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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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Chapter 1

1.1

Introduction: Limits and opportunities in oxygenic photosynthesis

Oxygenic photosynthesis in cyanobacteria, algae and plants provides, directly or indirectly
(via fossil reserves), the fast majority of the energy for the living world. Cyanobacteria and
microalgae are responsible for about half of this conversion of free energy (28). These
organisms convert solar energy into chemical energy by the conversion of CO2 into organic
carbon compounds, evolving oxygen – the essential substrate of respiration in chemoheterotrophs – in parallel. If all solar energy that reaches the Earth’s surface were used
with 100 % efficiency, it would take only one hour to satisfy the energy demand of the
world’s population for a year (29). Even though clearly not all of this radiation can be
harvested in oxygenic photosynthesis, it is important to analyze the efficiency of lightenergy conversion in (oxygenic) photosynthesis in detail, in order to identify molecular
targets for improvement. Over the years, the results of a wide range of measurements
and estimates of the “solar-to-biomass” free-energy conversion efficiency have been
published. The most-cited values range from 4.6 to 6 % for C3 and C4 plants, respectively
(29), and 8 to 10 % for cyanobacteria and algae (30, 31). Which of the latter two singlecelled (micro) organisms actually is most efficient in converting radiation free energy into
the free energy of biomass is difficult to decide on the basis of the available data, though
it is clear that the prokaryotic representatives among them have a distinctly lower
maintenance energy demand for growth. These efficiency numbers were derived from
lab-scale experiments. The highest reported solar-to-biomass conversion yield reported
for algal productivity at a larger scale so far is only 3 %, which still is significantly higher
than for a plant such as switchgrass (i.e. 0.2 %) (31).
Free-energy losses in photosynthesis occur at various points in the light-energy
transduction pathway, such as the limited spectral width of photosynthetically active
radiation (PAR, equal to ≈45 % of the incident radiation from the sun), losses due to nonphotochemical quenching (NPQ), and those due to futile cycles in downstream
metabolism, such as some forms of ‘photorespiration’. Hence it is often observed that
oxygenic photosynthesis requires significantly more than the theoretical 8 photons (32,
33) per molecule of fixed CO2. Actual numbers in fact range from 9 to 17 (34-38).
Compared to land plants, cyanobacteria and microalgae have little non-photosynthetic
overhead (i.e. roots, stems, etc.). Furthermore, they can grow at high densities and growth
rates, and are capable of continued production throughout the year. Together with their
high intrinsic photosynthetic efficiency, this makes them promising candidates for
becoming the preferred production host for biofuels and fine chemicals in a sustainable
bio-based society.
Currently, algal cultivation is mainly done in open ponds, which can be subdivided into
natural waters (lakes, lagoons, ponds) and artificial ponds or containers (39, 40). The most
commonly used systems include large shallow ponds and raceway ponds, either paddlestirred or unstirred, with a water depth of 15–30 cm (41). Even though these are relatively
simple to build and operate, they are only suited for growth of (consortia of) algae that
14
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can cope with predators and invaders, or with the extreme conditions required to
suppress the former, as such open systems will inevitably be infected. In the absence of
efficient mixing and hence slow mass transfer of CO2, and with poor light utilization, this
will lead to low productivity. Beyond these open (pond) systems, also many closed
photobioreactors (PBRs) have been developed, which are less prone to infection and often
more efficient in terms of mass transfer and light utilization (39, 40). However, these
closed systems are more difficult to scale up to mass-production capacity without
reducing the illumination surface and/or mixing efficiency, and require significant capital
investment.

Fig. 1.1. Photosynthesis – Irradiance (PI) curve simulated for WT and antenna size mutants with 20%
-1 -1
and 50% of WT antenna levels, respectively. The dash-dotted line at 0 µmol O2 µg Chl h indicates the
compensation point. Though the compensation point is reached at a higher light intensity than WT,
antenna size mutants have a much higher saturation level and allow for better light penetration,
leading to overall higher productivity in dense cultures. Reproduced from Formighieri et al. (2012).

Efficient product formation in large-scale culturing facilities for cyanobacteria and
microalgae generally requires dense cultures with very efficient light harvesting. These are
characteristics for which the organisms are not selected for in their natural environment.
As light intensity in Nature varies depending on the time of the day, the weather, the
season, and other environmental factors, such organisms are adapted to maximize light
harvesting under varying and suboptimal conditions so that they deprive their competitors
of light. However, photosynthesis only initially responds linearly to an increase in light
intensity: It already saturates at moderate (sunlight) intensities. In fact, on a sunny day at
sea level and moderate latitude the photosynthetic capacity in cyanobacteria and
microalgae is saturated most of the time (31). This leads to dissipation of excess energy
into heat by photo-protective mechanisms, to avoid production of an excess of Reactive
Oxygen Species (ROS) in the organisms involved.
The cellular capacity for light harvesting is based on antenna size, which is defined as
the number of light-harvesting molecules (chlorophyll a and b, phycobilisomes (PBS),
carotenoids, etc.) that are attached to, and serve, the two photosystems, and the
abundance of these photosystems. Green algae contain approximately the same number
of each photosystem, whereas in cyanobacteria PSI is ≈5-fold more abundant than PSII
(42-44). Both photosystems, but particularly PSI, contain several dozen chlorophyll
molecules as intrinsic antenna pigments (45, 46). In addition to those intrinsic antennae,
15
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mobile antennae exist – notably phycobilisomes in cyanobacteria and the Light-Harvesting
Complex (LHC) in green algae – that can adjust exciton transfer to the two separate
photosystems, via so-called ‘state transitions’, so that equal excitation rates can be
obtained in the two photosystems, which is a prerequisite for balanced phototrophic
growth. Both changes in light color and light intensity may necessitate such a
redistribution, which usually takes several minutes in LHC-containing organisms (47, 48)
and tens of seconds in cyanobacteria (49-51).
In dense (mass) cultures, light penetration is poor, which will lead to a large part of the
culture being in light intensities below the compensation point, i.e. the light intensity at
which photosynthesis equals respiration. This in turn will lower the overall efficiency of
such a production system to less than the theoretical maximum. Additionally, mixing of
these cultures causes cells to experience light/dark cycles as they shuttle between the
dark deeper layers and high light intensities near the surface of the reactor, which can
have positive as well as adverse effects on biomass yield, depending, amongst others, on
the incident light intensity and the geometry and mixing characteristics of the reactor (30,
52, 53). The highest productivity per volume is achieved with a biomass concentration and
PBR configuration that leaves light intensity above the compensation point at the far end
of the PBR, in order to minimize losses from respiration. In addition, incident intensities
should not be much higher than the saturation intensity. The former point has
experimentally been confirmed with mass cultures of Arthrospira platensis (54) and
computationally rationalized (28) (Fig. 1.1). In outdoor culturing, nevertheless, incident
light intensity is primarily dictated by latitude and climate. Further adjustment can only be
made through the geometrical design of the PBR (55) and via genetic engineering of the
cell’s antenna complexes. The latter aspect will be discussed in part 3.

1.2

Large-scale culturing of oxyphototrophs for a bio-based
economy

Direct exploitation of the free energy from sunlight, through natural oxygenic
photosynthesis, for use in a bio-based economy, requires the use of large shallow
photobioreactors. The distributed nature of sunlight implies that it is not of much use to
have a light-path in the reactor of more than a few centimeters at moderate cell densities.
In its simplest form, this approach aims at producing biomass, which subsequently can be
processed, e.g. via anaerobic digestion, into methane, or even into crude oil via pyrolysis
or other chemical conversion processes (56). With optimal areal productivity of the algae,
this approach has been brought close to economic feasibility and is expected to reach this
point within the next 10 to 15 years (57). However, as biomass may contain specific
components (e.g. polyunsaturated fatty acids (PUFAs), carotenoids, etc.) with a much
higher value than the average (liquid) energy carrier, a bio-refinery approach in which
such valuable products are first separated, may significantly enhance the profitability of
these culturing systems (58).

16
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The bio-refining approach can be extended to the subcellular fraction that contains the
polysaccharides or the triglycerides. These can then be converted into fermentation
products such as ethanol, butanol, etc. and into biodiesel, after trans-esterification with
methanol, respectively (57, 59-61). For this latter approach (eukaryotic) microalgae may
be preferable over cyanobacteria in view of their larger cellular storage capacity. This also
holds for the production of products with even higher added value that are stored in the
cytoplasmic compartment, like e.g. pharmaceutical proteins (note that some
polysaccharides synthesized by cyanobacteria may form an exception as they are stored in
the extracellular compartment). Directed engineering to increase the cellular content of
the refined product in the algae may further boost this approach, be it that this
engineering is complicated by the presence of multiple subcellular compartments, several
of which have their own dedicated genetic system. Hence complicated regulatory circuits
will need to be optimized, similar to the ‘crisscross’ regulation in sporulation (62), as e.g.
in terpene synthesis (63).
For maximal overall efficiency, however, it is beneficial to engineer a shortcut in
phototrophic metabolism, which then allows such engineered organisms to directly
channel fixed carbon into a fermentation/fuel product or into a chemical commodity (23,
64, 65). This strategy can be applied to both microalgae (66) and cyanobacteria, but has
been much more successful in the latter class of organisms. This may be due to the ease
with which the prokaryotic phototrophs can be engineered genetically, but also an
increased permeability of their cell envelope may play a role in this. This ‘shortcut’
strategy – also referred to as the ‘Photanol approach’, see Hellingwerf and Teixeira de
Mattos (2009) – is particularly attractive if the final product of metabolism can leave the
cells, either through cloning of a dedicated export protein (as for sucrose (67)) or via
passive leakage (as for lactic acid (68) and ethanol (64, 69)). Several large-scale initiatives
are underway that are based on a cyanobacterial cell factory for a small molecule. Their
economic competitiveness is currently under investigation (70).

1.3

Cyanobacterial cell factories

Use of cyanobacteria for the production of biofuel and chemical commodities has
primarily been focused on Synechocystis and Synechococcus, with smaller efforts directed
towards Anabaena and Cyanothece (a nitrogen-fixing strain). A proper molecular genetic
toolbox is available for all four of these species, be it that knowledge about (regulatable)
promoters and regulatory translation signal is still limited. Various metabolic pathways
have been introduced into these organisms, like for the production of ethanol (23, 64),
lactic acid (68, 71), sucrose (67), ethylene (72), 2,3-butanediol (73, 74), isoprene (75), isobutyraldehyde (76), iso-butanol (77), 1-butanol (65), fatty acids (78) and alkanes (79).
After the expansion of the cyanobacterial metabolism with a heterologous metabolic
pathway, and the subsequent optimization of the pathway itself (65), optimization of
product formation can be pursued by streamlining cyanobacterial CO2-fixation and
intermediary metabolism. For sucrose production, this was not even necessary: A salt
17
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stress makes the cells channel 90 % of its fixed CO2 into this sugar and even increases the
overall rate of CO2 fixation (67). However, most of the products listed above are derived
from pyruvate, of which the level in wild type cyanobacteria is rather low (80). To increase
the rate and level of formation of these products the capacity of the exogenous
catabolic/fermentation pathway needs to be optimized (69, 72, 81). Furthermore,
competing pathways that catabolize pyruvate need to be eliminated (and pyruvate
formation stimulated). This strategy has successfully been applied e.g. in the production of
ethanol and lactic acid (82). The choice of enzymes that can contribute to increased
pyruvate formation extends all the way to Ribulose-1,5-bisphosphate carboxylase
oxygenase (RuBisCO)(76), which catalyzes the initial reaction of the Calvin cycle, be it that
engineering of an ‘electron sink’ by itself already leads to increased RuBisCO activity,
provided the heterologous metabolic pathway has sufficient capacity (67, 81).
The developing field of synthetic-systems biology clearly has the potential to help
resolve all the complicated mechanisms that lead to (sink) regulation in cyanobacterial
photosynthesis. Eventually then the point will be reached in which nearly all (i.e. > 95 %)
carbon fixed by an engineered cyanobacterium is channeled into product, and only a small
fraction into the synthesis of new cells. Such cells then would truly be ‘cell factories’.
Ideally the remaining growth rate will equal the death rate of these cells in a production
environment. Metabolic control theory can then provide the tools to predict the optimal
expression level of the heterologous product-forming metabolic pathway, to prevent that
this pathway would become a metabolic burden (68).

1.4

Development of micro-algal cell factories

Because of their specific and complex genetic and spatial organization eukaryotic algae are
attractive for cell factory applications for which a large intracellular storage capacity is
required. As they are able to either directly synthesize (e.g. in the chloroplast) or
temporarily store (i.e. in the vacuole) products within cellular sub-compartments, this
increases the flexibility and efficiency of design-driven synthetic biology strategies. A
further advantage is their ease of harvesting, due to their large cell size (>10 µm).
Chlamydomonas reinhardtii is generally considered as the best genetically accessible
green alga. Both its chloroplast genome (83, 84) and its nuclear genome can be targeted
selectively for knockout mutagenesis and gene insertion. Heterologous gene expression,
combined with cytosolic protein production is well established in this organism (85), be it
that their efficiency could further be improved. Of course, C. reinhardtii, in contrast to the
cyanobacteria, brings all the advantages of a eukaryotic production system, in terms of
presence of systems for post-translational modification. Significantly, also efficient protein
secretion has recently been engineered into this organism (86, 87). Neutral lipid
metabolism in microalgae is complex, compartmentalized, and not yet fully understood
(88), which makes it difficult to define unambiguous targets for molecular engineering
(89). Nevertheless, in parallel to the approach of synthetic biology, also new physiological
strategies are being developed to enhance lipid production in microalgae (90-93).
18
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Besides C. reinhardtii, for only a few additional green algae (e.g. Nannochloropsis gaditana
and Ostreococcus tauri) and one diatom (i.e. Phaeodactylum tricornutum) a toolbox for
genetic engineering has been developed (94-96). C. reinhardtii strains with improved
phenotypes of interest have already been constructed (97, 98). The well-established
protocols for transformation of C. reinhardtii with heterologous genes have also been the
driver of the application of this organism in the expression of edible therapeutics in its
chloroplasts (99).
Another microalga for which many researchers eagerly await increased accessibility of
its genome(s) is Botryococcus braunii. This green alga can produce large amounts of the
triterpene botryocene, in such a way that the organism is able to deposit a large part of
this ‘biocrude’ product in the extracellular matrix. This has great advantages for
downstream processing of this fuel product. Molecular techniques are now rapidly
providing a view on the mechanisms and pathway by which this product is made and
deposited (100, 101), but the race is on to see whether genetic engineering to enhance its
productivity will take place in this green alga itself, or in a relative that now already is
genetically accessible, and in which the relevant genes may be heterologously expressed.

1.5

Improving light utilization by truncating antenna size

As discussed above, moderation of the changes in light intensity to which cells that grow
in a well-mixed photobioreactor are exposed, may optimize their photosynthetic
efficiency. A promising approach to achieve this is to reduce their antenna size in such a
way that it keeps the PSII/PSI excitation ratio in balance. This brings the advantages that:
(i) Cells will be less prone to quench excitation energy non-productively and (ii) make the
contents of the photobioreactor more transparent. The latter aspect will make light
gradients in the reactor shallower and therefore put less stringent demands on cellular
adaptation mechanisms to changes in light intensity, and may simplify the engineering of
photobioreactors in which cells can carry out photosynthesis with high efficiency.
Though initially it turned out to be difficult to generate truly useful mutants with a
truncated light-harvesting antenna (Tla), indeed there are now examples of mutants in
which a significantly reduced antenna size leads to a higher biomass yield in dense
cultures. In green algae, random mutagenesis has led to the identification of various
mutants with reduced antenna size (102-104), from which rationally designed mutants
were derived (105-107). One particular Tla mutant that has extensively been studied is
Tla1 in the green alga Chlamydomonas reinhardtii. It was originally identified after random
mutagenesis, but has also been used in knockdown and overexpression experiments
(108). The tla1 gene is thought to be a regulator of chlorophyll antenna size as its
knockdown significantly reduces the antenna size of both photosystems and chlorophyll b
synthesis. Furthermore, its overexpression causes a slight increase in antenna size and
chlorophyll b synthesis. Other, related, mutants like Tla2 and Tla3 have a similar
phenotype in which the peripheral antenna complexes are strongly reduced in abundance,
as well as the PSI and PSII content (103, 104). The genes tla2 and tla3 are postulated to
19
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encode chaperone proteins CpSRP43 and CpFTSY, which assist translocation of lightharvesting complexes to the thylakoid membrane. In their absence, the membrane
proteins aggregate and are subsequently degraded, possibly leading to feedback inhibition
in light-harvesting protein and chlorophyll synthesis, thereby also indirectly causing the
reduction of PSI and PSII content observed in these mutants. All Tla mutants display a
reduction of the number of auxiliary chlorophyll-containing proteins, rather than in the
number of chlorophyll molecules associated with the core photosystem proteins, which
contain only a fraction of the total chlorophyll content of the cell. This is similar to the
high-light phenotype (109, 110).

Fig. 1.2. Structure of the phycobilisome (PBS) of Synechocystis sp. PCC6803 (WT) and mutants (CK and
CB). The PBS consists of a tri-cylindrical core, from which radiate six rods composed of three
phycocyanin (PC) hexamers. In the CB mutant, only one layer of PC hexamers remains and no PC
remains in the CK mutant. The PAL mutant lacks all components of the PBS. Adapted from Tian et al.
(2012).

However, these auxiliary complexes have other functions, beyond light harvesting, making
a complete knockout undesirable (48, 107). In both green algae and in cyanobacteria,
antenna mutants are also shown to have an extensive impact on cell morphology,
particularly on the thylakoid membranes (42, 108, 111). A challenge for the future is to
find mutants that selectively show a truncation of the fixed antennae, rather than of the
mobile ones, and hence a reduction of the number of light-harvesting proteins rather their
absence, thereby preserving state transitions and thylakoid morphology. Whereas a
change in morphology might not be so harmful under mass culture conditions, there is no
escape from (quickly) changing light conditions in sunlight-driven reactors because of the
inherent fluid dynamics and weather conditions. Such fluctuations in light intensity may be
especially problematic for mutants impaired in light adaptation.
Though the issue of light attenuation and PBR design clearly leaves much room for
further improvement in solar-to-biomass conversion efficiency, electron transport rate is
an area in which production in cyanobacteria can be optimized. In cyanobacteria the
PSII/PSI ratio is much lower (1 : 5-6) than usually found in algae and plants (where this
ratio is around 1). Interestingly, despite the stark difference in ratio, cyclic electron
transport only “significantly contributes (80 %) to overall electron transport under
mixotrophic growth conditions, compared to photoautotrophic growth (when it is below
10 %) (112)”. Cyclic electron transport has been shown to be required for photosynthesis
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to adjust the NADPH/ATP ratio, generated for assimilation of CO2 and other processes in
the cell (113), as well as for the detection of excess of light energy, through the
acidification of the lumen (114, 115). In order to maximize electron transport towards
NADPH, the ratio should be 1 : 1, assuming equal photon capture of both systems.
Fortunately, the PSII/PSI ratio is tunable by changes in light quality/quantity and knocking
out selected genes, among which there are genes that directly affect the antenna size of
the PBS (112, 116, 117).
Similar to truncation mutants in green algae, in cyanobacteria selected truncation
mutants do not affect the light-harvesting ability of the two photosystems themselves, but
rather that of the external antenna (118, 119). Phycobilisome (PBS) deletion mutants in
Synechocystis sp. PCC 6803 were shown to also affect the PSII/PSI ratio which is increased
to plant levels (42, 112). Contrary to the Tla2 and Tla3 mutants in C. reinhardtii, the
research of Bernát et al. (2009) shows that deletion of the PBS (i.e. the PAL mutant)
causes the PSII/PSI ratio to increase significantly due to a reduction of the amount of PSI
while simultaneously the amount of PSII increases. Linear electron transport in this
mutant was increased up to 5.5-fold compared to wild type. Considering that the rate of
linear electron flow in cyanobacteria appears to be low, this is a welcome additional
effect, though the growth rate of the PAL mutant was slower than that of the
corresponding wild type.
An antenna mutant which leaves the core structure of the PBS largely intact, but lacks
phycocyanin (PC), called the “Olive” mutant, also shows an increased rate of linear
electron transport, as well as a significantly faster growth rate (>2x) under the selected
growth conditions (112). To date, few studies used cyanobacteria with a modified PBS
antenna size in a (small scale) mass cultivation system and this yielded mixed results (120122). The mutants used had either only one layer of PC attached to the core of the PBS
(i.e. the CB mutant), just the allophycocyanin (APC) core of the PBS (CK and Δcpc) or no
PBS at all (PAL). Fig. 1.2 (adapted from (123)) schematically depicts the core, the rods and
the PBS mutants. For additional details, the reader is referred to (124) and elsewhere in
this book. All mutants did show higher productivity at high culture density, in agreement
with predictions based on green algae research, but grew slower than the wild type. The
fact that growth rates during exponential growth were lower compared to wild type,
contrary to the “Olive” mutant discussed above (which is similar to CK), indicates that
antenna mutants are not easily comparable and that multiple aspects of the selected
growth conditions are likely to be important. The results of Collins et al. show that in the
case of the CB mutant, significant amounts of PC were found in the cytosol, indicating that
despite truncation of the PBS, significant overhead is created. Additionally, the
morphology of the thylakoid membranes was disturbed in both the CK and PAL mutant,
further suggesting that at this stage a clear-cut comparison to wild type is hard to make.
Nevertheless, algal Tla mutants have been shown to have increased productivity on a
per Chl basis as a result of less wasteful dissipation of energy and increased light
penetration into deeper layers of the culture (102, 107, 109, 111). The apparently
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conflicting results point towards stringent requirements for the optimization of these two
properties, i.e. antenna size and rate of linear electron transport, for actual
improvements. These truncations can therefore only be an improvement for solar energy
conversion if a strain complies with the following characteristics (31, 112):
 The absolute amount of PSII per cell or chloroplast is not reduced
 The functional PSII and PSI antenna size is smaller than in wild type
 The quantum yield of photosynthesis, i.e. the number of photons required per
CO2 fixed, is unaffected
 The light-saturated rate of photosynthesis, as measured in O2 [Chl]-1 s-1, should be
inversely proportional to the measured antenna size
 The absolute rate of linear electron transport is not decreased
 The phenotype does not create respiratory “drag” by useless synthesis of
proteins
Additionally, it has been suggested by Formighieri et al. (2012) that respiration increases
in low-chlorophyll mutants as they can grow at higher densities and thus the
compensation point is reached at a higher light intensity. This would then require the light
intensity to be significantly higher before a net gain is observed (Fig. 1.1). Because NPQ
partly relies on pigments such as carotenoids that are also involved in light-harvesting,
care must be taken to not hamper the photoprotective mechanism in an effort to reduce
the antenna size (125).
In this chapter, we have summarized multiple ways in which photosynthetic organisms
can be genetically adjusted to increase photosynthetic efficiency. In most cases this is akin
to irreversible photo-acclimatization which leads to reduced antenna size, either via
chlorophyll content or via PBS composition. Regulation of expression and assembly of
these systems is still poorly understood, which has led to the identification of several
ineffective mutants that superficially appear to have the desired traits, yet don’t
necessarily improve productivity in mass cultures. Therefore, it is both of practical and of
fundamental value to further study these aspects in order to develop strategies to
domesticate algae as we have done with crops over thousands of years (126). Fortunately,
our tools have improved.

1.6

Large-scale culturing in 2D and 3D photobioreactors

The use of large-scale cyanobacterial photobioreactors for direct product formation has
several advantages, not the least of which are: (i) the avoidance of the need to use arable
land, (ii) its closed minerals cycle and (iii) its low water requirement (25, 61). This
approach may already compete favorably with traditional agriculture as is apparent from
the study of Ducat et al. (2012) on sucrose production by an engineered cyanobacterium,
which led these authors to conclude that “Sucrose production in engineered S. elongatus
compares favorably with sugarcane and other agricultural crops”. An important aspect of
this approach, which so far received relatively little attention, is the down-stream
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processing for product recovery. Depending on the specific product selected for largescale production, use can be made of selected physico-chemical properties like volatility
and water miscibility (127, 128). As an alternative, two-stage approaches can be selected,
like in Günther et al. (2012): Glycolate is produced by excessive photorespiration in green
algae, which then leaks out into the external medium. In a second reactor/phase this
product is subsequently converted into methane, which is then recovered (66).

Fig. 1.3. A schematic design of a 3D photobioreactor viewed from the side. Indicated are LED (red) and
sensor rods (dark grey) submerged in the culture volume and bubbling vents (light grey). Critical in its
design is efficient illumination of the culture volume in order to minimize respiration and
photoinhibition as well as efficient gassing for proper mixing, to provide CO 2 and to remove O2.

Likewise, it would be possible to convert the lactic acid produced by cyanobacteria into an
organic solvent through fermentation by lactic acid bacteria. Nevertheless, in a future,
sustainable, society that puts efforts into closing the global carbon cycle, additional forms
of application of cyanobacterial and algal mass cultures can be foreseen. In that society, a
large part of the energy needs will (have to) be covered by the generation of renewable
electricity, with the use of solar panels, wind turbines, and tidal and hydro-electric plants.
As the daily rate of generation of renewable electricity will not be constant, new
innovative ways will have to be developed to use ‘peak electricity’. Because a closed
carbon cycle also implies that fossil long-chain hydrocarbons will no longer be available,
this provides an opportunity for engineered cyanobacteria and algae to show that they
can use their natural capacity for CO2 fixation as an alternative source.
In the slightly more distant future this may even lead to an entirely new form of
agriculture: Current best photovoltaic cells have a solar power to electricity conversion
efficiency of 44.5 %; one may therefore anticipate that within a decade, panels with 50 %
efficiency will be available (129). Likewise, the efficiency of light emission by LEDs shows a
trend of improvement that make one predict that in the same period 70 % efficiency may
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be achievable (130). Therefore, the free energy of sunlight should be transportable to a 3D (i.e. volumetric) photobioreactor with 35 % power efficiency. If we let these LEDs emit
light with a wavelength of ~ 690 nm, textbook schemes suggest that the energy of this
monochromatic light should be convertible to NADPH and ATP, and hence to Calvin cycle
intermediates with approximately 30 % free energy conversion efficiency (131). Hence this
type of photosynthesis should have an overall efficiency of 0.5 x 0.7 x 0.3 (x 100 %) =
10.5 %. This is considerably higher than any type of plant-photosynthesis and is not
hampered by factors such insects, drought, hail, etc., factors that bring the actual crop
yield significantly below the theoretical maximum. A schematic design of such a 3D PBR is
shown in Fig. 1.3.
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Increasing the photoautotrophic growth rate of Synechocystis
sp. PCC6803 by identifying the limitations of its cultivation
Pascal van Alphen, Hamed Abedini Najafabadi, Filipe Branco dos Santos, Klaas J.
Hellingwerf
Abstract

Many conditions have to be optimized in order to be able to grow the
cyanobacterium Synechocystis sp. PCC6803 (Synechocystis) for an extended period
of time under physiologically well-defined and constant conditions. It is still poorly
understood what limits growth in batch and continuous cultivation in BG-11, the
standard medium used to grow Synechocystis. A complicating factor is the
tendency of BG-11 to form a copious precipitate in the medium reservoir,
hampering continuous cultivation. Through a series of batch experiments in flasks
and continuous mode experiments in photobioreactors, we show that the limiting
nutrient in batch cultivation is sulfate, the depletion of which leads to ROS
formation and rapid bleaching of pigments after entry into stationary phase.
Optimizing these growth conditions resulted in a growth rate of 0.16 h-1 (4.3 h
doubling time) in continuous, steady-state cultivation, which is significantly higher
than the textbook value of 0.09 h-1 (8 h doubling time). We present an improved
medium, BG-11 for prolonged cultivation (BG-11-PC) that solves precipitation
issues. The data we present allow for controlled, extended cultivation of
Synechocystis, under well-defined physiological conditions, and have implications
for mass-culturing of cyanobacteria.

A condensed version of this chapter has been submitted for publication.
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2.1

Introduction

Cyanobacteria, as primary producers, play an important role in solar-energy conversion
and the carbon cycle on Earth (28). Several representatives of this class of organisms have
been intensely studied, of which the strain Synechocystis sp. PCC6803 (Synechocystis) has
become a model organism for the elucidation of the molecular basis of oxygenic
photosynthesis, due to its amenability to genetic modification, early availability of its
genome sequence and ability to grow heterotrophically (11, 132, 133). During the past
decade, increased interest in the application of microalgae for the transition of society to
a sustainable bio-based economy is reflected in an increase in efforts to mass-culture
microalgae, including cyanobacteria. The latter is done both for biomass production and
for direct conversion of CO2 into (commodity) products (21, 57). This recent bloom of
cyanobacterial research has also led to an increase in our understanding of how to culture
cyanobacteria like Synechocystis. This requires optimization of conditions such as
temperature, light intensity and medium composition, which, surprisingly, are unknown
still for a large number of (cyano)bacteria, many of which have remained non-cultivable in
the lab (134). Of these conditions, the medium composition is of particular importance.
Since the pioneering work carried out between 1940 and 1980, the period in which the
composition of the most commonly used medium for growth of cyanobacteria, BG-11, was
formulated, little further optimization has been done. As a result, the medium according
to Rippka et al. (1979) has become the medium of choice, with only few exceptions (135138).
A known, but mostly ignored, aspect of the BG-11 medium is its tendency to develop a
yellowish precipitate (135). Formation of such a precipitate is not obvious in batch
cultures in Erlenmeyer flasks (hereafter called flasks), but precipitate formation is
particularly troublesome in experiments using continuous culturing systems, in which
fresh medium has to be stored for days, or even weeks, in a reservoir bottle. As noted by
Keren and coworkers (2007), such a precipitate defeats the purpose of a chemically
defined medium and hampers any research involving defined concentrations of trace
metals such as iron, which is prone to precipitate on the cell surface (138). Additionally,
the medium composition of course defines to which rate and extend growth can be
supported, and influences the composition of the resulting biomass and the metabolic
state of the cells (139-142).
A further complicating factor, which has already been pointed out by Kratz & Myers
(1955) is the lack of buffering capacity of (what eventually became) BG-11, which makes it
necessary to add a buffer if a specific pH is to be maintained. Unfortunately, in many
recent publications the pH during culturing is poorly defined, or assumed to stay constant
with minimal buffering of the medium, in combination with aerating the growing culture
with ambient air for CO2 supply. Considering the buffering capacity at pH 8.0 of 10 mM 4(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), a commonly used buffer, and
assuming that approximately 13 % of the cellular dry weight is nitrogen (143), it follows
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that assimilation of (sodium) nitrate, which increases alkalinity in the medium, will
completely exhaust the buffering capacity of the HEPES as early as when a dry biomass
content of 0.3 g L-1 has been reached. This amount of biomass contains only about 15 % of
the available nitrogen in BG-11. Similarly, light intensity (and quality) is a critical culturing
parameter for a photoautotroph such as Synechocystis, but is frequently meekly defined
as ‘low’, ‘moderate’ or ‘high’. Alternatively, an incident light intensity is given without
further specifying optical density, flask geometry, or culture volume. Furthermore, certain
parameters that play almost no role in culturing in shake flasks, do have a significant
influence during cultivation in photobioreactors, such as shear stress (due to e.g. stirring
and sparging (144)) or high pO2 and low pCO2 in the liquid phase due to poor mass
transfer.
In this study, we define which mineral nutrient limits growth in BG-11-PC in batch and
continuous culture and describe optimized conditions in which high growth rates can be
achieved and sustained. We propose an improved composition of the BG-11 medium,
named ‘BG-11 suited for prolonged cultivation’ (BG-11-PC) with suggestions on how to
adapt the medium composition to avoid specific limitations. This new medium eliminates
precipitation issues by increased chelation of poorly soluble metal ions and allows for
buffering through controlling alkalinity and pCO2. We describe in detail the culturing
conditions that have been used to arrive at these conclusions.

2.2

Materials and Methods

2.2.1
Strain and growth conditions
The glucose tolerant (GT), non-motile variant of Synechocystis variant derived from the
Williams GT Synechocystis strain was obtained from D. Bhaya (Carnegie Institution for
Science, Stanford, USA). To avoid accumulation of mutations in this strain, cells were restreaked once per month on solidified agar plates (described below) from stocks kept in
5 % (v/v) DMSO at -80 °C and placed in an incubator (Versatile Environmental Test
chamber MLR-350H, Panasonic, Japan) equipped with fluorescent white lamps, resulting
in approximately 50 µmol photons m-2 s-1, as measured with a LI-250 quantum sensor (LICOR, USA). The incubator was kept humidified and at elevated pCO2 (2 % v/v) at 30 °C.
Flask experiments were conducted in a shaking incubator (Innova 44, New Brunswick
Scientific) equipped (in the top cover) with a custom-designed LED panel containing
632 nm orange-red and 451 nm blue LEDs (both with 15 nm FWHH). Cultures of 25 mL
were grown in 100 mL flasks (FB33131, Thermo Fisher Scientific, USA) with paper stoppers
(Stopper Cellulose, VWR, USA), at 30 °C and 120 rpm under ~30 µmol photons m-2 s-1
combined incident light intensity of orange-red and blue light (10 : 1 ratio), unless noted
otherwise. Samples of 25 to 800 µL were taken, depending on the expected optical density
at 730 nm (OD730) of the culture and the required dilution factor to obtain a measured
OD730 in the linear range of the benchtop photospectrometer used (i.e. from 0.10 to 0.70,
Lightwave II, Biochrom, USA). Pre-cultures were grown for each condition tested.
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2.2.2
Cell counting
Cell counts and cell size were measured using a CASY counter (CASY Model TTC, Roche,
Switzerland), following the manufacturer’s instructions. Briefly, samples diluted for OD 730
measurements as described above were further diluted in 10 mL CASY ton in a CASY cup.
Dilutions were made such that background counts contributed no more than 1 % of the
counts with a maximum of 20,000 counts per 200 µL. The cumulative counts of three such
measurements were used to calculate the cell counts mL-1 of a sample. The average size of
all particles measured between 1.2 and 5 µm is reported as mean cell size of a particular
sample. When applicable, both biological and technical replicates were averaged and the
mean and standard deviation of a particular condition is presented.
2.2.3
Measurement of the cellular level of reactive oxygen species
Cultures were tested for the presence of reactive oxygen species (ROS) by addition of the
ROS probe 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA, Thermo Fisher Scientific,
USA). 50 µL of a freshly prepared solution of H2DCFDA (100 µM in BG-11-PC, 1 % (v/v)
DMSO) was added to 450 µL sample, for a final H2DCFDA concentration of 10 µM. The
mixture was incubated for 45 min at 30 °C in the same incubator as used for cultivation.
The fluorescence signal of the ROS probe was subsequently quantified using a flow
cytometer (Accuri C6, BD, USA) on the FL1 channel (488 nm excitation, 533/30 nm
emission filter).
2.2.4
Dry cell weight
Dry weight was determined gravimetrically by employing membrane filtration. Briefly,
cellulose membranes with a pore size of 0.2 µm (Supor-200, Pall, USA) were washed using
purified water (Milli-Q Reference, Merck Millipore, USA) and dried in an oven at 90 °C
before being weighed with an analytical balance (AB204, Mettler Toledo, Switzerland).
Next, a defined culture volume was filtered through the prepared membrane, which was
subsequently washed using purified water, dried and weighed again. The resulting DW
was normalized by OD730 and volume to obtain gDW OD730-1 L-1. For flask experiments,
biological replicates were measured once and averaged for the reported mean and
standard deviation per condition. For chemostats, it was measured in technical triplicate
and reported as the mean with standard deviation.
2.2.5
Growth medium
BG-11 (145) was modified to be chemically defined and suited to accommodate prolonged
cultivation in a PBR with CO2/(bi)carbonate-based buffering (Supporting Information Table
S2.1). Hereafter this modified medium is referred to as BG-11-PC. To better define the
iron content and remove citrate altogether from the medium, ferric ammonium citrate
and citric acid were replaced by FeCl3·6H2O (15 µM) and an increased concentration of
ethylenediaminetetraacetic acid (EDTA) to 50 µM in the final iteration of the medium. The
final pH of this medium is approximately 6, necessitating a buffer to obtain conditions
compatible with the requirements of Synechocystis. For experiments in a PBR, 10 mM
fresh NaHCO3 was added to the medium to provide a carbon-rich environment in which
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the pH is controlled by manipulating the pCO2 in the gas mixture used to sparge the
culture. In flask experiments, 50 mM 1,4-Piperazinedipropanesulfonic acid (PIPPS, Merck
Millipore, USA)-KOH, buffered at pH 8.0, was used instead of 10 mM NaHCO3, unless
noted otherwise. PIPPS has a pKa close to 8 at 30 °C (7.96 and 7.86 at 25 and 35 °C,
respectively (146)) and was described as a non-metal-complexing buffer that fulfills
Good’s criteria (147) and is similar in structure to the commonly used HEPES.
2.2.6
Photobioreactors
Continuous cultivation experiments were conducted in PBRs of the types FMT 150.2/1000
and FMT 150.2/400 (Photon Systems Instruments, Czech Republic, hereafter PSI), with 960
and 395 mL working volume, respectively, controlled using the ADVANCED version of the
control software provided by PSI. The PBRs were configured as described in detail before
(148), with slight modifications. Specifically, the U-shaped standard sparger (4 orifices,
diameter 0.7 mm) of the PBRs was replaced by a custom-made L-shaped variant (8
orifices, diameter 0.7 mm) that requires only 1 of the threaded Luer Lock connectors in
the lid of the PBR. The end of the sparger tube is closed to the extent that most, but not
all, of the gas is forced through the defined orifices. In order to avoid the strong variation
in bubble size and distribution that can be observed when using the default sparger, the
new one was designed to have all orifices directly below the stirring bar (Supporting
Information Fig. S2.3). The rate of the magnetic stirrer (PSI) was set at 50 % in all
experiments. The 4 Luer Lock connectors in the lid of the PBR are respectively used for:
sparging and medium feed, effluent and gas exhaust, sampling, and inoculation. A stream
of CO2 and N2, mixed by a software-controlled gas mixer (GMS 150, PSI), was used to
sparge the PBRs. In experiments in which pH was maintained at a certain value, the CO2
valve of the gas mixer was controlled by a dedicated script, otherwise a constant mix of
1 % (v/v) CO2 in N2 was used, yielding a pH between 7.9 and 8.3, depending on the growth
rate and biomass density. In turbidostat experiments, an OD730 = 0.4 (OD730 of 1
approximately equals 0.18 g dry weight(DW) L-1 under the presented conditions) as
measured on a benchtop photospectrometer was maintained, ±2.5 % for the upper and
lower bounds, unless noted otherwise. Temperature was maintained at 30 ±0.1 °C unless
noted otherwise. In chemostat experiments, the flow rate set by the medium pump
(PP500, PSI) was regularly checked by measuring the volume pumped using a pipette that
was integrated in the setup, at the same height as the medium reservoir. Steady-state was
assumed when biomass density remained constant within a few percent (< 2 %) during 5
volume changes. Light intensity was measured outside the PBR, in the middle of the light
panel. Actual intensities used varied and are specified for the respective experiments. For
a general description of these PBRs the reader is referred to Nedbal et al. (2008).
A second setup consisted of a flat-panel glass vessel (2.5 cm light path length) of
approximately 220 mL working volume, which was placed in a transparent water bath
kept at 30 ±0.5 °C (149). Directly in front of the water bath, an LED panel integrated with a
heat sink and diffuser (‘LED box’), of comparable size as the culture vessel, was used as
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actinic light source. This custom-made LED box contains LEDs of various wavelengths (600,
635 and 660 nm, FWHH 15 nm), each controllable independently. Light intensity was
measured on the outside of the vessel, opposite to the LED box in the middle of the panel.
Similar to the FMT 150.2 PBR, the vessel was configured to have combined input for
sparging and medium feed, a sampling port, and a combined outflow of effluent and gas
exhaust. This reactor was sparged with a flow (~20 mL/min) of 3 % (v/v) CO2 in N2 and
agitated by a magnetic stirrer on the bottom of the vessel. A peristaltic pump (Minipuls 2,
Gilson, USA) was used to control the dilution rate in chemostat mode.
2.2.7
Elemental analysis
The precipitate that formed in ~60 L of modified BG-11 medium as described in van
Alphen & Hellingwerf, 2015 (148), when supplemented with 10 mM NaHCO3, was
collected on a paper filter, washed with purified water (Milli-Q Reference, Merck
Millipore, USA) water and dried in an oven at 60 °C. The resulting solid was dissolved in
4 M HCl, yielding a greenish solution, which was subsequently analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES, Optima 8000, PerkinElmer, USA).
200 mL of culture (OD730 ≈ 0.9) was sampled from a chemostat (D = 0.08 h-1) at steadystate. The sample was split in two and centrifuged (7,000 x g, 20 min). One half was
washed with 10 mM EDTA, dissolved in 65 % (w/v) HNO3 to a total of 6 mL and filtered
(0.2 µm pore size filters) for ICP-OES analysis; the other half was washed with purified
water and freeze-dried for CHN analysis (vario EL cube, Elementar, Germany). The
approximated pellet volume of 10 mM EDTA, made up to 6 mL with HNO3, was used as a
control. For ICP-OES, two biological samples were collected and measured with five
technical replicates each, for which the mean and standard deviation is reported. For CHN
analysis, four technical replicates were measured, again reporting the mean along with
standard deviation.

