashes of light, or how long the signal has to
be in order to activate a response?

5.6

Green light induction of heterocysts in the presence of NH+
4
Despite having a lot of questions open with the PcpeC inducible promoter, its features already looked
promising enough to start working on the overexpresion of hetR. We took exactly the same PcpeC
sequence that we used for the sfGFP expression and we cloned it in front of the native hetR sequence,
both with and without RBS* and with and without a FlagTag at the C-terminus. The only mutants
obtained on a first parallel transformation were the ones containing the RBS*. These results might
have been seen strange without knowing the performance of the promoter with the sfGFP reporter.
But the sfGFP data told us that the version without RBS* is leaking under repressive conditions and
that the version including RBS* has expression levels very close to the empty vector. Hence, the
fact that initially the HetR constructs, both with and without FlagTag, only achieved transformation
when including the synthetic RBS is consistent with the previous sfGFP data.

5.6.1

Filament level
The PcpeC _RBS*_HetR mutant was scaled up to a small volume of BG11 in red light conditions.
When compared with the WT controls it did not show major differences, suggesting that HetR was
not expressed under red light conditions or it remained inactive. The only noticeable difference was
the length of the filaments, but later on, further pSAW empty vector transformants showed the same
phenotype indicating that the shortness of the filaments could be due to the presence of antibiotic.
The big question remained whether HetR was going to be expressed and active in inductive
conditions as expected for the design, or not. So we tried it, we exposed a small volume of the
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mutant to white light and it turned out to induce heterocyst formation. We proved under confocal
microscopy that the mutant differentiated heterocyst looking cells in the presence of ammonia. We
have never observed or read about development of N. punctiforme WT heterocysts in the presence of
combined nitrogen, especially ammonia. Other filamentous cyanobacteria like Anabaena 7120 may
present up to 1 % of heterocysts in the presence of ammonia or nitrate [52].
To our knowledge, this is the first example of heterocyst differentiation in ammonia containing
media in N. punctiforme. Such achievement has previously been observed in Anabaena 7120 [51 53]. The heterocysts differentiation independently of the nitrogen source only leaves place to the
explanation that the inserted copy of hetR is expressed under green light and it is responsible for the
heterocyst development. The disconnection of the heterocyst development from its native signal has
scale implications. In such setup we would be able to regulate the appearance of heterocysts, and
thus the production of hydrogen in any given media, without having to remove the nitrogen sources
which could be a great problem if we would want to use waste water or water coming from natural
sources. With the PcpeC regulation we could regulate the expression of HetR, and ultimately the
energy balance of the culture, by applying light filters.
When applying a filter that removes the green light from the Sun spectra we could make sure that
no heterocysts develop and all the energy absorbed by the organism was spent on growth and cellular
maintenance. In this mode we could expand and keep the strain before switching to production
mode. When desirable, we could remove the light filter or lower the amount of green light filtered in
a dynamic fashion to regulate how much cellular energy is fated towards the production of hydrogen
and how much of it remains for the maintenance of the basic cellular functions.
The highest ratio of heterocysts that we have observed in N. punctiforme during this study is
9.14 % (figure 8). The ratio of heterocysts in the induced mutant was definetly higher than that, we
were even able to observe two contiguous heterocysts multiple times. This phenotype is commonly
referred to MCH in Anabaena 7120 and can be observed in ∆patS mutants among others.
Nevertheless, the ratio of heterocysts could not be quantified due to the reduced sample size
and the fact that the hyperheterocystous filaments clumped together and difficultated the accurate
counting of vegetative cells versus heterocysts. This phenomenon is typical of step down cultures
and it is not easy to circumvent without breaking down the filaments. The explanation behind this
mechanism may rely on the synthesis of a thick polysaccharide layer around the heterocyst to protect
it and make it oxygen impermeable. This polysaccharide layer may generate strong cross-interactions
with the envelopes of other heterocysts promoting the aggregation and formation of knots by the
filaments of the culture [61]. The aggregation may be stimulated by stirring of the cultures as the
filaments have greater chances of finding one another and we believe it is a part of a stress mechanism
that would provide survival advantages in a wild environment. We have observed similar behaviors
under other stresses such as: high-light, pH, temperature or nitrogen removal. All in all, this is one
more evidence that phenotypes the green light induced cells as functional heterocysts.
On the other hand, the mutant did not show a homogeneous distribution of heterocysts. Some of
the filaments were floating freely without any heterocysts. Usually these were smaller and could have
been detached from a longer filament upon development of a heterocyst. Also, in many cases we
could observe free heterocysts. Both events are explained by the weaker junction between heterocysts
and vegetative cells that promotes filament break down. Of course, this phenomenon is not desired
for hydrogen production since every single filament without heterocyst will absorb energy that will
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not be transformed into hydrogen and every free heterocyst will have all the machinery ready but will
lack the resources to evolve hydrogen. Both cases can greatly contribute to hinder the Sun-to-fuel
efficiency, right opposite of what we want to achieve.
But the mutant still shows potential of altering the energy balancing within the filaments. Now
we can diminish heterocyst percentage with PatS - 5 and we can boost the ratio, even in the presence
of ammonia, overexpressing HetR from the PcpeC promoter. Further challenges remain thus in the
dynamic control of such manipulations. In the actual setup we have abused the system by distorting
the balance towards the heterocyst development or, in other words, towards fuel production. By
doing so we have altered native biological functions over a threshold when the filaments actually
start breaking down and thus we would be losing efficiency. This unbalance may also explain our
inability of growing the mutant in bubbling flasks or large volumes.
The challenge now is to further develop the system so that we can achieve a dynamic control
of the cell development balance. We want to have a system where we decide which percentage of
heterocysts we have on the culture. And the actual system could not be more appropriate. The PcpeC
has two toggle mechanisms to finely regulate its expression level that still have to be quantified and
yet more, we have the PatS - 5 artificial inhibitor that we can add at any time to downregulate the
activity of HetR. All in all, the actual mutant gives us a number of challenges, but at the same time,
the great potential of the system may give the solutions to overcome them and achieve a dynamic
regulation of the energy balances to improve the Sun-to-fuel efficiency.
5.6.2

