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Preface
Cyanobacteria first evolved billions of years ago and are considered the ancestors of
current-day algae and higher plants (1-3). To this day, they are the only known
prokaryotes that are able to perform oxygenic photosynthesis, the process by which solar
energy is converted into chemical energy by reducing CO2 to sugars, using water as the
source of electrons and producing O2 as a by-product. Due to their long existence on
Earth, cyanobacteria are widespread and occur in many different habitats. There are
cyanobacteria that can tolerate extreme conditions from saline to alkaline, scalding hot
and freezing cold (4). Their success is in large part the reason of the high levels of oxygen
in the atmosphere as they are responsible for around half of the primary production (the
production of organic compounds by autotrophs) on Earth (5). This success owes to their
remarkably high efficiency in taking up essential nutrients (N, P, Fe and trace metals) and,
in some cases, their unique ability to fix molecular nitrogen in tandem with oxygenic
photosynthesis (6, 7). One could say that they can (almost) literally live off of water and air
alone, provided that the sun is shining. Having at first been incorrectly identified as
eukaryotes, they were considered algae, hence the term blue-green algae which the
cyanobacteria are also called. In the Netherlands, this name (‘blauwalg’) has stuck in the
general population where it is synonymous to a dangerous pest that endangers our
recreational waters (8). Due to human activity, such ecosystems may be overly enriched in
nutrients (especially N and P) which can cause cyanobacteria to form massive blooms that
dominate the ecosystem (9).
The phylum of cyanobacteria is broad and has many intriguing members (10). Many
have been extensively studied, though few are as well-characterized as Synechocystis sp.
PCC6803 (Synechocystis). Synechocystis is a freshwater mesophilic cyanobacterium that
can tolerate high salt concentrations and alkaline conditions, which can also grow
photoheterotrophically. A wealth of information is available on bioenergetics, metabolism
and signal transduction in Synechocystis and in 1996, it was the first photoautotroph to
have its genome sequenced (11). It is simple to cultivate and is naturally transformable
with many genetic tools available (12), allowing for easy genetic manipulation. Recently,
the revolutionary genetic editing tool CRISPR has become available for Synechocystis (13).
Because of this, Synechocystis is a widely used model organism for photosynthesis
research as a much simpler system compared to eukaryotic microalgae and higher plants.
Synechocystis research has been of considerable importance in the elucidation of the
molecular mechanisms of photosynthesis (14-16).
Cyanobacteria have also shown to be unique as the only prokaryote identified so far to
harbor an authentic circadian clock (17). The circadian clock is represented in most other
kingdoms of life and is of particular importance in higher eukaryotes such as mammals
and plants where it is essential for timing cellular processes in order to cope with the daily
fluctuations in energy and nutrient availability. In the diazotrophic cyanobacterium
9
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Cyanothece sp. ATCC 51142, it is used to temporally separate two incompatible processes,
i.e. molecular nitrogen fixation and photosynthesis (18). It was long thought that
prokaryotes do not possess the necessary compartmentalization to facilitate a circadian
clock and, indeed, their clock was shown to use an entirely different mechanism (19). A
post-translational oscillator consisting of just three different proteins, KaiA, KaiB and KaiC,
(named after kaiten, a Japanese word which can be translated as ‘turning of the heavens’)
engage in a phosphorylation/dephosphorylation cycle with a period of around a day. In a
short time span, cyanobacteria have become a model organism for circadian clock
research (20).
Recently, a new line of research has made extensive use of Synechocystis (and other
cyanobacteria) (21, 22). It aims to combine the anabolic pathway by which carbon is
assimilated in photoautotrophs (the Calvin-Benson-Bassham cycle, the primary output of
photosynthesis), with the anaerobic catabolic pathway (fermentation) of
chemoheterotrophs to produce biofuels and other chemicals (23). By combining these two
into a ‘photofermentation’ pathway, Synechocystis has become a model organism for
biotechnological applications in order to produce biofuels (and other compounds of
interest) directly from CO2 rather than biomass. This so-called fourth generation process
for the production of biofuels is driven by synthetic biology which comprises the re-design
of natural biological systems for the express purpose of biofuel production (24). In the
ideal scenario, the majority of the assimilated CO2 would be converted into a product of
choice, thus transforming the engineered cell into a self-repairing (bio)catalyst. A cell
which converts over 50 % of the assimilated CO2 into product of choice has been coined a
‘biosolar cell factory’ (25).
There is some poetry in the fact that we, a species causing climate change, are
attempting to remedy this situation by using another species, the ancestors of which
having caused significant climate change in the past (the Great Oxygenation Event (26,
27)). However, in order to arrive at this point, where we can use biosolar cell factories to
convert solar energy and CO2 into fuels and chemical feedstocks for a sustainable society,
a much deeper understanding of metabolism in Synechocystis, and the growth rate it
elicits, is required.
Scope of this thesis
The work in this thesis is part of a ‘Toolbox’ project which aims to expand our
understanding, to a significant extent via molecular modeling, of oxygenic photosynthesis
in order to increase photosynthesis yield for realizing a bio-based economy. We started
out with exploring strategies for optimizing the growth of a model cyanobacterium such as
Synechocystis. In this work, this was done by characterizing growth in conditions relevant
for sustainability applications, i.e. in oxygen-poor environments in a day/night setting
using a chemically defined minimal medium. This requires a state of the art experimental
setup to optimize energy conversion efficiency and enable the precise control required to
study circadian regulation in Synechocystis.
10
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Chapter 1 is a review of the current state of society’s ability to use photosynthetic
microorganisms to produce fuels and chemical feedstock. It introduces important
concepts and the organism of interest of the thesis. Strategies to optimize mass-culturing
are discussed.
In Chapter 2, the focus shifts to Synechocystis, a model cyanobacterium for
photosynthesis research that is now becoming more and more important for
biotechnological applications. We explore the requirements for optimal growth in
photobioreactors and suggest improvements to the photobioreactor and the growth
medium. Of particular interest is the maximum growth rate of Synechocystis.
Chapters 3 and 4 go into the molecular mechanism of photosynthesis in Synechocystis
as we analyze the dark-to-light transitions. This is done using a novel method that involves
spectrally resolved fluorometry and allows for the identification of multiple fluorescing
species. Our findings suggest the existence of an as yet unidentified quencher that
requires oxygen to function and shows the impact of varying length of dark adaptation on
state transitions.
In Chapters 5 to 7, the circadian clock of Synechocystis is analyzed by various
approaches. In Chapter 5, the presence of the clock is verified and shown to be
surprisingly robust and in Chapter 7 mutants with impaired clock function are created and
characterized physiologically. Chapter 6 deals with circadian regulation of metabolism on
the levels of transcriptomics, proteomics and metabolomics.
Finally, in Chapter 8 the results obtained are placed in a broader context and potential
lines of future research are discussed.
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