2.3

Results

In order to determine optimal growth conditions in continuous cultivation systems,
several experiments were conducted, ranging from batch growth in flasks to extensively
controlled continuous growth in a PBR. First, the technical challenges to reach controlled
physiological conditions were tackled, after which selected properties of Synechocystis
cells, grown under these conditions, were analyzed.
2.3.1

Insufficient chelation of ferric iron and calcium ions causes
precipitation in BG-11 medium
In a previous study (148) we already used a modified version of BG-11 that was prepared
along the lines of YBG-11, as described by Keren and coworkers (138), i.e. by replacing
ammonium ferric citrate and citric acid with a well-defined iron source, ferric chloride, and
increasing the concentration of EDTA from 2.8 to 15 µM. Despite this increase in EDTA
concentration, addition of 10 mM NaHCO3 to this medium still leads to formation of a
powdery white-yellowish precipitate within a day at room temperature, interfering with
continuous cultivation.
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Fig. 2.1. Growth of Synechocystis in modified BG-11 medium with varying concentrations of EDTA
added, as compared to growth in standard BG-11 (Sigma). Cultures were illuminated by
-2 -1
approximately 70 µmol photons m s orange-red and blue light (10 : 1 ratio), buffered by 200 mM 2[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]ethanesulfonic acid (TES) and regularly
supplemented with 10 mM NaHCO3 up to day 4. Note the Log2 scale of the Y-axis. Closed circles: BG11-PC with 15 µM EDTA total, squares: 50 µM, upward triangles: 100 µM, downward triangles:
150 µM, diamonds: 200 µM, open circles: Commercial Sigma BG-11. Note that open and closed circles
and squares overlap over the entire growth curve. Mean and standard deviation are shown (n = 2).
Error bars were smaller than the data symbols at all the time points.

The precipitate was analyzed with ICP-OES and found to contain mostly iron, calcium and
phosphorus (data not shown). No gas formation was apparent upon its dissolution in HCl,
which indicated that calcium precipitated with phosphate rather than with carbonate.
Further increasing the concentration of EDTA prevented this precipitate from forming
(data not shown). The effect of increased EDTA was tested in conditions that allow for
rapid growth in batch culture (Fig. 2.1). Despite a clear lag phase of the culture growing
with 200 µM EDTA, the growth rate increases to values similar to those seen with much
lower concentrations of EDTA.
It should be noted that regular addition of NaHCO3 was required to avoid a carbonlimited, high-light phenotype at the chosen light intensity of 70 µmol photons m-2 s-1 of
orange-red and blue light (10 : 1 ratio). Consequently, high buffering capacity was
required to control the pH. The lowest tested concentration of EDTA (50 µM) at which
neither a precipitate formed in the presence of 10 mM NaHCO3, nor a difference in
growth characteristics could be observed relative to standard BG-11 medium, was
selected as the concentration for subsequent experiments. It is relevant to note that while
50 µM EDTA has no measurable effect on the growth of Synechocystis in liquid medium, it
is not suited for cultivation on agar plates, as this leads to poor or no growth (data not
shown).
2.3.2

Sparging in photobioreactors causes shear stress and a distinct
phenotype in Synechocystis
In previous work, we found that each PBR required a different sparge rate for
reproducible growth (148), consistent with the observations of shear stress caused by
sparging made by Barbosa and Wijffels (2004) in microalgae. To obtain reproducible
sparging in the PBRs, a new sparger was designed (see Supporting Information Fig. S2.3).
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Fig. 2.2. Growth rate of Synechocystis in a photobioreactor in turbidostat mode is affected by
sparging. Growth rate was normalized in both series to its respective maximum. Circles: average
-1
-2 -1
growth rate at 100 % equals 0.07 ±0.005 h at 75 µmol photons m s orange-red light; triangles:
-1
-2 -1
0.05 ±0.001 h , 50 µmol photons m s orange-red light. Means with SD (error bars) of many (> 20)
dilution cycles at a given sparge rate are shown.

The effect of sparging on growth rate was then investigated by examining cultures
growing under different light intensity at the same density (i.e. yielding different growth
rate). Sparging appears to affect growth rate similarly, irrespective of growth rate,
showing that Synechocystis is sensitive to sparging (Fig. 2.2).
Interestingly, in turbidostat mode, at sufficiently high sparging rates, the OD continuous
to drop even after the pump has stopped and growth, as measured via OD 720 by the PBR
(PBR720), only slowly recovers (Supporting Information Fig. S2.1). Due to the small
difference in OD and the relatively large error in dry weight measurements it is difficult to
assess the corresponding differences in dry weight of the cells. We therefore could not
determine whether this drop in OD is caused by an actual decrease of biomass content or
by morphological changes of the cells that have an effect on light-scattering.
2.3.3
Cell size is affected by growth rate and by medium pH
Measurement of the optical density of a culture at a wavelength (well) beyond the
maximal absorption wavelength of chlorophyll is a widely-accepted method of measuring
volumetric biomass content of batch cultures of cyanobacteria during all phases of
growth. However, because optical density is caused by light-scattering rather than by
absorption, the size of the particles (i.e. the cells) that are measured, directly affects the
outcome of the measurements. Therefore, we compared population growth recorded as
OD730 and as the number of cells mL-1 (Fig. 2.3, panels A and B). From the OD730 it appears
that cultures at higher pH grow faster, but when examining cell counts a different picture
emerges. At pH 9, the increase in cell counts stagnates after about 7 days, even though
the OD730 still increases; the latter gives the impression of continued growth, but in fact it
is only cell size that increases and the cells no longer divide (Fig. 2.3, panels C and D). The
cell size data shows greater variance in non-buffered than in buffered medium. This is
reflected in the cell size distribution of any given sample of a particular condition.
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Fig. 2.3. Cell size affects optical density and is influenced by medium pH. Synechocystis was grown in
modified BG-11, either non-buffered or buffered using 50 mM PIPPS (pH 8.0) or CAPSO (pH 9.0 and
10.0). (A) Growth curves based on optical density at 730 nm. Note the Log2 scale of the Y-axis. (B) Cell
count per mL (C) Cell size (µm) (D) Cell count per OD730. Circles: non-buffered BG-11-PC, triangles: BG11-PC buffered at pH 8.0, squares: pH 9.0, diamonds: pH 10.0. Mean and standard deviation are
shown (n = 3). Where no error bar is visible, it is smaller than the data symbol.

Whereas growing cells at pH 8.0 results in a single clear peak with the shape of a skewed
Gaussian curve over the whole growth curve, other conditions, notably non-buffered
ones, lead to the observation of multiple peaks, indicative of multiple sub-populations of
cells (data not shown). Despite these differences, gDW OD730-1 L-1 is approximately equal
for all cultures at the end of the experiment on day 10 (0.18 ±0.01), indicating that the
OD730 can provide a good indication of dry weight, but not of cell count.

Fig. 2.4. Cell size increases with growth rate. Values are given relative to the value at the dilution rate
-1 -1
-1
-1
of 0.02 h . Circles: OD730 (0.52 at 0.02 h ), squares: PBR720 (0.31), upward triangles: gDW OD730 L
(0.18), downward triangles: cell diameter (1.90 µm), diamonds: cell volume (3.91 fL), hexagons: cell
-1
7
count mL (5.5 * 10 ).
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Interestingly, there is a clear shift in cell size after growth has slowed down to a certain
extent, though far before cells enter stationary phase.
In order to determine the relation between growth rate and cell size for Synechocystis,
PBRs were run as a light-limited chemostat at various dilution rates (Fig. 2.4). Light
intensity was scaled with dilution rate so as to maintain an equal perceived light flux for
the cells at all dilution rates, i.e. 25, 50, 75 and 100 µmol photons m-2 s-1 at 0.02, 0.04, 0.06
and 0.08 h-1, respectively (150). As in flask experiments, gDW OD730 -1 L-1 is approximately
constant, despite big differences in cell size (see upward triangles). This is in stark contrast
with the PBR720, which showed strong changes with dilution rate for unknown technical
reasons, though this again emphasizes that optical density can be misleading as a measure
of biomass density if not verified with dry weight. Parallel to increasing cell size with
increasing growth rate, chlorophyll content (i.e. antenna/photosystem content) decreases
as growth rate increases (data not shown).
2.3.4

Sulfate limitation leads to ROS formation followed by bleaching
and death of Synechocystis in BG-11 medium
In batch cultures of Synechocystis in BG-11, if the cells are allowed to enter stationary
phase, this phase is followed by a death phase in which all cellular pigments rapidly bleach
and OD730 decreases. In order to determine what limits the maximal amount of biomass
that can be formed in such batch cultures, all individual nutrients from BG-11-PC were
tested by reducing them two-fold, while keeping all others at the original level (Supporting
Information Table S2.2). Additionally, various metals were tested that may be required
but are not explicitly added to BG-11 and if limiting, addition of trace amounts, well below
toxicity limits, is expected to sort an obvious effect. One such metal is nickel, which has
been shown to be required for growth (151). The results of these tests show that
maximum OD730 correlates only with magnesium sulfate content; addition of nonstandard metals did not make a difference. Furthermore, two-fold reduction of the
concentration of sodium nitrate resulted in a culture with a different phenotype than that
of all other cultures. Whereas typically a maximum OD730 is reached, after which it drops
again in parallel with pigment bleaching, instead, in a medium with a lowered nitrogen
content, the OD730 continues to increase as the phycobilisomes are degraded and a small
chlorophyll peak remains (Supporting Information Table S2.2, and data not shown).
Because limitation by magnesium sulfate may be due to either magnesium or sulfur, a
follow-up experiment was done to separately investigate the requirement for these
elements (Fig. 2.5a). The result of this experiment clearly shows that sulfate is the limiting
nutrient in BG-11-PC, as well as in BG-11. Given that cultures that reach stationary phase
in this way rapidly bleach of both phycobilisomes and chlorophyll and that sulfur is a
required element for various electron-transfer components, such as iron-sulfur clusters,
and the ROS-scavenging machinery (152), we anticipated that ROS formation could play a
role in this phenotype.
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Fig. 2.5. The growth-limiting nutrient of Synechocystis in BG-11-PC in batch culture. Note the Log2
scale of the y-axes. (A) Magnesium chloride and potassium sulfate replaced magnesium sulfate in BG11-PC in various concentrations. Upward triangles: BG-11-PC with 0.125x magnesium, open circles:
0.22x magnesium, downward triangles: 0.5x magnesium, diamonds: 0.125x sulfate, squares: 0.22x
sulfate, closed circles: 0.5x sulfate. On day 18, sulfate was added to all cultures with reduced-sulfate
content and magnesium was added to 0.125-fold magnesium content. Means of duplicates (n = 2)
with error bars (SD) are shown. Where no error bar is visible, it is smaller than the data symbol. (B)
Sulfur limitation leads to ROS formation followed by bleaching and death of Synechocystis. Diamonds:
BG-11-PC with 0.1x sulfate, squares: 0.5x sulfate, circles: 1x sulfate. Solid lines show the OD 730 (left
axis), dashed lines ROS (right axis). On day 16, sulfate was supplemented to 0.5x sulfate (squares).
Duplicates of cultures are shown by open or closed symbols of the same type.

This was confirmed in experiments in which the ROS probe H2DCFDA (153) was used:
These experiments show a clear correlation between the appearance of ROS, the onset of
stationary phase and the subsequent bleaching (Fig. 2.5B). In the cultures in which the
sulfate concentration was reduced two-fold, additional sulfate was supplemented on day
16. This allowed for partial recovery of the culture with low ROS (closed squares) but had
no effect on the culture in which the cells had already produced a high level of ROS (open
squares, Fig. 2.5B). It is interesting to note that the recovering culture only slowly
decreased ROS levels, reaching control values only in about two weeks.
The unexpected result of sulfate limited batch cultivation prompted the analysis of the
elemental biomass composition (C:H:N:P:S) of cells of which we presume that they were
as lean as possible regarding their cellular content of P, N and S; i.e. light-limited cells in
steady-state chemostat at high dilution rate close to the textbook µmax of 0.09 h-1
(0.08 h−1). The mass ratios were found to be 45.12 ±0.18% : 8.58 ±0.50% : 10.80 ±0.04% :
1.94 ±0.02% : 0.44 ±0.01%. Additionally, the biomass was analyzed for nearly all elements
added to the medium, as well as for various heavy metals and other rare elements
(Supporting Information Dataset 1). The biomass composition that was found suggests
that phosphorus should be limiting before sulfur. This is in line with the observation that
in a non-light-limited chemostat, the residual phosphate concentration drops below the
detection limit (data not shown).
2.3.5

Chemostat culturing allows for a higher maximum growth rate of
Synechocystis than turbidostat mode
In an effort to find the maximum growth rate (µmax, i.e. the growth rate in the absence of
all nutrient limitation) of Synechocystis, a wash-out experiment was performed (154). A
light-limited chemostat at a high dilution rate (0.08 h-1, OD730 ≈ 0.5, 120 µmol photons m-2
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s-1), close to the observed µmax in a steady-state turbidostat (i.e. ~0.09 h-1) was switched to
a dilution rate (0.2 h-1) that exceeds the µmax reported for Synechocystis (150, 155). This
results in the washing-out of the cells and progressively increases perceived light intensity
of the remaining cells until light is no longer limiting and µmax is reached. At this point, the
wash-out becomes exponential (i.e. gives a straight line on a log scale). This allows one to
calculate µmax from the resulting slope and the known dilution rate. This experiment was
repeated using monochromatic light of various wavelengths in the orange-red range and
yielded a surprisingly high growth rate of up to 0.15 h-1 that was constant over at least 5
hours (data not shown).

-1

Fig. 2.6. Steady-state growth of Synechocystis in a chemostat at dilution rates up to 0.16 h at
-2 -1
350 µmol photons m s orange-red light. The arrow marks the point in time when the temperature
was increased from 30 to 32 °C. Filled circles: OD730 (left axis), open squares: calculated D (right axis)
at the time of sampling by measuring the rate of medium supply (set values are shown as dotted
lines), OD720 as measured by the PBR (PBR720, black line, left axis) and dissolved O2 normalized to the
maximum measured (red line, left axis).

The possibility that the nature of a turbidostat regime, i.e. periodic strong dilution, is the
underlying reason of a lower apparent µmax was tested by choosing the turbidostat
thresholds such that there are more periods of lesser dilution, thereby approximating
chemostat conditions. Interestingly, this indeed had an effect and a culture growing in
steady state in turbidostat mode increased its growth rate in response to this narrowing of
the turbidostat range (Supporting Information Fig. S2.2). However, the question remained
whether the high growth rates found in the wash-out experiment can be sustained, which
was tested using regular chemostat cultivation (Fig. 2.6). Dilution rates up to 0.12 h-1 can
be maintained at 30 °C; steady state at higher dilution rates requires an increase to 32 °C
(Fig. 2.6, arrow). Even a dilution rate as high as 0.16 h-1 results in a stable steady state,
confirming that such growth rates can indeed be sustained in chemostat mode.

2.4

Discussion

Here, we present a growth medium (BG-11-PC) for Synechocystis that allows for prolonged
cultivation under chemically defined, continuous-growth conditions in PBRs. This was
realized by replacing citrate and ammonium ferric citrate by ferric chloride and by
increasing the concentration of EDTA to 50 µM. Omission of citrate has the additional
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benefit of lowering the biologically available organic carbon content, thereby reducing the
risk of mixotrophic growth and contamination with chemotrophic organisms. The
increased concentration of EDTA is similar to, though lower than, the concentration of
EDTA in a similar minimal mineral medium, A+ (156). There turned out to be a notable
downside to increasing the concentration of EDTA to concentrations much higher than
50 µM, i.e. the appearance of a long lag phase (Fig. 2.1). Pre-culturing under the same
conditions would be expected to eliminate this apparent lag phase, observed at higher
concentrations of EDTA; however, it did not. There is considerable evidence that
siderophores are not produced by Synechocystis and that this organism mainly takes up
free Fe3+ (157). Considering EDTA chelates other di- and trivalent cations as well, it may be
that excreted chelators for these cations exist that have to be resynthesized upon dilution.
It should be noted that initially 65 µM EDTA was selected, after occasionally a precipitate
was detected at 50 µM, but this could be correlated to the age of the NaHCO 3 solution
used. Because of the volatile nature of CO2, it appears critical that fresh bicarbonate
solutions are used to assure a pH near 8 (a fresh solution of 10 mM NaHCO3 has a pH of
8.3), as the solubility of iron(III), and the ability of EDTA to chelate it, both decrease with
increasing pH.
When operating a PBR, there often is a conflict between the need for vigorous sparging
for a high mass-transfer rate of CO2 and O2 on the one hand, and low shear stress to cells
on the other. For various algae, it was shown that the gas entrance velocity is the
dependent variable, rather than bubble size or column height, that determines the
detrimental effect of the shear stress (144). For Synechocystis, we show that high sparging
rates similarly impact its growth rate (Fig. 2.2). In our turbidostat experiments,
Synechocystis has consistently shown a µmax of ~0.09 h-1, with the notable exception
described above (Supporting Information Fig. S2.2). In the same photobioreactor in
chemostat mode, however, the organism is clearly capable of growing much faster
(Fig. 2.6). This raises the question of what limits the growth rate of Synechocystis in any
specific condition, and why this limitation cannot be overcome by cells growing in
turbidostat mode. The observation that pre-culturing did not prevent occurrence of a lag
phase at a high EDTA concentration (Fig. 2.1 and S4) may provide a clue. Such a dilution
event may cause stress, though the dilution factor is much smaller in the turbidostat
(~5 %, compared to approximately 10 or 20-fold in flask experiments). Consistent with this
interpretation, reducing the size of this dilution factor, by narrowing the turbidostat
thresholds, led to an increase in growth rate (Supporting Information Fig. S2.2).
In a typical batch culture of Synechocystis, exponential growth – with a saturating
supply of actinic light – is followed by a period of light-limited growth, often observable as
a phase with ‘linear’ growth (139), and eventually the stationary phase commences when
nutrients in the medium run out, provided sufficient light and carbon is available. It has
been suggested (142) that phosphorus is limiting growth in BG-11, as it is supplied in
amounts that are not compatible with the Redfield ratio (141) and phosphate is rapidly
depleted from the medium. While these latter statements are true, they ignore the fact
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that, based on the biomass composition reported by Kim et al. (2011), and this study, and
the phosphorus content of BG-11, a maximum biomass density of only 0.37-0.48 gDW L-1
(OD730 ≈ 2.0-2.7) is theoretically possible, which can clearly be exceeded (see Fig. 2.1
and 2.3). Besides phosphorus, this also holds for other macronutrients supplied, i.e.
nitrogen and sulfur, which allow for 1.98-2.28 gDW L-1 (OD730 ≈ 11.0-12.7) and 1.402.17 gDW L-1 (OD730 ≈ 7.7-12.1), respectively. All these OD values are exceeded with
saturating illumination before the onset of stationary phase and the subsequent bleaching
(i.e. values up to OD730 ≈ 16 can be reached). Clearly, the biomass composition of cells that
were grown in nutrient-rich conditions does not accurately predict the limiting nutrient
that forces cells to enter stationary phase. A possible explanation for the mismatch of
measured yield and expected yield based on the biomass composition for phosphorus and
nitrogen is that these components are stored inside the cell (e.g. as polyphosphate and
cyanophycin, respectively) and thereby inflate the required amounts when predicted by
the biomass composition of nutrient-rich cells. Under these conditions, i.e. in the log
phase of a batch experiment in flasks, this is expected, but in an energy-limited continuous
culture at high growth rate, it is not.
Here, we show that entry of a batch culture into the stationary phase in BG-11-PC
medium, provided light and CO2 are saturating, occurs due to sulfur limitation and causes
rapid bleaching of the cells and cell death. Interestingly, this bleaching cannot be reverted
by addition of sulfate after growth has halted and ROS levels peak (Fig. 2.5). This dramatic
effect of sulfur limitation contrasts the effect of limitation in e.g. nitrogen, phosphorus
and iron, suggesting that Synechocystis infrequently encounters sulfur limitation in its
natural environment and that this cyanobacterium has no regulatory network to cope
with this specific limitation. This makes sulfate a poor choice as the limiting nutrient in the
growth medium, as it is not readily apparent from the appearance of the culture when this
limitation starts, nor how it affects metabolism. Macronutrients that, upon depletion,
cause a clear and reversible entry into stationary phase are more suited as a growthlimiting nutrient. Nitrogen starvation causes selective gradual degradation of the
phycobilisomes, leading to a yellow-green appearance of the culture (158). Given the high
nitrogen content of the medium, this element is the most economical choice to reduce to
limiting levels if high cell densities are not required. Alternatively, sulfur can be increased
to lift the sulfur limitation of high density cultures, which will then be limited by nitrogen
instead (Supporting Information Table S2.2). In continuous culture, however, the biomass
composition predicts that phosphorus will be limiting. Growth rate appears to be
correlated with the size of the intracellular pools, in accordance with the Droop model
(159). In a recent paper (160), it was proposed that Synechocystis enters stationary phase
due to cell-cell interactions rather than self-shading or other nutrient limitation. However,
the final density those authors observed when cells entered stationary phase was
0.12 gDW L-1 on average, which is far below what we observe (2.88 gDW L-1), indicating
that growth is halted for other, unknown, reasons in their experiments than it is here.
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It is of great importance that culturing conditions are precisely defined in order to
interpret the results of any given experiment, even beyond the necessity of being able to
reproduce the result(s). Here, we show that the interpretation of measurements that is
often taken for granted, such as of the optical density of a culture, is influenced by factors
that can – and in most cases, will – change during an experiment, unless the experiment is
designed with these factors in mind. From this, it follows that, ideally, studies should be
done using fixed growth rates (i.e. in a chemostat or turbidostat) in order to avoid the
great differences that can arise plainly from having a different growth rate. Other
methods may be employed to obtain controlled growth rates in batch cultures, such as
the recently described ‘photonfluxostat’ approach (150). At the very least an effort has to
be made to account for differences that may arise from the resulting growth conditions,
rather than from the variable of interest.
The reduction of chlorophyll content in faster growing cells, i.e. at higher incident light
intensity, indicates that ‘high’ or ‘low’ incident light is relative to the cell density, and
unless so high as to become inhibiting, growth rate essentially reflects light conditions in
the absence of other limitations. This is illustrated by the growth curve shown in Fig. 2.3 in
which initially rapid growth is observed in what is commonly referred to as ‘moderate’ or
even ‘low’ light intensities (~30 µmol photons m-2 s-1) in culturing facilities with a light
path-length of a few centimeters or more. Indeed, because of the low cell density at this
point, such intensities are actually perceived by the cells as ‘high light’ and allow
exponential growth of the cells at a high rate.
Growth rates of up to 0.15 h-1 have been reported for Synechocystis before, though it
was not clear whether these could be sustained (150, 155). Here, we show that the
maximum growth rate of Synechocystis in orange-red light is at least as high as 0.16 h-1
(4.3 h doubling time, see Fig. 2.6), which is almost twice the textbook value (8 h doubling
time, ~0.09 h-1). As shown by Du et al. 2016, an increase in dilution rate requires a
proportional increase in light flux to maintain the same biomass density. In the presented
chemostat data, the light intensity was kept the same which should result in lower
biomass density with increasing dilution rate. However, the biomass density did not scale
proportionally, i.e. the yield on light had dropped. This indicates that µmax is likely to be
close to 0.16 h-1.
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Table S2.1. Composition of BG-11-PC and standard BG-11 in g L . Compounds marked
with an asterisk differ between the two media.
Compound
BG-11-PC
Standard BG-11
NaNO3
1.5
1.5
K2HPO4
0.04
0.04
MgSO4 · 7H2O
0.075
0.075
CaCl2 · 2H2O
0.036
0.036
Na2CO3*
0
0.02
FeCl3 · 6H2O*
0.004
0
Ammonium ferric citrate*
0
0.006
Citric acid*
0
0.006
EDTA Na2 · 2H2O*
0.0186
0.001
-1
Micronutrients
mg L
H3BO3
2.86
2.86
MnCl2 · 4H2O
1.81
1.81
ZnSO4 · 7H2O
0.222
0.222
Na2MoO4 · 2H2O
0.391
0.391
CuSO4 · 5H2O
0.079
0.079
Co(NO3)2 · 6H2O
0.049
0.049
Table S2.2. Maximum OD730 reached in BG-11-PC with a single nutrient at half strength (left), all nutrients at
half strength but supplemented with 0.01 ppm of a heavy metal (M, middle) or complete media (right).
Named nutrient at half strength
BG-11-PC 0.5x + 0.01 ppm M
Complete media
ZnSO4
13.1
MgSO4
8.4
K(SbO)C4H4O6
5.4
BG-11 Sigma
15.5
MnCl2
11.9
CuSO4
13.8
CrCl3
6.0
BG-11-PC
12.5
FeCl3
12.2
CaCl2
12.0
Na2WO4
5.7
BG-11-PC 0.5x
5.6
Na2MoO4
14.2
K2HPO4
13.4
NH4VO3
5.8
H3BO3
11.9
Co(NO3)2
13.7
NiSO4
6.7
NaNO3
18.7

41

Chapter 2

Fig. S2.1. Specific phenotype of Synechocystis during cultivation under shear stress originating from
sparging in a turbidostat. At the first arrow, at 380 h, sparging was increased from 300 to
400 mL/min. At the second arrow, it was reduced to 50 mL/min. The lower and upper PBR720
thresholds were 0.130 and 0.137, respectively.

Fig. S2.2. Synechocystis growing in a turbidostat with varying threshold ranges around OD730 ≈ 0.4, in
BG-11-PC with increased K2HPO4 (10x) at 30 °C and a saturating light intensity of 400 µmol photons m
2 -1
s . The growth rate as determined by the effective dilution rate, based on the pump rate of fresh
growth medium in a sliding window of 2 h, is plotted against time. The turbidostat control was
switched from a relatively large range (±3.8 % of PBR720) to a small range (±0.4 %) around the same
set point at 210 h (dashed line). The average growth rate (±SD) before and after this switch was
-1
-1
0.089 ±0.008 h and 0.105 ±0.002 h , respectively.
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Fig. S2.3. Design of the new sparger. The bottom-end is almost closed, to facilitate sparging, yet
allowing the sparger to be easily cleaned. It should be noted that fully closing the end reduces equal
bubble distribution.
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Abstract
Cyanobacterial thylakoid membranes are known to host photosynthetic and
respiratory complexes. This hampers a straight forward interpretation of the highly
dynamic fluorescence originating from photosynthetic units. The present study
focuses on dark-to-light transitions in whole cells of a PSI-deficient mutant of the
cyanobacterium Synechocystis sp. PCC6803. The time-dependent cellular
fluorescence spectrum has been measured, while having previously exposed the
cells to different conditions that affect respiratory activity. The analysis method
used allows the detected signal to be decomposed in a few components that are
then assigned to functional emitting species. Additionally, we have worked out a
minimal mathematical model consisting of sensible postulated species to interpret
the recorded data. We conclude that the following two functional complexes play a
major role: a phycobilisome antenna complex coupled to a PSII dimer with either
two or no closed reaction centers. Crucially, we present evidence for an additional
species capable of strongly quenching fluorescence, whose formation requires the
presence of oxygen.
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3.1

Introduction

The cyanobacterial thylakoid membrane harbors both photosynthetic and respiratory
units, making electron transport a highly dynamic and complex process (161-163). In the
cyanobacterium Synechocystis sp. PCC6803 (hereafter Synechocystis), three interwoven
electron transport routes are typically regarded as dominant: i) linear photosynthetic
electron transport involving the photosystems (PS) I and II, the cytochrome b6f complex
(hereafter cyt b6f), the plastoquinone (PQ) and plastocyanin (PC) pools, ii) respiratory
transport mainly involving the electron donors succinate dehydrogenase (SDH) and the
type-I NAD(P)H dehydrogenase (NDH-1), cytochrome c, the cytochrome bd-type quinol
oxidase (Cyd) and the aa3-type cytochrome c oxidase (COX) and iii) cyclic electron
transport around PSI (164-167). Additional possibilities include alternate respiratory
terminal oxidases (ARTO) and electron transfer from PSI to flavodiiron proteins Flv1 and
Flv3 as well as NDH-1 (168-172). A balanced interplay of all these units is necessary in
order to, for example, generate a favorable ATP:NADPH flux-ratio, typically of 3 : 2 (173),
or alter this ratio to accommodate photoprotective and/or repair responses under stress
conditions.
Photoprotective mechanisms in Synechocystis reportedly include non-photochemical
fluorescence quenching (NPQ) via the orange carotenoid protein (OCP) and so-called state
transitions (ST) (163, 174). While the former is a response to (high) blue light intensity that
leads to photoactivation of OCP, which in turn, binds to the phycobilisome (PB) thereby
quenching it (175-177), the latter refers to a change in the rate of excitation energy
transfer (EET) to PSII relative to PSI (49, 178, 179). In other words, while OCP activity
enables an additional EET channel to avoid excitation energy reaching the reaction centers
(RCs) in the first place, STs are a subtly regulated response to re-balance the EET ratio
between the two photosystems during, for instance, a sudden change in the intensity of
the incident radiation. Thus, PSI both plays a pivotal role in EET regulation and is a crucial
vehicle for electron transport across the thylakoid membrane.
Cells of a PSI-deficient mutant of Synechocystis were subject to investigation in a recent
study focusing on changes in chlorophyll (Chl) a fluorescence as a result of dark-to-light
transitions (50). Therein, the authors reported a quenched species, appearing under
illumination conditions that ensured that OCP could not have been activated. This result
unavoidably revives the fundamental question asked many years ago already by Vermaas
et al. (1994) (180): what happens to the excitons in the absence of PSI when the PSII RC is
closed? Since both OCP-related fluorescence quenching and ST must be ruled out, Acuña
et al. (2016) postulated a third quenching mechanism in order to explain the overall
fluorescence decrease: a high-light protein (Hlip) would be at its origin. Hlips have indeed
been suggested to act as non-photochemical quenchers in Synechocystis (181) and there is
conclusive evidence that HliD, one of the members of the Hlip-family, binds Chlorophyll a
(Chl a) and β-carotene (β-car), thus enabling a dissipative channel with energy being
directly transferred from a Chl a Qy state to a β-car S1 state (182, 183).
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Fig. 3.1. Visualization of possible fluorescent species in the Synechocystis ΔPSI mutant and their
expected fluorescence quantum yield ϕf. Black arrows represent intra-PB EET; yellow arrows
represent EET from the PB core to PSII; purple arrows represent electron transfer to the PQ pool. An
“X” stands for a closed RC. Low ϕf values are expected from PB-PSII complexes quenched either
photochemically (A) with both RCs transferring electrons to the PQ pool (open) or nonphotochemically by an Hlip-type quencher (D) bound to PSII with its RCs closed. High ϕf values are
expected from PB-PSII complexes with both RCs closed and unquenched (C) or functionally uncoupled
PB (F). In case one of the RCs of the PSII dimer is closed and unquenched while the other is open (B)
or quenched (E), we expect an intermediate ϕf value. (Adapted from (161))

Besides, in the specific case of the PSI-deficient mutant of Synechocystis: i) Hlip-containing
cells have been shown to evolve much less singlet oxygen than the corresponding control
strain (184), confirming the photoprotective role of HliD, and ii) the carotenoid content of
HliD-containing fractions has been found to be relatively high (185), which makes the
assumption of an HliD-related quenching channel all the more plausible.
The central aim of this study is to elucidate how cells of a PSI-deficient mutant of
Synechocystis are able to cope with light stress during a dark-to-light transition. We do this
by tracking the emitted cellular fluorescence spectrum over time (50, 51, 186). The only
photosynthetic fluorescent units present in the sample of this strain are the phycocyanincontaining PB antenna and the Chl a-containing PSII dimers. Any fluorescence dynamics
should therefore be explained in terms of these species only. In the following
Gedankenexperiment we make an attempt to anticipate which species will be manifested
and how: i) a PB unable to transfer excitation energy to PSII should be visible as a pure PBspectrum with a very high fluorescence quantum yield; ii) if the PB is coupled to a PSIIdimer while both RCs are closed, we also expect a high quantum yield, though with an
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additional chlorophyll-derived 680 nm signature; iii) in case of a functional PB-PSII
complex with two photochemically (open) quenched RCs, we would expect a less strong
680 nm signature and a low fluorescence quantum yield; iv) should only one of the RCs in
the PSII dimer be closed while the other would remain open, we would expect a
fluorescence quantum yield that lies somewhere between ii) and iii); v) a PB-PSII complex
being non-photochemically quenched would result in a low fluorescence quantum yield.
Fig. 3.1 schematically depicts these species. We set out to measure time-resolved
fluorescence spectra of whole cells of the PSI-deficient mutant of Synechocystis after
preparing the cells with different dark-adaptation (DA) times, so as to systematically affect
its respiratory activity. This resulted in the identification of a novel quencher that is
insensitive to the respiratory inhibitor potassium cyanide (KCN), yet requires oxygen to
function.

3.2

Materials and methods

3.2.1
Cell cultures
The PSI-deficient mutant of Synechocystis (16) was gifted by prof. C. Funk (Umeå
University, Sweden) and was stored at -80 °C in 15 % glycerol. Prior to preparing a liquid
culture, cells were streaked on agar plates containing BG-11 (Sigma) supplemented with
0.3 % sodium thiosulfate, 35 µg/mL chloramphenicol and 10 mM glucose. The strain
appeared incompatible with our usual agar, requiring the plates to be solidified using
Difco Granulated agar (BD). The plates were incubated in an incubator (Versatile
Environmental Test Chamber MLR-350H, Sanyo) with a humidified atmosphere of
elevated CO2 (2 %) kept at 30 °C. Incident light intensity was reduced to below
5 µmol photons m-2 s-1 by covering the plates with layers of paper.
Liquid cultures were prepared by inoculating 25 mL modified BG-11 (BG-11-PC,
Chapter 2) supplemented with 10 mM glucose, 25 mM 1,4-Piperazinedipropanesulfonic
acid (PIPPS)-KOH buffered at pH 8.0 and 5 µg/mL chloramphenicol, in a 100-mL flask
(FB33131, Fisherbrand). The nitrogen source was NaNO3 unless noted otherwise. The
flasks were covered in multiple layers of paper to reduce the incident light intensity to
below 5 µmol photons m-2 s-1 and were placed in a shaking incubator (Innova 44, New
Brunswick Scientific), equipped with a custom LED panel containing LEDs of 632 nm
(orange-red) and 451 nm (blue, both 15 nm full width at half maximum) at 120 rpm and
30 °C.
3.2.2
Spectrally resolved fluorescence induction
The multiple LED set-up described in (50, 187) was placed in the vicinity of where the
Synechocystis cells were grown, ensuring that the cells were in well-defined physiological
conditions during the experiments by minimizing transportation time. The illumination
protocols have been applied to ΔPSI cells of Synechocystis, taken from the same batch,
diluted to OD730 of 0.4 in fresh medium (the only exception being Fig. 3.12). Two
background (590 nm) light intensities were used: 50 µmol photons m-2 s-1 (referred to as
low light) and 450 µmol photons m-2 s-1 (referred to as high light). The light intensity
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during the saturating pulses was 1300 µmol photons m-2 s-1. Each pulse of 1 s consists of
ten data points as the time resolution is 100 ms. Cells have undergone varying DA times
prior to application of the illumination protocol. In addition to these standard conditions,
we have measured under conditions preventing respiratory electron transfer to oxygen,
realized in two different ways: chemically, using KCN (1 mM final concentration) which is
known to inhibit respiratory activity (188, 189); and physically, by bubbling an N2/CO2
mixture into the cuvette containing the sample to generate an O 2-deprived environment
in which the terminal oxidases cannot function.
3.2.3
Additional elements of data analysis
Here we describe an extension of the spectral decomposition methods that have been
described in Acuña et al. (2016). Acquired fluorescence spectra (p wavelengths) at m time
points can be represented by an (m×p) data matrix Ψ. The Singular Value Decomposition
(SVD) procedure (190) decomposes Ψ according to:
Eq. 1

 U  S V T

into an (m×m) matrix U, where the m columns are called the left singular vectors (lsv); the
(m×p) diagonal matrix S whose diagonal elements (s1, s2, s3…) are called the singular values
and the transpose of the (p×p) matrix V, VT, where the p rows are called the right singular
vectors (rsv). Time-dependent characteristics are contained in the lsv, while the rsv are a
linear combination of the species associated spectra (SAS). The original matrix Ψ can be
satisfactorily reconstructed by means of the n most significant singular vectors yielding a
(nt×nλ) matrix Ψn. In Acuña et al. (2016) data matrices of rank n = 2 were analyzed. While
the core of the method remains the same, we also present data matrices that are of rank
n = 3, meaning that the transformation matrix applied to the singular vectors had to be
correspondingly expanded.
1

T

We seek a mathematical transformation  n  U  S  ( A  A) V to resolve the SAS
and their time-dependent concentrations. For a rank n=3 matrix, A has the form:

 1 a12

A   a21 a22
a
 31 a32

a13 

a23 
a33 

Eq. 2

and the final decomposition of Ψ(n=3) is expressed as a linear combination of three nt×1
vectors corresponding to the concentrations and the 1×nλ vectors corresponding to the
SASnλ:

( n
ct1SAS1  ct 2 SAS2  ct 3SAS3
3)

Eq. 3
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Hereafter, we will refer to these vectors using the simplified notation: c1, c2, c3, SAS1, SAS2
and SAS3. Furthermore, a number of criteria are followed to judge whether these
transformed vectors are biophysically meaningful. With the expansion to a rank n = 3
matrix, the number of parameters to be estimated increases; this is why, additionally to
the criteria presented in our previous work (50), we have added, for each SAS, SAS
smoothness–penalties:
penaltysmoothness


2

 w   
j

j

2

SAS j ( )

Eq. 4

This is one among other contributions to the objective function that we seek to minimize.
See the Supporting Information for the explicit objective function used in this work. For a
rank n = 2 matrix, which is applicable for most of the data sets presented here, the
description is simpler, and A has the form:
 1
A
 a21

a12 

a21  a22 

Eq. 5

and the final decomposition of Ψ(n=2) is expressed as:

 ( n
ct1SAS1  ct 2 SAS2
 2)

Eq. 6

Finally, each concentration value cnt output at the position t that corresponds to a
saturation pulse is multiplied by a parameter pf that accounts for the difference in light
intensity between the background illumination and the saturation pulse. Thus, relative
concentrations that are independent of the light intensity are estimated.