Intracellular level
Looking closer at the cells we can see how they indeed show heterocyst morphology. They have an
increased size in respect to the vegetative cells and they also show the characteristic polar bundles
[62]. Further structural characterization could be achieved with TEM microscopy. This technique has
recently been applied in N. punctiforme [63] and would help elucidate the reconfiguration suffered
by intracellular components of the heterocysts such as a dramatic reorganization of the thylakoidal
systems [64].
The cells also show the typical depigmentation attributed at the development of heterocysts.
In future experiments, the chlorophyll autofluorescence of the culture can be used to assess the
heterocysts differentiation at a population-wide extent. These observations are fully consistent with
the culture wide properties of the mutant and point to the direction that we are indeed artificially
inducing functional heterocysts.
At a morphological level it would be difficult to have more evidences to prove that the artificially
induced heterocysts are functional. Nevertheless, we want them to produce hydrogen and therefore
we need to make sure that they are also metabolically active and have the ability to generate a
microanoxic environment to host hydrogen production in an oxygenic photosynthetic active culture.

5.6.3

Molecular level
We have failed repeatedly to grow the mutant in larger volumes in order to perform the biochemical
characterization of the strain. We have checked the genetic stability of the mutant and it does not
seem to be the cause of the problem after 4 months of growing the strain. We therefore hypothesize
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that either the critical fitness burden of the modifications or harmful contaminations have hindered
the expansion of the strain. The later explanation seems quite plausible due to the difficultly to work
in sterile and red light conditions in a laboratory with facilities which are far from appropriate for
the handling of such mutant, especially when it can be very susceptible to contamination.
In other HetR overexpression projects the biochemical data is also missing [51, 52] and this leads
us to argue that the difficulties to grow the mutant at scale are widespread. In fact, such problems
were already mentioned by Buikema and Hasselkorn (2001) [52]. But we do find biochemical data
in the study of Chaurasia and Apte [53] where they show that the induced heterocysts are indeed
metabolically active and show enhanced nitrogenase activity. The only problem with the latest data
is that the characterization was performed in nitrogen deprived conditions and we would like to
know how our artificially induced heterocysts perform without having to induce native heterocysts,
in completely ectopic conditions, in the presence of ammonia.
It might be that the biomolecular data was not reported by Buikema and Hasselkorn [51, 52]
because they could not detect nitrogenase activity in the ammonia developed heterocysts. One may
think that this phenotype is not desired, that we want fully functional heterocysts. But actually, the
complete inhibition of nitrogenase activity might boost hydrogen production rates.
In a foreseeable future, we will heterologously express a highly efficient hydrogenase in a
heterocyst specific manner [11]. In this particular scenario, a deficiency of nitrogenase activity would
be actually desired if the reducing power is still transferred to the heterocysts and these maintain
an anaerobic environment. In such case, the hydrogenase would remain fully functional inside
the artificial induced heterocyst while the greatest competing enzyme, nitrogenase, would remain
inhibited. In this way, we would incredibly boost the hydrogen production potential by funneling
most of the reducing power to the hydrogenase. Altogether in the presence of combined nitrogen,
without the complication of scaling up nitrogen free media and with full control of the system from
a green-light regulated promoter.
Actually, with the PcpeC _RBS*_HetR mutant we could build up extremely complicated artificial
genetic circuits to be expressed in the heterocyst with very little physiological burden. Given the tight
regulation of the heterocyst formation in the PcpeC _RBS*_HetR mutant we could express a complex
system like the hydrogenase and its maturation system all under the expression of a heterocyst
specific promoter, like PhupSL [65]. The whole hydrogen producing machinery would be a strong
fitness burden for N. punctiforme if constitutively expressed, but when placed under a heterocyst
specific promoter the whole system would be tightly governed by PcpeC . Then, when the cells are
grown in red-light conditions we establish a “growth mode” where none of the complex genetic
circuits is expressed and thus does not suppose any major burden contributing to the genetic and
physiological stability of the strain. When we want to observe the phenotype, or switch the culture
to “production mode”; we just need to turn the green-light on, or remove the green light filter. And
yet more, the system would not be a simple on-off switch, but with the three degrees of regulation
(red-light intensity, green-light intensity and PatS – 5 concentration) we would be able to dynamically