3.3

Results and Discussion

3.3.1
Results from SVD analysis
First, we show results of ΔPSI cells exposed to ambient oxygen and 50 µmol photons m−2
s−1 of 590 nm that we refer to as low-light experiments, followed by results from samples
exposed to 450 µmol photons m-2 s-1 (high light). Cells exposed to high light were either
treated with KCN to inhibit the terminal oxidases or exposed to a mixture of N2/CO2 to
generate an O2-deprived environment in which the terminal oxidases cannot function.
Finally, we discuss results obtained from high-light samples exposed to ambient oxygen.
Exposure to low light background illumination
After transformation of the singular vectors, we obtain the SAS shown in Fig. 3.2A (SAS1
and SAS2 in black and green, respectively). As light is turned off the signal returns to zero
within one data point, meaning that we are unable to resolve relaxation dynamics which
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evidently happen within 100 ms, making the changes in light intensity behave almost like
step functions. When the light pulse is turned on at t  3s , however, a gradual build-up of
c2 is observed. This is due to the closure of RCs (consistent with the strong 680 nm
signature of SAS2) which, though very fast, takes one data point (100 ms) to reach a
maximum level (Fm). In other words: though not entirely resolved, the so-called OJIP
induction phase (191) is, at least, visible. Conversely, we interpret c1 as the population of
complexes with open RCs since saturating light results in its sharp decrease (Fig. 3.2B, C
and D). Thus, the interpretation of the two SAS in Fig. 3.2 can be given in terms of two
species depicted in Fig. 3.1: SAS2, with the higher amplitude (high fluorescence quantum
yield) as PB-PSII complexes with closed RCs (Fig. 3.1C) and SAS1, with low quantum yield
and little 680 nm signature as PB-PSII complexes with open RCs (Fig. 3.1A).

Fig. 3.2. Spectral decomposition of fluorescence spectra of 34 min dark-adapted ΔPSI cells exposed to
low light background illumination and ambient O2. (A) The SAS obtained after transformation of the
singular vectors. Panels B and C show a zoom view of the first 9 s and of the last pulse, respectively.
-2 -1
(D) Time profiles. Key: orange: 50 µmol photons m s ; black: darkness. The colored bar on top
illustrates the light regime with arrows indicating the beginning of a saturation pulse. Inset: The
average deviation in the sum of concentrations from unity.
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During saturation pulses, the decrease of c1 is concomitant with a sharp increase of c2,
whereas during background illumination (Fs), the signal is a combination of both, and
consists of fairly constant contributions from complexes with open and closed RCs, with,
interestingly, the population of c1 being the predominant one. The interpretation then is
that the background light is able to close only a fraction (ca. 15 %, Supporting Information
Table S3.1) of the complexes in the sample as opposed to saturating light. With this
background light intensity, the fluorescence dynamics are mainly explained by closing and
re-opening of RCs (Fig. 3.2D) and there is no clear indication of the action of an Hlip-type
quencher (see below). This pattern systematically reproduces across different
experiments with low intensity background light, with cells first dark-adapted for 1, 5 and
34 min.

Fig. 3.3. Spectral decomposition of fluorescence spectra of 34 min dark-adapted ΔPSI cells exposed to
high light background illumination, ambient O2 and treated with KCN. (A) The SAS (Black: SAS1; green:
SAS2) obtained after transformation of the singular vectors. Panels B and C show a zoom view of the
-2 -1
first and last pulse. (D) Time profiles. Key: orange: 450 µmol photons m s ; black: darkness. The
colored bar on top illustrates the light regime with arrows indicating the beginning of a saturation
pulse. Inset: The average deviation in the sum of concentrations from unity.
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KCN-treated cells exposed to high light background illumination
Fig. 3.3 shows the results obtained with a sample that was exposed to 450 µmol
photons m−2 s−1 but previously treated with KCN, in order to inhibit terminal oxidase
activity. Clearly, the first light pulse (Fig. 3.3B) induces a rise in c2, which is by far the
predominant species. Correspondingly, SAS2 (Fig. 3.3A) has also the higher fluorescence
quantum yield and peaks at 681 nm. Therefore, we interpret it as a PB-PSII complex with
both RCs closed (Fig. 3.1C). The interpretation of SAS1 is less straight forward than in the
previous section, because: i) the population of c2 instantly reaches a constant level with no
sign of an induction phase nor are there correlated increasing/decreasing populations
within the first 100 ms; and ii) only very small signs of open/closing RCs during saturation
pulses are present throughout the experiment (Fig. 3.3D). Thus, SAS1 most probably
consists of contributions from complexes with quenched species and little complexes with
open RCs. As the sample goes through the illumination protocol, c1 (c2) gradually increases
(decreases) while saturation pulses barely make any difference. Thus, this data matrix is
interpretable in terms of the following two species: SAS 2 would correspond to PB-PSII
complexes with closed RCs (Fig. 3.1C) while SAS1 would correspond to a dynamic mixture
of PB-PSII complexes non-photochemically quenched PB-PSII complexes (Fig. 3.1D) as well
as some complexes with open RCs (Fig. 3.1A). Over time the quenched species become
predominant, evidenced by the diminishing signs of open/closing RCs during the
saturation pulses (Fig. 3.3D).

Fig. 3.4. Normalized SAS of the experiments shown in Fig. 3.2 and Fig. 3.3. While SAS2 (solid green and
dashed black) are virtually identical, SAS1 from the KCN experiment (solid gray) has slightly weaker
fluorescence around 680 nm than SAS1 from cells without KCN which were exposed to
-2 -1
50 µmol photons m s (solid blue).
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Fig. 3.5. Spectral decomposition of fluorescence spectra of 34 min dark-adapted ΔPSI cells exposed to
high light background illumination under microoxic conditions. (A) The SAS (Black: SAS 1; green: SAS2)
obtained after transformation of the singular vectors. Panels B and C show a zoom view of the first
-2 -1
and last pulse. (D) Time profiles. Key: orange: 450 µmol photons m s ; black: darkness. The colored
bar on top illustrates the light regime with arrows indicating the beginning of a saturation pulse.
Inset: The average deviation in the sum of concentrations from unity.

Fig. 3.4 shows an overlay of the four normalized SASs obtained up to this point: Indeed,
the two SAS2, interpreted in the two experiments as being the same species, are virtually
identical. The two SAS1 are very similar; in the case of the cells not treated with KCN,
however, a less pronounced 680 nm signature indicates that energy transfer from the PB
terminal emitters to PSII followed by photochemical quenching affects the SAS differently
than the quenching of closed complexes by the unknown quencher, QX.
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Fig. 3.6. Three independent analyses of ΔPSI cells with varying dark adaptation. O2-exposed cells were
dark adapted during 1, 5 or 34 min. For each condition, a zoom view of the first (last) pulse is
depicted in panels A, B and C (E, F and G). The full light protocol and corresponding SAS (shown as
right insets) are depicted on panel D. The colored bar on top illustrates the light regime:
-2 -1
450 µmol photons m s of 590 nm light (orange) or darkness (black). Left insets depict the average
deviation in the sum of concentrations from unity.

Exposure to high-light background illumination in a microoxic environment
In a further attempt to affect respiratory activity without risking an effect on
photosynthesis, an experiment was conducted where cells were exposed to
450 µmol photons m-2 s-1 while a mixture of N2/CO2 was bubbled into the cuvette in order
to deprive the cells of ambient oxygen. The results are shown in Fig. 3.5. The obtained SAS
and the behavior during the saturation pulses are very similar to the results shown in
Fig. 3.2. As in Fig. 3.2B and C, the first and last pulses in Fig. 3.5 clearly show
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opening/closing behavior and this seems to be a suitable interpretation for the SAS in this
case as well. Due to the high background light intensity, however, the Fs levels are now
inverted: c2 is as high as 65 % (Supporting Information Table S3.1) indicating a higher
relative concentration of complexes with closed PSII RCs. Otherwise, though there is a
modest decrease in c2 during the first 20 s of background illumination, once the
concentration profiles even out, there is no sign of additional fluorescence quenching and
most of the signal can be read as constant levels of fluorescence that toggle between
distinct levels as a function of the light intensity. This is a remarkable observation, since,
under the same background illumination, the KCN experiment reveals the system’s ability
to quench fluorescence (Fig. 3.3) and it indicates that oxygen is required for QX to
function.

Fig. 3.7. Scheme summarizing the different species of the mathematical model postulated to describe
the time-resolved fluorescence spectra of Synechocystis ΔPSI cells. PB-PSII-dimers complexes are
closed by the action of light or opened via an electron acceptor of the PQ pool (horizontal transition).
Additionally, fluorescence quenching can occur if quencher Q X attaches to a closed RC (vertical
transition, detailed in the inset). A PB-PSII complex with two closed RCs (b) emits fluorescence as
SAS2; PB-PSII complexes with either two open RCs (a) or two closed and quenched RCs (c) emit as
SAS1. Key: kL, light-induced transition; kPQ, electron transfer rate to PQ pool; Keq, PQ equilibrium
constant, kA, quencher attachment rate, kD, quencher detachment rate; k x,dec, quencher specific
deactivation rate, kb6f, cyt b6f electron transfer rate; Keq,b6f, cyt b6f equilibrium constant; kCOX, terminal
oxidase electron transfer rate. Further explanation in the main text and in the Supporting
Information.

56

Spectrally decomposed dark-to-light transitions in a PSI-deficient mutant of Synechocystis sp. PCC6803

Exposure to high light background illumination in an O2-rich environment
Three experiments with different DA times are shown in Fig. 3.6. In all cases, cells were
exposed to ambient oxygen without addition of KCN. The matrices were analyzed
independently, yielding three pairs of concentration profiles shown in Fig. 3.6D and three
pairs of SAS shown as insets therein. Fig. 3.6A-C and Fig. 3.6E-G show a zoom in into,
respectively, the first and last saturation pulses. These SASs match well those of Fig. 3.4.
Judging from the opening/closing dynamics and the gradual increase of the c 1 base level
(concomitant with a decrease in the c2 base level), the contribution of quenched PB-PSII
complexes (Fig. 3.1D) again gradually increases over time.

Fig. 3.8. Spectral decomposition of fluorescence spectra of ΔPSI cells exposed to low background light
after 34 min dark adaptation shown in Fig. 3.2D (A) and simulated concentrations (B) of PB-PSII-dimer
complexes with open RCs (blue), with closed RCs and unquenched (green) or quenched (gray). Black
represents the sum of blue and grey, and is observed as SAS 1.

As previously observed under O2-deprived conditions (Fig. 3.5), during the first 20 s of
background illumination, c2 decreases by 15-20 % before Fs levels off. However, contrary
to those latter conditions, a new phase of fluorescence quenching sets in that lasts until
the end of the light protocol. Remarkably, the second quenching phase seems to kick-off
at earlier times for samples that underwent a longer DA period. While for the sample with
the longest dark adaptation this phase sets in as early as ca. t = 50 s, for DA = 5 min it
starts around 75 s and for DA = 1 min it only comes at times t > 140 s. Also, the relative
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concentration of c1 during saturation pulses tends to reach higher and higher values
throughout the experiment. Even after the system has gone through a short relaxation
period of a few seconds in darkness, the last saturation pulse does not push the c1 level
down to zero (see Fig. 3.6E, F and G). Instead, values of around 30 % (Supporting
Information Table S3.1), similar to the KCN experiment, are observed in Fig. 3.6F and G.
This again points at a quenched species being formed over time.
3.3.2

Modeling dark-to-light transitions

Rank 2 systems
To test whether the postulated species described in the sections above could indeed
explain the observed dynamics, we constructed a minimal mathematical model (inspired
by the model of Ebenhöh et al. (2014) (192) that takes into account only species A, C and
D from Fig. 3.1. We consider PB-PSII-dimer complexes that are fully closed by the action of
light or open via an electron acceptor of the PQ pool. Additionally, fluorescence quenching
can occur if QX attaches to the closed complex. Fig. 3.7 displays the photosynthetic and
respiratory components we consider essential: we postulate three fluorescent
components with two distinguishable spectral contributions. Following the interpretation
of Fig. 3.2, there would be two species: a PB-PSII dimer complex with both RCs open as
depicted in Fig. 3.7a, and another one with its RCs closed, as depicted in Fig. 3.7b. They
would emit fluorescence as SAS1 and SAS2, respectively.
The KCN experiment (Fig. 3.3D) supports the interpretation of SAS2 as originating from
double-closed RCs, but the quenched component must be attributed to the action of a
quencher QX. This would result in very similar SAS1 contributions but two fundamentally
different molecular origins. This quenched species is depicted in Fig. 3.7c and the assumed
mechanism for its formation is shown in the red box below: we postulate a light-induced
excited state of the quencher Q*X that is populated during illumination (kL) and decays
back to its non-activated counterpart, QX0, with the specific deactivation rate kx,dec. Q*X is
then able to bind to, presumably, PSII. The formation of this Qx,bound is described by an
attachment rate kA and assumed to be proportional to the fraction of reduced PQ, PQH 2,
and to the concentration of O2.
In a third step, the quencher detachment rate kD describes uncoupling of the quencher
and a re-population of QX0. As for the linear electron flow dynamics, the PQ pool is the
main electron acceptor of PSII and works at the rate kPQ. A potential back transfer from
the PQ pool to the photosystem is considered in the equilibrium constant Keq.
Furthermore, the electrons are carried to the cyt b6f whose turnover rate is kb6f and which
is in equilibrium with the PQ pool with Keq,b6f.

58

Spectrally decomposed dark-to-light transitions in a PSI-deficient mutant of Synechocystis sp. PCC6803

Fig. 3.9. Spectral decomposition of fluorescence spectra of KCN-treated ΔPSI cells exposed to high
background light after 34 min dark adaptation shown in Fig. 3.3D (A) and simulated concentrations
(B) of PB-PSII-dimer complexes with open RCs (blue), with closed RCs and unquenched (green) or
quenched (gray). Black represents the sum of blue and grey, and is observed as SAS1.

Finally, the action of the terminal oxidases as acceptors of the PC pool is summed up in
the parameter kCOX that stands for the last step in the linear electron transport chain. The
corresponding system of ordinary differential equations is described in the SI.
Using this model, we set out to simulate results from the analysis presented above. The
simulation of the result of the experiment with low background illumination (Fig. 3.2) is
shown in Fig. 3.8A. A first set of parameters inspired by the model of Matuszyńska et al.
(2016) (193) was used to simulate the concentration profiles of Fig. 3.8B. The parameters
are collated in Supporting Information Table S3.2. The general toggle behavior between
complexes with open and closed RCs is reproduced fairly well using these values for kL and
kPQ. Moreover, the choice of the equilibrium constants Keq and Keq,b6f and the rates for cyt
b6f and the terminal oxidases kb6f and kCOX lead to similar Fm and Fs levels. Note that the
simulated concentrations predict the behavior of the species during periods of darkness
between the first (last) pulse and the onset (ending) of background illumination, whereas
the original data matrix shows a gap because during such dark periods, effectively, no
measurement was carried out.

59

Chapter 3

Fig. 3.10. Spectral decomposition of fluorescence spectra of ΔPSI cells under microoxic conditions
exposed to high background light after 34 min dark adaptation shown in Fig. 3.5D (A) and simulated
concentrations (B) of PB-PSII-dimer complexes with open RCs (blue), with closed RCs and unquenched
(green) or quenched (gray). Black represents the sum of blue and grey, and is observed as SAS 1.

The challenge for the model is to now reproduce the behavior found in the other datasets
while tweaking only the parameters that reflect the conditions under which the
experiment was carried out. Between the experiments depicted in Fig. 3.2 and Fig. 3.3,
there are two main differences: the background light intensity increases by a factor of 9
and KCN-sensitive electron sinks are chemically blocked. The first parameter is adjusted by
inputting a different light profile, with the right background level. As for the action of KCN
on the sample, we decrease the kCOX parameter by an order of magnitude: this should
reflect, on the one hand, the fact that there is an overall decrease in the turnover rate of
terminal oxidases; but on the other hand, kCOX not being zero, accounts for the assumption
that the thylakoid membrane may harbor additional, non-KCN-sensitive electron sinks
(194). Such apparently minor changes already lead to Fig. 3.9B (changed parameters are
written in bold in Supporting Information Table S3.2). A higher background light intensity
leads to an overall increase of the c2 level. Additionally, a considerable drop in kCOX
translates in the inability to drain electrons from the PC pool which, then again, leads to
complete reduction of the PQ pool and a further increase in the Fs level, almost to the
point that saturation pulses barely stand out (almost no variable fluorescence detectable).
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Fig. 3.11. Spectral decomposition of fluorescence spectra of ΔPSI cells exposed to high background
light after 1 min of dark adaptation shown in Fig. 3.6D, top (A) and simulated concentrations (B) of
PB-PSII-dimer complexes with open RCs (blue), with closed RCs and unquenched (green) or quenched
(gray). Black represents the sum of blue and grey, and is observed as SAS 1.

If the signal decreases over time, it is because of the action of a quencher QX that forms
quenched complexes over time (solid gray curve) and is observed as the black SAS 1. The
deactivation of QX happens slowly enough that after turning the background light off, the
gray level lingers on.
The remaining QX explains why the black level in the last pulse of the KCN-treated
sample (Fig. 3.3C) decreases to 30% instead of zero. As a next step, we now restore the
kCOX parameter to its original value and decrease, instead, the concentration of O 2 by one
order of magnitude. The result is shown in Fig. 3.10: restoring kCOX is a sensible choice
given the magnitude of the observed variable fluorescence. Concomitantly, the absence of
O2 directly impacts the quencher kinetics (see the Supporting Information). Since nearly
no quencher is formed, the overall levels of both c1 and c2 remain fairly constant
throughout the experiment, as indeed observed. This would reinforce the hypothesis that
QX is operative in the presence of oxygen in order to hamper the formation of singlet
oxygen or any other ROS.
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Fig. 3.12. The redox state of the PQ pool predicted by the model for ΔPSI cells exposed to high
background light after 1 min of dark adaptation.

In principle, restoring the oxygen value to its original value should then describe the
experiment series shown in Fig. 3.6. This is illustrated in Fig. 3.11. The first striking
observation is that, although variable fluorescence and an overall decrease of the Fs level
in c2 are reproduced to some extent, the data shows particular moments in time where
fluorescence quenching sets in. The first decrease in c2 happens within the first 20-40 s of
background illumination and it is visible in all samples. Depending on the length of the DA,
a second phase sets in with c2 steadily decreasing until the end of the light protocol. There
are two clear exceptions: i) in the case of low background light and ii) in the microoxic
environment, the second phase does not set in. The current model, however, does not yet
explain how dark-adaptation relates to the specific evolution of the fluorescence spectrum
over time.
Nevertheless, the model does offer a prediction concerning the behavior of the redox
potential throughout the experiment: the redox state of the PQ pool (generally considered
as a key regulator in cyanobacteria; see e.g. (169)) follows the trend of the SAS2
concentration and is predicted to be much higher (Fig. 3.12) than reported for the wild
type under high light (139). This is in line with the high degree of reduction of the PQ pool
observed in this mutant by indirect measurements in similar light conditions (165). It is not
known whether the biochemical mechanism(s) of state transitions are still operative in the
PSI-deletion strain. The ease of modulation of the redox state of the PQ pool might
suggest they are; the actual regulatory parameter, however, may be the redox state of the
cyt b6f complex (139).
Beyond the rank 2 analysis
Further limitations to the model arise with data matrices of higher rank. Fig. 3.13 shows a
dataset where the fluorescence signal was acquired with another light protocol where the
sampling frequency of the saturation pulses was increased and with another batch of ΔPSI
cells. The response is highly dynamic and visual inspection of the singular value scree plot
already points out that, at least, a third component is clearly distinguishable from the
noise.
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Fig. 3.13. Spectral decomposition of fluorescence spectra of ΔPSI cells exposed to high background
light and ambient O2 after 1 min of dark-adaptation. (A) The SAS (black: SAS1; green: SAS2 red: SAS3)
obtained after transformation of the singular vectors. Panels B and C show a zoom view of the first
-2 -1
and last pulse. (D) Time profiles. Key: orange: 450 µmol photons m s ; black: darkness. The colored
bar on top illustrates the light regime with arrows indicating the beginning of a saturation pulse.
Inset: Average deviation in the sum of concentrations from unity.

Here too, the black and green are interpreted as a PB-PSII dimer complex with closed and
open RCs, respectively (compare with SASs in Fig. 3.6), and are almost entirely responsible
for the wiggling behavior of the signal during the first 50 s. The third (red) component
could be an intermediate state such as the one depicted in Fig. 3.1B where one RC in the
PSII dimer is closed but not the other. An alternative may include a PB-PSII complex with
closed RCs but able to alleviate the excitation pressure by transferring energy to e.g.
Flv2/4 (195), resulting in less back-transfer to PB which manifests as a less pronounced
660 nm emission than that of SAS2. None of these two interpretations would contradict
the behavior of the (red) time profile c3, which during the pulses decreases contributing
thus to the population of c2 (which systematically has maximal values during saturation
periods). However, both interpretations as well as the speculation that the contribution of
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the fourth singular value may be non-negligible present a scenario that goes beyond the
scope of the minimal model presented in this work.

3.4

Closing remarks

In the series of experiments that were all analyzed as independent rank 2 systems, the
two SASs are interpreted as follows: SAS2: PB-PSII complexes with closed RCs and SAS1 as
the same complex being quenched either photochemically or non-photochemically by an
Hlip-type quencher as illustrated in Fig. 3.7. Addition of KCN leads to almost vanishing
variable fluorescence and this decrease is attributed to the formation of a quenched
complex that, as Fig. 3.10 suggests, requires the presence of O2. The time behavior of the
quenched component in samples without DCMU is correlated with DA time. The longer
the cell performs respiratory activity in darkness the earlier does the quencher respond to
background illumination. This work comes to show that Synechocystis possesses an
impressive degree of plasticity when it comes to generating functional sinks for excitations
in the absence of PSI. The mechanisms revealed in this work could inspire future efforts
attempting to model more complex systems such as the wild-type organism.
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3.6

Supporting Information

Table S3.1. Average (of seven points) levels of c1 and c2 at three different spots of the light protocol:
first and last saturation pulses as well as average Fs level just before the background is turned off.
Final FS

First pulse
DA (min)
[Figure]

c1

c2

c1

Last pulse
c2

c1

c2

-2 -1

50 µmol photons m s

34
[2]

0.02

0.86

0.84

0.16

0.03

0.81

5
[S4]

0.03

0.97

0.84

0.16

0.07

0.93

1
[S4]

0.07

0.93

0.84

0.16

0.04

0.89

-2 -1

450 µmol photons m s
34(+KCN)
[3]

0.02

0.98

0.28

0.72

0.28

0.72

34(+N2/C
O2)
[5]

0.03

0.97

0.29

0.71

0.03

0.93

1(+N2/CO
2)
[S8]

0.01

0.99

0.34

0.55

0

0.84

34
[6D]

0.02

0.98

0.60

0.40

0.32

0.68

5
[6D]

0.02

0.98

0.56

0.44

0.31

0.69

1
[6D]

0.02

0.98

0.40

0.60

0.18

0.82
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Table S3.2. Key parameters of the model used to simulate the concentrations of the species depicted in
5

Fig. 3.7 under different conditions. Common parameters for all conditions are the rates (in s ) k L  10 ,
-1

kPQ  9 103 ,

kact  0.6 ,

6

4

k x,dec  0.02 , k
3.5 10 , kD  5 10 , kb6 f  0.104 and the
A

equilibration constants Keq  5 103 and Keq ,b 6 f  5 104 .

Conditions
[Figure]

kCOX
-1

(s )

rel. conc.

O2

-2 -1

50 µmol photons m s
O2+DA=34m [8B]

0.01

-3

4∙10

-2 -1

450 µmol photons m s
O2+KCN

[9B]
ΔO2

[10B]
O2+DA=34m

[11B]

66

-3

0.001

4∙10

0.01

4∙10

0.01

4∙10

-4

-3
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Objective Function
Definition of residuals to be minimized by the objective function:

residuals  Rm  Rs  Rc  RSmooth
whereby Rm stands for the deviation from a constant sum of concentrations, Rs increases
with negativity of the SAS, Rc increases with negativity of the concentration profiles and
RSmooth increases as the second derivative of the SAS increases.

 c  c


Rm,i

i

ti

ti

i

0

if SAS j  0

Rs , j   SAS
 j if SAS j  0


0 if c  0


ti
Rc ,i   c

ti if c  0
ti

 t

RSmooth   
i

2
SASi ( )
 2

The penalties are applied using a specific weight to each of the residuals’ criteria:
PENALTYTotal


w
i

m ,i

 Rm,i   ws , j  Rs , j   wc ,i  Rc ,i   w j 
j

i

j

2
  2 SAS j ( )

whereby i,j = 1,2,3
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Mathematical model
The mathematical model behind Fig. 3.7 is a system of ordinary differential equations that
considers the turnover rates of PS II, cyt b6f and terminal oxidases as well as the action of
light that is captured in the function (t ) yielding different levels of illumination as a
function of time. Part of it is similar to the model of Ebenhöh et al. (2014).
The rate of closing of open RCs (c0) by light (kL), which leads to a population increase in
closed RCs (c1), is:

vl ,0 kL  (t )  c0
The PQ pool (kPQ) is the main electron sink. An oxidized PQ pool, PQ(t), accepts PSIIgenerated electrons, thereby lowering the population of closed RCs (c1), but at the same
time, an equilibrium constant (Keq) is included; it considers an eventual back transfer to
the PSII due to a reduced PQ pool, PQH2(t), resulting in a decrease in the population of
open RCs (c0):
vPSII 
k PQ  PQ(t )  c1 

kQ
Keq

 PQH 2 (t )  c0

Additionally, the population c1 can decrease by the action of a quencher Qx . The
*

assumption is that Qx first has to be activated by light to Qx :

vQx 

kL
 (t )  Qx
kact

This excited state would also have an intrinsic decay rate kx,dec :

v
kx,dec  Qx*
x , dec
and as long as it lives, and provided reactive oxygen species are being formed, it attaches
(kA) to the PB-PSII complex (forming the species Qx,bound) thereby quenching its
fluorescence:

vx, A  k A  O2  PQH 2  Qx*  c1
where the probability for quenching is considered proportional to the concentration of
oxygen O2, the degree of PQ reduction (PQH2) and the population c1. The population of
quenched complexes c2 decreases as the quencher detaches:
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vx,
kD  c2
D
As for the electron acceptors for the PQ pool, the turnover rate of the cyt b6f complex is
assumed to increase as the PQ pool is reduced while the PC pool is strongly oxidized;
conversely, a strongly reduced PC pool, as well as low incoming electron flux from the PQ
pool slow down the rate of cytochrome b6f. This relationship is reflected in the following
expression:
2

PQ  PCred
vb 6 f  kb 6 f   PQH 2  PC 2 

K eq ,b 6 f






where PC is the fraction of oxidized plastocyanin and PCred the fraction of reduced
plastocyanin and Keq,b6f is an equilibrium constant specific to the cyt b6f. Finally, the linear
electron transport chain leads to terminal oxidases, summed up in the term kCOX, that
capture electrons from the reduced PC pool:

vCOX
 kCOX  PCred
Hence, the system of differential equations that we set out to solve is the following:

d
c1  vl ,0  vPSII  vx , A  vx , D
dt
d

c2 vx , A  vx , D
dt
d
(t ) vb 6 f  vPSII
PQ
dt
d
PC (t ) 
2vb 6 f  vCOX
dt
d *
Qx (t ) vQx  vx ,dec  vx , A
dt

with:

d
Qx ,bound (
t ) vx , A  vx , D
dt

c0 ctotal  c1  c2

Qx  Qtotal  Qx*  Qx,bound

69

4

Spectrally
decomposed
Synechocystis sp. PCC6803

dark-to-light

transitions

in

Alonso M. Acuña*, Pascal van Alphen*, Filipe Branco dos Santos, Rienk van
Grondelle, Klaas J. Hellingwerf, Ivo H.M. van Stokkum
*

Authors contributed equally to this work

Abstract
Photosynthetic activity and respiration share the thylakoid membrane in
cyanobacteria. We present a series of spectrally resolved fluorescence experiments
where whole cells of cyanobacterium Synechocystis sp. PCC6803 and mutants
thereof underwent a dark-to-light transition after different dark-adaptation (DA)
periods. The following mutants were used: i) a PSI-lacking mutant (ΔPSI) and ii)
M55, a mutant without NDH-1. For comparison, measurements of the wild-type
were also carried out. The study consists of spectrally resolved fluorescence traces
that were recorded over several minutes with 100 ms time resolution. The
excitation light was 590 nm so as to specifically excite the phycobilisomes. In ΔPSI,
DA time has no influence. In ΔPSI and dichlorophenyl-dimethylurea (DCMU)treated samples we identify three main fluorescent components: PB-PSII
complexes with closed (saturated) RCs, a quenched or open PB-PSII complex and a
PB-PSII ‘not fully closed’. We postulate that the flavodiiron proteins Flv2/4 might
form a pool of electron acceptors. For the PSI-containing organisms without
DCMU, we conclude that mainly three species contribute to the signal: a PB-PSIIPSI megacomplex with closed PSII RCs and i) slow PB→PSI energy transfer, or ii)
fast PB→PSI energy transfer and iii) complexes with open (photochemically
quenched) PSII RCs. Furthermore, their time profiles demonstrate a light-adaptive
response that we identify as a state transition. Our results suggest that
deceleration of the PB→PSI energy transfer rate is the molecular mechanism
underlying a state 2 to 1 transition.

This chapter has been submitted for publication.

Chapter 4

4.1

Introduction

Cyanobacteria possess a remarkable thylakoid membrane that contains both
photosynthetic and respiratory subunits. Photosynthetic activity is best described by the
so-called Z scheme (167, 191, 196). Input light interacts with pigment–protein complexes,
the phycobilisomes (PB), that absorb and transfer excitation energy downhill to a series of
cofactors until it reaches a particular pair of chlorophylls (Chls), the special pair, located in
the core pigment-protein complexes of photosynthesis: the photosystems (PS) I and II. The
special pair is excited to a charge transfer state (197) from which an electron is released
and, after being itself transferred through a series of cofactors, including primary electron
acceptor QA, it is expelled from PSII in the form of the twice reduced secondary electron
acceptor QB (PQH2) that physically wanders to the cytochrome b6f (cyt b6f). From there
electrons are shuttled to a small copper containing protein, the plastocyanin (PC), that can
deliver the electron to PSI. This, so-called, linear electron flow (LEF) finalizes with the
electron transfer from PSI to ferredoxin (Fd) and to the ferredoxin–NADP+ reductase (FNR)
which in turn catalyzes the reduction of NADP+ to NADPH (198).
Remarkable in cyanobacteria is that respiratory processes share some of the same
components: the plastoquinone (PQ) pool, the PC pool, the cyt b6f and the cytochrome
oxidase participate both in photosynthetic and respiratory activities (161, 168, 169, 199,
200). The respiratory subunits providing the electron input to the PQ pool are the type-I
and –II NADPH dehydrogenase, NDH-I and NDH II, and the succinate dehydrogenase
(SDH). NDH-I and SDH have been reported to be the main electron donors (165, 169). As
for LEF, PQH2 delivers the electrons to cyt b6f from where they either continue their way
to the cytochrome oxidase via the PC pool and accomplish respiration or, alternatively, get
shuttled to PSI and participate in cyclic electron flow (CEF) around PSI, which is a
mechanism by means of which the cell adjusts the NADPH/ATP production ratio. Thus, as
light input drops and photosynthetic electron flow stops, the PQ pool still serves as a
vehicle for electron transfer related to ongoing respiratory activity.
It has been reported that the flavodiiron proteins (FDPs) provide alternative electron
transfer pathways (201, 202) and are involved in photoprotection (195, 203, 204) although
the specific function of these heterodimers remains a controversial topic. The
cyanobacterium Synechocystis sp. PCC6803 (Synechocystis hereafter) has four FDPs: Flv1–
4. While the pair Flv1/3 is involved in photoreduction of O2 (194) after accepting electrons
from PSI, Zhang et al. (2009) reported plummeting levels of evolved oxygen in a mutant of
Synechocystis lacking Flv2/4 when exposed to high-light, making them more susceptible to
photoinhibition, and therefore, suggesting that Flv2/4 can supply PSII with an additional
channel for electron transfer to alleviate excitation pressure.
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Fig. 4.1. Visualization of putative fluorescent species in Synechocystis ordered along the scale of their
expected fluorescence quantum yield ϕf. Yellow arrows represent EET from the PB core to PS I or II,
their width indicates how efficient EET rate is the PB to the respective PS. An “X” stands for a closed
PSII RC. A: PB-PSII-PSI megacomplex efficiently quenched by both PSI I and II (open RC); B: CpcG2 type
of PB transferring energy to PSII; C: PB-PSII complex with open RCs, D: PB-PSII-PSI megacomplex with
a single RC closed and efficiently quenched by PSI and PSII; E: PB-PSII-PSI megacomplex with fast
energy transfer to PSI and closed PSII RCs; F: PB-PSII complex with a single closed RC; G. PB-PSII-PSI
megacomplex with slow energy transfer to PSI and closed PSII RCs; H: PB-PSII complex with closed
RCs; I: functionally uncoupled PB. (Adapted from (161))

Crucially, Bersanini et al. (2014) (205) found that overexpression of the flv4-2 operon in
Synechocystis led to improved PSII photochemistry and kept the PQ pool in a
predominantly oxidized redox state, providing unequivocal evidence that Flv2/4 acts as an
important electron sink at the PSII acceptor side. The authors also report that a fullyassembled phycobilisome is required for the stable expression of the electron sink
mechanism.
Extended periods (several minutes) of darkness are known to drive the cyanobacterial
cell towards a low fluorescence state denominated state 2 (178, 206-208). This state is
characterized by an increase of the effective antenna size of PSI. Exposing dark-adapted
cells to light drives a state 2 to 1 transition, typically within 10-30 s (51, 186, 209, 210).
State 1, is characterized by an increase in the effective antenna size of PSII, hence state 1
has a higher fluorescence yield (174). The cell is able to reversibly transition between state
1 and 2 (state transitions) depending on the light conditions in an effort to re-distribute
excitation energy between PSI and PSII. See (49) for an in-depth review on state
transitions.
This fluorescence study is an effort in disentangling these heavily intertwined energy
and electron transfer pathways. After exciting PB with 590 nm light, spectrally resolved
fluorescence traces were recorded over several minutes with 100 ms time resolution. The
following mutants of Synechocystis were used: i) a PSI-lacking mutant (ΔPSI hereafter) and
ii) a mutant without NDH-1 (M55 hereafter). For comparison measurements of the wild
73

Chapter 4

type (WT) were also carried out. In absence of PSI, the cell lacks linear electron flow and,
consequently, cannot produce NADPH, and it needs glucose to enable growth (180); also,
it presumably possesses additional photoprotective mechanisms related to
overexpression of the high-light inducible protein (Hlip) HliD (184, 185). By definition,
state transitions do not take place in ΔPSI. The M55 mutant, lacking the ndhB gene, does
not assemble the NDH-1 complexes (211). This is a highly disruptive mutation since it has
been reported to be involved in both respiratory and photosynthetic activities (200, 212).
Since NDH-1 serves as an electron acceptor for ferredoxin (Fd), it is involved in CEF, which
helps increase the PMF, leading to increased synthesis of ATP. The M55 mutant retains
the capacity to undergo state transitions (38). Furthermore, this mutant reportedly has
impaired CO2 uptake (213). In addition to the genetic disruptions, some samples have
been treated with dichlorophenyl-dimethylurea (DCMU), a common inhibitor known for
closing the PSII RCs as it blocks electron transfer from QA to QB.
Postulating what these fluorescence experiments might bring, Fig. 4.1 displays a
cartoon overview of putative fluorescent species that may play role in the experiments
reported in section 3. Beyond the evident species, i.e. the PB-PSII complex, a functional
PB-PSII-PSI megacomplex (Fig. 4.1A/E/G) and the CpcG2-type of PB (Fig. 4.1B) are
presented. The PB-PSII-PSI megacomplex has been isolated by Liu et al. (2013) (214) and
Kondo et al. (2009) (215), and Gao et al. (2016) have reported on the CpcG2 type of PB
(216). Chukhutsina et al. (2015) claim to observe such antenna in ultra-fast time-resolved
fluorescence experiments (217). Additionally, we explore the possibility of a PB-PSII dimer
complex with a single closed RC while the other remains open (Fig. 4.1D and F).

4.2

Materials and Methods

4.2.1
Cell cultures
Wild type Synechocystis was obtained from D. Bhaya (Stanford). Wild-type cells were
grown in a photobioreactor in turbidostat mode (growth rate ca. 0.05 h-1) at an optical
density at 730 nm (OD730) of 0.40 ±0.01, inoculated in modified BG-11 supplemented with
10 mM NaHCO3 and a 636 nm light intensity of 80 µmol photons m-2 s-1 as measured
outside the reactor, opposite and in the middle of the light panel.
The PSI-deficient mutant of Synechocystis (16) was a gift from C. Funk (Umeå
University, Sweden) and was stored at -80 °C in 15 % glycerol. Prior to preparing a liquid
culture, cells were streaked on BG-11 agar plates as described before (Chapter 3). The
plates were incubated in an incubator (Versatile Environmental Test Chamber MLR-350H,
Sanyo) with a humidified atmosphere of elevated CO2 (2 % v/v) kept at 30 °C. Incident light
intensity was reduced to below 5 µmol photons m-2 s-1 by covering the plates with layers
of paper. Liquid cultures were prepared by inoculating 25 mL modified BG-11 (BG-11-PC,
Chapter 2) supplemented with 10 mM glucose, 25 mM 1,4-Piperazinedipropanesulfonic
acid (PIPPS)-KOH buffered at pH 8.0, 5 µg/mL chloramphenicol in a 100-mL flask (FB33131,
Fisherbrand) and NH4Cl as nitrogen source (10 mM). The flasks were covered in multiple
layers of paper to reduce the incident light intensity to below 5 µmol photons m-2 s-1 and
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were placed in a shaking incubator (Innova 44, New Brunswick Scientific), equipped with a
custom LED panel containing LEDs of 632 nm (orange-red) and 451 nm (blue, both 8 nm
full width at half maximum) at 120 rpm and 30 °C.
The M55 mutant was a gift from T. Ogawa (Nagoya University, Japan) and was grown in
a chemostat kept at 30 °C, with a dilution rate of D = 0.027 h-1, 635 nm light intensity of
40 µmol photons m-2 s-1 and bubbled with 1 % (v/v) CO2 in N2.
4.2.2
Spectrally resolved fluorescence induction and data analysis
The multiple LED set-up described in Acuña et al. (2016), Lambrev et al. (2010) and
Chapter 3 was used as described in Chapter 3. Data analysis was performed as detailed in
Acuña et al. (2016) and expanded on in Chapter 3.

4.3

Results and discussion

First, we show results of the photosynthetically ‘simpler’ system, ΔPSI (which does not
contain any of the species depicted in Fig. 4.1A, D, E and G) after a series of DA periods.
Then, we move on to the PSI–containing samples of the strains M55 and WT, first showing
results of DCMU-treated samples with two different DA periods, then, a series of several
DA periods with intact cells in the absence of DCMU.
4.3.1
ΔPSI cells
The rank of the data matrices for all DA periods is at least three, which have been used to
perform a decomposition analysis (Fig. 4.2). Based on visual inspection of the F660/F680
ratio and the relative amplitudes (fluorescence quantum yield) of the SASs, they are
interpreted as follows: SAS3 (green) as a PB-PSII complex with closed RCs (Fig. 4.1H); SAS2
(red) could be a PB-PSII with a single PSII RC closed (Fig. 4.1F) or, alternatively, a PB-PSII
complex whose PSII RCs are ‘closed’ in the sense that the primary quinone is unable to
accept electrons but still transfers electrons to a Flv2/4 pool; and, SAS1 (black) as a PB-PSII
complex with PSII RCs open or quenched by HliP (50). The rationale behind the
interpretation of SAS2 lies in the decreasing c2 (red) during saturation pulses, as opposed
to the rising c3 (green) which is formed as more light is shone onto the sample.
Thus, despite the strong Chl a signature of SAS2, the organism demonstrates the ability
to close more RCs as c2 decreases. Indeed, c2 behaves as a partially ‘open’ species. The
capacity to keep PSII RCs open, we suggest, stems from the additional Flv2/4 pool.
Consequently, the very definition of ‘open’ would have to be extended; while hitherto
‘open’ exclusively referred to the PQ-pool ability to accept electrons from the PSII special
pair, we will hereafter refer to two types of mechanisms that contribute to alleviating the
excitation pressure on PSII RCs: pq-open when related to the capacity of the PQ-pool and
flv-open when related to that of the Flv2/4 heterodimer. The fluorescence is directly
proportional to the fraction of QA , and here we propose an additional route for the
electron to escape from the RC.
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Fig. 4.2. Spectral decomposition of six independent experiments with varying dark-adaptation (DA)
periods carried out on ΔPSI cells. For each condition, a zoom view of the first (last) pulse is depicted in
panels A, B, C, D, E and F (H, I, J, K, L and M). The full time profiles and corresponding SASs (shown as
right insets) are depicted on panel G. The colored bar on top illustrates the light regime:
-2 -1
450 µmol photons m s of 590 nm light (orange) or darkness (black). Left insets depict the deviation
in the sum of concentrations from unity.
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Fig. 4.3. Spectral decomposition of fluorescence spectra of M55 cells previously treated with DCMU
and no dark-adaptation. (A) The SAS (Red: SAS2; green: SAS3) obtained after transformation of the
-2 -1
singular vectors. (B) Time profiles. Key: orange: 450 µmol photons m s ; black: darkness. The
colored bar on top illustrates the light regime with arrows indicating the beginning of a saturation
pulse. Inset: The deviation in the sum of concentrations from unity.

Therefore, SAS2 (red) would correspond to a pq-closed but flv-open PB-PSII complex,
whereas SAS3 (green) would correspond to a pq-closed and flv-closed PB-PSII complex.
Most probably the SAS of a PB-PSII complex with PSII RCs open or quenched by HliP differ
slightly, which result in a data matrix of rank 4. Since the analysis is performed using the
main three components, it is not possible to describe the data matrix fully. This manifests
in the sum of concentrations shown in gray on the insets of Fig. 4.2. For short DA periods,
the sum of concentrations is close to flat. As DA increases, however, it becomes
increasingly difficult to obtain a fully flat pattern, especially during initial phases. Also,
while SAS2 and SAS3 give robust results, SAS1 because of its low ϕf provides the highest
uncertainty. Even though a quenched component is consistently required to minimize the
residuals, determining the exact shape and the F660/F680 ratio becomes non-trivial due
to only subtle changes in the sum of concentrations profile. Certainly, the optimization
routine may be compensating for the lack of the fourth component, in which case SAS 1
would be a mixture of the two quenched components.
Assuming so, this would explain that the c1 (black) decreases during pulses, as expected
for open complexes (Fig. 4.1C), while tending towards a baseline level of around 40 %
(Fig. 4.2). These results suggest the existence of two quenched components of similar SAS,
one of which is photochemically, the other non-photochemically quenched. Judging from
the deviations in the sum of concentrations, the fourth putative quenched component
plays a role predominantly during the first 30 s.
The fluorescence levels in ΔPSI show no systematic changes related to the DA periods
as opposed to the observations in rank 2 analyses (Chapter 3). This is probably due to a
crucial difference in the growth conditions of the different batches: while in previously
NaNO3 was used as the nitrogen source in the medium, here it was NH4Cl. The former may
result in a deficiency in nitrogen assimilation: reduction of NO3- to NH3 requires the direct
output of PSI, i.e. reduced ferredoxin.
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Fig. 4.4. Spectral decomposition of two independent experiments with two distinct dark-adaptation
(DA) periods carried out on M55 (left) and WT (right) cells. Panels A and B depict a zoom view into the
first and last pulse of M55 with DA = none. Panels C and D: M55, DA=8 min; E and F: WT, DA = none;
G and H: WT, DA=8 min.The panels I and J show the full time profiles. The corresponding SASs and the
deviation in the sum of concentrations from unity are shown as insets. The colored bar on top
-2 -1
illustrates the light regime: 450 µmol photons m s of 590 nm light (orange) or darkness (black).

Thus, in the absence of PSI, this reaction is hampered. Additionally, NH4Cl has a lower
‘electron cost’ than NaNO3 since NH4+ can be directly used for metabolic reactions unlike
NO3- which has to be first reduced to NH3 (a total of 8 electrons required). This may lead
to less of an overload in the electron transfer pathways of this mutant and, as a result, the
cell may need to undertake less regulatory mechanisms during darkness explaining why
different DA periods do not result in the systematic patterns observed in Chapter 3.
Nevertheless, the response is highly dynamic with none of the three concentration
profiles standing out for being the predominant one. The black component is interpreted
as a mixture of open PB-PSII complexes and a quenched species, presumably by HliPs, and
it shows surprisingly high levels of 20-30 %. The fact that the red component decreases
during saturation pulses indicates that complexes are closing. A possible explanation could
be, as introduced above, the presence of Flv2/4 pool that accepts electrons from Q A. An
alternative interpretation involves a PB-PSII complex with a single RC closed, as depicted
in Fig. 4.1F.
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Fig. 4.5. Spectral decomposition of six independent experiments with varying dark-adaptation (DA)
periods carried out on M55 cells. For each condition, a zoom view of the first (last) pulse is depicted
in panels A, B, C, D, E and F (H, I, J, K, L and M). The full time profiles and corresponding SASs (shown
as right insets) are depicted on panel G. The colored bar on top illustrates the light regime:
-2 -1
450 µmol photons m s of 590 nm light (orange) or darkness (black). Left insets depict the deviation
in the sum of concentrations from unity.
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4.3.2

M55 and WT cells treated with DCMU

Reduced data matrix
We inspect the first 15 s of the data (rank 2) matrix. After transformation of the singular
vectors we obtain the SASs shown in Fig. 4.3A (for consistency with other figures, referred
to as SAS2 and SAS3 in red and green, respectively). The corresponding concentrations are
shown in Fig. 4.3B. Therein, the fluorescence signal is dominated by SAS3 as evidenced by
the high c3 (green in Fig. 4.3B) levels. As the measurement was carried out using the
inhibitor DCMU, we infer that this must be a species with closed PSII RCs. However, as
argued by Acuña et al. (2016) before, the F660/F680 is larger in PSI–containing systems
presumably due to EET supplied to PSI which is arranged in a PB-PSII-PSI megacomplex
conformation (214). Thus, SAS3 is interpreted as a PB-PSII-PSI megacomplex with closed
PSII RCs. The second species (SAS2, in red) is also a highly-fluorescent one with a
somewhat lower fluorescence yield and compared to SAS3, lacking some 660 nm (PB)
emission.
The two concentrations show correlated increase/decrease during the saturation
pulses, after which the FS level of c2 (red) is fully restored (ca. 15 %). This opening/closing
behavior may be counter-intuitive since DCMU inhibits QA→QB electron transfer leading to
the assumption that all the RCs are closed and therefore, no open species should be
observable. We hypothesize that DCMU ensures that all RCs are pq-closed, but that
alternative electron transport via the Flv2/4 pathway would remain accessible. In other
words: the complexes are pq-closed but flv-open. Furthermore, this mechanism is likely to
bypass QB as DCMU treatment does not lead to flv-closure, but further experiments are
required to further test this hypothesis. Independently from the proposed mechanism,
this experiment reveals that even when cells have been treated with DCMU, a certain
number of PSII RCs can still be fully (i.e. pq + flv) closed when light intensity increases.
Consequently, this number of closable RCs was flv-open before the saturation pulse was
applied. The two SASs obtained in this section are used as a guide for the analyses of rank
3 systems presented in the following sections.
Full data matrices of DCMU-treated samples
Full matrices are all of rank 3. The full analyses of WT and M55 cells pre-treated with
DCMU and after two different DA periods are shown in Fig. 4.4I and J. The three SASs are
shown as the insets and two of them, SAS2 and SAS3, are in good agreement with the ones
shown in Fig. 4.3A. Additionally, a quenched species (black) is present in all samples. The
interpretation of SAS3 (green) is a PB-PSII-PSI complex with fully (pq+flv) closed RCs. Here
again, SAS2 (red) has a quenched 660 nm emission relative to SAS3 and this is interpreted
as a PB-PSII-PSI complex that is pq-closed but flv-open. SAS1 (black) is interpreted as a
species quenched by HliP, which may be flv-open or flv-closed. Saturation pulses are still
able to close a certain fraction of PSII RCs as manifested in the decrease of both c1 and c2.
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Fig. 4.6. Spectral decomposition of six independent experiments with varying dark-adaptation (DA)
periods carried out on WT cells. For each condition, a zoom view of the first (last) pulse is depicted in
panels A, B, C, D, E and F (H, I, J, K, L and M). The full time profiles and corresponding SASs (shown as
right insets) are depicted on panel G. The colored bar on top illustrates the light regime:
-2 -1
450 µmol photons m s of 590 nm light (orange) or darkness (black). Left insets depict the deviation
in the sum of concentrations from unity.
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Interestingly, the fraction that can be closed in M55 is smaller than in WT, suggesting that
a fully assembled NDH-I unit (in the presence of DCMU) contributes to efficiently
alleviating excitation pressure on PSII. As for the time profiles, we read the following: for
8 min dark-adapted samples, c1 shows a slight increase suggesting that formation of the
quenched species (black) is favored in darkness. This is valid for both M55 (cf. Fig. 4.4A
and C) and WT (cf. Fig. 4.4E and G). Also visible on these panels is the fact that WT forms
more of the quenched species as compared to M55. Note that c1  c2 systematically for
M55 as background light sets in. This ratio is reversed for the WT. Moreover, while M55
very quickly finds a steady-state level that varies little over time, WT shows an
equilibration phase of ca. 10 s during which the quenched species decreases and then
levels off.

Fig. 4.7. Zoom-view into the first minute of the light protocol for WT and the M55 mutant. The profile
c2, corresponding to megacomplexes with slow PB to PSI energy transfer is shown for all DA periods.
Background illumination sets in at t = 7 s. Immediately afterwards, three intervals are indicated: A:
first 300 ms; B: 300 ms < t < 13 s and C: 13 s < t. A is characterized by a rapid population increase and
decrease presumably due to closure of a single RC followed by a population of c 3 (Fig. 4.9), B is
characterized by a steady increase reaching a maximum and during C the profiles decline steadily
again. In the case of M55 cells, long DA times display a longer period of steady increase, B 2, reaching a
maximum value at t = 20 s.

4.3.3
M55 cells without DCMU
The full analyses of M55 cells that have undergone different dark-adaptation periods are
shown in Fig. 4.5. The SASs are interpreted as follows: SAS3 (green) as a PB-PSII-PSI
complex with moderate EET from PB to PSI and fully (pq + flv) closed PSII RCs (see
Fig. 4.1G and Fig. 4.4I), SAS2 (red) as a PB-PSII-PSI megacomplex with fast energy transfer
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to PSI and with pq closed PSII RCs (see Fig. 4.1E), and, SAS1 (black) as a PB-PSII(-PSI)
complex with fully open PSII RCs (see Fig. 4.1A). EET from PB to PSI most probably occurs
via ApcD (218) and depending on whether it is slow or fast, more or less 680 nm light is
able to escape. This would explain the strong decrease in the F660/F680 ratio which
serves as a proxy for how much excitation light was ultimately trapped by PSI. The
corresponding concentration profiles also show interesting dynamics: unlike the DCMUtreated samples, the shape of the pulses resembles much less that of a step function (cf.
Fig. 4.4C and Fig. 4.5A); take for instance c3 which after reaching a maximum within the
first 200-300 ms, decreases as much as 10 % within the duration of the pulse. This
suggests efficient electron transfer from PSII to the PQ pool and subsequent re-opening of
PSII RCs. The behavior of c2 is of particular interest: while for short DA periods, during the
first pulse, c2 tends towards zero. For DA = 8 min, c2 averages to 5 %, and it increases to
14 % and 19 % for DA = 21 and 34 min, respectively. Hence, darkness favors the formation
of the species SAS2. Seemingly, this occurs at the expense of the species SAS 3 only. Thus,
for longer DA periods, c2 (c3) has a larger (smaller) initial concentration and, as background
light sets in, it continues to gradually increase (decrease) during the first 10–20 s resulting,
for long DA periods, in a momentarily larger concentration of SAS 2 than SAS3. Then, c3
tends to a FS level of ca. 40 % and it restores that level quite consistently regardless of the
initial conditions.

Fig. 4.8. Zoom-view into the first minute of the light protocol for WT and the M55 mutant. The profile
c3, corresponding to megacomplexes with fast PB to PSI energy transfer is shown for all DA periods.
The decrease in the initial concentration values correlates with increasing DA periods. This is
interpreted as a state 1 to 2 transition. Background illumination trigger a state 2 to 1 transition which
results in a relative increase of ca. 20 %.
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We attribute this behavior to a state 2 to state 1 transition. Furthermore, the c1 FS value is
also ca. 40 % in all experiments, thus the background light is only able to close 60 % of the
PSII RCs. In both WT and M55, DA favors the formation of a megacomplex in which fast
energy transfer from PB to PSI (see Fig. 4.1E) is ensured (214), consequently increasing its
antenna size and ultimately affecting the ratio CEF/LEF.
In DCMU–treated samples (Fig. 4.3), the reversibility of the signal induction suggests
that no photoinhibition occurs. Rather, we interpret the additional closure to be that due
to the Flv2/4 pool (flv-closure). Although the exact binding site and rate are still unknown
for Flv2/4, the assumption in this case would have to be that Q B is not involved in the
electron transfer. Instead, we observe a quenched 660 nm emission which would align
well with the observations by Bersanini et al. (2014) that point towards Flv2/4-related
activity with concomitant phycobilisome co-operation. Indeed, even the properties of a PB
“super core” as recently proposed by Zlenko et al. (2017) might be required (219).
Furthermore, as manifested in the lower FS levels of c3 in WT, the amount of flv-closure is
ca. 20 % larger (for both DA periods) in the WT than it is M55. This directly points at a role
of NDH-I in keeping the PQ-pool reduced (220). Certainly, there must be additional
acceptors to Flv2/4 that explain why, despite NDH-I dysfunction, the RCs are not fully flvclosed in M55. Spectrally resolving the fluorescence signal of DCMU pre-treated cells of a
Δflv2/4 mutant would help solidifying this hypothesis.
4.3.4
WT cells without DCMU
The full analyses of WT cells that have undergone different dark-adaptation periods are
shown in Fig. 4.6. The SASs are interpreted as in the previous section. Also in this series of
experiments, the initial c2 increases with longer DA periods, and, as visible from the first
pulse of every experiment (see Fig. 4.6A–F), it reaches up to 40 % for DA=34 min. As
background illumination sets in, the levels of open and closed complexes (black and green)
are similar. For all experiments, the concentration c1 (open complexes) also shows a
relatively steady level throughout the whole period of background illumination only
decreasing during saturation pulses. Similar to the M55 mutant, the initial c2 and c3,
depend on DA.
4.3.5
Time dependence in M55 and WT cells without DCMU
Without DCMU, i.e. with unblocked quinone acceptors, the F660/F680 of SAS2 greatly
increases evidencing the efficient pq-reopening of RCs. Also, the time profiles, especially c2
and c3, are much more dynamic. Fig. 4.7 and Fig. 4.8 show c2 and c3, respectively, during
the first minute of the light protocol. In Fig. 4.7, the zoom view of c2, which corresponds to
the concentration of a PB-PSII-PSI complex with fast energy transfer to PSI, reveals roughly
three different phases: as background illumination sets in, there is a quick equilibration
that happens within 300 ms and that we refer to as phase A. During this phase, the c2
profile quickly decreases until a minimum value is reached while c3 shows a correlated
increase, as observed during the first data points of the saturation pulse applied in
darkness.
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Fig. 4.9. Left: Selection of SASs from experiments with DA = 34 min. The spectra have been
normalized relative to the PB emission at 640 nm. Key: green: SAS3 in WT; light green: SAS3 in M55;
red: SAS2 in WT; orange: SAS2 in M55; light green dashed: SAS3 in ΔPSI. Right: Zoom-in of the first
minute of the experiment. The inferred fluorescent species are shown as an inset and correspond to
Fig. 4.1E and G.

We conclude that this is due to opening/closing of RCs which means that SAS 2 has a hybrid
nature. A possible explanation could be that the PB-PSII-PSI megacomplex with fast energy
transfer to PSI and pq-closed (Fig. 4.1E) goes from flv-open to flv-closed within these first
300 ms of illumination.
The phase B (7.5 < t < 13 s) is characterized by a progressive increase of c2 meaning that
the cell first works on decreasing the excitation pressure on PSII by increasing the energy
transfer to PSI. This may be interpreted as an effort to increase CEF around PSI. In the WT,
this phase consistently lasts ca. 5 s for all DA periods. After reaching a maximum, c2 enters
a phase C of steady decline attributed to state 2 to 1 transition and which leads to an
increase in PB-PSII-PSI complexes with slow energy transfer to PSI (see Fig. 4.1G). In M55,
however, long DA periods result in a delayed state 2 to 1 transition (see Fig. 4.7). For DA of
1, 3, 5 and 8 min the phase B1 is as long as the phase B observed in WT, but for DA = 21
and 34 min (orange and red in Fig. 4.7), the phase B2 extends until t = 20 s. Seemingly,
once a certain number of megacomplexes with fast PB→PSI energy transfer has been
formed and with a lacking NDH-I unit, which plays a role in CEF, the cell needs a longer
time to reach the convenient CEF/LEF ratio before triggering a state 2 to 1 transition.
In Fig. 4.8, the concentration profiles of PB-PSII-PSI complexes with slow energy
transfer to PSI (c3) are shown. The first peak illustrates their decreasing concentration
(state 1 to 2 transition) assumed to be due to the membrane’s re-arrangement during
darkness related to respiratory activity. Based on the stoichiometry published by Moal and
Lagoutte (2012) that suggests a highly dense packing of pigment-protein complexes in
Synechocystis, we speculate that the membrane’s conformational change during darkness
could be a ‘ruffling’ of the membrane which would yield an even denser packing favoring
fast energy transferring PBs. Physical re-distribution of the complexes could result in
slowing down the EET rate to PSI.
A summary illustration is given in Fig. 4.9, which shows traces for DA periods of 34 min
exclusively. The spectra shown have been normalized relative to the 640 nm phycocyanin
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emission which is expected to be the same in all samples. For comparison, SAS 3 from ΔPSI
is also shown, where the small F660/F680 ratio comes to be through the intense Chl a
emission that peaks at 680 nm. This result confirms the analyses of independent
measurements in the ΔPSI carried out in a set-up in Třeboň, CZ (see Fig. 7 in Acuña et al.
(2016)). Moreover, the F660/F680 ratio is consistently lower (cf. SAS2 and SAS3) in the
M55 mutant than in the WT, which points at a larger amount of energy back-transferred
to PB in M55, which may be due to the hampered CEF in M55. While the FS levels of c2 and
c3 are similar in both WT and M55, clearly, c3 (c2) reaches higher (lower) FM values in the
M55 mutant. This is consistent with the idea that a fully assembled NDH-I enhances the
ability of the cell to cope with a high number of excitations. While in the DCMU (pqclosure) results discussed in section 4.3.2, this expresses in the form of lower FS levels in
the WT, in Fig. 4.9, the FV values are systematically lower in the WT, i.e. the saturation
pulses are able to (pq+flv) close less efficiently the RCs of the WT than those of the M55,
thus evidencing that, under the same illumination conditions, the WT manages to keep
more RCs (pq+flv) open than M55 does, in agreement with the conclusions of DCMUtreated cells.

4.4

Concluding remarks

We have presented a series of experiments during which WT and mutants thereof
undergo a dark-to-light transition after being prepared under different conditions. The
data matrices have been analyzed as rank 3 systems. Two major findings are presented:
first, from the DCMU experiments we conclude the existence of a pool of PSII electron
acceptors additional to the PQ pool. We postulate that the Flv 2/4 proteins build such a
pool. The presence of such a pool implies that a PSII RC is fully open when it is both pqand flv-open and the reverse. In the DCMU experiments, the FS levels suggest PSII RCs that
are in the state ‘pq-closed/flv-open’ (Fig. 4.4). Moreover, the PSII→Flv2/4 electron
transfer mechanism i) may require a high energy back transfer rate to the PB and ii)
increases its efficiency with a well-functioning NDH-I complex which points to a possible
(so far unknown) electron acceptor to the Flv2/4 heterodimer.
A fundamental assumption in this reasoning implies that electrons transferred to the
Flv2/4 pool bypass the secondary quinone QB. Second, we postulate that SAS2 in Fig. 4.6 is
a PB-PSII-PSI megacomplex with fast EET to PSI and pq-closed. A slow EET to PSI results in
SAS3 in Fig. 4.6. During darkness, the thylakoid membrane may ‘ruffle’ leading to a more
tightly packed ensemble of pigment-protein complexes favoring fast EET of PB to PSI. This
would be the state 1 to 2 transition. With the onset of photosynthetic activity, the
membrane ‘stretches’ and the pigment-protein complexes re-distribute over the
membrane leading to the loosening of the PB-PSI coupling and ultimately slowing down
EET. This, in turn, would be the state 2 to 1 transition. This interpretation aligns well with
the generally accepted idea that state transitions are a mechanism by means of which the
energy inputs to PSI and PSII are optimized resulting in a low (state 2) and in a high (state
1) fluorescent state. With the current spectral and time resolution of the set-up, we do
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not see any evidence for CpcG2-type of PB nor uncoupled PB. Furthermore, it is also not
possible to resolve PB-PSII-PSI megacomplexes and PB-PSII complexes when PSII RCs are
(either pq- or flv-)open. Though this study may provide important hints of the molecular
mechanism of state transitions, further studies involving multiple excitation wavelengths
could help establishing the precise relationship between the LEF/CEF ratio and the
molecular triggers of state transitions.
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Sustained circadian rhythms in continuous light in
Synechocystis sp. PCC6803 growing in a well-controlled
photobioreactor
Pascal van Alphen and Klaas J. Hellingwerf
Abstract
The cyanobacterial circadian clock has been well-studied and shown to be both
robust and a dominant factor in the control of gene expression in Synechococcus
elongatus PCC7942. In Synechocystis sp. PCC6803, the circadian clock is assumed to
function similarly, yet appears to control transcription to a far lesser extent and its
circadian rhythm was reported to not be sustained, or at least rapidly damped,
under continuous illumination. One of the feedback loops that govern the clock in
S. elongatus in addition to the core oscillator, i.e. the transcriptional-translation
regulation loop hinging on KaiC-dependent expression of kaiBC, appears to be
missing in Synechocystis which would account for this difference. Here, we show
that the clock in Synechocystis fulfills all criteria of a circadian clock: 1) a freerunning period of approximately 24 h 2) temperature compensation and 3) being
able to be entrained. A remarkably stable rhythm is generated despite the fact that
the organism grows with a doubling time of less than 24 h in a photobioreactor run
in turbidostat mode. No damping of the free-running circadian oscillation was
observed in 2 weeks, suggesting that the clock in individual cells stays synchronized
within a culture despite the apparent lack of a transcriptional-translation
regulation loop. Furthermore, the dependence of chlorophyll synthesis on the
presence of O2 was demonstrated.

This chapter was published as:
van Alphen, P and KJ Hellingwerf. 2015. Sustained Circadian Rhythms in Continuous Light in
Synechocystis sp. PCC6803 Growing in a Well-Controlled Photobioreactor. PLoS One. 10:e0127715
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5.1

Introduction

Many organisms have a circadian timing mechanism to cope with daily fluctuations in light
and nutrient availability and temporally separate mutually incompatible processes (221).
The cyanobacteria are the only known phylum of prokaryotes to have a circadian clock,
though there is evidence for the presence of circadian rhythms in other Bacteria (222) and
Archaea (223). Circadian clocks must fulfill three criteria to be called as such: 1) a period of
approximately 24 h in the absence of environmental cues (the so-called free-running
period); 2) compensation for environmental changes, most prominently temperature, to
keep this period at approximately 24 h and 3) the ability to be entrained by environmental
cues (zeitgebers) and maintaining its phase relationship with the zeitgeber (224, 225).
In Synechococcus elongatus PCC7942 (Synechococcus), a free-running, temperaturecompensated period of approximately 24 h was observed for many physiological
phenomena, including gene expression and chromosome compaction (226-229). This
showed that a prokaryote can contain a fully functional circadian clock and Synechococcus
has since become the model organism to study the cyanobacterial circadian clock (19).
The core oscillator of this circadian clock is a posttranslational regulation mechanism that
has been shown to consist of just three proteins, KaiA, KaiB and KaiC, and is even able to
generate a rhythmic phosphorylation/dephosphorylation cycle of KaiC when reconstituted
in vitro (230). In addition to the core oscillator, a transcriptional-translational regulation
(TTR) loop couples the phosphorylation state of KaiC to the transcription of kaiBC, thereby
introducing a negative feedback loop in which KaiC controls its own production. This TTR
loop has been shown to be particularly important for maintaining synchrony within a
population (231, 232). Even though homologs of cyanobacterial clock genes have been
found in multiple Bacteria and Archaea, complete kaiABC gene clusters are only found in
cyanobacteria (233, 234).
A cyanobacterium that is of particular interest is Synechocystis sp. PCC6803
(Synechocystis). This is the commonly used model organism in photosynthesis research
due to its ability to heterotrophically grow on glucose, even in almost constant darkness
(132). What makes it interesting for clock research is that in addition to a kaiABC gene
cluster (kaiAB1C1), it contains an extra kaiBC operon (kaiB2C2) and another copy of both
kaiB (kaiB3) and kaiC (kaiC3), but appears to be missing the promoter in-between kaiA
and kaiB1C1 as in Synechococcus (235). The bioluminescence technique of expressing
luciferase under the control of a clock-regulated promoter, first applied to Synechococcus,
yielded similar results in Synechocystis, indicating a functional circadian clock (236, 237).
However, the resulting rhythm was much more rapidly damped than in Synechococcus
(236). Of note is the observation that dark-adapted Synechocystis growing in
heterotrophic conditions showed a circadian rhythm in continuous darkness (DD), but was
unable to phase-reset, due to rapid damping of bioluminescence after a light pulse (237).
As the functioning of the bioluminescence reporter system also depends on other factors
besides promoter activity, it is possible that these were effects of the conditions chosen
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rather than of the circadian clock of Synechocystis. Additionally, it should be noted that
the bioluminescence experiments were done with bacterial colonies on solid medium,
which makes it challenging to precisely control the physiology of all cells involved.
Circadian rhythms of transcript levels of Synechocystis, cultivated in liquid medium,
were investigated by Kucho et al. in 2005 and recently by Beck et al. in 2014. Kucho et al.
showed circadian oscillation of 2-9 % of the genes in continuous light (LL) after
entrainment by a single pulse of 12 h darkness (238). Re-analysis of the data in a study
comparing Synechococcus with Synechocystis showed an even lower percentage of
significantly oscillating transcripts (239). The recent study of Beck et al., however, showed
no sustained oscillation in either continuous light or darkness, and only weakly oscillating
transcripts in a 12 h/12 h light/dark regime (LD) (240). Whether the oscillation damped
over time in either study was not investigated, given that sampling was only done over
48 h. These findings seem quite divergent, which can possibly be explained by the
experimental conditions selected. In the work of Kucho et al., a continuous culturing
system was used, whereas Beck et al. used a batch culture. Other than that, however,
culturing conditions (medium, illumination, temperature) were similar. Kucho et al.
reported a circadian rhythm in growth rate, in addition to that found in various transcript
levels, suggesting that despite the low number of oscillating genes identified, a freerunning phenotype was observed. Conversely, Beck et al. observed very slow growth with
no apparent rhythm. In contrast to Synechocystis, long-term sustained circadian oscillation
has been reported in Synechococcus (241).
Here, we show that sustained, temperature-compensated free-running rhythms can be
induced in Synechocystis under precisely controlled growth conditions, as evidenced by
oscillations in growth rate, chlorophyll content and indirectly through dissolved oxygen
and carbon dioxide levels, pH, and chlorophyll and phycobilisome fluorescence excitation.

5.2

Results and Discussion

5.2.1
The circadian clock in Synechocystis sp. PCC6803
In order to establish whether or not Synechocystis has a circadian clock, a Synechocystis
culture growing in a photobioreactor (PBR) in turbidostat mode was subjected to
12 h/12 h light/dark (LD) entrainment (Fig. 5.1). Entrainment followed a period of
continuous illumination (LL) in which a steady state was reached. During the entrainment
period, no growth was observed in the dark and a varying growth rate was observed in the
light, which peaked in the afternoon of the subjective ‘day’. After 48 h in LD, a freerunning period followed in which oscillation of growth rate with a period of approximately
24 h (i.e. 24.1 ±0.1 h) was maintained at the same phase angle relative to the rhythm of
the zeitgeber, indicating that an endogenous time-keeping mechanism operates in this
organism. This phase relation held, independent of the time point of the actual day at
which the experiment was started.
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Fig. 5.1. Entrainment and free-running of a Synechocystis sp. PCC6803 culture in continuous culture in
a photobioreactor. An unsynchronized culture was used to inoculate the photobioreactor
approximately 140 h before entrainment, of which the last 12 h in continuous light are shown as the
first 12 h. The culture was entrained by two periods of 12 h/12 h light/dark and subsequently
subjected to continuous light. Dark periods are indicated by a grey background and solid dark bars.
Subjective ‘night’ in continuous light is indicated by striped bars. Shown are the growth rate (red
circles, left axis), the ratio of OD680/OD720 (green line, right axis) as measured by the photobioreactor,
including the fit thereof (dashed line, right axis). Growth rate was calculated from the OD 720
measured by an integrated photocell in-between pump events using µ = (Δln(OD720))/Δt. Growth rate
data points are plotted in the middle of each pump cycle.

Other parameters, such as dissolved oxygen (dO2), dissolved CO2 (dCO2) level, pH, PS-II
fluorescence emission excited by phycobilisome (Ftred) and chlorophyll excitation (Ftblue),
and OD680 displayed similar oscillatory behavior, though not all were at the same phase
angle as the growth rate (Fig. 5.2). Particularly, relative chlorophyll content, of which the
OD680/OD720 ratio is a proxy, peaks shortly after subjective dawn; a phase-advance of
approximately 6 h with respect to the peak in growth rate in the subjective afternoon.
Interestingly, this phase-advance of a quarter of a period with respect to the chlorophyll
content approximates the derivative of growth rate. Ft blue, originating solely from
chlorophyll, is slightly out of phase with the total amount of chlorophyll, indicating that
PS-II assembly and (non-) photochemical quenching lags chlorophyll synthesis. Ft red, on the
other hand, which predominantly originates via the phycobilins, is less-well correlated and
peaks even before Ftblue, indicating that phycobilisome (PBS) content, state transitions
and/or dissipation mechanisms are not or only slightly affected by the circadian clock.
However, at 33 °C, Ftred correlates well with chlorophyll content and peaks after Ft blue
(Supporting Information Fig. S1). The amplitude of each oscillation as a percentage change
with respect to the mean is shown in Fig. 5.3. For most parameters, the amplitude is fairly
small (within ±5 % of the mean), except growth rate which oscillates between ±15 % of the
mean. The highest overall growth rate was seen in the light period of LD, which may be
due to preparatory activity during the night which is either not done, or not possible, in
continuous light (240).
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Fig. 5.2. Pearson’s correlation of growth rate with other culture parameters.
Most parameters peak together with growth rate in the circadian cycle. Notably, relative chlorophyll
content (OD680/OD720, light green circles), fluorescence emission from chlorophyll excitation (Ft blue,
blue line with crosses) and phycobilisome excitation (Ftred, red diamonds) do not. The data shown
here are of the same culture as in Fig. 5.1. A value of 1 indicates a perfect positive linear correlation, 0
the absence of correlation and -1 perfect negative correlation. Note that the phase shift is obtained
from sliding along the data points (i.e. growth/dilution cycles), which do not all represent the same
time interval due to differences in growth rate. Shown further: pH (cyan squares), dissolved O 2 (green
upward triangles) and dissolved CO2 concentration (purple downward triangles).

Another important property of a circadian clock is that a period length of approximately
24 h is maintained at different temperatures. Fig. 5.4 shows that the oscillations in the
free-running clock of Synechocystis fulfill this requirement, with a measured period length
of 24.8 ±0.1 h at 27 °C, 24.1 ±0.1 h at 30 °C and 23.6 ±0.3 h at 33 °C. This leads to a Q10
value of 1.1, which is similar to that of Synechococcus (226).
5.2.2
Circadian oscillation in Synechocystis is robust and highly
synchronized
After ~114 h in LL, turbidostat control was stopped to allow approximately a doubling of
cell density before rapidly diluting the culture to within the chosen turbidostat thresholds
(Supporting Information Fig. S2). The dashed line represents the fit to the last three
periods before releasing turbidostat control, extended to the end of the experiment.
Apart from the introduction of an upward trend in relative chlorophyll content, the period
was unaffected by this perturbation. The feedback regulation of the relative chlorophyll
content is visible as it converges on the value of the predicted rhythm. During this period
of batch growth, the OD680/OD720 ratio increased beyond the predicted peak, but was
instantly reduced upon dilution to a value well above that predicted by the fit (Supporting
Information Fig. S2, inset). This indicated non-linearity of the OD measurements caused
the ratio to shift further than expected from the physiological response. To test whether
or not this non-linearity affected the observed oscillations, the turbidostat thresholds
were chosen such that it approximates a chemostat with almost constant dilution and
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OD720. In this period, between 350 h and 429 h, no growth rate data are available as a
consequence of near-constant dilution, however, the lack of any effect on the OD680/OD720
ratio shows that in the chosen turbidostat range, non-linearity of the measured ODs did
not affect the observed oscillation. It appears as if the circadian oscillation was slightly
damped during the first two days of LL, but this can be explained by the smaller amplitude
of the oscillation, compared to LD, due to lacking the night of LD to prepare for growth in
the light. A relatively high peak in growth rate, OD680/OD720, etc., is always seen after a
period of darkness.

Fig. 5.3. Relative amplitude of circadian oscillation. Shown are data from the free-running period
following entrainment from the same culture as in Fig. 5.1. Subjective ‘night’ in continuous light is
indicated by striped bars. Each data point represents the average of a measured parameter inbetween pump events. The time-weighted average of all data points after the first 24 h of continuous
conditions (i.e. 84-162 h) was used to normalize each parameter to 1. All data points are plotted midcycle. Shown are growth rate (red circles), dissolved O 2 (dark green line) and dissolved CO 2
concentration (purple line), Ftred (dark red line), Ftblue (blue line), pH (cyan line) and the OD 680/OD720
ratio (light green line).

Besides having a fully functional circadian clock that affects important physiological
parameters like growth rate, chlorophyll synthesis and photosynthesis, it is striking that
the free-running oscillation is maintained for almost three weeks, with no apparent
damping in constant conditions. In Synechococcus, sustained oscillation is observed that
can last for months (241, 242). This sustained oscillation, i.e. synchronization of the clock
of each cell, was shown to be governed by a transcriptional-translational feedback loop,
involving a KaiC-dependent promoter, located in-between kaiA and kaiBC (232).
Disruption of this feedback loop causes a rapid loss of synchrony between cells in a culture
and is postulated to also be required at generation times shorter than 24 h to counteract
the effective degradation of clock proteins by cell division and protein degradation (231,
232). Recent analysis of the transcriptome of Synechocystis revealed that a similar
promoter is not present in the latter organism (235), yet oscillation is evidently highly
synchronized and sustained in its cultures, with a generation time well below 24 h.
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5.2.3
Oxygen is required for chlorophyll synthesis
In Fig. 5.1, a striking difference is visible between the chlorophyll content trace during
darkness of the second ‘night’, compared to the subjective ‘night’ during free-running in
LL. In darkness, no increase in relative chlorophyll content was observed, except for a
short period after the onset of darkness during which oxygen was not yet fully removed,
and rapid synthesis started when the light was turned on.