adjust the energy balance of the strain to optimize hydrogen production.
Another considerable genetic feature of the mutant system is the lock-on Boolean gate. The
native HetR positive autoregulation permits the amplification of an initial signal, even when the
external signal is removed. This characteristic gives both opportunities and challenges. On one hand,
we would not need very intense cues to activate the system, the positive feedback would scale up
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the signal exponentially. We would actually build up a true genetic switch, like the hand switches,
you would only need to give an initial signal to activate the function without the need of constantly
providing a signal. These lock-on systems are very useful for induction mechanisms were the signal
is either toxic or expensive. This is not the case of PcpeC , but the logic thinking could be applied
for the development of UV-light induced promoters [55] or metal promoters like PnrsB [66]. On the
other hand, the lock-on nature of the HetR autoregulation causes the disturbance of external signals
by the internal functions of HetR. Hence, the intensity of the signal would not directly correlate to
the output signal of heterocyst percentage. In order to achieve a more accurate person-driven control
of the heterocyst ratio we could knock-in the PcpeC _RBS*_HetR construct into the natural hetR locus
including its promoter. Following this strategy, we would remove the autoinducible feature of HetR
and gain further control over the system.
Coming back to the previous question, why would the nitrogenase stop working in the ammonia
developed heterocysts? Either because the heterocysts itself is not genetically or metabolically
developed, or because nitrogenase is inhibited. I personally hypothesize that the inhibition may
explain a possible loss of nitrogenase activity in these particular heterocysts. Huergo et al. [19]
suggest a model where nitrogenase is indirectly inhibited by high concentrations of ammonia. In
the natural scenario, this regulation may have evolved to prevent consumption of scarce reducing
power once a considerable amount of nitrogen has been fixed in the heterocyst or when the nitrogen
deprivation conditions are released by a sudden change of environmental conditions.
In the nitrogenase inhibition model (see figure 2), the high levels of ammonia would allow for
the generation of more glutamate through the GS - GOGAT cycle. This process would concomitantly
consume 2 - oxoglutarate (2-OG) as carbon skeleton for the fixation of ammonia. A sudden drop
of the 2-OG levels would diminish the number of PII signaling factors bounded to the metabolite.
When PII binds the metabolite, it changes conformation to sequester a putative protein candidate.
This protein would presumably directly interact with the big subunit of the nitrogenase and inhibit
its enzymatic activity through an unknown post-translation modification mechanism [67].
To test such mechanism I suggest an experimental design inspired in the work of Hartmann et
al. in different Azospirillum nitrogenases [68] and Ramos et al. in Anabaena sp. ATCC33047 [69].
These organisms are symbionts of superior plants as N. punctiforme can also be. Symbiosis might
be one circumstance where the ammonia inhibition of nitrogenase activity might have evolutionary
importance. The nitrogenases of both, Azospirillim [70] and N. punctiforme [71] are from the MoFe
familiy. In this experimental setup we would induce heterocyst development in the PcpeC _RBS*_HetR
mutant with green light in ammonia supplemented media. When heterocysts are morphologically
fully developed a first nitrogenase activity assay would be performed to test if nitrogenase is inhibited
by the presence of ammonia. Once this test is finalized, the culture would be supplemented with
MSX, an inhibitor of glutamate synthase [72], and the nitrogenase activity assay repeated after 24
hours to test if MSX releases ammonia inhibition.
MSX would shut down the activity of glutamate synthase, one of the enzymes of the GS GOGAT cycle. When the central nitrogen metabolism cycle is stopped the link between ammonia
levels and 2-OG levels would be cut off. In this way the cascade of interaction that allow the indirect
inhibition of nitrogenase by ammonia will be prevented at the very first step thus releasing inhibition
and letting nitrogenase work normally.
Finally, once we manage to stabilize the physiology of the strain it will be very interesting to test
the hydrogen evolution potential of the mutant. In the future, we could transplant the system to an
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hydrogen producing mutant, NHM5 [9], and test different ratios of heterocysts to vegetative cells in
order to optimize and enhance hydrogen production. But the most promising option is to combine
the PcpeC _RBS*_HetR mutant with the heterologous hydrogenase heterocyst-specific overexpression
system. With this combination, it would be very interesting to test if we can evolve hydrogen in the
presence of ammonia. By doing so we could effectively inhibit nitrogenase and let all the reducing
power be used to produce hydrogen, potentially reaching commercially-sound rates.

6. Conclusions

With the above reported results and the discussion we can summarize the outcomes of this study in
several concepts.
First of all, we have shown that the HetR synthetic inhibitor PatS – 5 works in N. punctiforme
and it can be applied to enhance the interheterocyst distance in a WT strain. It can also be used to
fine regulate the phenotypic effects of an overexpressed version of HetR.
Secondly, we realized that a constitutive overexpression of HetR is lethal. This feature can be
exploited by using hetR as a negative selection marker. At the same time, this poses an additional
challenge to the modification of the heterocyst ratio in N. punctiforme.
Thirdly, we have developed a green-light inducible and red-light repressed promoter system,
PcpeC . This light toggle is one of the firsts regulated genetic switches developed in N. punctiforme.
This development can become a very useful tool for future synthetic biology applications in the
filamentous cyanobacteria. Further improvements of the promoter system have been proposed in
the current study that could make PcpeC a yet tighter regulated promoter and increase the range of
different expression level possibilities.
Fourthly, we have generated a mutant strain, PcpeC _RBS*_HetR, that is capable of differentiating
heterocysts in the presence of ammonia upon green light illumination. To our knowledge, these
are the first reported artificially induced heterocysts in N. punctiforme. The ability to generate
heterocysts at will opens up a vast number of research possibilities to further understand the nitrogen
physiology of this cyanobacterium. But most importantly, it provides an additional tool with the
potential to importantly enhance hydrogen production in filamentous cyanobacteria.
Finally, several challenges remain for the application of the hyperheterocystous mutant. To begin
with, the strain has to be characterized at a metabolic level. Then, its potential to finely tune the
production to growth ratio has to be explored. With such knowledge we might be able to circumvent
the actual physiological restrictions of the strain and test its hydrogen production enhancement
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potential. For now, we are abusing the production capacity of the strain and generating a metabolic
burden that drastically hinders the basic biological functions.
As a final note, I would like to highlight the central importance of balancing the energy distribution in the filaments. Like agriculture boosts its food yields by reducing growth expenditures,
in bioenergy we could maximize our efficiencies by controlling the growth to production ratios.
When producing hydrogen in heterocystous cyanobacteria we are in a privileged position to do so.
Production and growth are compartmentalized, hence we have a great opportunity to regulate the
energy balances and enhance hydrogen production efficiencies. Governing the heterocyst ratios is
just one option, but other approaches like enhancing the sink capacity of heterocysts or improving
the energy flows between vegetative cells and heterocysts could also be explored in order to exploit
such great opportunity.

7. References

1. Lindblad P and Khanna N. 2015. Engineering of cyanobacteria for increased hydrogen
production. In: Rögner M.(Ed). Biohydrogen, pp. 175 - 190. Walter De Gruyter GmbH, Berlin.
2. Maldener I and Muro-Pastor AM. 2010. Cyanobacterial heterocysts. eLS, DOI: 10.1002/
9780470015902.a0000306.pub2.
3. Flores E and Herrero A. 2010. Compartmentalized function through cell differentiation in
filamentous cyanobacteria. Nature Reviews Microbiology 8(1): 39-50.
4. Donze M, Haveman J. and Schiereck P. 1972. Absence of Photosystem 2 in heterocysts of the
blue-green alga Anabaena. Biochimica et Biophysica Acta (BBA) - Bioenergetics 256(1): 157-161.
5. Risser DD and Callahan SM. 2008. HetF and PatA control levels of HetR in Anabaena sp.
strain PCC 7120. Journal of Bacteriology 190(23): 7645-54.
6. Igarashi RY. 2003. Nitrogen Fixation: The Mechanism of the Mo-Dependent Nitrogenase.
Critical Reviews in Biochemistry and Molecular Biology 38(4): 351-384.
7. Camsund D, Devine E, Holmqvist M, Yohanoun P, Lindblad P and Stensjö K. 2011. A
HupS–GFP fusion protein demonstrates a heterocyst-specific localization of the uptake hydrogenase
in Nostoc punctiforme. FEMS Microbiology Letters 316(2): 152-159.
8. Tamagnini P, Axelsson R, Lindberg P, Oxelfelt F, Wünschiers R and Lindblad P. 2002.
Hydrogenases and Hydrogen Metabolism of Cyanobacteria. Microbiology and Molecular Biology
Reviews 66(1): 1-20.
9. Lindberg P, Schütz K, Happe T and Lindblad P. 2002. A hydrogen-producing, hydrogenasefree mutant strain of Nostoc punctiforme ATCC 29133. International Journal of Hydrogen Energy
27(11): 1291-1296.
10. Raleiras P, Khanna N, Miranda H, Mészáros LS, Krassen H, Ho F, Battchikova N, Aro
EM, Magnuson A, Lindblad P and Styring S. 2016. Turning around the electron flow in an uptake