Fig. 5.4. Temperature dependence of the free-running period of the circadian clock.
The data are based on at least two independent experiments. For 30 °C, three independent
experiments were averaged. Error bars show the SD. The temperature dependence, Q 10, of the period
of the free-running circadian clock was calculated using a rate of 1 per period.

Conversely, a sinusoidal pattern of net synthesis and degradation was seen in continuous
light. This can be related to either the presence of light or the presence of oxygen, both of
which are absent only in darkness, or a lack of energy in the absence of both. In
biosynthesis of chlorophyll, the oxidation of protoporphyrinogen to protoporphyrin IX is
oxygen-dependent in plants, but not in anoxygenic photosynthetic bacteria (243).
Interestingly, the homolog of the protein catalyzing this reaction that is present in
Synechocystis suggests that an oxygen-independent bacterial variant is present instead of
the oxygen-dependent plant and algal enzyme. In order to test the dependence of
chlorophyll synthesis on O2, an LD rhythm was imposed in its presence and absence
(Fig. 5.5). A clear difference, depending on the presence/absence of O2, was observed. In
its absence, the chlorophyll content was approximately stable at a slightly higher level (i.e.
OD680/OD720 ≈ 1.7 during the first 48 h) than when O2 was present in the dark
(OD680/OD720 ≈ 1.65). In its absence, no change in chlorophyll content was observed in
darkness, followed by rapid synthesis in the light. Furthermore, from the data displayed in
Fig. 5.5 it stands out that during the first night in the presence of O2 the highest net rate of
synthesis of chlorophyll is observed, followed by a slow decrease in average chlorophyll
content. The reverse trend was seen when the culture was subsequently switched back to
nightly periods of anaerobiosis. The difference in average chlorophyll content may be
explained by the involvement of feedback regulation, causing accumulation of
biosynthetic intermediates in the absence of O2, and incidentally causing a slight
overshoot in chlorophyll content with the onset of illumination and, consequently, the
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presence of O2. If the lack of O2 in the subjective night during LD is integrated into the
regulation of chlorophyll synthesis, the presence of O2 in subjective night of LL may also
account for the slightly larger amplitude seen in the first 12 h of LL.

5.3

Conclusions

Here, we show that Synechocystis has an authentic circadian clock that fulfills all criteria
and maintains a free-running circadian rhythm in continuous light with minimal damping
that lasts well over two weeks, which is in contrast to earlier reports that showed either
strongly damped or no oscillation in continuous illumination conditions (237, 240). Our
approach of measuring multiple parameters simultaneously in a continuous culture with
precisely defined growth conditions allowed for the detection of small amplitude
oscillations and their underlying relation. Kondo & Ishiura remarked that often, damping
of the oscillation is attributed to culturing conditions that do not allow for sustained
oscillation to be assayed, rather than a property of the oscillator itself (244). In the case of
Synechocystis, the amplitude of all measurable oscillations – except growth rate – is small
(Fig. 5.3), which suggests that in most previous research, these oscillations were probably
hidden in the noise, while growth rate was not precisely monitored. This interpretation is
supported by the observation of Kucho et al. that growth rate oscillated rhythmically,
despite identifying few oscillating transcripts. Circadian rhythms are sustained despite
perturbations of growth conditions such as cell density (which also affects light
availability), showing the robustness of the clock.

Fig. 5.5. Chlorophyll content under 12 h/12 h dark/light regime in the presence and absence of O2.
Shown are the OD680/OD720 (green line, left axis), OD720 (black line, right axis), dissolved O 2
concentration normalized to the air-saturated concentration (blue line, right axis) and growth rate
normalized to the median (red circles, right axis). The inset on the right shows an enlargement of the
time window from 288 h to 312 h in which sparging was stopped and started as indicated by the
arrows. The blue line shows a gap where the dissolved oxygen concentration exceeded the measuring
range of the probe. Dark periods are indicated by a dark bar.

Even though the small amplitude may explain the low number of oscillating transcripts
found in the works of Kucho and Beck, this does not account for the lack of sustained
oscillation found by Beck et al. in the transcripts that were found to oscillate in LD. The
culturing conditions (i.e. continuous growth) employed in the present study are similar,
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though unlikely to be identical, to those of Kucho et al., and very different from those of
Beck et al., which may explain the similarities and discrepancies between those results
and the ones reported here. However, it begs the question of why the conditions chosen
by Beck et al. do not allow for a sustained free-running circadian rhythm and why no
gradual damping was observed as expected in the case of unsynchronized oscillators. A
possible explanation is that very slow growth, as observed by Beck et al., disables the clock
under continuous light which is supported by earlier observations of van Thor (198).
We chose a background of N2 to mimic mass culture conditions in which anaerobic
conditions may prevail during the night (e.g. when CO2 from an anaerobic digester or
industrial off-gases supply the CO2), which is a major difference with previous work.
However, the data from Fig. 5.5 indicate that anaerobiosis in the night does not influence
the circadian rhythm and further emphasizes the robustness of the circadian clock in
Synechocystis. Additionally, by utilizing a photobioreactor with precisely controlled growth
conditions and measurements rather than bioluminescence, it is possible to follow
oscillations over time in anaerobic and micro-aerobic conditions.
Precisely because of the sensitivity of the on-line measurements, it is critical to exclude
that periodic variations in external conditions (e.g. room temperature) are the actual
cause of the observed oscillation. No such effect was found. Neither starting entrainment
at various points of the actual day or, alternatively, completely covering the PBR with dark
cloth, nor changing pump rate and turbidostat range (Supporting Information Fig. S2) had
any measurable effect on the period of oscillation or the phase relationship with the
zeitgeber.
The sustained, remarkably undamped oscillation shown here raises many questions. It
was convincingly shown in Synechococcus that a TTR loop is required to maintain
synchrony between cells in a (fast-) growing culture (231, 232), but the lack of a promoter
in-between kaiA and kaiB1C1 makes this particular TTR unlikely to be the case in
Synechocystis (235). Furthermore, transcript levels of kaiAB1C1 were shown to
accumulate to similar amounts in the same phase (240). The specific Synechocystis strain
used in the study of Beck et al. does differ from the strain used in this study. However,
they reported no clock-related mutations compared to the originally sequenced strain,
which is a close relative of our strain (12).
An explanation might be found in the additional homologs of the clock genes that were
found in Synechocystis, though this seems unlikely. Recently, Dörrich et al. showed
impaired growth in a ΔkaiAB1C1 mutant under LD, whereas a ΔkaiC3 mutant had a
phenotype identical to that of the wild type (245). Additionally, kaiC2B2 could not be
deleted which indicates they are not involved with the core oscillator and may be an
unrelated operon with homology to kaiBC such as found in many non-cyanobacteria (19).
Earlier work showed that KaiC2 and KaiC3 do not interact or co-purify with KaiA, further
suggesting that there is no link to the clock components (246). Even though the circadian
rhythm in Synechocystis seems remarkably similar to that of Synechococcus, its regulation
appears to differ in a critical component and is of great interest for further research.
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Intercellular communication with respect to the clock has been shown not to occur in
Synechococcus (241), but in Cyanothece sp. ATCC 51142, spontaneous rhythms were
observed in late stationary phase or when exchanging fresh medium for spent medium
(247).
The presence of oxygen appears critical for the synthesis of chlorophyll. Despite having
homologs of oxygen-independent enzymes for various steps in the pathway (243, 248), it
is evident that chlorophyll synthesis in Synechocystis depends on the presence of O2,
which may have implications for large-scale photobioreactors employing O2-poor gas
mixtures.

5.4

Materials and Methods

5.4.1
Growth conditions
Wild type Synechocystis sp. PCC6803 (a glucose-tolerant derivative, obtained from D.
Bhaya, Department of Plant Biology, Carnegie Institution for Science, Stanford, USA) was
grown in modified BG-11 medium (145) in a photobioreactor (model FMT 150.2/1000,
Photon Systems Instruments, hereafter called PBR) in continuous light prior to the start of
an experiment. BG-11 was modified along the lines of YBG-11, by replacing ammonium
ferric citrate and citrate by 15 µM FeCl3·6H2O and increasing EDTA Na2·2H2O to 15 µM
(138). Na2CO3 was omitted altogether as CO2 was supplied either by sparging the PBR with
CO2 or by separate addition of NaHCO3 to batch cultures. This was done to avoid iron
precipitation in the medium-supply vessel during prolonged cultivation and had no
measurable effect on growth rate or yield.
The PBR is a temperature-controlled flat-panel type photobioreactor with a working
volume of approximately 960 mL, which is illuminated by an LED panel from one side and
is described in greater detail in (249). The lid of the PBR accommodates a combined
pH/temperature probe, a Clark-type dissolved O2 (dO2) probe and a potentiometric
dissolved CO2 (dCO2) probe (all Mettler-Toledo). The integrated densitometers measure
optical density (OD) at 720 and 680 nm and were used to control cell density (OD720) and
measure relative chlorophyll content (OD680/OD720). Measurements of all sensors were
recorded at one-minute intervals. The LED panel contains red (636 nm, 20 nm full width at
half maximum) and blue (445 nm, 18 nm full width at half maximum) LEDs, set to an
intensity of 100 and 25 µmol photons/m2/s, respectively. This light intensity was
measured outside the PBR, at a central point opposite the LED panel with the culture
vessel in place and filled with fresh medium.
A constant supply of CO2 was provided by sparging the medium with 0.5 % CO2 (v/v) in
N2, mixed by a gas mixing system (GMS150, Photon Systems Instruments). The gas flow to
the PBR was 150-500 mL/min depending on the sparging characteristics of the particular
PBR, controlled by a mass flow controller (Smart Mass Flow Model 5850S, Brooks
Instruments). The PBR was inoculated to approximately OD730 = 0.1, as measured on a
bench-top photospectrometer (Lightwave II, Biochrom; OD730 = 1 ≈ 108 cells/mL) using a
pre-culture routinely cultivated in modified BG-11 medium supplemented with 5 mM
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NaHCO3 at moderate illumination (~30 µE/m2/s cool white fluorescent light) (68). The
culture was subsequently grown to steady state, defined as a constant growth rate and
dO2. The OD720 as measured by the PBR is calibrated to the bench-top photospectrometer
OD730 to maintain the OD730 at approximately 0.6 in turbidostat mode. The OD720
thresholds for the turbidostat were chosen ±2 % of the target OD720. Upon inoculation of
the PBR with growing Synechocystis cells, dO2 first peaks and subsequently declines, as the
culture grows to the target optical density of 0.6. This, and an increase in growth rate at
higher light intensity, indicated that these were light-limited growth conditions for the
organism. Entrainment of the circadian clock to a 12 h/12 h light/dark (LD) rhythm was
done in a 48 h period and was followed by a period of free-running in continuous light (LL).
Temperature was kept constant at 30 ±0.2 °C.
5.4.2
Data analysis
The cell density measurements per growth cycle (i.e. OD720 in-between the set thresholds)
were used to quantify the specific growth rate of a given cycle using Equation (1),
(1)
In order to account for noise spikes that disturb the cycle (e.g. causing the pump to start
early), the average was taken over four time periods, each one minute further away from
the thresholds into the cycle. The dilution rate could not be used as the pump speed
depended on the condition of the pump tubing, which degrades over time. The period of
the oscillation observed during free running was analyzed using non-linear regression and
the solver of Excel (Microsoft) described in (250). The OD680/OD720 ratio as proxy for
chlorophyll content was fitted to a sine function with parameters for amplitude, period,
phase shift, offset and slope. This ratio is unaffected by the turbidostat regime and could
be used without further processing. A parameter for slope was added to account for a
trend in the data. Initial parameters were derived from the data to obtain an approximate
fit which was further refined by the solver. The first 36 h of continuous light were ignored,
because of the difference in amplitude between LD and LL. For the correlation of growth
rate to other measured parameters, Pearson’s correlation coefficient was calculated using
the average of a given parameter per growth cycle. This was done by comparing the full
range of cycles at phase shift 0. A phase shift was then obtained by selecting a subset of
cycles such that the start of the compared parameter was shifted by the desired number
of cycles with respect to the growth rate.
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Abstract
Investigating the physiology of cyanobacteria cultured under a diel light regime is
relevant for a better understanding of the resulting growth characteristics and for
specific biotechnological applications that are foreseen for these photosynthetic
organisms. Here, we present the results of a multi-omics study of the model
cyanobacterium Synechocystis sp. PCC6803, cultured in a lab-scale photobioreactor
in physiological conditions relevant for large-scale culturing. The culture is sparged
with N2 and CO2, leading to an anoxic environment during the dark period. Growth
follows the availability of light. Metabolite analysis performed with 1H Nuclear
Magnetic Resonance analysis, shows that amino acids involved in nitrogen and
sulfur assimilation show elevated levels in the light. Most protein levels, analyzed
through mass spectrometry, remain rather stable. However, several high-lightresponse proteins and stress-response proteins show distinct changes at the onset
of the light period. Microarray-based transcript analysis finds common patterns of
~56 % of the transcriptome following the diel regime. These oscillating transcripts
can be grouped coarsely into genes that are up-regulated and down-regulated in
the dark period, respectively. The accumulated glycogen is degraded in the
anaerobic environment in the dark. A small part is degraded gradually, reflecting
basic maintenance requirements of the cells in darkness. Surprisingly, the largest
part is degraded rapidly in a short time span at the end of the dark period. This
degradation could allow rapid formation of metabolic intermediates at the end of
the dark period, preparing the cells for the resumption of growth at the start of the
light period.
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6.1

Introduction

Understanding cyanobacterial physiology in a diel environment is of interest to
understand circadian regulation in general and for the utilization of these organisms in
biotechnological applications. Our exploration of the effect of a diel light cycle on a
cyanobacterial culture started with the wish to investigate the response of the cells’
metabolic network to the imposed repetitively fluctuating environment, considering
future biotechnological applications. The attractiveness of employing a photosynthetic
organism in industrial biotechnology is that it can harness the energy from the sun, even
though this energy is available only in a dilute and intermittent fashion. Utilizing
cyanobacteria for large-scale product formation will benefit from a high cell density
provided the trade-off of self-shading stays within reasonable bounds. Industrial-scale
cultures of cyanobacteria growing in large-scale closed photobioreactors are envisioned to
be fed by CO2-rich exhaust gases from combustion engines and/or anaerobic digesters.
Such culturing conditions may result in a microaerobic or an anoxic environment when
photosynthesis stops in darkness.
Most biotechnological applications of cyanobacteria are based on the use of synthetic
biology to re-route intermediary metabolism, such that heterologous production
pathways allow formation of a preferred product 251. Intermediary metabolism forms a
highly interconnected network, initiated by nutrient influx and governed by multiple layers
of regulation. Whether engineered metabolic routes result in high rates of product
formation depends on the metabolic flux capacities, proper regulatory signals and the
availability of the intracellular substrate(s). Hence, the productivity of cyanobacteria is
highly dependent on the changes of their metabolite levels and/or regulation of
metabolism during the daily cycle (71, 252-254. Rhythms of the metabolism are affected
by the light/dark transitions but also by the circadian clock, both with distinct
effects (255). Disentangling those influences will benefit the optimization of
cyanobacterial production systems. Cyanobacteria, such as Synechocystis sp. PCC6803
(hereafter: Synechocystis) are oxygenic photoautotrophic microorganisms that can be
modified to produce a wide range of products (256-258). Accordingly, CO2 can be
invested, via the cyanobacterial metabolism, as the carbon substrate for sustainable
production of biofuels, bulk chemicals, etc., thus generating CO2-neutral energy carriers
and commodity chemicals (22). Consequently, there is an interest in the large-scale
growth of these organisms, in the compounds contained in their biomass, as well as in
compounds excreted into the growth medium (259). So far, excreted products,
synthesized via heterologous pathways, typically are precursors to bioplastics (e.g.
butane-diol and lactic acid (68, 74)), biofuels (e.g. ethanol and butanol) (260) and
secondary metabolites and flavor compounds such as vitamins and terpenes (261, 262).
In this study, wild type Synechocystis cells were grown in continuous culture in a
turbidostat-controlled lab-scale photobioreactor, sparged with a mixture of N 2 and
CO2 (249). The culture was subjected to a diel rhythm of 12 hours light, 12 hours darkness
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(LD), which resulted in rapid oxygen depletion during the dark period. These are
conditions that mimic the conditions of mass culturing in a large-scale closed
photobioreactor, equipped with a degassing system and sparged with off-gases originating
from the combustion of fossil fuel (263) or an anaerobic digester (264). To achieve high
cell densities, high light intensities are needed which, depending on geographical location,
may regularly exceed the cells photosynthetic capacity (especially at mid-day in full
sunlight). Such a changing environment, specifically with respect to the primary source of
energy (light), and the lack of oxygen in the dark period, may have a strong influence on
the metabolic state and metabolic efficiency of cyanobacteria; the organism for instance
will have to react to the anoxic environment by fermentation, to cover the energy
requirement for cellular maintenance (252, 265).
To understand these physiological responses in more detail, we set out to investigate
the metabolome, proteome and transcriptome of such cells from samples taken at time
points close to the changes of light availability, to study the immediate response and
subsequent adaptation to the diel regime. The most striking observations that were made
will be discussed in detail.

6.2

Materials and Methods

6.2.1
Strain and pre-culture conditions
A pre-culture of the glucose tolerant wild type strain of Synechocystis sp. PCC6803 (strain
obtained from D. Bhaya, Stanford) was incubated in BG-11 medium (Sigma, St. Louis, MO,
USA) and grown at 30 °C in a shaking incubator at 120 rpm (Innova 43, New Brunswick
Scientific, Enfield, CT, USA). Cultures were illuminated with constant moderate light
provided by 15 W cool fluorescent white lights (F15T8-PL/AQ, General Electric, CT, USA).
The resulting light intensity was 30 µmol photons/m2/s measured with a LI-250 light meter
(LI-COR, Lincoln, NE, USA). Prior to the experiments in the photobioreactor (see below), a
100 ml pre-culture was cultivated in BG-11 medium in a 300 ml Erlenmeyer flask. To
assure that an axenic culture was used, an aliquot of the culture was spread on BG-11
plates and on LB plates (solidified with 1.5 % w/v agar). Plates were incubated at 30 °C and
screened for three consecutive days for potential contaminants. BG-11 plates were
supplemented with 10 mM TES-KOH (pH 8), 5 mM glucose and 0.3 % sodium thiosulfate.
6.2.2
Photobioreactor (PBR)
The Synechocystis pre-culture (see above) was used to seed two FMT-150
photobioreactors (Photon System Instruments, Brno, Czech Republic, hereafter PBR) with
100 ml culture each. This study makes use of the ~1 L vessel model FMT-150, that is
temperature controlled and illuminated from one side by blue- and red-light emitting
diodes (LEDs) (249). Growth was monitored by the integrated densitometer as optical
density measured at 735 nm (OD735). Culture medium was BG-11 (Sigma). Continuous gas
mixing was provided by the Gas Mixing System GMS150 (Photon System Instruments,
Brno, Czech Republic) set to 0.5 % CO2 / 99.5 % N2, coupled to mass flow controllers
(Smart Mass Flow Model 5850S, Brooks Instruments, PA, USA) to supply 0.5 l/min to each
103

Chapter 6

PBR. The CO2 influx provided an excess of (inorganic) carbon and clamped the pH in the
preferred range of 7.5-8.0. The temperature was kept at 30 ±1 °C. The lid of the PBRs
accommodated a pH electrode, a Clark-type dissolved dO2 electrode and potentiometric
dissolved dCO2 electrode (Mettler-Toledo).
The light regime applied by the LED board provided 12 hours illumination and 12 hours
darkness in square-wave cycles (LD). The culture was kept at OD735 of 0.8 ±0.01, as
measured by the integrated densitometer at 735 nm and regulated by turbidostat control.
This value corresponds to ~2.57 ±0.05 as determined at OD730 in a bench-top
spectrophotometer with 1 cm path length (Lightwave II, Biochrom, Cambridge, UK) and
this was kept constant over multiple consecutive days of LD regime (Supplemental
Material, Fig. S1-4). The pump coupled to the turbidostat control attached to the medium
reservoir was set to 5.6 ml/min, resulting in a ‘saw-tooth’ pattern in the OD reading from
the repetitive influx of medium when the upper bound of the threshold is reached until
the medium pump is stopped again at the lower bound. The slope in-between the pump
intervals was used to determine the growth rate. The two vessels were illuminated with
LED arrays consisting of blue (445 nm, 18 nm full width at half maximum (FWHM), and
458 nm, 16 nm FWHM, respectively) and red (for both PBRs: 636 nm, 20 nm FWHM) LEDs
(249). The LED boards provided 500 µmol photons/m2/s of each wavelength to the culture
vessels. Less than 5 % of the light-input was measured at the opposite side of each vessel,
probably implying a light-limited growth regime for the whole population (149).
After an initial period of continuous illumination, to reach the target cell density rapidly
(i.e. a couple of days), the LD regime was applied over a period of one week, until a quasisteady-state was reached. Quasi-steady-state was judged from the optical density
measurements and visual inspection of the recurring patterns of OD 735 and OD680, the
ratio of which was used as a measure for chlorophyll content (Supplemental Material,
Fig. S2). Next, over a period of 10 consecutive days, samples were taken for metabolite
analysis. Thereafter, within three consecutive 24-hour periods samples for protein
analysis, glycogen determination, and dry cell weight (gram dry weight, gDW)
determination were taken (for sampling time points see Fig. 6.1 and S1). The repetitive
signal-output patterns of the two PBR systems (OD735, OD680, dO2, dCO2, pH and
temperature) were essentially identical for the whole duration of the experiment
(Supplemental Material, Fig. S2-4). The dO2 and the OD680 signal showed slightly
decreasing amplitude during the initial 1-week period that was used to establish a quasisteady-state. This signal stabilized, however, before the sampling took place
(Supplemental Material, Fig. S2A and S3).
For growth rate determination, a best fit based on an exponential equation was derived
from the OD735 signal, in between the pre-set thresholds for the turbidostat control, which
controls the supply of fresh medium (Supplemental Material, Fig. S2). For the
identification of the first actual growth phase after the shift to the light period the lower
threshold effectively indicates the end of the lag phase. It should be noted that the rapid
drop of the OD735 signal at the onset of the dark period is an artifact of the optical-density
104

Culturing of Synechocystis sp. PCC6803 with N2/CO2 in a diel regime

measurement, caused by the temperature change of the equipment, due to switching-off
of the light (data not shown). Likewise, the rapid increase of the OD735 signal at the onset
of illumination is caused by the reverse effect.
For the metabolite analysis 50 ml cell suspension was harvested for each NMR-sample
(~18 mg dry weight). Sampling five times per 24 h period results in the removal of 250 ml
of culture (from a total of 1 L), which still allows a stable growth regime over multiple
subsequent days (Supplemental Material, Fig. S2-4). About 270-300 ml of new medium is
pumped-in each 24 h period which, under this chosen regime, compensates for the
removal of culture and allows for the continuous culturing. We selected 9 (PBR1) and 10
(PBR2) consecutive days for NMR sampling, respectively, to have enough replicates for the
statistical analysis.
6.2.3
Glycogen analysis
Rapid sampling from the PBRs for glycogen determination was performed as follows:
about 5 ml of cell suspension from the vessel was harvested through a sampling port with
a syringe into a 15 ml tube. For samples from the dark period the tubes were covered with
aluminum foil. Aliquots of 2 ml cell suspension (technical duplicates for each PBR) were
pelleted by centrifugation at 14,000 rpm and 4 °C for 5 min (in a pre-chilled centrifuge).
The supernatant was removed carefully and the remaining wet pellet was stored at -20 °C
for batch processing at a later time point. Glycogen was determined essentially as
described before (266), employing the D-Fructose/D-Glucose assay kit (Megazyme)
adapted for use in a 96-well plate reader. Cell pellets were re-suspended in 200 μl KOH
(5.35 M) and hydrolyzed for 90 min at 95 °C in a thermomixer at 500 rpm. For glycogen
precipitation, 600 μl of cold ethanol (absolute, Scharlau) were added to previously cooled
samples and placed on ice for 2 hours. The insoluble glycogen was pelleted by
centrifugation at 14,000 rpm at 4 °C for 5 min (in a pre-chilled centrifuge), and washed
twice with cold ethanol. The remaining pellet was supplemented with 300 μl acetate
buffer (200 mM, pH 5.2) and 50 μl amyloglucosidase (Roche) dissolved in acetate buffer
and incubated overnight at 55 ºC under constant agitation. Samples were centrifuged at
5,000 rpm at room temperature for 1 min and the glucose concentration was determined
with the D-Fructose/D-Glucose assay kit (Megazyme) according to the manufacturers’
instructions. The amount of glycogen was normalized to the gDW.
6.2.4
Dry cell weight measurements
For the determination of the dry cell weight, for each PBR, two subsequent aliquots of
25 ml of the culture were harvested into the same 30 ml pre-weighted glass tubes. The
cell suspensions were pelleted by centrifugation at 10,000 rpm at room temperature for
10 min. The supernatant was removed carefully without disturbing the pellets after which
the cell pellets were dried overnight in a stove at 110 °C. The tubes were subsequently
weighted.
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6.2.5
HPLC analysis of supernatant samples
We analyzed the external medium of the culture for potentially excreted fermentation
products. Given a total volume of 1 L for the culture in the PBRs, which has
0.36 ±0.01 gDW (Fig. 6.1C), then 5.1 % of this (the maximal difference in glycogen content
of the cells, Fig. 6.1E) is 18 mg. Hence, 18 mg of a C6 compound (such as glucose, the
building block of the polymer glycogen) could have been mobilized from the internal
glycogen storage. If invested into a C6 excretion product (for example glucose) we could
expect a concentration of 0.1 mM in the extracellular medium. However, in supernatant
samples from the five time points, we did not detect any of the common fermentation
products such as lactic acid, acetic acid, formic acid, etc.; all of which have a detection
limit of 50 μM on our HPLC system (data not shown). This was tested as follows: 1 ml
supernatant samples were treated with 100 μl of 35 % perchloric acid (Merck), incubation
on ice for 10 min and neutralized with 50 μl of 7 M KOH (Merck). After thorough mixing,
the precipitate was removed by centrifugation for 2 min at 12,000 rpm and filtration
(Sartorius Stedin Biotech, minisart SRP4, 0.45 μm). Separation of organic acids and
alcohols was achieved with a Rezex ROA-Organic Acid H+ (8 %) column (Phenomenex) at
45 °C using a flow of 0.5 ml/min. A refractive index detector (Jasco, RI-1530) and AZUR 4.5
Software (Datalys) was used for detection.

6.3

Results and Discussion

A multi-omics approach was used to characterize the cellular physiology of Synechocystis
over a diel light cycle in quasi-steady-state. Such a quasi-steady-state, which refers to no
change from cycle to cycle, was obtained by growing Synechocystis in a photobioreactor
(PBR) with turbidostat control with 12 hours illumination and 12 hours darkness. The PBR
enabled automatic acquisition of growth data through the integrated densitometer
measuring optical density (OD) at 680 and 735 nm, as well as frequent sampling for
glycogen content. For metabolite, transcriptome and proteome analysis (see
Supplemental Material, Materials and Methods) as well as sampling for dry cell weight
and protein content, we chose to focus sampling around the time point of the shift from
the light period to the dark period. This was motivated by the findings of Kucho et
al. (238), which indicated significant changes in gene expression (thus indicating
hierarchical regulation) at the transition from subjective day to subjective night under
continuous light conditions in an entrained culture.
6.3.1
Growth is dynamic and exclusive to the light period
The slopes in OD735, arising from growth in between the pump-intervals (compare
Supplemental Material, Fig. S1), allow determination of the growth rate in the respective
time windows (Fig. 6.1A). With the exception of some outliers, the growth rate varies
between 0.015 and 0.030 h-1 (which correspond to doubling times of ~40 and 20 h,
respectively), following a distinct pattern over the light period. After the dark period and a
lag phase without growth (Supplemental Material, Fig. S1), the first time window that
allows growth rate determination shows a growth rate of ~0.020 h-1. The growth rate then
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increases over the course of the light period, peaks early in the second half of the light
period (~8 h after light onset) and decreases towards its end, at which point the growth
rate has decreased to 0.015 h-1. Thus, the growth rate shows an ‘arc-like’ shape as a
function of time in the 12 h light period, even though the light intensity and the OD735 (and
dry weight (DW)) are constant during this time (Fig. 6.1B and C). This dynamic growth rate
is certainly expected for an experimental setup as presented for Synechocystis in e.g.
Labiosa et al. (267), where a dimming schedule to simulate an actual diel cycle (achieved
by sinusoidal illumination) was used. However, a similar pattern for the growth rate arises
here, despite our use of square-wave light/dark cycles. Therefore, although we do not
simulate light availability and intensity according to natural diel settings, we observe the
same growth behavior suggesting that corresponding physiological parameters will be
comparable to past studies. Similarly, though phase-advanced with respect to the growth
rate, the OD680/OD735 ratio, which is indicative of chlorophyll content, increases and
subsequently decreases over the course of the day (Supplemental Material Fig. S2B). This
oscillation can be explained by the circadian clock, which Synechocystis is equipped
with (236, 237). We have recently shown this pattern of growth rate and chlorophyll
content to also occur in an entrained culture in continuous light conditions (148).

Fig. 6.1. Growth characteristics of a turbidostat-controlled culture treated with a repetitive diel light
regime of 12 hours light and 12 hours dark. (A) Growth rates, calculated by linear regression of logtransformed OD735, changes during the growth phases in the light. Data from multiple days (1 week)
for both PBRs are shown. Depending on the starting OD at the beginning of each light period, this
results in 5 to 9 consecutive pumping/non-pumping intervals. The respective X-axis value is chosen
from the end time point of the time window of the non-pumping interval. (B) Average optical density
showing a stable signal at the dedicated sampling time points. (C) The cell dry weight shows a rather
stable value. For all: dashed vertical lines represent the time points of sampling for dry weight,
metabolite, protein and transcript analysis. For B: Values are the average and standard deviation
derived from the biological replicates (nbiol=2). For C: Values are the average and standard deviation
derived from the biological replicates (nbiol=2) and two technical replicates (ntech=2). Note the split Yaxes for B, and C.

6.3.2

Metabolite, proteome and transcript data place nitrogen and sulfur
assimilation into the light period and indicate hierarchical
regulation
To see whether the observed pattern of growth rates is reflected in the acquired omics
data, we used statistical analysis to evaluate the different omics profiles. Multivariate data
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analysis employing a supervised method, partial least square discriminant analysis (PLSDA) of the metabolite signals from the 5 time points collected (in Fig. 6.1, the dashed
vertical lines represent the time points of sampling), shows significant changes of the
metabolite profile over the 24 hour period (Supplemental Material Fig. S5). Next, we
aimed at finding proteins that change in time and share a biological function, annotated in
the cyanobacterial sequence information repository Cyanobase (268). By performing
ANOVA on the set of all quantified proteins (Supplemental Material, Table S1), we
identified 45 proteins that showed a significant change in at least one of the five
consecutive time points (p-value < 0.05) (Supplemental Material, Table S2).

Fig. 6.2. Dynamically changing metabolites over the L/D cycle. Selected identified metabolites from
the NMR analysis. Intensity values are normalized to the value of the first sampling time point in the
light period. Mean and Standard Error of the Mean (SEM) are shown.

We refer to those 45 proteins as the changing proteins. The results from the enrichment
analysis for a biological function of this set can be found in Supplemental Material
Table S3. The ANOVA-based transcript analysis of the Microarray data revealed that
approximately 56 % of the genes probed show a time-dependent change (p-value < 0.05)
(Supplemental Material, Table S4).
If both a metabolite and the corresponding enzyme change in parallel with its gene
transcript, hierarchical control can be assumed, whereas if a metabolite changes without a
change in the corresponding protein level, metabolic control can be assumed for the
altered flux through the pathway under consideration. Based on the variable importance
in the projection (VIP) scores (compare Supplemental Material, Fig. S6 and Table S5) the
metabolites that showed the largest changes were compared to the proteins involved in
their respective metabolism, though the overlap between the metabolites identified
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(Supplemental Material, Table S5) and proteins quantified (Supplemental Material,
Table S1) is small. This comparison shows that from glutamate and glutamine metabolism,
which are among the most dynamic metabolites in this study, two enzymes have been
identified in the proteome analysis of this study: the glutamine synthases GlnA (Slr1756)
and GlnN (Slr0288). GlnA is also present in the list of 45 changing proteins (Supplemental
Material, Table S2, p-value 0.020) and its transcript is in the list of significantly changing
genes (Supplemental Material, Table S4, p-value 0.007), showing strong downregulation in
the dark (see entry slr1756 in the Supplemental Material, Table S4). Inspection of the GlnA
protein levels at the sampling time points shows that it decreases by ~20 % during the
course of the light period and remains at the lower level in the dark period, whereas GlnN
protein levels show no significant change (see entry Slr0288 in the Supplemental Material,
Table S1). GlnN is mainly induced under nitrogen limiting conditions, explaining the low,
stable levels observed (269). GlnA catalyzes the conversion reaction from glutamate to
glutamine, thereby branching off intermediates from the TCA cycle. The down-regulation
of both the GlnA protein levels and the transcript levels correlates with the trend of
decreasing glutamine levels in the dark period and this enzyme might thus be regulated at
least partially in a hierarchical fashion. However, glutamate shows reduced levels as well
(Fig. 6.2), suggesting a generally lower influx into the glutamate and glutamine
metabolism, implying that nitrogen assimilation takes place predominantly in the light.
In addition to glutamate and glutamine, methionine shows a similar pattern with higher
levels in the light period (Fig. 6.2). This pattern is also reflected in aspartate, a precursor to
methionine and part of cyanophycin, a known nitrogen storage compound. Methionine is
one of the key amino acids through which sulfur is assimilated. When considering the
machinery for sulfate reduction, it becomes apparent that this pathway is significantly
downregulated in the night (slr1165, slr0676, slr1791, p<0.05) or shows no significant
change (slr0963, p>0.05, Supplemental Material, Table S4). The only protein of that
particular pathway that was detected in our study, Slr0676, shows no significant change
(p>0.05). Rather than concluding that this pattern is a general trend of synthesis of all
amino acids, it should be noted that some other amino acids that were detected, e.g.
glycine and threonine, do not show significant change over time and are among the lower
scoring metabolites (VIP score <1, Supplemental Material, Table S5). One metabolite that
does change significantly over time, but does not mimic the trend displayed by the amino
acids involved in nitrogen and sulfur assimilation, is alanine. This deviating pattern may
stem from multiple pathways in which alanine is involved, such as transamination and,
indirectly, glycolysis (270).
6.3.3
Integration of metabolite- and proteome data suggests metabolic
control for the majority of the Calvin-Benson-Bassham cycle proteins
The list of most changing metabolites also contains fructose-1,6-bisphosphate (FBP)
(Supplemental Material, Table S5). FBP shows lower levels at the early time points of the
light period, followed by higher levels at later time points, even before the light period
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ends and coinciding with reaching the maximal glycogen content (Fig. 6.2). FbaA, the FBP
aldolase, participating in the Calvin-Benson-Bassham (CBB) cycle, is high at TP 1 and TP 2,
and decreases to a lower level again in the three remaining sampling time points (Fig. 6.3),
thus showing an opposite pattern to FBP (Fig. 6.2). FbaA also shows a significant timedependent change determined by ANOVA (p-value 2.0*10-8), grouping it with the 45
changing proteins (Supplemental Material, Table S2). FBP is a part of both the CBB cycle
and the glycolytic pathway (Fig. 6.3). The amount of Gap2, the prime glyceraldehyde-3phosphate dehydrogenase in the fixation-direction of the CBB cycle is about 10-fold higher
than the amount of Gap1, which, in turn, has been shown to be mainly active in
glycolysis (271).

Fig. 6.3. Protein profiles of the CBB and central carbon metabolism. Those proteins that change
significantly over time are marked with a black frame and are referred to as those that are subjected
to hierarchical regulation. Mean and Standard Error of the Mean (SEM) are shown.
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Both proteins seem to be kept at a rather stable level during the light/dark cycle that is
imposed on the cells in this study. The enzyme catalyzing the preceding carbonincorporating step in the CBB cycle, Ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO, RbcL and RbsS), shows slightly higher amounts during the early light period and
a lower (~10 %) amount in the three remaining sampling time points, close to and in the
dark period.
Of the CBB cycle (Fig. 6.3) next to FbaA, only RbcL (Slr0009) also appears in the list of
changing proteins (p-value 0.024). The enzymes of the CBB cycle that are shared with the
Pentose Phosphate Pathway (PPP) do not show a significantly altered pattern (Fig. 6.3).
Nevertheless, the fluctuating FBP levels in concordance with the glycogen
accumulation/degradation levels (see below) corroborate that the direction of the carbon
flow through the regeneration phase of the CBB cycle, which overlaps with glycolysis,
inverts between light and dark conditions (272) and here we show that this inversion of
the direction of the flux only marginally makes use of hierarchical regulation of the
participating enzymes (Fig. 6.3). In a recent study of Osanai et al. the transition from
aerobic light to anaerobic dark conditions was investigated with a focus on metabolites
(273). Of all metabolites investigated, exactly one overlaps with those that we identified
here, which is FBP. Interestingly, and despite differences in experimental design, Osanai et
al. also find relatively low FBP levels in the light and high levels under anaerobic dark
conditions.
6.3.4

Glycogen gradually accumulates in the light and is degraded in two
distinct phases in the dark period
Over the course of a diel cycle, the biomass composition of the cells is not as constant as
the OD730 and dry weight (compare Fig. 6.1B and C). Protein content (the soluble fraction,
see Material and Methods for details) is higher in the early than the late light period and
in the (early) dark period (Fig. 6.4A). An almost opposite pattern can be observed for the
glycogen content of the cells (Fig. 6.4B). Glycogen is the main carbon storage compound
of cyanobacteria (274, 275). Here, the glycogen content of the cells changes between
2.7 ±1.0 % and 7.8 ±0.4 % of the dry weight. Lowest levels of glycogen are present at the
onset of the light period, but renewed accumulation starts immediately after the
transition. In the ‘afternoon’ the glycogen level reaches a maximum and thereafter
declines slightly during the rest of the remaining light period, as well as during the
majority of the dark period.
Remarkably, ~2 h before the onset of the next light period, rapid glycogen degradation
takes place, suggesting the investment of carbon into intracellular building blocks for the
machinery supporting growth, to prime the cell for the upcoming light period. Based on
flux balance analysis of a genome-wide model of the Synechocystis metabolism, Knoop et
al. (276) calculate a linear degradation rate for glycogen over the majority of the dark
period. Interestingly, that model further predicts that the glycogen content also decreases
slightly faster during the last hours of the night.
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Fig. 6.4. Cellular composition of a turbidostat-controlled culture treated with a diel light regime of 12
hours light and 12 hours dark. (A) The protein content of the cells is higher at early time points of the
light period compared to the later time point and the samples from the dark period. Values are
expressed in % of dry weight (B) The glycogen content shows a distinct accumulation and degradation
pattern. Values are expressed in % of dry weight (C) Metabolite analysis reveals a constant
concentration of intracellular lactate and a slight increase for intracellular acetate in the early dark
period. Intensity values are normalized to the value of the first sampling time point in the light period.
For all: dashed vertical lines represent the time points of sampling for dry weight, metabolite, protein
and transcript analysis. For A and B: Values are the average and standard deviation derived from the
biological replicates (nbiol=2) and two technical replicates (n tech=2). For C: Mean and Standard Error of
the Mean (SEM) are shown. Note the split Y-axis for A.