60

7. References

hydrogenase. EPR spectroscopy and in vivo activity of a designed mutant in HupSL from Nostoc
punctiforme. Energy & Environmental Science 9: 581-594.
11. Khetkorn W, Khanna N, Incharoensakdi A and Lindblad P. 2013 Metabolic and genetic
engineering of cyanobacteria for enhanced hydrogen production. Biofuels 4(5): 535-561.
12. Hemschemeier A and Happe T. 2005. The exceptional photofermentative hydrogen
metabolism of the green alga Chlamydomonas reinhardtii. Biochemical Society Transactions
33(1): 39-41.
13. Nyberg M, Heidorn T and Lindblad P. 2015. Hydrogen production by the engineered
cyanobacterial strain Nostoc PCC 7120 ∆hupW examined in a flat panel photobioreactor system.
Journal of biotechnology, 215: 35-43.
14. Turing AM. 1952. The chemical basis of morphogenesis. Philosophical Transactions of the
Royal Society of London B: Biological Sciences 237(641): 37-72.
15. Haselkorn R. 2007. Heterocyst Differentiation and Nitrogen Fixation in Cyanobacteria.
In: Elmerich C and Newton WE.(Eds) Associative and Endophytic Nitrogen-fixing Bacteria and
Cyanobacterial Associations, pp. 233-255. Springer Netherlands, Dordrecht.
16. Muro-Pastor AM and Hess WR. 2012. Heterocyst differentiation: from single mutants to
global approaches. Trends in Microbiology 20(11): 548-557.
17. Li JH, Laurent S, Konde V, Bedu S and Zhang CC. 2003. An increase in the level of
2-oxoglutarate promotes heterocyst development in the cyanobacterium Anabaena sp. strain PCC
7120. Microbiology 149(11): 3257-3263.
18. Espinosa J, Forchhammer K, Burillo S and Contreras A. 2006. Interaction network in
cyanobacterial nitrogen regulation: PipX, a protein that interacts in a 2-oxoglutarate dependent
manner with PII and NtcA. Molecular Microbiology 61(2): 457-69.
19. Huergo LF, Pedrosa FO, Muller-Santos M, Chubatsu LS, Monteiro RA, Merrick M and
Souza EM. 2012. PII signal transduction proteins: pivotal players in post-translational control of
nitrogenase activity. Microbiology 158(1): 176-190.
20. Llácer JL, Espinosa J, Castells MA, Contreras A, Forchhammer K and Rubio V. 2010.
Structural basis for the regulation of NtcA-dependent transcription by proteins PipX and PII. PNAS
107(35): 15397-402.
21. Zhao MX, Jiang YL, He YX, Chen YF, Teng YB, Chen Y, Zhang CC and Zhou CZ. 2010.
Structural basis for the allosteric control of the global transcription factor NtcA by the nitrogen
starvation signal 2-oxoglutarate. PNAS 107(28): 12487-92.
22. Laurent S, Chen H, Bédu S, Ziarelli F, Peng L and Zhang CC. 2005, Nonmetabolizable
analogue of 2-oxoglutarate elicits heterocyst differentiation under repressive conditions in Anabaena
sp. PCC 7120. PNAS 102(28): 9907-12.
23. Ramasubramanian TS, Wei TF, Oldham AK and Golden JW. 1996. Transcription of the
Anabaena sp. strain PCC 7120 ntcA gene: multiple transcripts and NtcA binding. Journal of
Bacteriology 178(3): 922-6.

61
24. Muro-Pastor AM, Valladares A, Flores E and Herrero A. 2002. Mutual dependence of the
expression of the cell differentiation regulatory protein HetR and the global nitrogen regulator NtcA
during heterocyst development. Molecular microbiology 44(5): p. 1377-1385.
25. Huang X, Dong Y and Zhao J. 2004. HetR homodimer is a DNA-binding protein required
for heterocyst differentiation, and the DNA-binding activity is inhibited by PatS. PNAS 101(14):
4848-53.
26. Mitschke J, Vioque A, Haas F, Hess WR and Muro-Pastor AM. 2011. Dynamics of
transcriptional start site selection during nitrogen stress-induced cell differentiation in Anabaena sp.
PCC7120. PNAS 108(50): 20130-5.
27. Valladares A, Flores E and Herrero A. 2016. The heterocyst differentiation transcriptional
regulator HetR of the filamentous cyanobacterium Anabaena forms tetramers and can be regulated
by phosphorylation. Molecular microbiology, DOI: 10.1111/mmi.13268.
28. Hu HX, Jiang YL, Zhao MX, Cai K, Liu S, Wen B, Lv P, Zhang Y, Peng J, Zhong H and
Yu HM. 2015. Structural insights into HetR-PatS interaction involved in cyanobacterial pattern
formation. Scientific reports 5, DOI: 10.1038/srep16470.
29. Risser DD and Callahan SM. 2007. Mutagenesis of hetR reveals amino acids necessary
for HetR function in the heterocystous cyanobacterium Anabaena sp. strain PCC 7120. Journal of
Bacteriology 189(6): 2460-7.
30. Wong FC and Meeks JC. 2001. The hetF gene product is essential to heterocyst differentiation
and affects HetR function in the cyanobacterium Nostoc punctiforme. Journal of Bacteriology 183(8):
2654-61.
31. Dong Y, Huang X, Wu XY and Zhao J. 2000. Identification of the Active Site of HetR
Protease and Its Requirement for Heterocyst Differentiation in the Cyanobacterium Anabaena sp.
Strain PCC 7120. Journal of Bacteriology 182(6): 1575-1579.
32. Yoon HS and Golden JW. 1998. Heterocyst Pattern Formation Controlled by a Diffusible
Peptide. Science 282(5390): 935-8.
33. Risser DD and Callahan SM. 2009. Genetic and cytological evidence that heterocyst
patterning is regulated by inhibitor gradients that promote activator decay. PNAS 106(47): 1988419888.
34. Omairi-Nasser A, Haselkorn R and Austin J. 2014. Visualization of channels connecting
cells in filamentous nitrogen-fixing cyanobacteria. The FASEB Journal 28(7): 3016-3022.
35. Kehoe DM. 2010. Chromatic adaptation and the evolution of light color sensing in cyanobacteria. PNAS 107(20): 9029-9030.
36. Hirose Y, Narikawa R, Katayama M and Ikeuchi M. 2010. Cyanobacteriochrome CcaS
regulates phycoerythrin accumulation in Nostoc punctiforme, a group II chromatic adapter. PNAS
107(19): 8854-9.
37. Hirose Y, Shimada T, Narikawa R, Katayama M and Ikeuchi M. 2008. Cyanobacteriochrome
CcaS is the green light receptor that induces the expression of phycobilisome linker protein. PNAS
105(28): 9528-33.

62

7. References

38. Abe K, Miyake K, Nakamura M, Kojima K, Ferri S, Ikebukuro K and Sode K. 2014.
Engineering of a green-light inducible gene expression system in Synechocystis sp. PCC6803.
Microbial Biotechnology 7(2): 177-83.
39. Campbell EL, Summers ML, Christman H, Martin ME and Meeks JC. 2007. Global gene
expression patterns of Nostoc punctiforme in steady-state dinitrogen-grown heterocyst-containing
cultures and at single time points during the differentiation of akinetes and hormogonia. Journal of
Bacteriology 189(14): 5247-56.
40. Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard JF, Guindon
S, Lefort V, Lescot M and Claverie JM. 2008. Phylogeny.fr: robust phylogenetic analysis for the
non-specialist. Nucleic Acids Research 36(Web Server issue): W465-W469.
41. Crooks GE, Hon G, Chandonia JM and Brenner SE. 2004. WebLogo: a sequence logo
generator. Genome research. 14(6): 1188-1190.
42. Argueta C, Yuksek K and Summers M. 2004. Construction and use of GFP reporter vectors
for analysis of cell-type-specific gene expression in Nostoc punctiforme. Journal of Microbiology
Methods 59(2): 181-8.
43. Knight T. 2003. Idempotent vector design for standard assembly of biobricks. 2003, DTIC
Document.
44. Schmidl SR, Sheth RU, Wu A and Tabor JJ. 2014. Refactoring and optimization of lightswitchable Escherichia coli two-component systems. ACS Synthetic Biology 3(11): 820-31.
45. Kopf M, Klähn S, Scholz I, Matthiessen JK, Hess WR and Voß B. 2014. Comparative
analysis of the primary transcriptome of Synechocystis sp. PCC 6803. DNA Research 21(5): 527-39.
46. Kremers GJ, Goedhart J, van den Heuvel DJ, Gerritsen HC and Gadella TW. 2007. Improved
green and blue fluorescent proteins for expression in bacteria and mammalian cells. Biochemistry
46(12): 3775-3783.
47. Heidorn T, Camsund D, Huang HH, Lindberg P, Oliveira P, Stensjö K and Lindblad P.
2010. Synthetic biology in cyanobacteria engineering and analyzing novel functions. Methods in
enzymology 497: 539-579.
48. Huang HH, Camsund D, Lindblad P and Heidorn T. 2010. Design and characterization of
molecular tools for a Synthetic Biology approach towards developing cyanobacterial biotechnology.
Nucleic Acids Research 38(8): 2577-93.
49. Eaton-Rye JJ. 2004. The construction of gene knockouts in the cyanobacterium Synechocystis sp. PCC 6803. Photosynthesis Research Protocols: 309-324.
50. Ma AT, Schmidt CM and Golden JW. 2014. Regulation of Gene Expression in Diverse
Cyanobacterial Species by Using Theophylline-Responsive Riboswitches. Applied and Environmental Microbiology 80(21): 6704-6713.
51. Buikema WJ and Haselkorn R. 1990. Characterization of a gene controlling heterocyst
differentiation in the cyanobacterium Anabaena 7120. Genes & Development 5(2): 321-30.