The calculated flux through the participating enzymes in that flux balance analysis shows a
higher flux through phosphoglucomutase (Pgm) exactly in the late dark period.
Significantly, we do not detect any major fermentation product(s) in the extracellular
medium (see Material and Methods for details).
Nevertheless, we do suggest that Synechocystis ferments in the dark and anoxic period,
which leads to intracellular acetate and lactate formation. Interestingly, only acetate
levels are increased 1 and 3 hours after the shift to the dark, whereas lactate levels remain
constant over the five sampling points (Fig. 6.4C). This minimal fermentation activity is
apparently not enough to support growth during the dark anoxic phase when respiration
is not possible. We attribute the mild but gradual decrease in glycogen content during the
majority of the dark period (before the rapid degradation sets in; see above) to its
conversion into acetate. The energy yield of this conversion presumably covers the
general costs of cellular maintenance during the dark period. It should be noted that this
dark, anaerobic phase does not represent a major ‘loss’ of carbon. The carbon freed from
glycogen during the slow degradation phase (i.e. 1.5 % (w/w) glycogen, between the
maximum in the ‘afternoon’ and the time point just before the onset of the rapid
degradation phase) corresponds to 0.0076 mmol carbon/gDW/h, taking glycogen as a C6
compound. This equals 0.1 nmol carbon/ (mg cell protein)/min, which is lower than the
lowest reported rate of glycogen consumption in cyanobacteria by Stal and Moezelaar
(265). This then also sets an upper limit to the maintenance requirements of the organism
under anaerobic conditions in the dark of < 0.038 mmol ATP/gDW/h, assuming complete
fermentation to acetate (265). Because of the acetate formation observed, it is likely that
reduction of H+ or nitrate/nitrite is used to maintain redox balance. This is consistent with
the strong upregulation (top 2-12 % of most-changing transcripts observed) in the dark of
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the hox genes (hoxEFUYH, which are sll1220, sll1221, sll1223, sll1224, and sll1226) that
encode the bidirectional NiFe-hydrogenase, as well as hydrogenase maturation gene
hypA1 (slr1675, top 1 % of changing transcripts) (Supplemental Material, Table S4).
Interestingly, the largest overall fold change is observed for sll0741, encoding the pyruvate
flavodoxin/ferredoxin oxidoreductase which was recently shown to be the electron source
of the hydrogenase (277). However, protein levels of ferredoxin-nitrite reductase remain
stable whereas ferredoxin-nitrate reductase is not detected (Supplemental Material,
Table S1). Furthermore, the transcript abundance indicates that nitrate/nitrite transport
(sll1450, sll1451, sll1452 and sll1453) and reduction (ferredoxin-nitrite reductase slr0898
and ferredoxin-nitrate reductase sll1454) are downregulated in the dark (Supplemental
Material, Table S4), which is consistent with our tentative conclusion that hydrogenase is
the main redox valve in the dark (see above).
6.3.5
Consequences of square-wave diel cycles
The abrupt transition from dark to high light may cause high-light stress, as suggested by
the lag phase in growth of ~2 hours. Proteome analysis revealed that significantly
changing proteins are strongly enriched in the class of the ‘high-light and stress response
proteins and chaperones’ (p-value < 0.005) (Supplemental Material, Table S3). Other
indicators of stress are expression patterns of the orange carotenoid protein (OCP),
superoxide dismutase (SodB) and the GroE chaperones (Fig. 6.5), which all show the
highest levels at the beginning of the light period, coinciding with the lag phase before
growth resumes (Supplemental Material, Fig. S1). Significantly, this high-light response
was not evident in the gene-expression study of Synechocystis by Labiosa et al. (267), in
which light intensity was gradually increased and decreased in time. In addition to the
notion of possible initial high-light stress, the cells appear to experience constant high
light during the light period. This follows from the detection of the high-light variant of the
D1 protein, PsbA2, at all time points (see entries for Slr1311 in the Supplemental Material,
Table S1). Furthermore, the psbA2 (slr1311) and psbA3 (sll1867) transcripts are both very
abundant and are downregulated in the dark period whereas the psbA1 (slr1181)
transcript is weakly expressed and is upregulated in the dark period (compare
Supplemental Material, Table S4). Accordingly, the significantly changing proteins are
enriched in proteins of the category ‘photosystem II’ (Supplemental Material, Table S3).
Additionally, the high-light transcript of the D2 gene, psbD2 (slr0927 in the Supplemental
Material, Table S4) accumulates to similar levels as psbD1 (sll0849). However, chlorophyll
content, represented by the OD680/OD735 ratio, actually increases in the first 3 h of the
light period (Supplemental Material, Fig. S2B) and further increasing light intensity does
not cause the typical photoinhibition phenotype of gradually reducing PSII activity, which
would lead to decreasing oxygen evolution, indicating that the chosen conditions do not
exceed the intrinsic photo-repair capacity (Supplemental Material, Fig. S7).
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Fig. 6.5. High-light-response proteins and stress-response proteins show distinct changes at the onset
of the light period. Mean and Standard Error of the Mean (SEM) are shown.

It is important to consider that the used light intensity does not surpass maximum light
intensity at noon at moderate latitude and that cell density is high, leading to a steep
gradient of light intensity within the culture and an actually fairly low light intensity per
cell on average. This is emphasized by the low light transmittance of the culture (~5 % of
incident light intensity) and lower oxygen evolution at the target density than at lower
density.
Even though abrupt light-dark transitions do not reflect natural progression of light
intensity over the course of a day, it facilitates discrimination of a direct light response
from circadian regulation. We performed k-means clustering on the ANOVA filtered set of
genes with k = 10 to detect significantly differing time-dependent change (Supplemental
Material, Fig. S8). K-means clustering on the set of the changing genes resulted in roughly
two types with distinct patterns: the clusters 1, 5, 6 and 8 show upregulation upon the
transition to the dark period whereas the clusters 2, 3, 4, 7, 9 and 10 show
downregulation. However, cluster 7 is already downregulated before the transition
whereas cluster 8 shows the opposite. In similar fashion, cluster 1 and 4 show a delay in
up- or downregulation, respectively. Together, these four clusters represent 443 genes, or
~13 % of the total number of genes probed. Enrichment analysis on the ten clusters was
done to identify significantly enriched functional categories for Synechocystis, based on
Cyanobase (Supplemental Material, Tables S8-9). It is interesting to note that cluster 8 is
enriched in genes involved in the PPP, despite clear downregulation of genes involved in
RNA and DNA synthesis which are enriched in cluster 9.
For the set of changing proteins, k-means clustering resulted in four clusters with
distinct patterns (Supplemental Material, Fig. S9). Two clusters, 2 and 4, show high levels
in the early TPs, followed by a decrease during the light period and are both enriched in
chaperones (Supplemental Material, Table S10-11). Cluster 3, on the other hand, shows its
lowest levels around the end of the lag phase and is strongly enriched in proteins involved
in photosynthesis and respiration. Cluster 1, despite appearing to correlate with light
availability, is not significantly enriched in any biological category.
As mentioned above, most of the proteins detected show little or no changes over the
five different time points of the light/dark regime. The proteins with very high p-values
(above 0.8) from the ANOVA constitute the set of proteins which fail to show any evidence
of time-dependent change at all. This prompted the identification of 19 proteins which we
thus consider stable over time during the diel regime (Supplemental Material, Table S6).
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An enrichment analysis based on the categories of the biological functions shows that
phycobilisome proteins (p-value 0.006) are amongst these (Supplemental Material,
Table S7). The phycobilisome proteins are the most abundant proteins found in the
cells (278), which is corroborated by our analysis, and represent a major investment of
resources for the cell, explaining their stable levels. It is interesting to note that the
phycobilisome proteins show no change whereas the apparent chlorophyll content
changes over the course of the light period in a similar fashion to a culture exposed to a
much lower light intensity (Supplemental Material, Fig. S2B, (148)). We note that the MSanalysis and subsequent evaluation of the patterns of change were performed after
normalization to the total soluble protein content.

6.4

Conclusion

Here, we show that Synechocystis, in a diel light regime with anaerobic conditions during
the dark period, can grow only in the light and maintains a constant dry weight
throughout the day. During the light period, glycogen accumulates as protein content
decreases, and this reverses at the end of the dark period, restarting the daily cycle.
Glycogen, assimilated during the day to a maximum of ~7.5 % of dry weight, is gradually
fermented for maintenance requirements in the first 10 h of the dark period, followed by
rapid degradation in the last 2 h. Nitrogen and sulfur assimilation take place
predominantly in the light and hydrogen evolution is preferred over nitrate reduction
during fermentation in the night. We conclude that maintenance costs are extremely low
and require only a small fraction of the glycogen. The later rapid degradation of glycogen
prepares the cells for growth in the upcoming light period, though a short lag phase is
observed despite this priming of metabolism. Mass culturing under the conditions we
have used in this study presumably will thus not be hampered by a huge ‘loss’ of carbon
and energy in the dark period. The use of square-wave diel cycles allows for discriminating
between circadian regulation and a direct light response. Our quantified proteome data
set and the normalized transcriptome data set facilitate further investigation of potential
proteins/genes of interest. The determination of their correlation will benefit the
optimization of cyanobacterial production systems.
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Unique phenotypes of clock deletion mutants of Synechocystis
sp. PCC6803
Pascal van Alphen, Wei Du, Filipe Branco dos Santos, Klaas J. Hellingwerf
Abstract
The circadian clock of cyanobacteria controls many cellular processes and confers a
fitness advantage in diel light (LD) conditions. We have recently shown that
Synechocystis sp. PCC6803 has a robust, circadian clock with a long correlation
time, based on the functioning of the KaiAB1C1 proteins. The additional kai genes
in Synechocystis (kaiC2B2, kaiB3 and kaiC3) are speculated to be involved in the
circadian clock, though no evidence for this has been shown so far. Here, we knock
out the essential clock genes, kaiA, kaiB1 and kaiC1, which leads to a severe
growth-impaired phenotype even in continuous light and abolishes circadian
rhythms. Interestingly, growth of the clock deletion mutant population is
eventually restored to wild type rates in continuous light, while becoming
insensitive to diel light conditions. Experimental evidence gathered from the
characterization of isolates from these ‘rescued’ populations suggests that the
underlying mechanism is genetically encoded. A single deletion of kaiB1 leads to an
‘hourglass’ phenotype in which growth rate decreases in continuous light and
recovers in LD. The lack of circadian regulation in the rescued clock deletion strain
may be of relevance to biotechnological applications in artificial lighting reactors.
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7.1

Introduction

The circadian clock is used in a multitude of organisms to keep time, in order to cope with
daily variation in the environment due to day and night and to separate mutually
incompatible processes in time, thereby conferring a fitness advantage (224, 225, 279). A
circadian clock is defined as a timing mechanism that shows periodicity of around 24 h in
the absence of external stimuli, (almost) independent of temperature, but with the ability
to be entrained to a synchronizing signal (zeitgeber). Contrary to eukaryotes,
cyanobacteria possess a uniquely simple clock, consisting of a core posttranslational
oscillator of only 3 proteins: KaiA, KaiB and KaiC. KaiC is a kinase/phosphatase that forms a
hexamer that auto-phosphorylates through stimulation by KaiA and dephosphorylates
when KaiA is displaced by KaiB (20). The cyanobacteria are the only phylum of prokaryotes
known to harbor such a clock, though recently a pseudo-clock has been described in the
purple non-sulfur bacterium Rhodopseudomonas palustris (280). This pseudo-clock, also
known as an ‘hourglass’, was previously described for the ubiquitous marine
cyanobacterium Prochlorococcus (281, 282) and deviates from the classical circadian clock
due to the absence of KaiA. It requires a period of darkness to reset the ‘hourglass’ and
thus does not display free-running oscillations in constant conditions.
The model organism for clock research in cyanobacteria, Synechococcus elongatus
PCC7942 (Synechococcus), has been shown to possess a transcriptional-translation
feedback loop in addition to the posttranslational oscillator, required for intercellular
synchronization within a population (232). We have recently shown that our glucosetolerant, non-motile wild type of Synechocystis harbors an authentic circadian clock, with
remarkably stable oscillations and long correlation time (148). Interestingly, Synechocystis
does not appear to possess the transcriptional-translation feedback loop by virtue of
lacking a transcriptional start site in between kaiA and kaiB1 (235), but has additional kai
genes that have been postulated to tune the core oscillator (233).
Deletion of the complete kai operon was previously shown to cause impaired growth in
both mixotrophic and diel growth conditions, though deletion of kaiC3 showed no
phenotype (245). Interestingly, this particular wild type of Synechocystis (glucose-tolerant,
motile) appears not to have a classical circadian clock, but rather one that more closely
resembles an hourglass (240).
It was postulated that the Prochlorococcus hourglass is an example of a ‘de-evolved’
circadian clock (283). In an effort to reduce the circadian clock to an hourglass and to test
whether kaiB2 or kaiB3 can substitute for kaiB1, kaiB1 was knocked out (283). Because
KaiC1 has been shown not to autophosphorylate in the absence of KaiA (246), it is unlikely
that an hourglass clock can be reproduced in Synechocystis by deletion of kaiA. By deleting
kaiB1, phosphorylation of KaiC1 is unhindered whereas dephosphorylation cannot be
stimulated except via lowering the ATP/ADP ratio, which indeed does occur in the night
(284).
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Here, we show that deletion of the complete kai operon causes impaired growth, even in
continuous light, in a photobioreactor operated in turbidostat mode. Growth eventually
recovers but circadian rhythms are abolished. Deletion of solely kaiB1 leads to impaired
growth in continuous light, with faint circadian rhythms remaining and requires light/dark
cycles to maintain growth (i.e. resembling an hourglass function).

7.2

Materials and Methods

7.2.1
Plasmid construction
For each markerless gene knockout mutant construction, two plasmids were needed. One
contains only the directly upstream and downstream 0.8~1 kb homologous regions of the
gene(s) to be knocked out. The other plasmid contains an extra selection cassette,
including both the kanamycin resistance gene cassette and nickel-induced mazF
expression cassette. To construct the plasmids, the homologous regions were amplified
from Synechocystis genomic DNA by PCR and fused together through pfu DNA Polymerase
(Thermo Scientific). After gel extraction and purification (ISOLATE II PCR and Gel Kit,
Bioline), extra adenosine (“A”) was added to the 3’ overhang of each fused fragment using
Taq DNA Polymerase (Thermo Scientific). Then, the DNA fragment with extra “A” was
ligated to the BioBrick “T” vector pFL-AN (285). Due to the incorporated restriction site in
between the homologous regions, the selection cassette is inserted resulting in the
plasmid used in the first round of transformation. The plasmid without selection cassette
is used in the second round of transformation.
Table 7.1. Primers used in this study.
Primers

Sequence (5’ to 3’)

kaiB-up-Fwd

TTGCCCATAGACTCAGGT

kaiB-up-Rev
kaiB-down-Fwd
kaiB-down-Rev
KAI-up-Fwd
KAI-up-Rev
KAI-down-Fwd
KAI-down-Rev

TATTGGTCTTCTGCTTCCCactagtTTTACGGGTTTACTAGAACGAG
CTCGTTCTAGTAAACCCGTAAAactagtGGGAAGCAGAAGACCAATA
GCATTGGAAGACCTCTGG
ATGCCTGCTCGTAATCC

CCAACCAAGATTCGGATGactagtGAATTTGTGCTCCCCATCT
AGATGGGGAGCACAAATTCactagtCATCCGAATCTTGGTTGG
CTCAACAAGTGCTTACTTCC

7.2.2
Mutant construction
The ΔkaiAB1C1 mutant was created in two ways. An initial insertional disruption mutant
was obtained by transforming our wild type Synechocystis sp. PCC6803, a glucose-tolerant
(GT), non-motile derivative of the Williams GT strain obtained from D. Bhaya, Stanford,
USA with pJET1.2-ΔkaiABC::KmR (kindly provided by A. Wilde of the University of Freiburg,
Germany (245)). The inserted kanamycin resistance gene cassette leads to the deletion of
the majority of kaiA and all of kaiB1 and kaiC1. Full segregation of the mutant strain was
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achieved by restreaking on plates with increasing concentrations of kanamycin up to
200 µg mL-1 and was verified by PCR.
Markerless ΔkaiAB1C1 and ΔkaiB1 mutants were obtained using a previously reported
method (286). This method takes two rounds of transformation to markerlessly delete a
single gene in the Synechocystis chromosome. The first transformation is required to
create a fully-segregated mutant with the counter-selection cassette inserted into the
chromosome, replacing the genes to be deleted, while the second round of
transformation is to completely remove the selection cassette. Briefly, for the first
transformation, Synechocystis wild type cells were collected either directly from plate or
from liquid culture. The cells were washed twice with fresh BG-11 medium by centrifuging
at 5000 rpm for 5 min and resuspending in a total liquid volume of 200 µl. Plasmid
containing the selection cassette was added and mixed with cells to a final concentration
of 10 μg mL-1. After illumination under moderate light for 4 to 6 hours, the mixture was
spread on a membrane (Pall Corporation) resting on a BG-11 plate without kanamycin.
After further illumination for another 16~24 hours, the membrane containing the mixture
was transferred to another BG-11 plate with kanamycin. Colonies appeared in
approximately a week and were re-streaked simultaneously on a new BG-11 plate with
kanamycin and with nickel, respectively. Colonies which grow on the BG-11 plate with
kanamycin but not on the one with nickel are candidates for PCR confirmation. Further
segregation in liquid culture with high concentration (> 50 µg ml-1) of kanamycin was
applied if necessary.
In the second round of transformation, the selection cassette was removed by
transforming with a plasmid containing only the upstream and downstream homologous
regions of the targeted gene(s). Colonies of mutants in which the counter-selected
cassette was successfully removed appeared after about one week on BG-11 plate
supplemented with nickel sulfate and were re-streaked simultaneously on BG-11 plates
with either kanamycin or nickel. The colonies which grew on the BG-11 plate with nickel
but not on BG-11 plate with kanamycin were chosen for further PCR confirmation.
7.2.3
Growth conditions
Synechocystis and its mutant derivatives were grown in modified BG-11 medium (BG-11PC, Chapter 2) supplemented with 10 mM NaHCO3 in a photobioreactor (PBR) as
described in Chapter 5, with slight modifications to the PBR as described in Chapter 2.
Briefly, light intensity was set to 100 µmol photons m-2 s-1 orange-red and 25 µmol
photons m-2 s-1 blue, temperature was maintained at 30 ±0.1°C and the PBR was sparged
using 1 % CO2 (v/v) in N2. Pre-culturing in 100-mL flasks in a shaking incubator (Innova 44,
New Brunswick Scientific) was also done as described in Chapter 2.
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7.3

Results and Discussion

7.3.1

Deletion of the kaiAB1C1 operon severely impacts growth in
Synechocystis
The core oscillator, encoded in the operon kaiAB1C1, was knocked out using the construct
provided by Annegret Wilde (245) and the resulting mutant strain (complete knockout)
was subjected to a standard entrainment protocol of 12 h/12 h light/dark (LD) as
described in Chapter 5. This led to progressively slower growth as the turbidostat regime
was entered, even before entrainment was started (Fig. 7.1). This was repeated multiple
times from independent replicates of mutant strains and consistently produced the same
result in which growth ‘crashes’ shortly after turbidostat is started. Interestingly, during
preculture to batch growth in a PBR, no phenotype could be observed to distinguish it
from wild type except for a slightly yellower coloration (data not shown), until turbidostat
was started (i.e. periodic dilution to maintain a certain biomass density). Even though
growth is eventually restored to pre-crash levels, no circadian rhythms remain.
Importantly, attempting to entrain this ‘recovered’ culture fails, yet does not cause growth
impairment as described in Dörrich et al (2014).

Fig. 7.1. Phenotype of a clock deletion mutant of Synechocystis in a turbidostat. Shortly after starting
the turbidostat regime (first arrow), indicated by the ‘zig-zag’ pattern of the OD720 (black line, left
axis), the growth rate crashes and recovers slowly as shown by the decrease in pump cycles and
dissolved oxygen (dO2, red line, right axis). No circadian rhythms are present despite entrainment
with 12 h dark / 12 h light on day 9 and 10 (second arrow), as evidenced by the flat OD680/OD720 ratio
(green line, right axis, compare Chapter 5).

The markerless complete knockout mutant with cleanly excised kaiAB1C1 operon was
constructed to verify that the remaining part of kaiA did not cause the observed
phenotype. The exact same phenotype could be observed in this markerless mutant (data
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not shown). The recovery phenotype suggests that a suppressor mutant may be taking
over the culture. If the hampered growth phenotype can indeed be overcome by mutation
of one or more genes, this would be apparent by picking isolates of such a recovered
population. These isolates were re-tested and did not show the crashing and recovery
phenotype again, confirming that most likely genetic changes underlie the phenotype.

Fig. 7.2. Synechocystis lacking kaiB1 shows a phenotype resembling an hourglass-like clock. Disruption
of the kaiAB1C1 operon by markerless knockout of kaiB1 shows normal growth with circadian
rhythmicity in light/dark regime and decreased growth rate and damped oscillations in continuous
light. Black line, dissolved oxygen, left axis; red circles, growth rate, left axis; green line, OD680/OD720,
right axis. Note the scale of the right Y-axis. Periods of darkness are signified by zero dissolved oxygen
(black line).

The fact that the recovered strain appears to cope with LD regimes, without a lag phase or
any other indication of being burdened by having to deal with a period of darkness is
surprising. If the clock is not necessary, even in LD, what then is the advantage of having
one? It has been shown in Synechococcus that mutants with aberrant clock periodicity are
defeated by the wild type in direct competition experiments, provided that the imposed
rhythm matches the wild type clock (279). In other rhythms the wild type was actually
outcompeted if it synchronized with the mutants rhythm, or in continuous light. This was
tested in a direct competition experiment in LD. In contrast to wild type, the disruption
mutant carries a kanamycin resistance cassette, which allows plating on +/- kanamycin
plates to quantify the respective populations. After inoculation with a great majority
(90 %) of the ‘recovered’ strain versus wild type Synechocystis, the fraction of the wild
type increased to become the great majority of the population (data not shown). Clearly,
the clock still provides a fitness advantage in rhythmic conditions.
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7.3.2

Deletion of kaiB1 generates an hourglass-like clock phenotype in
Synechocystis
The genes kaiAB1C1 are part of a polycistronic operon (i.e. they are part of mRNA
transcribed from a single transcription start site (235)), and therefore, any single-knockout
mutants of kaiA or kaiB1 must be precisely excised such that transcription of the
remaining genes remains unaffected. Using the markerless deletion method (286), a kaiB1
in-frame knockout mutant (that leaves kaiC1 expression unaffected) was constructed, and
subsequently subjected to both LD and continuous light (Fig. 7.2.). In LD, the mutant
displays a phenotype close to WT with similar arc-shaped chlorophyll content (indicated
by OD680/OD720) and growth rate over the course of the light period (compare Chapter 5).
In continuous light, however, growth rate slowly declines and loses rhythmicity. This is
also reflected in the chlorophyll content. Growth rate increases and subsequently declines
again when repeating this pattern of light conditions.

7.4

Conclusions

Here, we have shown that deletion of the kaiAB1C1 operon leads to the complete absence
of circadian rhythms in Synechocystis. The remaining putative kai genes, kaiC2B2, kaiB3
and kaiC3 could not rescue the wild type phenotype. Additionally, the deletion of the kai
operon led to a growth-impaired phenotype with subsequent recovery of growth when
cells were subjected to a turbidostat regime. This was not observed in the work of Dörrich
et al. (2014), which may be a consequence of different growth conditions. Their use of
spot assays resembles a considerably different environment than the continuous
cultivation system used in this study. Evidence gathered here strongly suggests that this
recovery is rooted in a genetic change rather than being a metabolic adaptation. The
nature of this presumed genetic change remains to be unraveled. In any case, while the
rescued strain is insensitive to a diel regime, it remains at a disadvantage compared to the
clock-harboring wild type in diel regimes. In continuous light, however, it may prove an
advantage. The lack of circadian regulation may also prove to be an advantage to
biotechnological applications due to non-varying levels of expression of genes of interest,
even in LD (254).
It is of great interest for future computational modelling of the clock that deletion of
kaiB1 leads to a different type of clock in Synechocystis, resembling an hourglass like that
in Prochlorococcus (282). Surprisingly, continuous light actually leads to lower growth
rates (Fig. 7.2). Importantly, this reduction in growth rate can be reverted by returning to
an LD regime, suggesting it is not similar to what happens in the full operon knockout. The
lack of KaiC, which is the protein that carries the output signal of the clock, disrupts
downstream signaling as well in the complete operon knockout mutant. This latter effect
most likely is the cause of the ‘crashing’ phenotype in the complete operon knockout,
compared to the single kaiB1 knockout which does not show this phenotype. The current
state of clock research in Synechocystis cannot fully exclude a clock-related function of the
putative additional kai genes, though no substantial evidence exists that assigns them a
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function and only negative results have been published on the function of these additional
kai genes (245, 246). While additional knockouts are required to fully exclude their
involvement in the circadian clock, these results indicate that the clock operon should be
renamed to kaiABC and kaiC2B2, kaiB3 and kaiC3 should be not be associated with this
physiological process.
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The aim of the overall Toolbox project, of which this work is but a small part, has been to
improve our understanding of Synechocystis metabolism. This was done in order to
establish a ‘toolbox’ of methods to expand our ability to use Synechocystis for realizing a
sustainable society that does not rely on fossil reserves for fuel and chemical feedstocks.
The need for this is urgent and clear due to the ever-increasing demand for energy,
whereas the majority of our current supply is increasingly unstable, finite and a cause of
climate change, leading to further problems such as our food supply. The idea is as simple
as it is elegant: recycle CO2 into energy carriers and chemical feedstock using the
abundant energy provided by the sun by a process that has been ongoing for billions of
years on Earth (23). Even though everything is technically possible – the scientific
literature is filled with reports of production of a wide range of compounds from CO2 using
photosynthetic organisms such as Synechocystis (258) – and the sun provides enough
energy to the Earth in an hour to satisfy our energy demand for a year (29), we still rely on
fossil reserves. The reason is that the current biocatalysts (i.e. engineered photosynthetic
organisms such as Synechocystis) are not yet capable of providing the necessary quantities
at a sufficient rate and yield due to, in part, a lack of understanding of metabolism and its
regulation in cyanobacteria like Synechocystis. In this thesis, we have looked into growth
optimization (Chapter 2), light harvesting (Chapters 3 and 4) and circadian regulation
(Chapters 5 to 7). An alternative approach to increase the productivity of mass-culturing is
discussed in Chapter 1.
In this chapter, the thesis chapters will be summarized and discussed in context of each
other and expanded on with as yet unpublished data which may provide leads for future
research.

8.1

Rational medium design

A, if not the, critical component of cultivating a microorganism at any scale is the medium.
The medium Synechocystis is typically grown in, BG-11, was developed for growing many
species of cyanobacteria (called blue-green algae at the time) rather than Synechocystis
specifically (135-137, 145). As described in Chapter 2, this medium is suboptimal for use
with Synechocystis for several reasons. The formation of a precipitate containing iron and
calcium (both as a salt with phosphate) at the preferred physiological pH (roughly 8 to 9)
and the lack of proper pH buffering led us to develop a modified version, named BG-11-PC
for its ability to facilitate prolonged cultivation in continuous cultivation systems. Because
BG-11-PC does not form a precipitate at pH 8, it allows for using NaHCO3/pCO2 as a buffer
in continuous culturing systems or a non-metal complexing buffer such as PIPPS in flask
experiments.
Beyond the need for reproducible conditions, Chapter 2 shows that growth is limited
by different components depending on the mode of growth. In batch cultivation, sulfate
becomes limiting and initiates entry into the stationary phase, while in continuous
cultivation (e.g. chemostat) phosphate is the limiting nutrient. Additionally, entry of the
stationary phase due to sulfate limitation leads to ROS formation and the irreversible
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bleaching of pigments. In the chapter, we do not go into further optimizations of the
medium, save a few recommended changes based on the aim of a given experiment, i.e.
lifting the sulfur limitation in batch cultivation when high densities are required and
increasing phosphate in continuous culture. However, a critical look at other nutrients is
warranted as well. From the biomass composition, it is clear that potassium drops to
suboptimal levels well before the final OD is reached in BG-11. The measured content of
12.86 mg K gDW-1 yields a theoretical maximum biomass density of 1.40 gDW L-1
(OD730 ≈ 7.8). In batch, this is likely not to be the case due to the usage of KOH-adjusted
buffers, but in continuous cultures it should not be assumed that potassium is in great
excess. Even so, the fact that the base used to set the pH of the buffer might matter, is
troublesome.
Kratz & Myers (1955) remarked that the concentration of micronutrients could be
varied considerably without observable effects on growth and that no attempt was made
to define actual requirements. The biomass composition reported in Chapter 2 may be
used to give an indication of trace metal requirements, despite that only manganese could
be quantified. Its cellular content is calculated to allow a final density of 37 gDW L-1,
indicating it is present in great (> 10-fold) excess. Due to the low detection limit for most
elements that make up the micronutrients, this leads to a projected maximum achievable
density of orders of magnitude greater than actually achieved, clearly indicating that BG11 is in very great excess in regard to these elements. In the case of boron, it may actually
not even be required as to the best of our knowledge, no use for it in cyanobacteria is
known and cultivating Synechocystis in BG-11-PC without boron led to no observable
phenotype (data not shown). Nickel may be an example of the reverse. It was shown to be
required for growth (151) and there are various known nickel metalloproteins such as
urease (287) and hydrogenase (288), yet it is not explicitly added to BG-11 and is present
only in the nM range. Addition of nickel did not appear to make a difference, however
(Chapter 2), though it cannot help reproducibility to depend on impurities in other
chemicals to supply sufficient nickel.
For copper and zinc, it is less clear. The detection limit for copper was relatively high
(0.022 mg L-1), leading to a theoretical maximum density of only 2.14 gDW L-1 even though
it is undetected. Zinc, on the other hand, was the most abundant micronutrient in the
biomass with a projected maximum yield of 0.49 gDW L-1. Even though this may indicate
that zinc is not present in excess, the control contained the same order of magnitude of
zinc, making it difficult to accurately determine the actual biomass content. Remarkably,
this was true for calcium and iron as well, despite the far greater known requirement for
these elements than zinc. For calcium, its requirement was verified and reduction of the
calcium concentration 48-fold to 5 µM led to a final OD730 of 10, remarkably close to the
expected value based on the projected maximum biomass density calculated from the
biomass composition (OD730 ≈ 7, data not shown). The magnesium content in the biomass
is close to that of sulfur and is another example of a nutrient that is present in less-thanoptimal concentrations over the course of a batch experiment, allowing a theoretical
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density of only 1.63 gDW L-1 (OD730 ≈ 9.0), which is lower than sulfur due to its lower
molecular mass. As described in Chapter 2, no phenotype appears up to approximately 5
times lower magnesium content. At 8 times lower content, the stationary phase is entered
around OD730 6 and is accompanied by a pale green, transparent phenotype.
One can conclude that while most nutrients are present in (great) excess, some are not
and should be increased accordingly to ensure constant conditions over the course of the
whole growth curve until a clearly defined stationary phase is entered due to exhaustion
of a single nutrient. Nitrogen limitation is an extensively researched nutrient limitation
with a clear and reversible phenotype (158), lending itself well as limiting nutrient.
Conversely, magnesium and sulfur are both shown to be required in significant quantities,
the latter leading to an irreversible stationary phase in BG-11, making magnesium sulfate
a logical choice to increase to great excess. This is possible without precipitation issues as
a comparable medium used with cyanobacteria, A+ (156), actually contains nearly 100-fold
more magnesium sulfate than BG-11, around 1.5-fold more phosphate, 10-fold more
calcium and comparable amounts of iron, yet does not precipitate, (presumably) due to a
slightly higher concentration of EDTA (80 µM) than in BG-11-PC (50 µM).
In Chapter 2, we have shown that high concentrations of EDTA causes a long lag phase,
though it is not clear why. It is interesting that pre-culturing at high concentrations does
not prevent this lag phase upon sub-culturing (Chapter 2, Fig. 2.1). The fact that EDTA
chelates many metal ions may indicate that a particular metal becomes sufficiently
unavailable at high EDTA concentrations as to halt growth. The more of this metal gets
taken up, the less of it will be available in uncomplexed form, suggesting active uptake is
required to keep up with decreasing supply in the face of increased demand. An
explanation for the increasing growth rate observed in these cultures is that this metal is
acquired by an uptake mechanism involving excreted chelators. These putative excreted
chelators would be diluted significantly when sub-culturing, requiring their re-synthesis,
leading to a lag phase. Iron, a metal taken up by some organisms using dedicated
chelators called siderophores, is a possible candidate, however, extensive work by Keren
and coworkers has shown that Synechocystis does not produce siderophores nor take up
complexed iron (157). Other metals that have known chelators are copper, cadmium, zinc,
nickel and cobalt (289-291), though except for cobalt, this appears mainly to be used to
detoxify rather than to facilitate uptake. In the case of cobalt, a ‘cobalophore’ has been
described for Prochlorococcus MED4-Ax, a marine cyanobacterium (292). While
Synechocystis has a strict requirement for cobalt in photoautotrophic conditions (Vitamin
B12, or cobalamin, is a co-factor of methionine synthase), cobalt uptake was shown to
depend on hupE (293), a membrane protein which is singly able to convey nickel and/or
cobalt uptake when heterologously expressed in E. coli (294). Furthermore, when high
EDTA was tested in turbidostat, no observable lag phase was caused by approximately 4 %
dilution per cycle in BG-11 containing 200 µM EDTA at sub-maximal growth rate of around
0.07 h-1 (data not shown).
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In conclusion, while BG-11-PC is a step forward in developing a chemically defined
medium in which all nutrients required for optimal growth are present in sufficient
quantities over the whole, defined, growth curve, it is not there yet and further research
into the mechanism of the EDTA-induced lag phase and nutrient requirements is
necessary.

8.2

Maximum growth rate

The issue of maximum growth rate (µmax) has been a hotly contested topic during the work
described in this thesis. For biotechnological applications, the µmax is an important
parameter because it directly translates to the capacity to fix carbon. At the start of this
work, growth of Synechocystis sp. PCC6803 was considered slow and suboptimal with a
doubling time (Dt) of around 8 h, almost twice as long as that of another model
cyanobacterium, Synechococcus elongatus PCC7942 (~ 4.9 h, (295)). Despite that,
Synechocystis is a commonly chosen organism for various biotechnological applications
due to the wealth of information and genetic tools available. Another Synechococcus that
is even faster than 7942 is Synechococcus PCC7002 (Dt ≈ 3.5 h when grown on a reduced
nitrogen source, (270)). However, its growth is dependent on external addition of vitamin
B12 which is an undesirable trait from a biotechnological point of view. Even 7002 at 3.5 h
Dt is still slow compared to commonly used heterotrophs such as Escherichia coli (20 m)
and Saccharomyces cerevisiae (70 m).
The number of publications on production of a certain compound of interest in these
cyanobacteria has increased dramatically in recent years (57, 258, 297) and to further
increase production levels, even faster growing cyanobacteria are sought. In the race to
find the fastest growing cyanobacterium the current frontrunner is Synechococcus UTEX
2973, formerly known as Anacystis nidulans, which is reported to reach growth rates up to
0.4 h−1 (Dt ≈ 1.7 h) (135, 295). Most (bio)chemical reactions have a strong temperature
dependence (the circadian clock being a significant exception) with a Q10 of 2-3, i.e. with
an increase of 10 °C, the rate increases by a factor 2-3. It is therefore not surprising that
the highest growth rates reported were obtained in the 38-41 °C range, whereas
Synechocystis is routinely grown at 30 °C. A significant effort was made by Zavřel et al.
(2015) to characterize various ‘wild types’ of Synechocystis PCC6803 in regard to optimal
temperature and light intensity and quality. It was shown that 30 °C is indeed not optimal
and that higher growth rates can be obtained at higher temperatures up to 35 °C if
provided with sufficient CO2 and light. The highest growth rate obtained at this
temperature (Dt ≈ 5.1 h) is remarkably close to that of Synechococcus 7942 at 38 °C
(Dt ≈ 4.9 h). An aspect that should not be overlooked is under which conditions these
results were obtained: a photobioreactor operated in turbidostat mode, facilitating
prolonged exponential growth under precisely controlled conditions. In the work
described in this thesis, conducting experiments in precisely controlled conditions has
been strongly emphasized and is reflected in the first report of steady-state growth rates
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up to 0.16 h-1 (Dt ≈ 4.1 h) in Synechocystis when grown in chemostat mode at 32 °C
(Chapter 2).
Something that is rarely covered in studies aiming to maximize growth rate is how this
translates to higher biomass densities. High growth rates are generally achieved at low
biomass density with high light intensities that penetrate the culture easily. In Chapter 2,
we have used orange-red light (635 nm) which is maximally absorbed by the main light
harvesting complex (the phycobilisome) of Synechocystis. This has been shown to be
energetically the most effective light source at low densities but drops in efficiency quickly
with increasing density (Chapter 2, (298). In an attempt to achieve high growth rates
(0.08 h-1) at high density, we found that even with all nutrient limitations lifted by using 5x
BG-11-PC, we could not achieve a density greater than slightly over OD 730 = 3 in
chemostats (data not shown). Increasing light further actually decreased the OD. This
problem is described in Chapter 1 and may be solved in two different ways, one of which
(reducing the light harvesting capacity per cell) is described in Chapter 1. However, in
cyanobacteria, the antenna truncation approach appears less effective than in green algae
(121). Alternatively, the light source may be changed to one that is less efficiently
absorbed (298, 299). This approach has not been explored in this thesis though it clearly
shows promise for mass culturing cyanobacteria.
It is remarkable that in a relatively short period of time, the textbook value of 8 h Dt
has been cut in half, with no absolute maximum found yet, without any genetic
engineering required. This raises the question of why it was generally accepted that
Synechocystis could grow no faster. A possible reason is the lack of specialized lab
equipment to deliver high light intensities and elevated levels of CO2 as well as properly
controlling other conditions (e.g. pH and temperature). Dedicated cultivation systems such
as the photobioreactors used in this work (Chapter 2) allow such conditions to be fulfilled
and are starting to become more widely adopted. Another reason may be biological rather
than simply providing sufficient nutrients. Even though 30 °C was shown to be suboptimal,
a Dt far below the textbook 8 h is possible at this temperature in chemostat mode
(Fig. 2.6). Interestingly, the textbook µmax could also be exceeded in turbidostat mode, but
only when the turbidostat range (i.e. the thresholds between which the biomass density is
kept) is reduced in otherwise unchanged conditions (see Fig. S2.2). It appears that the
dilution event itself causes the growth rate to settle at a lower than maximal value. This
seems similar to what was observed with high EDTA cultivation, though there are some
inconsistencies, the main one being that in turbidostat with high (200 µM) EDTA,
individual dilution events of approximately 4 % do not appear to cause any lag phase such
as that induced by shear stress (Chapter 2). Nevertheless, the observation of increased
growth rate with a smaller turbidostat range indicates that there is much left to be
discovered.
Growth rate has also been shown to be influenced by the circadian clock, which
appears to facilitate higher peak growth rates during the light period of a diel cycle
compared to continuous light (Chapter 5 and 6). However, a clock deletion mutant
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without circadian regulation appears to grow slightly faster in continuous light
(Chapter 7), possibly because of getting ‘stuck’ at peak growth rate metabolism (254).
Even though knocking out the clock will have a large impact on all aspects of metabolism
(Chapter 6), it may simplify culturing in continuous light substantially and ultimately be
the more efficient option in 3D reactors with artificial lighting as described in Chapter 1.