63
52. Buikema WJ and Haselkorn R. 2001. Expression of the Anabaena hetR gene from a copperregulated promoter leads to heterocyst differentiation under repressing conditions. PNAS 98(5):
2729-34.
53. Chaurasia AK and Apte SK. 2011. Improved eco-friendly recombinant Anabaena sp. strain
PCC7120 with enhanced nitrogen biofertilizer potential. Applied and environmental microbiology
77(2): 395-399.
54. Summers ML and Meeks JC. 1996. Transcriptional regulation of zwf, encoding glucose6-phosphate dehydrogenase, from the cyanobacterium Nostoc punctiforme strain ATCC 29133.
Molecular Microbiology 22(3): 473-480.
55. Soule T, Garcia-Pichel F and Stout V. 2009. Gene expression patterns associated with the
biosynthesis of the sunscreen scytonemin in Nostoc punctiforme ATCC 29133 in response to UVA
radiation. Journal of bacteriology 191(14): 4639-4646.
56. Frias JE, Flores E and Herrero A. 1997. Nitrate assimilation gene cluster from the heterocystforming cyanobacterium Anabaena sp. strain PCC 7120. Journal of bacteriology 179(2): 477-486.
57. Badary A, Abe K, Ferri S, Kojima K and Sode K. 2015. The development and characterization
of an exogenous green-light-regulated gene expression system in marine cyanobacteria. Marine
Biotechnoly 17(3): 245-51.
58. Gao R, and Stock AM. 2010. Molecular strategies for phosphorylation-mediated regulation
of response regulator activity. Current opinion in microbiology 13(2): 160-167.
59. Buckler DR, Zhou Y, and Stock AM. 2002. Evidence of intradomain and interdomain
flexibility in an OmpR/PhoB homolog from Thermotoga maritima. Structure 10(2): 153-64.
60. Dong S, Wang Y, Cassidy-Amstutz C, Lu G, Bigler R, Jezyk MR, Li C, Hall TM and
Wang Z. 2011. Specific and modular binding code for cytosine recognition in Pumilio/FBF (PUF)
RNA-binding domains. Journal of Biological Chemistry 286(30): 26732-26742.
61. Bauer CC, Buikema WJ, Black K, and Haselkorn R. 1995. A short-filament mutant of
Anabaena sp. strain PCC 7120 that fragments in nitrogen-deficient medium.Journal of bacteriology
177(6), 1520-1526.
62. Meeks JC, Campbell EL, Summers ML and Wong FC. 2002. Cellular differentiation in the
cyanobacterium Nostoc punctiforme. Archives of Microbiology 178(6): 395-403.
63. Sure S, Torriero AA, Gaur A, Li LH, Chen Y, Tripathi C, Adholeya A, Ackland ML and
Kochar M. 2016. Identification and topographical characterisation of microbial nanowires in Nostoc
punctiforme. Antonie van Leeuwenhoek : 1-6.
64. Cardona T, Battchikova N, Zhang P, Stensjö K, Aro EM, Lindblad P and Magnuson A.
2009. Electron transfer protein complexes in the thylakoid membranes of heterocysts from the
cyanobacterium Nostoc punctiforme. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1787(4):
252-263.
65. Holmqvist M, Stensjö K, Oliveira P, Lindberg P and Lindblad P. 2009. Characterization of
the hupSL promoter activity in Nostoc punctiforme ATCC 29133. BMC Microbiol 9: 54.

64

7. References

66. Englund E, Andersen-Ranberg J, Miao R, Hamberger B and Lindberg P. 2015. Metabolic
Engineering of Synechocystis sp. PCC 6803 for Production of the Plant Diterpenoid Manoyl Oxide.
ACS Synthetic Biology 4(12): 1270-1278.
67. Ekman M, Tollbäck P, and Bergman P. 2008. Proteomic analysis of the cyanobacterium of
the Azolla symbiosis: identity, adaptation, and NifH modification. Journal of experimental botany
59(5): 1023-1034.
68. Hartmann A, Fu H, and Burris RH. 1986. Regulation of nitrogenase activity by ammonium
chloride in Azospirillum spp. Journal of bacteriology 165(3): 864-870.
69. Ramos JL, Madueño F, and Guerrero MG. 1985. Regulation of nitrogenase levels in
Anabaena sp. ATCC 33047 and other filamentous cyanobacteria. Archives of microbiology 141(2):
105-111.
70. Ludden PW, Okon Y, and Burris RH. 1978. The nitrogenase system of Spirillum lipoferum.
Biochemical Journal 173(3): 1001-1003.
71. Meeks JC, Elhai J, Thiel T, Potts M, Larimer F, Lamerdin J, Predki P and Atlas R. 2001.
An overview of the genome of Nostoc punctiforme, a multicellular, symbiotic cyanobacterium.
Photosynthesis research 70(1): 85-106.
72. Jones BL and Monty KJ. 1979. Glutamine as a feedback inhibitor of the Rhodopseudomonas
sphaeroides nitrogenase system. Journal of bacteriology 139(3): 1007-1013.

8. Appendix

PtrcO1_RBS*_HetR(Flag) Mutants

Phup_sfGFP Mutants

Table S1. Primer sequences used to amplify the genetic parts that built up the different constructs
and the templates for amplification.
Name of primer

Sequence

SalI_pHup_fwd

5’ – TTTGTCGACTCACCTTTAAAATCTTAG – 3’

sfGHP_RBS*_pHup_rv

5’ – ATACTAAGACCTCCACTAGGGCTAGG
TGTTTTTGTATTG – 3’

pHup_RBS*_sfGFP_fwd

5’ – CCTAGTGGAGGTCTTAGTATGGT
TAGCAAGGGCG – 3’

pSAWs _B0015_rv

5’ – GGTACCTGCAGCCCGGGCTCGAG
TATAAACGCAGAAAGGCC – 3’