8.3

Light harvesting

The process of photosynthesis is a delicate balance of input and output of energy, yet has
to cope with fluctuations on multiple levels due to its dependence on energy input from
the sun. Beyond slow and repetitive changes caused by seasonal differences and the daily
cycle, something as simple as a cloud passing by can cause light intensity to drop orders of
magnitude and vice versa on very a short time scale. On the other end of photosynthesis,
CO2 availability may decrease to near zero, leading to the possibility of reactive oxygen
species being formed due to removing the terminal electron acceptor for the
photosynthetic apparatus. The ‘dark’ reactions, as the Calvin-Benson-Bassham cycle in
which inorganic carbon is assimilated is often referred to, therefore seems a misnomer as
they are inextricably linked to photosynthesis.
Cyanobacteria are well-equipped to deal with fluctuating lighting and inorganic carbon
conditions, however. Excess energy can be released at various junctions of
photosynthesis. For example, at the very start of light harvesting, state transitions are
used regulate the distribution of excitation energy (178). Additionally, the principal lightharvesting complex of cyanobacteria, the phycobilisome, can be directly quenched by the
orange carotenoid protein (300). Further down the electron transport chain, if the primary
electron acceptor (QA) is not available, chlorophyll a in the RC of PSII can release its energy
by fluorescence emission (301). Lastly, even at the end of the chain, energy can be
dissipated by driving futile cycles with the generated energy (ATP) and redox (NADPH)
carriers (194, 302). Due to the non-invasive nature of measuring fluorescence, pulse
amplitude modulated fluorometry (PAM) has been widely adopted as measure of
efficiency of photosynthesis in algae and plants by estimating the quantum yield of PSII
(303). Despite its widespread abundance, photosynthesis in cyanobacteria is sometimes
considered less efficient than in eukaryotic algae due to a lower apparent quantum yield
(304). This misconception stems from some properties unique to cyanobacteria, namely
their intertwined respiratory and photosynthetic electron flow causing a more reduced PQ
pool in the dark, the interfering background fluorescence of the phycobilisomes (PBS) and
a high PSI/PSII ratio, rather than an inherently lower photon conversion efficiency (38,
305).
In an effort to dissect how energy is distributed over the photosystems (via so-called
state transitions) in response to a dark-to-light transition, a method was developed in
Acuña et al. (2016) to decompose the fluorescence emission spectrum of whole
Synechocystis cells. The application of this method on wild type Synechocystis and mutant
derivatives is described in Chapters 3 and 4, and has led to evidence for the existence of a
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PBS-PSII-PBI megacomplex, the identification of an oxygen-dependent quencher much like
Flv2/4 and a minimal model to describe the interplay of involved species (Chapters 3 and
4). A rather puzzling conclusion is that the quencher described in Chapter 3 and 4 appears
to behave much like Flv2/4, except that it should not be expressed under the tested high
carbon conditions in wild type cells. To shed light on this matter, an Flv2/4 deletion
mutant will have to be tested under the same conditions. Furthermore, we show that dark
adaptation for longer than 20 min leads to substantial differences in state-transitions
upon re-illumination. In plants, the chloroplasts are separate from the mitochondria and
dark adaptation removes all input of the electron transport chain. In cyanobacteria, the
cross-talk between photosynthesis and respiration is likely to cause a difference in redox
state at the onset of illumination, depending on the length of the dark adaptation. The
presented method (50) may also be used to probe processes at the interface of
photosynthesis and respiration.

8.4

The circadian clock

Except for photobioreactors which are designed with the use of artificial lighting powered
by renewable energy in mind, as discussed in Chapter 1, using solar energy in many other
instances requires dealing with the periodic availability of sunlight. Many organisms have
a way to do this in the circadian clock, including Synechocystis, as shown in Chapter 5
and 6. The main result from these chapters is that metabolism is significantly influenced
by the clock and should not be ignored. Unfortunately, in many cases, it is. Not many
studies with Synechocystis are designed with the clock in mind and how this may influence
the parameters of interest. For transcriptome studies, for example, one should carefully
sample at the same time of the day before and after the tested stimulus, otherwise the
rhythmic expression of the gene(s) of interest may be misleading. This becomes even
more problematic when different strains are compared that may not be in the same phase
of their circadian cycle. As emphasized in Chapter 2, growth rate can be of greater
influence than the subject/topic of interest, and so may the clock.
On the other hand, the extensive regulation that appears to be exerted by the clock can
be harnessed to stimulate heterologous production of compounds of interest. In
Chapter 6, the substantial upregulation of genes in the night or day may provide a
framework to express genes at opportune moments. Alternatively, removal of the clock
may be of similar interest to biotechnological applications as shown in Chapter 7. In
Chapter 6 we note the switch to fermentation in the anoxic night. This is reflected in the
slight increase in fermentation products such as acetate, but mainly in the strong
upregulation of the Ni-Fe hydrogenase (hoxEFUYH) and polyhydroxybutyrate (PHB)
synthesis genes (slr1828 and slr1829). Even though hydrogen could not be measured in
our experimental setup, PHB was verified to be synthesized exclusively in the night
(Carpine et al. unpublished results). Fermentation in cyanobacteria may also be exploited
for biotechnological applications. One of the pitfalls of the kind of metabolic engineering
employed to allow Synechocystis to produce these compounds of interest is that the
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introduced pathway is not part of the evolutionary stable strategy (ESS) (306) and thus
subject to elimination, also known as genetic instability (307, 308). For a fermenting
organism such as E. coli, it was shown that production could be increased by eliminating
all other fermentation pathways through which redox balance is achieved, leaving only the
pathway that leads to formation of the product of interest (309). Something similar has
been proposed for cyanobacteria, i.e. to remove alternative electron flow pathways of
photosynthesis to modulate the NADPH/ATP ratio and force the use of an introduced
pathway (310). However, because there are many possible ways for cyanobacteria to
modulate this ratio in the light, knocking them all out would remove robustness to the
point that such a cell could not survive in any but the most strictly controlled conditions,
which will be hard, if not impossible, in large-scale reactors. Instead, a potentially valuable
strategy may be to eliminate competing fermentation pathways and force the production
of a fermentation product in the night under anoxic conditions or in a terminal oxidase
deletion background in aerobic conditions where the many AEF pathways cannot be used.
While we have shown in Chapter 6 that maintenance requirements in the night are very
low and thus the expected productivity in the dark is not very high, the actual goal is to
make the heterologous pathway part of the ESS and ensure productivity in the light will
not be lost.
An alternative approach to the ESS problem is coupling growth directly to production of
a compound of interest that is part of the native metabolism (311). By knocking out the
pathway for re-assimilation of acetate (a by-product of amino acid metabolism), growth
becomes strictly coupled to production of acetate, forcing the cells to produce acetate.
While this is a clear solution to the ESS problem, the production levels are fairly low
compared to the amount of biomass that is produced. However, if the biomass itself is
valuable this is not necessarily a downside (57, 312).

8.5

Population heterogeneity in photobioreactors

A primary interest of this work has been to investigate population heterogeneity of
cultures grown in a photobioreactor. The common assumption is that a ‘well-stirred’
reactor is homogeneous and thus only one population with a normal distribution is
present. A way to assess this assumption is to have an easy to measure parameter that is
sensitive to cellular differences, such as the expression of a fluorescent protein. To this
end, Synechocystis strain UL018 (313) which has been genetically modified to express yfp
under the strong Ptrc promoter from the pCA2.4 native plasmid, was cultivated in a
photobioreactor under turbidostat control and inspected for heterogeneity of YFP
fluorescence. The obtained steady-state at 25 µmol photons m-2 s-1 orange-red light
resulted in a growth rate of 0.026 h−1 (~27 h Dt) after approximately 10 days of culturing
with little light passing through the culture, suggesting a clear light gradient was present in
the reactor (not further quantified).
The obtained steady-state was perturbed by increasing light intensity to 37 µmol
photons m-2 s-1, resulting in an increase in growth rate to 0.036 h-1 (~19 h Dt). Samples
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taken directly before and after increasing light intensity were analyzed using a flow
cytometer (Fig. 8.1). The wild type Synechocystis parent of UL018 was sampled from
another reactor as a negative control. At t = 0 h, a slight shoulder is visible at the high
fluorescence part of the histogram.

Fig. 8.1. Flow cytometer analysis of UL018 in a controlled reactor (left series) and a flask (right series)
with a wild type control (bottom right). Parameters shown are side scatter (SSC), forward scatter
(FSC) and fluorescence near 530 nm (FL1). P3 is drawn around the dense dot cloud of t=0 h of the
reactor samples.
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This is in accordance with observations using a fluorescence microscope, which showed a
generally higher level of fluorescence than in WT, but with some cells being particularly
bright.
The increase in light intensity reduced this heterogeneity to what appears to be a
slightly skewed normal distribution (Fig. 8.1, PBR t = 94 h). Cell size, reflected in side and
forward scatter, increases with growth rate as expected. In the flask culture, the
exponential phase sample appears similar to t = 94 h of the reactor, but fluorescence
drops to almost wild type levels in the linear phase. Despite culturing conditions with a
clear light gradient, little heterogeneity was found and was even further reduced after an
increase in light intensity in the culture in the photobioreactor. Similarly, during
exponential, unlimited growth in a batch culture in a flask, no evidence of multiple
subpopulations could be found. YFP fluorescence dropped with growth rate and onset of
nutrient limitation during batch growth in a flask but remained fairly constant overall in
the PBR.

8.6

Concluding remarks

In the work presented in this thesis, concrete steps forward have been made in realizing a
bio-based society. The promise of a bio-based society rests on our ability to generate the
required amounts of energy carriers and chemical feedstocks through microorganisms
such as Synechocystis. Strategies to achieve this were discussed in Chapter 1. In Chapter 2,
we have shown that metabolism can be accelerated simply by optimizing (or at least
improving) the growth conditions the organism is subjected to and it will be exciting to see
to what limits we can go. The method described and applied in Chapters 3 and 4 is still in
its infancy and holds great promise for future research. Even though the circadian clock is
not a popular subject of research in Synechocystis, Chapters 5 – 7 have shown that it is of
critical importance to metabolism in a solar-powered world and deserves further
attention.
The aim was to increase our understanding of the regulation and parameters of growth
in Synechocystis and while that has been accomplished, arguably, more questions have
been raised than have been answered. Indeed, nothing is ever easy.

135

References

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.
16.
17.

Blankenship, R. E., and H. Hartman. 1998. The origin and evolution of oxygenic
photosynthesis. Trends Biochem. Sci. 23:94-97.
Whatley, J. M. 1993. The endosymbiotic origin of chloroplasts. Int. Rev. Cytol.
144:259-299.
Schopf, J. W. 2000. The fossil record: tracing the roots of the cyanobacterial
lineage, p. 13-35. In B. A. Whitton and M. Potts (eds.), The ecology of
cyanobacteria. Springer.
Whitton, B. A., and M. Potts. 2012. Introduction to the cyanobacteria, p. 1-13. In
B. A. Whitton (ed.), Ecology of Cyanobacteria II. Springer.
Field, C. B., M. J. Behrenfeld, J. T. Randerson, and P. Falkowski. 1998. Primary
production of the biosphere: integrating terrestrial and oceanic components.
Science. 281:237-240.
Fogg, G. 1969. The Leeuwenhoek lecture, 1968: the physiology of an algal
nuisance. Proceedings of the Royal Society of London.Series B, Biological Sciences.
173:175-189.
Reddy, K. J., J. B. Haskell, D. M. Sherman, and L. A. Sherman. 1993. Unicellular,
aerobic nitrogen-fixing cyanobacteria of the genus Cyanothece. J. Bacteriol.
175:1284-1292.
Matthijs, H. C., P. M. Visser, B. Reeze, et al. 2012. Selective suppression of harmful
cyanobacteria in an entire lake with hydrogen peroxide. Water Res. 46:1460-1472.
Paerl, H. W., and J. Huisman. 2009. Climate change: a catalyst for global expansion
of harmful cyanobacterial blooms. Environmental Microbiology Reports. 1:27-37.
Bryant, D. A. 2014. A Brief History of Cyanobacterial Research: Past, Present, and
Future ProspectsIn E. Flores and A. Herrero (eds.), The Cell Biology of
Cyanobacteria. Caister Academic Press, UK.
Kaneko, T., S. Sato, H. Kotani, et al. 1996. Sequence analysis of the genome of the
unicellular cyanobacterium Synechocystis sp. strain PCC6803. II. Sequence
determination of the entire genome and assignment of potential protein-coding
regions. DNA Res. 3:109-136.
Ikeuchi, M., and S. Tabata. 2001. Synechocystis sp. PCC 6803—a useful tool in the
study of the genetics of cyanobacteria. Photosynthesis Res. 70:73-83.
Ungerer, J., and H. B. Pakrasi. 2016. Cpf1 is a versatile tool for CRISPR genome
editing across diverse species of cyanobacteria. Scientific Reports. 6:39681.
Williams, J. G. 1988. Construction of specific mutations in photosystem II
photosynthetic reaction center by genetic engineering methods in Synechocystis
6803. Meth. Enzymol. 167:766-778.
Vermaas, W., M. Ikeuchi, and Y. Inoue. 1988. Protein composition of the
photosystem II core complex in genetically engineered mutants of the
cyanobacterium Synechocystis sp. PCC 6803. Photosynthesis Res. 17:97-113.
Shen, G., S. Boussiba, and W. F. Vermaas. 1993. Synechocystis sp PCC 6803 strains
lacking photosystem I and phycobilisome function. The Plant Cell. 5:1853-1863.
Johnson, C. H. 2004. Circadian rhythms: As time glows by in bacteria. Nature.
430:23-24.

137

References

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

138

Červený, J., M. A. Sinetova, L. Valledor, L. A. Sherman, and L. Nedbal. 2013.
Ultradian metabolic rhythm in the diazotrophic cyanobacterium Cyanothece sp.
ATCC 51142. Proc. Natl. Acad. Sci. U. S. A. 110:13210-13215.
Axmann, I. M., S. Hertel, A. Wiegard, A. K. Dörrich, and A. Wilde. 2014. Diversity
of KaiC-based timing systems in marine Cyanobacteria. Marine Genomics. 14:3-16.
Johnson, C. H., C. Zhao, Y. Xu, and T. Mori. 2017. Timing the day: what makes
bacterial clocks tick? Nature Reviews Microbiology. 15:232-242.
dos Santos, F. B., W. Du, and K. J. Hellingwerf. 2014. Synechocystis: not just a
plug-bug for CO2, but a green E. coli. Frontiers in Bioengineering and
Biotechnology. 2:36.
Savakis, P., and K. J. Hellingwerf. 2015. Engineering cyanobacteria for direct
biofuel production from CO 2. Curr. Opin. Biotechnol. 33:8-14.
Hellingwerf, K., and M. Teixeira de Mattos. 2009. Alternative routes to biofuels:
Light-driven biofuel formation from CO< sub> 2 and water based on the ‘photanol’
approach. J. Biotechnol. 142:87-90.
Aro, E. 2016. From first generation biofuels to advanced solar biofuels. Ambio.
45:24-31.
Angermayr, S. A., K. J. Hellingwerf, P. Lindblad, and Teixeira de Mattos, M Joost.
2009. Energy biotechnology with cyanobacteria. Curr. Opin. Biotechnol. 20:257263.
Schirrmeister, B. E., M. Gugger, and P. C. J. Donoghue. 2015. Cyanobacteria and
the Great Oxidation Event: evidence from genes and fossils. Palaeontology.
58:769-785.
Fischer, W. W., J. Hemp, and J. S. Valentine. 2016. How did life survive Earth's
great oxygenation? Curr. Opin. Chem. Biol. 31:166-178.
Formighieri, C., F. Franck, and R. Bassi. 2012. Regulation of the pigment optical
density of an algal cell: Filling the gap between photosynthetic productivity in the
laboratory and in mass culture. J. Biotechnol. 162:115-123.
Zhu, X., S. P. Long, and D. R. Ort. 2008. What is the maximum efficiency with
which photosynthesis can convert solar energy into biomass? Curr. Opin.
Biotechnol. 19:153-159.
Janssen, M., M. Janssen, M. de Winter, et al. 2000. Efficiency of light utilization
of< i> Chlamydomonas reinhardtii under medium-duration light/dark cycles. J.
Biotechnol. 78:123-137.
Melis, A. 2009. Solar energy conversion efficiencies in photosynthesis: minimizing
the chlorophyll antennae to maximize efficiency. Plant Science. 177:272-280.
BOLTON, J. R., and D. O. HALL. 1991. THE MAXIMUM EFFICIENCY OF
PHOTOSYNTHESIS*. Photochem. Photobiol. 53:545-548.
Yin, X., and P. C. Struik. 2010. Modelling the crop: from system dynamics to
systems biology. J. Exp. Bot. 61:2171-2183.
Ley, A. C., and D. C. Mauzerall. 1982. Absolute absorption cross-sections for
Photosystem II and the minimum quantum requirement for photosynthesis in< i>
Chlorella vulgaris. Biochimica Et Biophysica Acta (BBA)-Bioenergetics. 680:95-106.
Björkman, O., and B. Demmig. 1987. Photon yield of O2 evolution and chlorophyll
fluorescence characteristics at 77 K among vascular plants of diverse origins.
Planta. 170:489-504.

References

36.
37.
38.
39.
40.
41.
42.

43.
44.
45.

46.
47.
48.
49.
50.
51.
52.
53.

Evans, J. 1987. The dependence of quantum yield on wavelength and growth
irradiance. Functional Plant Biology. 14:69-79.
Evans, J. R. 2013. Improving photosynthesis. Plant Physiol. 162:1780-1793.
Schuurmans, R. M., P. van Alphen, J. M. Schuurmans, H. C. Matthijs, and K. J.
Hellingwerf. 2015. Comparison of the Photosynthetic Yield of Cyanobacteria and
Green Algae: Different Methods Give Different Answers. PloS One. 10:e0139061.
Ugwu, C., H. Aoyagi, and H. Uchiyama. 2008. Photobioreactors for mass
cultivation of algae. Bioresour. Technol. 99:4021-4028.
Ugwu, C. U., and H. Aoyagi. 2012. Designs, Operation and Applications.
Biotechnology. 11:127-132.
Pulz, O. 2001. Photobioreactors: production systems for phototrophic
microorganisms. Appl. Microbiol. Biotechnol. 57:287-293.
Collins, A. M., M. Liberton, H. D. Jones, O. F. Garcia, H. B. Pakrasi, and J. A. Timlin.
2012. Photosynthetic pigment localization and thylakoid membrane morphology
are altered in Synechocystis 6803 phycobilisome mutants. Plant Physiol. 158:16001609.
Fujita, Y., A. Murakami, and K. Aizawa. 1995. The accumulation of
protochlorophyllide in cells of Synechocystis PCC 6714 with a low PSI/PSII
stoichiometry. Plant and Cell Physiology. 36:575-582.
Moal, G., and B. Lagoutte. 2012. Photo-induced electron transfer from
photosystem I to NADP : Characterization and tentative simulation of the in vivo
environment. Biochimica Et Biophysica Acta (BBA)-Bioenergetics. 1817:1635-1645.
Rögner, M., P. J. Nixon, and B. A. Diner. 1990. Purification and characterization of
photosystem I and photosystem II core complexes from wild-type and
phycocyanin-deficient strains of the cyanobacterium Synechocystis PCC 6803. J.
Biol. Chem. 265:6189-6196.
Glick, R. E., and A. Melis. 1988. Minimum photosynthetic unit size in system I and
system II of barley chloroplasts. Biochimica Et Biophysica Acta (BBA)-Bioenergetics.
934:151-155.
Wollman, F. 2001. State transitions reveal the dynamics and flexibility of the
photosynthetic apparatus. EMBO J. 20:3623-3630.
Allen, J. F. 2003. State transitions--a question of balance. Science. 299:1530-1532.
Mullineaux, C. W., and D. Emlyn-Jones. 2005. State transitions: an example of
acclimation to low-light stress. J. Exp. Bot. 56:389-393.
Acuña, A. M., R. Kaňa, M. Gwizdala, et al. 2016. A method to decompose spectral
changes in Synechocystis PCC 6803 during light-induced state transitions.
Photosynthesis Res. 130:237-249.
Kaňa, R., E. Kotabová, O. Komárek, B. Šedivá, G. C. Papageorgiou, and O. Prášil.
2012. The slow S to M fluorescence rise in cyanobacteria is due to a state 2 to state
1 transition. Biochimica Et Biophysica Acta (BBA)-Bioenergetics. 1817:1237-1247.
Tredici, M. R., and G. C. Zittelli. 1998. Efficiency of sunlight utilization: tubular
versus flat photobioreactors. Biotechnol. Bioeng. 57:187-197.
Matthijs, H. C., H. Balke, U. M. Van Hes, B. Kroon, L. R. Mur, and R. A. Binot.
1996. Application of light‐emitting diodes in bioreactors: Flashing light effects and
energy economy in algal culture (Chlorella pyrenoidosa). Biotechnol. Bioeng. 50:98107.
139

References

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

140

Hu, Q., H. Guterman, and A. Richmond. 1996. A flat inclined modular
photobioreactor for outdoor mass cultivation of photoautotrophs. Biotechnol.
Bioeng. 51:51-60.
Granata, T. 2016. Dependency of Microalgal Production on Biomass and the
Relationship to Yield and Bioreactor Scale-up for Biofuels: a Statistical Analysis of
60 Years of Algal Bioreactor Data. BioEnergy Research. 10:267-287.
Czernik, S., and A. Bridgwater. 2004. Overview of applications of biomass fast
pyrolysis oil. Energy Fuels. 18:590-598.
Wijffels, R. H., and M. J. Barbosa. 2010. An outlook on microalgal biofuels.
Science(Washington). 329:796-799.
Vanthoor-Koopmans, M., R. H. Wijffels, M. J. Barbosa, and M. H. Eppink. 2013.
Biorefinery of microalgae for food and fuel. Bioresour. Technol. 135:142-149.
Hannon, M., J. Gimpel, M. Tran, B. Rasala, and S. Mayfield. 2010. Biofuels from
algae: challenges and potential. Biofuels. 1:763-784.
Singh, A., P. S. Nigam, and J. D. Murphy. 2011. Renewable fuels from algae: an
answer to debatable land based fuels. Bioresour. Technol. 102:10-16.
Anemaet, I. G., M. Bekker, and K. J. Hellingwerf. 2010. Algal photosynthesis as the
primary driver for a sustainable development in energy, feed, and food production.
Marine Biotechnology. 12:619-629.
Losick, R., and P. Stragier. 1992. Crisscross regulation of cell-type-specific gene
expression during development in B. subtilis. Nature. 355:601-604.
Okada, K. 2011. The biosynthesis of isoprenoids and the mechanisms regulating it
in plants. Biosci. Biotechnol. Biochem. 75:1219-1225.
Deng, M., and J. R. Coleman. 1999. Ethanol synthesis by genetic engineering in
cyanobacteria. Appl. Environ. Microbiol. 65:523-528.
Lan, E. I., and J. C. Liao. 2012. ATP drives direct photosynthetic production of 1butanol in cyanobacteria. Proceedings of the National Academy of Sciences.
109:6018-6023.
Günther, A., T. Jakob, R. Goss, et al. 2012. Methane production from glycolate
excreting algae as a new concept in the production of biofuels. Bioresour. Technol.
121:454-457.
Ducat, D. C., J. A. Avelar-Rivas, J. C. Way, and P. A. Silver. 2012. Rerouting carbon
flux to enhance photosynthetic productivity. Appl. Environ. Microbiol. 78:26602668.
Angermayr, S. A., M. Paszota, and K. J. Hellingwerf. 2012. Engineering a
cyanobacterial cell factory for production of lactic acid. Appl. Environ. Microbiol.
78:7098-7106.
Gao, Z., H. Zhao, Z. Li, X. Tan, and X. Lu. 2012. Photosynthetic production of
ethanol from carbon dioxide in genetically engineered cyanobacteria. Energy &
Environmental Science. 5:9857-9865.
Algenol. 2017. Algenol biofuels. 2017.
Niederholtmeyer, H., B. T. Wolfstädter, D. F. Savage, P. A. Silver, and J. C. Way.
2010. Engineering cyanobacteria to synthesize and export hydrophilic products.
Appl. Environ. Microbiol. 76:3462-3466.
Takahama, K., M. Matsuoka, K. Nagahama, and T. Ogawa. 2003. Construction and
analysis of a recombinant cyanobacterium expressing a chromosomally inserted

References

73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

83.
84.
85.
86.

87.

gene for an ethylene-forming enzyme at the< i> psbAI locus. Journal of Bioscience
and Bioengineering. 95:302-305.
Oliver, J. W., I. M. Machado, H. Yoneda, and S. Atsumi. 2013. Cyanobacterial
conversion of carbon dioxide to 2, 3-butanediol. Proceedings of the National
Academy of Sciences. 110:1249-1254.
Savakis, P. E., S. A. Angermayr, and K. J. Hellingwerf. 2013. Synthesis of 2, 3butanediol by< i> Synechocystis sp. PCC6803< i> via heterologous expression of a
catabolic pathway from lactic acid-and enterobacteria. Metab. Eng. 20:121-130.
Lindberg, P., S. Park, and A. Melis. 2010. Engineering a platform for
photosynthetic isoprene production in cyanobacteria, using< i> Synechocystis as
the model organism. Metab. Eng. 12:70-79.
Atsumi, S., W. Higashide, and J. C. Liao. 2009. Direct photosynthetic recycling of
carbon dioxide to isobutyraldehyde. Nat. Biotechnol. 27:1177-1180.
Lan, E. I., and J. C. Liao. 2012. Microbial synthesis of n-butanol, isobutanol, and
other higher alcohols from diverse resources. Bioresour. Technol. 135:339-349.
Liu, X., S. Fallon, J. Sheng, and R. Curtiss. 2011. CO2-limitation-inducible Green
Recovery of fatty acids from cyanobacterial biomass. Proceedings of the National
Academy of Sciences. 108:6905-6908.
Wang, W., X. Liu, and X. Lu. 2013. Engineering cyanobacteria to improve
photosynthetic production of alka (e) nes. Biotechnology for Biofuels. 6:1-9.
Takahashi, H., H. Uchimiya, and Y. Hihara. 2008. Difference in metabolite levels
between photoautotrophic and photomixotrophic cultures of Synechocystis sp.
PCC 6803 examined by capillary electrophoresis electrospray ionization mass
spectrometry. J. Exp. Bot. 59:3009-3018.
Angermayr, S. A., and K. J. Hellingwerf. 2013. On the Use of Metabolic Control
Analysis in the Optimization of Cyanobacterial Biosolar Cell Factories. The Journal
of Physical Chemistry B. 117:11169-11175.
Angermayr, S. A., Van der Woude, Aniek D, D. Correddu, A. Vreugdenhil, V.
Verrone, and K. J. Hellingwerf. 2014. Exploring metabolic engineering design
principles for the photosynthetic production of lactic acid by Synechocystis sp.
PCC6803. Biotechnology for Biofuels. 7:1.
Bateman, J., and S. Purton. 2000. Tools for chloroplast transformation in
Chlamydomonas: expression vectors and a new dominant selectable marker.
Molecular and General Genetics MGG. 263:404-410.
Franklin, S. E., and S. P. Mayfield. 2004. Prospects for molecular farming in the
green alga< i> Chlamydomonas reinhardtii. Curr. Opin. Plant Biol. 7:159-165.
Coragliotti, A. T., M. V. Beligni, S. E. Franklin, and S. P. Mayfield. 2011. Molecular
factors affecting the accumulation of recombinant proteins in the Chlamydomonas
reinhardtii chloroplast. Mol. Biotechnol. 48:60-75.
Rasala, B. A., P. A. Lee, Z. Shen, S. P. Briggs, M. Mendez, and S. P. Mayfield. 2012.
Robust Expression and Secretion of Xylanase1 in Chlamydomonas reinhardtii by
Fusion to a Selection Gene and Processing with the FMDV 2A Peptide. PloS One.
7:e43349.
Lauersen, K. J., H. Berger, J. H. Mussgnug, and O. Kruse. 2012. Efficient
recombinant protein production and secretion from nuclear transgenes in< i>
Chlamydomonas reinhardtii. J. Biotechnol. 167:101-110.
141

References

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

101.

102.

142

La Russa, M., C. Bogen, A. Uhmeyer, et al. 2012. Functional analysis of three type2 DGAT homologue genes for triacylglycerol production in the green microalga< i>
Chlamydomonas reinhardtii. J. Biotechnol. 162:13-20.
Yu, W., W. Ansari, N. G. Schoepp, M. J. Hannon, S. P. Mayfield, and M. D. Burkart.
2011. Modifications of the metabolic pathways of lipid and triacylglycerol
production in microalgae. Microb Cell Fact. 10:91.
Hu, Q., M. Sommerfeld, E. Jarvis, et al. 2008. Microalgal triacylglycerols as
feedstocks for biofuel production: perspectives and advances. The Plant Journal.
54:621-639.
Griffiths, M. J., R. P. van Hille, and S. T. Harrison. 2012. Lipid productivity, settling
potential and fatty acid profile of 11 microalgal species grown under nitrogen
replete and limited conditions. J. Appl. Phycol. 24:989-1001.
Gouveia, L., and A. C. Oliveira. 2009. Microalgae as a raw material for biofuels
production. J. Ind. Microbiol. Biotechnol. 36:269-274.
Klok, A. J., D. E. Martens, R. H. Wijffels, and P. P. Lamers. 2013. Simultaneous
growth and neutral lipid accumulation in microalgae. Bioresour. Technol. 134:233243.
Merchant, S. S., S. E. Prochnik, O. Vallon, et al. 2007. The Chlamydomonas
genome reveals the evolution of key animal and plant functions. Science. 318:245250.
Derelle, E., C. Ferraz, S. Rombauts, et al. 2006. Genome analysis of the smallest
free-living eukaryote Ostreococcus tauri unveils many unique features.
Proceedings of the National Academy of Sciences. 103:11647-11652.
Radakovits, R., R. E. Jinkerson, S. I. Fuerstenberg, et al. 2012. Draft genome
sequence and genetic transformation of the oleaginous alga Nannochloropis
gaditana. Nature Communications. 3:686.
Molnar, A., A. Bassett, E. Thuenemann, et al. 2009. Highly specific gene silencing
by artificial microRNAs in the unicellular alga Chlamydomonas reinhardtii. The
Plant Journal. 58:165-174.
Neupert, J., N. Shao, Y. Lu, and R. Bock. 2012. Genetic transformation of the
model green alga Chlamydomonas reinhardtii, p. 35-47. In J. Dunwell and A.
Wetten (eds.), Transgenic Plants. Springer.
Mayfield, S. P., A. L. Manuell, S. Chen, et al. 2007. < i> Chlamydomonas reinhardtii
chloroplasts as protein factories. Curr. Opin. Biotechnol. 18:126-133.
Molnár, I., D. Lopez, J. H. Wisecaver, et al. 2012. Bio-crude transcriptomics: Gene
discovery and metabolic network reconstruction for the biosynthesis of the
terpenome of the hydrocarbon oil-producing green alga, Botryococcus braunii race
B (Showa)*. BMC Genomics. 13:576.
Baba, M., M. Ioki, N. Nakajima, Y. Shiraiwa, and M. M. Watanabe. 2012.
Transcriptome analysis of an oil-rich race A strain of< i> Botryococcus braunii(BOT88-2) by< i> de novo assembly of pyrosequencing cDNA reads. Bioresour. Technol.
109:282-286.
Polle, J. E., S. Kanakagiri, and A. Melis. 2003. tla1, a DNA insertional transformant
of the green alga Chlamydomonas reinhardtii with a truncated light-harvesting
chlorophyll antenna size. Planta. 217:49-59.

References

103.
104.

105.
106.
107.
108.

109.

110.
111.
112.
113.
114.
115.
116.

117.

Kirst, H., J. G. García-Cerdán, A. Zurbriggen, and A. Melis. 2012. Assembly of the
light-harvesting chlorophyll antenna in the green alga Chlamydomonas reinhardtii
requires expression of the TLA2-CpFTSY gene. Plant Physiol. 158:930-945.
Kirst, H., J. G. Garcia-Cerdan, A. Zurbriggen, T. Ruehle, and A. Melis. 2012.
Truncated photosystem chlorophyll antenna size in the green microalga
Chlamydomonas reinhardtii upon deletion of the TLA3-CpSRP43 gene. Plant
Physiol. 160:2251-2260.
Beckmann, J., F. Lehr, G. Finazzi, et al. 2009. Improvement of light to biomass
conversion by de-regulation of light-harvesting protein translation in< i>
Chlamydomonas reinhardtii. J. Biotechnol. 142:70-77.
Perrine, Z., S. Negi, and R. T. Sayre. 2012. Optimization of photosynthetic light
energy utilization by microalgae. Algal Research. 1:134-142.
Oey, M., I. L. Ross, E. Stephens, et al. 2013. RNAi Knock-Down of LHCBM1, 2 and 3
Increases Photosynthetic H2 Production Efficiency of the Green Alga
Chlamydomonas reinhardtii. PloS One. 8:e61375.
Mitra, M., H. Kirst, D. Dewez, and A. Melis. 2012. Modulation of the lightharvesting chlorophyll antenna size in Chlamydomonas reinhardtii by TLA1 gene
over-expression and RNA interference. Philosophical Transactions of the Royal
Society B: Biological Sciences. 367:3430-3443.
Melis, A., J. Neidhardt, I. Baroli, and J. R. Benemann. 1999. Maximizing
photosynthetic productivity and light utilization in microalgae by minimizing the
light-harvesting chlorophyll antenna size of the photosystems, p. 41-52. In O.
Zaborsky, J. Benemann, T. Matsunaga, J. Miyake, and A. San Pietro (eds.),
BioHydrogen. Springer.
Masuda, T., A. Tanaka, and A. Melis. 2003. Chlorophyll antenna size adjustments
by irradiance in Dunaliella salina involve coordinate regulation of chlorophyll a
oxygenase (CAO) and Lhcb gene expression. Plant Mol. Biol. 51:757-771.
Mussgnug, J. H., S. Thomas‐Hall, J. Rupprecht, et al. 2007. Engineering
photosynthetic light capture: impacts on improved solar energy to biomass
conversion. Plant Biotechnology Journal. 5:802-814.
Bernát, G., N. Waschewski, and M. Rögner. 2009. Towards efficient hydrogen
production: the impact of antenna size and external factors on electron transport
dynamics in Synechocystis PCC 6803. Photosynthesis Res. 99:205-216.
Kramer, D. M., and J. R. Evans. 2011. The importance of energy balance in
improving photosynthetic productivity. Plant Physiol. 155:70-78.
Munekage, Y., M. Hashimoto, C. Miyake, et al. 2004. Cyclic electron flow around
photosystem I is essential for photosynthesis. Nature. 429:579-582.
Kramer, D. M., T. J. Avenson, and G. E. Edwards. 2004. Dynamic flexibility in the
light reactions of photosynthesis governed by both electron and proton transfer
reactions. Trends Plant Sci. 9:349-357.
Abe, S., A. Murakami, K. Ohki, Y. Aruga, and Y. Fujita. 1994. Changes in
stoichiometry among PSI, PSII and Cyt b6-f complexes in response to chromatic
light for cell growth observed with the red alga Porphyra yezoensis. Plant and Cell
Physiology. 35:901-906.
Kondo, K., Y. Ochiai, M. Katayama, and M. Ikeuchi. 2007. The membraneassociated CpcG2-phycobilisome in Synechocystis: a new photosystem I antenna.
Plant Physiol. 144:1200-1210.
143

References

118.
119.
120.
121.

122.

123.

124.