B0014_Flag_HetR_fwd
B0014_HetR_fwd
Ptrc_RBS*_HetR_rv

Ptrc_rv

5’ – CCCGAAGGTGAGCCAGTGTGAC
TACTTGTCGTCATCGTCTTTG
TAGTCGTCTTCTTTTTCACCAAAAAC – 3’
5’ – CCCGAAGGTGAGCCAGTGTGAC
TAGTCTTCTTTTTCACCAAAAAC – 3’
5’ – TGTGAGCGCTCACAATTTCACACATAGTG
GAGGTCTTAGTATGA
GTAACGACATAGATCTGATC – 3’
5’ – TGAGCTGTTGACAATTAATCATCCGGCTCG
TATAATGTGTGGAAT
TGTGAGCGCTCACAATTTC – 3’

Template
N. punctiforme
genome
N. punctiforme
genome
Older
sfGFP_B0015
construct
Older
sfGFP_B0015
construct
N. punctiforme
genome
N. punctiforme
genome
N. punctiforme
genome
B0014_Flag
_HetR_ fwd /
B0014_HetR_fwd
+ Ptrc_HetR_rv
amplicon

8. Appendix

66
pSAWs _Ptrc_rv

5’– GGTACCTGCAGCCCGGGCTCGAGCGAACG
GTTCTGGCAAATATTC
TGAAATGAGCTGTTGACAATTAATC - 3’

B0014_fwd

5’ – TTAATAATCTGGCTTTTTATATTCTCTCTC
TAGTATATAAACGCAGAAAGGCCCAC
CCGAAGGTGAGCCAG –3’

PcpeC_(RBS*)_sfGFP

pSAW p _B0014_fwd
PcpeC_GFP_fwd
PcpeC_RBS*_GFP_fwd
pSAWs _B0015_rv
PcpeC_fwd
GFP_PcpeC_rv
GFP_RBS*_PcpeC_rv

PcpeC(_RBS*)_HetR Mutant

pSAW p _PcpeC_fwd
XhoI_PcpeC_rv
PcpeC_fwd
PcpeC_RBS*_fwd
HetR_RBS*_rv
B0014_HetR_fwd

5’–GAGCTCTCTAGAGCCGGGGTCGACAA
ATAATAAAAAAGCCGGATTAATAATCTG
GCTTTTTATATTCTC–3’
5’ – GGATTTTTAGAAAATGGTTAGCAAGGGC
GAAGAACTTTTTAC – 3’
5’ – GAAATAGTGGAGGTGGATCCATGGTTAG
CAAGGGCGAAGAACTTTTTAC – 3’
5’ – GGTACCTGCAGCCCGGGCTCGAG
TATAAACGCAGAAAGGCC – 3’
5’ – GTCGTTACTCATTTTCTAAAAATCCCCTGGC
– 3’
5’ –
CCTTGCTAACCATTTTCTAAAAATCCCCTGGC –
3’
5’ – CTAACCATGGATCCACCTCCACTATTTC
TAAAAATCCCCTGGCTAAAC – 3’
5’ – GAGCTCTCTAGAGCCGGGGTCGAC
GTACATCATCTTCAACTAAGAGAATTCG – 3’
5’ – GGCTCGAGGTACATCATCTTCAACTAAGA
GAATTCG – 3’
5’ – GTCGTTACTCATTTTCTAAAAATCCCCTGGC
– 3’
5’ – CATGGATCCACCTCCACTATTTCTAAAAATC
CCCTGGCTAAAC – 3’
5’ – GAAATAGTGGAGGTGGATCCATGAGTAAC
GACATAGATCTGATCAAAC – 3’
5’ – CCCGAAGGTGAGCCAGTGTGAC
TAGTCTTCTTTTTCACCAAAAAC – 3’

B0014_fwd

5’ – TTAATAATCTGGCTTTTTATATTCTCTCTC
TAGTATATAAACGCAGAAAGGCCCACCC
GAAGGTGAGCCAG – 3’

pSAW p _B0014_fwd

5’ – GAGCTCTCTAGAGCCGGGGTCGAC
AAATAATAAAAAAGCCGGATTAATAATCTG
GCTTTTTATATTCTC – 3’

B0014_fwd +
Ptrc_rv
amplicon
B0014_Flag
_HetR_ fwd /
B0014_HetR_fwd
+ Ptrc_HetR_rv
amplicon
B0014_fwd +
Ptrc_rv
amplicon
Phup_sfGFP
construct
Phup_sfGFP
construct
Phup_sfGFP
construct
N. punctiforme
genome
N. punctiforme
genome
N. punctiforme
genome
PcpeC_fwd +
pSAWs_B0015
_rv amplicon
N. punctiforme
genome
N. punctiforme
genome
N. punctiforme
genome
N. punctiforme
genome
N. punctiforme
genome
B0014_HetR_fwd
+
HetR_RBS*_rv
amplicon
B0014_fwd +
XhoI_PcpeC_rv
amplicon
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pSCRseq_fwd

5’ – TTCCGCCGATATAACAAAAGAATT – 3’

pSAW

pSCRseq_rv

5’ – GGCCGATTCATTAATGCAGC – 3’

pSAW
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