125.
126.
127.
128.
129.
130.
131.
132.
133.
144

Nakajima, Y., and R. Ueda. 1999. Improvement of microalgal photosynthetic
productivity by reducing the content of light harvesting pigment. J. Appl. Phycol.
11:195-201.
Elmorjani, K., J. Thomas, and P. Sebban. 1986. Phycobilisomes of wild type and
pigment mutants of the cyanobacterium Synechocystis PCC 6803. Arch. Microbiol.
146:186-191.
Page, L. E., M. Liberton, and H. B. Pakrasi. 2012. Reduction of Photoautotrophic
Productivity in the Cyanobacterium Synechocystis sp. Strain PCC 6803 by
Phycobilisome Antenna Truncation. Appl. Environ. Microbiol. 78:6349-6351.
Kirst, H., C. Formighieri, and A. Melis. 2014. Maximizing photosynthetic efficiency
and culture productivity in cyanobacteria upon minimizing the phycobilisome lightharvesting antenna size. Biochimica Et Biophysica Acta (BBA)-Bioenergetics.
1837:1653-1664.
Lea-Smith, D. J., P. Bombelli, J. S. Dennis, S. A. Scott, A. G. Smith, and C. J. Howe.
2014. Phycobilisome-Deficient Strains of Synechocystis sp. PCC 6803 Have Reduced
Size and Require Carbon-Limiting Conditions to Exhibit Enhanced Productivity.
Plant Physiol. 165:705-714.
Tian, L., M. Gwizdala, I. H. van Stokkum, R. B. Koehorst, D. Kirilovsky, and H. van
Amerongen. 2012. Picosecond kinetics of light harvesting and photoprotective
quenching in wild-type and mutant phycobilisomes isolated from the
cyanobacterium Synechocystis PCC 6803. Biophys. J. 102:1692-1700.
Arteni, A. A., G. Ajlani, and E. J. Boekema. 2009. Structural organisation of
phycobilisomes from< i> Synechocystis sp. strain PCC6803 and their interaction
with the membrane. Biochimica Et Biophysica Acta (BBA)-Bioenergetics. 1787:272279.
Havaux, M., L. Dall'Osto, and R. Bassi. 2007. Zeaxanthin has enhanced antioxidant
capacity with respect to all other xanthophylls in Arabidopsis leaves and functions
independent of binding to PSII antennae. Plant Physiol. 145:1506-1520.
Doebley, J. F., B. S. Gaut, and B. D. Smith. 2006. The molecular genetics of crop
domestication. Cell. 127:1309-1321.
Bentley, F. K., and A. Melis. 2012. Diffusion‐based process for carbon dioxide
uptake and isoprene emission in gaseous/aqueous two‐phase photobioreactors by
photosynthetic microorganisms. Biotechnol. Bioeng. 109:100-109.
Varman, A. M., Y. Xiao, H. B. Pakrasi, and Y. J. Tang. 2013. Metabolic engineering
of Synechocystis sp. strain PCC 6803 for isobutanol production. Appl. Environ.
Microbiol. 79:908-914.
Atwater, H. A., and A. Polman. 2010. Plasmonics for improved photovoltaic
devices. Nature Materials. 9:205-213.
Piprek, J., and Z. Simon Li. 2013. Origin of InGaN light-emitting diode efficiency
improvements using chirped AlGaN multi-quantum barriers. Appl. Phys. Lett.
102:023510-023510-4.
Berg, J., J. Tymoczko, and L. Stryer. 2002. Biochemistry. W. H. Freeman, New York.
Anderson, S. L., and L. McIntosh. 1991. Light-activated heterotrophic growth of
the cyanobacterium Synechocystis sp. strain PCC 6803: a blue-light-requiring
process. J. Bacteriol. 173:2761-2767.
Howitt, C. A., J. W. Cooley, J. T. Wiskich, and W. F. Vermaas. 2001. A strain of
Synechocystis sp. PCC 6803 without photosynthetic oxygen evolution and

References

134.
135.
136.
137.
138.
139.
140.

141.
142.
143.
144.
145.
146.
147.
148.
149.
150.

respiratory oxygen consumption: implications for the study of cyclic
photosynthetic electron transport. Planta. 214:46-56.
Stewart, E. J. 2012. Growing unculturable bacteria. J. Bacteriol. 194:4151-4160.
Kratz, W. A., and J. Myers. 1955. Nutrition and growth of several blue-green algae.
Am. J. Bot. 282-287.
Allen, M. M., and R. Y. Stanier. 1968. Growth and division of some unicellular
blue-green algae. J. Gen. Microbiol. 51:199-202.
Rippka, R., J. Deruelles, J. B. Waterbury, M. Herdman, and R. Y. Stanier. 1979.
Generic assignments, strain histories and properties of pure cultures of
cyanobacteria. J. Gen. Microbiol. 111:1-61.
Shcolnick, S., Y. Shaked, and N. Keren. 2007. A role for mrgA, a DPS family protein,
in the internal transport of Fe in the cyanobacterium< i> Synechocystis sp.
PCC6803. Biochimica Et Biophysica Acta (BBA)-Bioenergetics. 1767:814-819.
Schuurmans, R., J. Matthijs, and K. Hellingwerf. 2017. Transition from exponential
to linear photoautotrophic growth changes the physiology of Synechocystis sp. PCC
6803. Photosynthesis Res. 1-14.
Nakajima, T., K. Yoshikawa, Y. Toya, F. Matsuda, and H. Shimizu. 2017. Metabolic
flux analysis of Synechocystis sp. PCC 6803 DeltanrtABCD mutant reveals a
mechanism for metabolic adaptation to nitrogen-limited conditions. Plant Cell
Physiol. 58:537-545.
Redfield, A. C. 1934. On the proportions of organic derivatives in sea water and
their relation to the composition of plankton. University Press of Liverpool.
Kim, H. W., R. Vannela, C. Zhou, and B. E. Rittmann. 2011. Nutrient acquisition
and limitation for the photoautotrophic growth of Synechocystis sp. PCC6803 as a
renewable biomass source. Biotechnol. Bioeng. 108:277-285.
Nguyen, B. T., and B. E. Rittmann. 2015. Predicting dissolved inorganic carbon in
photoautotrophic microalgae culture via the nitrogen source. Environ. Sci. Technol.
49:9826-9831.
Barbosa, M. J., and R. H. Wijffels. 2004. Overcoming shear stress of microalgae
cultures in sparged photobioreactors. Biotechnol. Bioeng. 85:78-85.
Stanier, R., R. Kunisawa, M. Mandel, and G. Cohen-Bazire. 1971. Purification and
properties of unicellular blue-green algae (order Chroococcales). Bacteriol. Rev.
35:171-205.
Kandegedara, A., and D. B. Rorabacher. 1999. Noncomplexing tertiary amines as
“better” buffers covering the range of pH 3-11. Temperature dependence of their
acid dissociation constants. Anal. Chem. 71:3140-3144.
Good, N. E., G. D. Winget, W. Winter, T. N. Connolly, S. Izawa, and R. M. Singh.
1966. Hydrogen ion buffers for biological research. Biochemistry (N. Y. ). 5:467-477.
van Alphen, P., and K. J. Hellingwerf. 2015. Sustained Circadian Rhythms in
Continuous Light in Synechocystis sp. PCC6803 Growing in a Well-Controlled
Photobioreactor. PLoS One. 10:e0127715.
Huisman, J., H. C. Matthijs, P. M. Visser, et al. 2002. Principles of the light-limited
chemostat: theory and ecological applications. Antonie Van Leeuwenhoek. 81:117133.
Du, W., J. A. Jongbloets, H. P. Hernández, F. J. Bruggeman, K. J. Hellingwerf, and
F. B. dos Santos. 2016. Photonfluxostat: A method for light-limited batch
145

References

151.
152.
153.
154.
155.

156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.

146

cultivation of cyanobacteria at different, yet constant, growth rates. Algal
Research. 20:118-125.
Foster, A. W., C. J. Patterson, R. Pernil, C. R. Hess, and N. J. Robinson. 2012.
Cytosolic Ni(II) sensor in cyanobacterium: nickel detection follows nickel affinity
across four families of metal sensors. J. Biol. Chem. 287:12142-12151.
Yamamoto, H., C. Miyake, K. Dietz, K. Tomizawa, N. Murata, and A. Yokota. 1999.
Thioredoxin peroxidase in the cyanobacterium Synechocystis sp. PCC 6803. FEBS
Lett. 447:269-273.
Dwyer, D. J., P. A. Belenky, J. H. Yang, et al. 2014. Antibiotics induce redox-related
physiological alterations as part of their lethality. Proc. Natl. Acad. Sci. U. S. A.
111:E2100-9.
Esener, A., J. Roels, N. Kossen, and J. Roozenburg. 1981. Description of microbial
growth behaviour during the wash-out phase; determination of the maximum
specific growth rate. Appl. Microbiol. Biotechnol. 13:141-144.
Zavřel, T., M. A. Sinetova, D. Búzová, P. Literáková, and J. Červený. 2015.
Characterization of a model cyanobacterium Synechocystis sp. PCC 6803
autotrophic growth in a flat‐panel photobioreactor. Engineering in Life Sciences.
15:122-132.
Stevens, S., C. Patterson, and J. Myers. 1973. THE PRODUCTION OF HYDROGEN
PEROXIDE BY BLUE‐GREEN ALGAE: A SURVEY1. J. Phycol. 9:427-430.
Kranzler, C., H. Lis, Y. Shaked, and N. Keren. 2011. The role of reduction in iron
uptake processes in a unicellular, planktonic cyanobacterium. Environ. Microbiol.
13:2990-2999.
Klotz, A., J. Georg, L. Bučinská, et al. 2016. Awakening of a dormant
cyanobacterium from nitrogen chlorosis reveals a genetically determined program.
Current Biology. 26:2862-2872.
Droop, M. 1973. Some thoughts on nutrient limitation in algae. J. Phycol. 9:264272.
Esteves-Ferreira, A. A., M. Inaba, T. Obata, et al. 2017. A novel mechanism, linked
to cell density, largely controls cell division in Synechocystis. Plant Physiol. 175.
Liu, L. 2016. Distribution and dynamics of electron transport complexes in
cyanobacterial thylakoid membranes. Biochimica Et Biophysica Acta (BBA) Bioenergetics. 1857:256-265.
Scherer, S., H. Almon, and P. Böger. 1988. Interaction of photosynthesis,
respiration and nitrogen fixation in cyanobacteria. Photosynthesis Research. 15:95114.
Mullineaux, C. W. 2014. Electron transport and light-harvesting switches in
cyanobacteria. Frontiers in Plant Science. 5:7.
Ogawa, T., and K. Sonoike. 2015. Dissection of respiration and photosynthesis in
the cyanobacterium Synechocystis sp. PCC6803 by the analysis of chlorophyll
fluorescence. Journal of Photochemistry and Photobiology B: Biology. 144:61-67.
Cooley, J. W., and W. F. Vermaas. 2001. Succinate dehydrogenase and other
respiratory pathways in thylakoid membranes of Synechocystis sp. strain PCC 6803:
capacity comparisons and physiological function. J. Bacteriol. 183:4251-4258.
Schuurmans, R. M., J. M. Schuurmans, M. Bekker, J. C. Kromkamp, H. C. P.
Matthijs, and K. J. Hellingwerf. 2014. The Redox Potential of the Plastoquinone

References

167.
168.
169.

170.

171.
172.

173.
174.

175.
176.
177.

178.
179.

Pool of the Cyanobacterium Synechocystis Species Strain PCC 6803 Is under Strict
Homeostatic Control. Plant Physiology. 165:463-475.
Govindjee, and D. Shevela. 2011. Adventures with cyanobacteria: a personal
perspective. Frontiers in Plant Science. 2:28.
Lea-Smith, D. J., P. Bombelli, R. Vasudevan, and C. J. Howe. 2016. Photosynthetic,
respiratory and extracellular electron transport pathways in cyanobacteria.
Biochimica Et Biophysica Acta (BBA) - Bioenergetics. 1857:247-255.
Liu, L., S. J. Bryan, F. Huang, et al. 2012. Control of electron transport routes
through redox-regulated redistribution of respiratory complexes. Proceedings of
the National Academy of Sciences of the United States of America. 109:1143111436.
Mi, H., T. Endo, U. Schreiber, T. Ogawa, and K. Asada. 1992. Electron donation
from cyclic and respiratory flows to the photosynthetic intersystem chain is
mediated by pyridine nucleotide dehydrogenase in the cyanobacterium
Synechocystis PCC 6803. Plant and Cell Physiology. 33:1233-1237.
Helman, Y., D. Tchernov, L. Reinhold, et al. 2003. Genes Encoding A-Type
Flavoproteins Are Essential for Photoreduction of O2 in Cyanobacteria. Current
Biology. 13:230-235.
Vicente, J., C. Gomes, A. Wasserfallen, and M. Teixeira. 2002. Module fusion in an
A-type flavoprotein from the cyanobacterium Synechocystis condenses a multiplecomponent pathway in a single polypeptide chain. Biochemical and Biophysical
Research Communications. 294:82-87.
Behrenfeld, M. J., K. H. Halsey, and A. J. Milligan. 2008. Evolved physiological
responses of phytoplankton to their integrated growth environment. Philosophical
Transactions of the Royal Society B: Biological Sciences. 363:2687-2703.
Kirilovsky, D., R. Kaňa, and O. Prášil. 2014. Mechanisms modulating energy
arriving at reaction centers in cyanobacteria, p. 471-502. In B. Demmig-Adams, G.
Garab, W. Adams III, Govindjee, and T. Sharkey (eds.), Non-Photochemical
Quenching and Energy Dissipation in Plants, Algae and Cyanobacteria. Springer,
Dordrecht.
Wilson, A., C. Punginelli, A. Gall, et al. 2008. A photoactive carotenoid protein
acting as light intensity sensor. Proceedings of the National Academy of Sciences of
the United States of America. 105:12075-12080.
Gwizdala, M., A. Wilson, and D. Kirilovsky. 2011. In Vitro Reconstitution of the
Cyanobacterial Photoprotective Mechanism Mediated by the Orange Carotenoid
Protein in Synechocystis PCC 6803. The Plant Cell. 23:2631-2643.
Tian, L., van Stokkum, Ivo H. M., R. B. M. Koehorst, A. Jongerius, D. Kirilovsky,
and H. van Amerongen. 2011. Site, Rate, and Mechanism of Photoprotective
Quenching in Cyanobacteria. Journal of the American Chemical Society. 133:1830418311.
Mullineaux, C. W., and J. F. Allen. 1990. State 1-State 2 transitions in the
cyanobacterium Synechococcus 6301 are controlled by the redox state of electron
carriers between Photosystems I and II. Photosynthesis Research. 23:297-311.
Kirilovsky, D. 2015. Modulating energy arriving at photochemical reaction centers:
orange carotenoid protein-related photoprotection and state transitions.
Photosynthesis Res. 126:3-17.
147

References

180.
181.

182.
183.
184.

185.
186.

187.
188.
189.
190.
191.

192.
193.
194.

148

Vermaas, W. F., G. Shen, and S. Styling. 1994. Electrons generated by
photosystem II are utilized by an oxidase in the absence of photosystem I in the
cyanobacterium Synechocystis sp. PCC 6803. FEBS Lett. 337:103-108.
Havaux, M., G. Guedeney, Q. He, and A. R. Grossman. 2003. Elimination of highlight-inducible polypeptides related to eukaryotic chlorophyll a/b-binding proteins
results in aberrant photoacclimation in Synechocystis PCC6803. Biochimica Et
Biophysica Acta (BBA) - Bioenergetics. 1557:21-33.
Staleva, H., J. Komenda, M. K. Shukla, et al. 2015. Mechanism of photoprotection
in the cyanobacterial ancestor of plant antenna proteins. Nature Chemical Biology.
11:287-291.
Komenda, J., and R. Sobotka. 2016. Cyanobacterial high-light-inducible proteins —
Protectors of chlorophyll — protein synthesis and assembly. Biochimica Et
Biophysica Acta (BBA) - Bioenergetics. 1857:288-295.
Sinha, R. K., J. Komenda, J. Knoppová, M. Sedlářová, and P. Pospíšil. 2012. Small
CAB-like proteins prevent formation of singlet oxygen in the damaged
photosystem II complex of the cyanobacterium Synechocystis sp. PCC 6803. Plant,
Cell & Environment. 35:806-818.
Chidgey, J. W., M. Linhartova, J. Komenda, et al. 2014. A cyanobacterial
chlorophyll synthase-HliD complex associates with the Ycf39 protein and the
YidC/Alb3 insertase. The Plant Cell. 26:1267-1279.
Kaňa, R., O. Prášil, O. Komárek, and G. C. Papageorgiou. 2009. Spectral
characteristic of fluorescence induction in a model cyanobacterium,
Synechococcus sp.(PCC 7942). Biochimica Et Biophysica Acta (BBA)-Bioenergetics.
1787:1170-1178.
Lambrev, P. H., M. Nilkens, Y. Miloslavina, P. Jahns, and A. R. Holzwarth. 2010.
Kinetic and Spectral Resolution of Multiple Nonphotochemical Quenching
Components in Arabidopsis Leaves. Plant Physiology. 152:1611-1624.
Orman, M. A., and M. P. Brynildsen. 2015. Inhibition of stationary phase
respiration impairs persister formation in E. coli. Nature Communications. 6:7983.
Pils, D., and G. Schmetterer. 2001. Characterization of three bioenergetically
active respiratory terminal oxidases in the cyanobacterium Synechocystis sp. strain
PCC 6803. FEMS Microbiology Letters. 203:217-222.
Golub, G., and C. Van Loan. 1996. The singular value decomposition and unitary
matrices. 70-71.
Stirbet, A., and Govindjee. 2011. On the relation between the Kautsky effect
(chlorophyll a fluorescence induction) and photosystem II: basics and applications
of the OJIP fluorescence transient. Journal of Photochemistry and Photobiology B:
Biology. 104:236-257.
Ebenhöh, O., G. Fucile, G. Finazzi, J. Rochaix, and M. Goldschmidt-Clermont.
2014. Short-term acclimation of the photosynthetic electron transfer chain to
changing light: a mathematical model. 369:20130223.
Matuszyńska, A., S. Heidari, P. Jahns, and O. Ebenhöh. 2016. A mathematical
model of non-photochemical quenching to study short-term light memory in
plants. Biochimica Et Biophysica Acta (BBA) - Bioenergetics. 1857:1860-1869.
Allahverdiyeva, Y., H. Mustila, M. Ermakova, et al. 2013. Flavodiiron proteins Flv1
and Flv3 enable cyanobacterial growth and photosynthesis under fluctuating light.

References

195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.

Proceedings of the National Academy of Sciences of the United States of America.
110:4111-4116.
Zhang, P., Y. Allahverdiyeva, M. Eisenhut, and E. Aro. 2009. Flavodiiron proteins in
oxygenic photosynthetic organisms: photoprotection of photosystem II by Flv2 and
Flv4 in Synechocystis sp. PCC 6803. PLoS One. 4:e5331.
Björn, L. O., and K. Nickelsen. 2013. Evolution of the Z-scheme of electron
transport in oxygenic photosynthesis, p. 827-833. In R. Govindjee (ed.),
Photosynthesis Research for Food, Fuel and the Future. Springer.
van Grondelle, R., J. P. Dekker, T. Gillbro, and V. Sundstrom. 1994. Energy transfer
and trapping in photosynthesis. Biochimica Et Biophysica Acta (BBA) Bioenergetics. 1187:1-65.
van Thor, J. J. 1999. Ferrodoxin: NADP reductase and photosynthetic energy
transduction in Cyanobacteria. Doctoral. University of Amsterdam.
Jeanjean, R., H. C. Matthijs, B. Onana, M. Havaux, and F. Joset. 1993. Exposure of
the cyanobacterium Synechocystis PCC6803 to salt stress induces concerted
changes in respiration and photosynthesis. Plant & Cell Physiology. 34:1073-1079.
Schmetterer, G. 1994. Cyanobacterial respiration, p. 409-435. In D. A. Bryant (ed.),
The molecular biology of cyanobacteria. Springer.
Ermakova, M., T. Huokko, P. Richaud, et al. 2016. Distinguishing the Roles of
Thylakoid Respiratory Terminal Oxidases in the Cyanobacterium Synechocystis sp.
PCC 6803. Plant Physiology. 171:1307-1319.
Shimakawa, G., K. Shaku, A. Nishi, et al. 2015. Flavodiiron2 and flavodiiron4
Proteins Mediate an Oxygen-Dependent Alternative Electron Flow in Synechocystis
sp. PCC 6803 under CO2-Limited Conditions. Plant Physiology. 167:472-480.
Allahverdiyeva, Y., J. Isojärvi, P. Zhang, and E. Aro. 2015. Cyanobacterial Oxygenic
Photosynthesis is Protected by Flavodiiron Proteins. Life. 5:716.
Bersanini, L., Y. Allahverdiyeva, N. Battchikova, et al. 2017. Dissecting the
Photoprotective Mechanism Encoded by the flv4‐2 Operon: a Distinct Contribution
of Sll0218 in Photosystem II Stabilization. Plant, Cell Environ. 40:378-389.
Bersanini, L., N. Battchikova, M. Jokel, et al. 2014. Flavodiiron Protein Flv2/Flv4Related Photoprotective Mechanism Dissipates Excitation Pressure of PSII in
Cooperation with Phycobilisomes in Cyanobacteria. Plant Physiology. 164:805-818.
Campbell, D., V. Hurry, A. K. Clarke, P. Gustafsson, and G. Öquist. 1998.
Chlorophyll fluorescence analysis of cyanobacterial photosynthesis and
acclimation. Microbiology and Molecular Biology Reviews. 62:667-683.
Mullineaux, C. W., and J. F. Allen. 1986. The state 2 transition in the
cyanobacterium Synechococcus 6301 can be driven by respiratory electron flow
into the plastoquinone pool. FEBS Letters. 205:155-160.
Papageorgiou, G. C. 1996. The photosynthesis of cyanobacteria (blue bacteria)
from the perspective of signal analysis of chlorophyll a fluorescence. Journal of
Scientific & Industrial Research. 55:596-617.
Jallet, D., M. Gwizdala, and D. Kirilovsky. 2012. ApcD, ApcF and ApcE are not
required for the Orange Carotenoid Protein related phycobilisome fluorescence
quenching in the cyanobacterium Synechocystis PCC 6803. Biochimica Et
Biophysica Acta (BBA) - Bioenergetics. 1817:1418-1427.

149

References

210.
211.

212.

213.
214.
215.
216.
217.
218.

219.
220.
221.
222.
223.
224.
225.

150

Kirilovsky, D. 2007. Photoprotection in cyanobacteria: the orange carotenoid
protein (OCP)-related non-photochemical-quenching mechanism. Photosynthesis
Res. 93:7.
Ogawa, T. 1991. A gene homologous to the subunit-2 gene of NADH
dehydrogenase is essential to inorganic carbon transport of Synechocystis
PCC6803. Proceedings of the National Academy of Sciences of the United States of
America. 88:4275-4279.
Mi, H., T. Endo, T. Ogawa, and K. Asada. 1995. Thylakoid membrane-bound,
NADPH-specific pyridine nucleotide dehydrogenase complex mediates cyclic
electron transport in the cyanobacterium Synechocystis sp. PCC 6803. Plant and
Cell Physiology. 36:661-668.
Ohkawa, H., G. D. Price, M. R. Badger, and T. Ogawa. 2000. Mutation of ndh
Genes Leads to Inhibition of CO2 Uptake Rather than HCO3 âˆ’Uptake in
Synechocystis sp. Strain PCC 6803. Journal of Bacteriology. 182:2591-2596.
Liu, H., H. Zhang, D. M. Niedzwiedzki, et al. 2013. Phycobilisomes supply
excitations to both photosystems in a megacomplex in cyanobacteria. Science.
342:1104-1107.
Kondo, K., C. W. Mullineaux, and M. Ikeuchi. 2009. Distinct roles of CpcG1phycobilisome and CpcG2-phycobilisome in state transitions in a cyanobacterium
Synechocystis sp. PCC 6803. Photosynthesis Research. 99:217-225.
Gao, F., J. Zhao, L. Chen, et al. 2016. The NDH-1L-PSI Supercomplex Is Important
for Efficient Cyclic Electron Transport in Cyanobacteria. Plant Physiology. 172:14511464.
Chukhutsina, V., L. Bersanini, E. Aro, and H. van Amerongen. 2015. Cyanobacterial
Light-Harvesting Phycobilisomes Uncouple From Photosystem I During Dark-ToLight Transitions. Scientific Reports. 5:14193.
Dong, C., A. Tang, J. Zhao, C. W. Mullineaux, G. Shen, and D. A. Bryant. 2009.
ApcD is necessary for efficient energy transfer from phycobilisomes to
photosystem I and helps to prevent photoinhibition in the cyanobacterium
Synechococcus sp. PCC 7002. Biochimica Et Biophysica Acta (BBA) - Bioenergetics.
1787:1122-1128.
Zlenko, D. V., T. V. Galochkina, P. M. Krasilnikov, and I. N. Stadnichuk. 2017.
Coupled rows of PBS cores and PSII dimers in cyanobacteria: symmetry and
structure. Photosynthesis Research. 133:245-260.
Chen, Q. 2017. Engineering retinal-based phototrophy via a complementary
photosystem in Synechocystis sp. PCC6803. Doctoral. University of Amsterdam.
Tu, B. P., and S. L. McKnight. 2006. Metabolic cycles as an underlying basis of
biological oscillations. Nature Reviews Molecular Cell Biology. 7:696-701.
Min, H., H. Guo, and J. Xiong. 2005. Rhythmic gene expression in a purple
photosynthetic bacterium,< i> Rhodobacter sphaeroides. FEBS Lett. 579:808-812.
Edgar, R. S., E. W. Green, Y. Zhao, et al. 2012. Peroxiredoxins are conserved
markers of circadian rhythms. Nature. 485:459-464.
Hirschie Johnson, C., J. A. Elliott, and R. Foster. 2003. Entrainment of circadian
programs. Chronobiol. Int. 20:741-774.
Bell-Pedersen, D., V. M. Cassone, D. J. Earnest, et al. 2005. Circadian rhythms
from multiple oscillators: lessons from diverse organisms. Nature Reviews
Genetics. 6:544-556.

References

226.
227.
228.
229.
230.
231.
232.
233.

234.
235.
236.
237.
238.
239.
240.
241.
242.

Kondo, T., C. A. Strayer, R. D. Kulkarni, et al. 1993. Circadian rhythms in
prokaryotes: luciferase as a reporter of circadian gene expression in cyanobacteria.
Proc. Natl. Acad. Sci. U. S. A. 90:5672-5676.
Golden, S. S., M. Ishiura, C. H. Johnson, and T. Kondo. 1997. Cyanobacterial
circadian rhythms. Annual Review of Plant Biology. 48:327-354.
Mori, T., and C. H. Johnson. 2001. Circadian programming in cyanobacteria.
Seminars in Cell & Developmental Biology. 12:271-278.
Smith, R. M., and S. B. Williams. 2006. Circadian rhythms in gene transcription
imparted by chromosome compaction in the cyanobacterium Synechococcus
elongatus. Proc. Natl. Acad. Sci. U. S. A. 103:8564-8569.
Nakajima, M., K. Imai, H. Ito, et al. 2005. Reconstitution of circadian oscillation of
cyanobacterial KaiC phosphorylation in vitro. Science. 308:414-415.
Zwicker, D., D. K. Lubensky, and P. R. ten Wolde. 2010. Robust circadian clocks
from coupled protein-modification and transcription-translation cycles. Proc. Natl.
Acad. Sci. U. S. A. 107:22540-22545.
Teng, S. W., S. Mukherji, J. R. Moffitt, S. de Buyl, and E. K. O'Shea. 2013. Robust
circadian oscillations in growing cyanobacteria require transcriptional feedback.
Science. 340:737-740.
Aoki, S., and K. Onai. 2009. Circadian clocks of Synechocystis sp. strain PCC 6803,
Thermosynechococcus elongatus, Prochlorococcus spp., Trichodesmium spp. and
other species, p. 259-282. In J. Ditty, S. Mackey, and C. Johnson (eds.), Bacterial
circadian programs. Springer.
Dvornyk, V., O. Vinogradova, and E. Nevo. 2003. Origin and evolution of circadian
clock genes in prokaryotes. Proc. Natl. Acad. Sci. U. S. A. 100:2495-2500.
Kopf, M., S. Klahn, I. Scholz, J. K. Matthiessen, W. R. Hess, and B. Voss. 2014.
Comparative Analysis of the Primary Transcriptome of Synechocystis sp. PCC 6803.
DNA Res. 21:527-539.
Aoki, S., T. Kondo, and M. Ishiura. 1995. Circadian expression of the dnaK gene in
the cyanobacterium Synechocystis sp. strain PCC 6803. J. Bacteriol. 177:5606-5611.
Aoki, S., T. Kondo, H. Wada, and M. Ishiura. 1997. Circadian rhythm of the
cyanobacterium Synechocystis sp. strain PCC 6803 in the dark. J. Bacteriol.
179:5751-5755.
Kucho, K., K. Okamoto, Y. Tsuchiya, et al. 2005. Global analysis of circadian
expression in the cyanobacterium Synechocystis sp. strain PCC 6803. J. Bacteriol.
187:2190-2199.
Ito, H., M. Mutsuda, Y. Murayama, et al. 2009. Cyanobacterial daily life with Kaibased circadian and diurnal genome-wide transcriptional control in Synechococcus
elongatus. Proc. Natl. Acad. Sci. U. S. A. 106:14168-14173.
Beck, C., S. Hertel, A. Rediger, et al. 2014. Daily expression pattern of proteinencoding genes and small noncoding RNAs in synechocystis sp. strain PCC 6803.
Appl. Environ. Microbiol. 80:5195-5206.
Mihalcescu, I., W. Hsing, and S. Leibler. 2004. Resilient circadian oscillator
revealed in individual cyanobacteria. Nature. 430:81-85.
Amdaoud, M., M. Vallade, C. Weiss-Schaber, and I. Mihalcescu. 2007.
Cyanobacterial clock, a stable phase oscillator with negligible intercellular coupling.
Proc. Natl. Acad. Sci. U. S. A. 104:7051-7056.
151

References

243.
244.
245.
246.
247.
248.

249.

250.
251.

252.
253.
254.
255.
256.
257.
258.

152

Beale, S. I. 1999. Enzymes of chlorophyll biosynthesis. Photosynthesis Res. 60:4373.
Kondo, T., and M. Ishiura. 1999. The circadian clocks of plants and cyanobacteria.
Trends Plant Sci. 4:171-176.
Dorrich, A. K., J. Mitschke, O. Siadat, and A. Wilde. 2014. Deletion of the
Synechocystis sp. PCC 6803 kaiAB1C1 gene cluster causes impaired cell growth
under light-dark conditions. Microbiology. 160:2538-2550.
Wiegard, A., A. K. Dörrich, H. Deinzer, et al. 2013. Biochemical analysis of three
putative KaiC clock proteins from Synechocystis sp. PCC 6803 suggests their
functional divergence. Microbiology. 159:948-958.
Sinetova, M. A., J. Červený, T. Zavřel, and L. Nedbal. 2012. On the dynamics and
constraints of batch culture growth of the cyanobacterium< i> Cyanothece sp.
ATCC 51142. J. Biotechnol. 162:148-155.
Ouchane, S., A. S. Steunou, M. Picaud, and C. Astier. 2004. Aerobic and anaerobic
Mg-protoporphyrin monomethyl ester cyclases in purple bacteria: a strategy
adopted to bypass the repressive oxygen control system. J. Biol. Chem. 279:63856394.
Nedbal, L., M. Trtilek, J. Červený, O. Komárek, and H. B. Pakrasi. 2008. A
photobioreactor system for precision cultivation of photoautotrophic
microorganisms and for high‐content analysis of suspension dynamics. Biotechnol.
Bioeng. 100:902-910.
Brown, A. M. 2001. A step-by-step guide to non-linear regression analysis of
experimental data using a Microsoft Excel spreadsheet. Comput. Methods
Programs Biomed. 65:191-200.
Quintana, N., F. Van der Kooy, Van de Rhee, Miranda D, G. P. Voshol, and R.
Verpoorte. 2011. Renewable energy from Cyanobacteria: energy production
optimization by metabolic pathway engineering. Appl. Microbiol. Biotechnol.
91:471-490.
McNeely, K., Y. Xu, G. Ananyev, N. Bennette, D. A. Bryant, and G. C. Dismukes.
2011. Synechococcus sp. strain PCC 7002 nifJ mutant lacking pyruvate:ferredoxin
oxidoreductase. Appl. Environ. Microbiol. 77:2435-2444.
Lan, E. I., and J. C. Liao. 2011. Metabolic engineering of cyanobacteria for 1butanol production from carbon dioxide. Metab. Eng. 13:353-363.
Xu, Y., P. D. Weyman, M. Umetani, et al. 2013. Circadian Yin-Yang regulation and
its manipulation to globally reprogram gene expression. Current Biology. 23:23652374.
Diamond, S., D. Jun, B. E. Rubin, and S. S. Golden. 2015. The circadian oscillator in
Synechococcus elongatus controls metabolite partitioning during diurnal growth.
Proc. Natl. Acad. Sci. U. S. A. 112:E1916-25.
Gudmundsson, S., and J. Nogales. 2015. Cyanobacteria as photosynthetic
biocatalysts: a systems biology perspective. Molecular BioSystems. 11:60-70.
Oliver, J. W., and S. Atsumi. 2014. Metabolic design for cyanobacterial chemical
synthesis. Photosynthesis Res. 1-13.
Angermayr, S. A., A. G. Rovira, and K. J. Hellingwerf. 2015. Metabolic engineering
of cyanobacteria for the synthesis of commodity products. Trends Biotechnol.
33:352-361.

References

259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.

270.
271.

272.
273.
274.
275.

Wijffels, R. H., O. Kruse, and K. J. Hellingwerf. 2013. Potential of industrial
biotechnology with cyanobacteria and eukaryotic microalgae. Curr. Opin.
Biotechnol. 24:405-413.
Ducat, D. C., J. C. Way, and P. A. Silver. 2011. Engineering cyanobacteria to
generate high-value products. Trends Biotechnol. 29:95-103.
Abed, R. M., S. Dobretsov, and K. Sudesh. 2009. Applications of cyanobacteria in
biotechnology. J. Appl. Microbiol. 106:1-12.
Pattanaik, B., and P. Lindberg. 2015. Terpenoids and their biosynthesis in
cyanobacteria. Life. 5:269-293.
Janssen, M., J. Tramper, L. R. Mur, and R. H. Wijffels. 2003. Enclosed outdoor
photobioreactors: Light regime, photosynthetic efficiency, scale‐up, and future
prospects. Biotechnol. Bioeng. 81:193-210.
Converti, A., R. Oliveira, B. Torres, A. Lodi, and M. Zilli. 2009. Biogas production
and valorization by means of a two-step biological process. Bioresour. Technol.
100:5771-5776.
Stal, L. J., and R. Moezelaar. 1997. Fermentation in cyanobacteria. FEMS Microbiol.
Rev. 21:179-211.
Parrou, J. L., and J. François. 1997. A simplified procedure for a rapid and reliable
assay of both glycogen and trehalose in whole yeast cells. Anal. Biochem. 248:186188.
Labiosa, R. G., K. R. Arrigo, C. J. Tu, et al. 2006. EXAMINATION OF DIEL CHANGES
IN GLOBAL TRANSCRIPT ACCUMULATION IN SYNECHOCYSTIS (CYANOBACTERIA) 1.
J. Phycol. 42:622-636.
Nakao, M., S. Okamoto, M. Kohara, et al. 2009. CyanoBase: the cyanobacteria
genome database update 2010. Nucleic Acids Res. 38:D379-D381.
Reyes, J. C., M. I. Muro-Pastor, and F. J. Florencio. 1997. Transcription of
glutamine synthetase genes (glnA and glnN) from the cyanobacterium
Synechocystis sp. strain PCC 6803 is differently regulated in response to nitrogen
availability. J. Bacteriol. 179:2678-2689.
Steinhauser, D., A. R. Fernie, and W. L. Araújo. 2012. Unusual cyanobacterial TCA
cycles: not broken just different. Trends Plant Sci. 17:503-509.
Koksharova, O., M. Schubert, S. Shestakov, and R. Cerff. 1998. Genetic and
biochemical evidence for distinct key functions of two highly divergent GAPDH
genes in catabolic and anabolic carbon flow of the cyanobacterium Synechocystis
sp. PCC 6803. Plant Mol. Biol. 36:183-194.
Pelroy, R., and J. Bassham. 1972. Photosynthetic and dark carbon metabolism in
unicellular blue-green algae. Arch. Microbiol. 86:25-38.
Osanai, T., T. Shirai, H. Iijima, et al. 2015. Genetic manipulation of a metabolic
enzyme and a transcriptional regulator increasing succinate excretion from
unicellular cyanobacterium. Front. Microbiol. 6:1064.
Gründel, M., R. Scheunemann, W. Lockau, and Y. Zilliges. 2012. Impaired glycogen
synthesis causes metabolic overflow reactions and affects stress responses in the
cyanobacterium Synechocystis sp. PCC 6803. Microbiology. 158:3032-3043.
Zilliges, Y. 2014. Glycogen, a dynamic cellular sink and reservoir for carbon. The
Cell Biology of Cyanobacteria. 189-210.

153

References

276.
277.

278.

279.
280.

281.

282.
283.
284.
285.
286.
287.
288.
289.
290.
291.

154

Knoop, H., M. Gründel, Y. Zilliges, et al. 2013. Flux balance analysis of
cyanobacterial metabolism: the metabolic network of Synechocystis sp. PCC 6803.
PLoS Computational Biology. 9:e1003081.
Gutekunst, K., X. Chen, K. Schreiber, U. Kaspar, S. Makam, and J. Appel. 2014. The
bidirectional NiFe-hydrogenase in Synechocystis sp. PCC 6803 is reduced by
flavodoxin and ferredoxin and is essential under mixotrophic, nitrate-limiting
conditions. J. Biol. Chem. 289:1930-1937.
Kudoh, K., Y. Kawano, S. Hotta, M. Sekine, T. Watanabe, and M. Ihara. 2014.
Prerequisite for highly efficient isoprenoid production by cyanobacteria discovered
through the over-expression of 1-deoxy-d-xylulose 5-phosphate synthase and
carbon allocation analysis. Journal of Bioscience and Bioengineering. 118:20-28.
Ma, P., M. A. Woelfle, and C. H. Johnson. 2013. An evolutionary fitness
enhancement conferred by the circadian system in cyanobacteria. Chaos, Solitons
& Fractals. 50:65-74.
Ma, P., T. Mori, C. Zhao, T. Thiel, and C. H. Johnson. 2016. Evolution of KaiCdependent timekeepers: A proto-circadian timing mechanism confers adaptive
fitness in the purple bacterium Rhodopseudomonas palustris. PLoS Genetics.
12:e1005922.
Holtzendorff, J., F. Partensky, D. Mella, J. Lennon, W. R. Hess, and L. Garczarek.
2008. Genome streamlining results in loss of robustness of the circadian clock in
the marine cyanobacterium Prochlorococcus marinus PCC 9511. J. Biol. Rhythms.
23:187-199.
Axmann, I. M., U. Duhring, L. Seeliger, et al. 2009. Biochemical evidence for a
timing mechanism in prochlorococcus. J. Bacteriol. 191:5342-5347.
Mullineaux, C. W., and R. Stanewsky. 2009. The rolex and the hourglass: a
simplified circadian clock in prochlorococcus? J. Bacteriol. 191:5333-5335.
Rust, M. J., S. S. Golden, and E. K. O'Shea. 2011. Light-driven changes in energy
metabolism directly entrain the cyanobacterial circadian oscillator. Science.
331:220-223.
Zhu, T., X. Xie, Z. Li, X. Tan, and X. Lu. 2015. Enhancing photosynthetic production
of ethylene in genetically engineered Synechocystis sp. PCC 6803. Green Chem.
17:421-434.
Cheah, Y. E., S. C. Albers, and C. A. Peebles. 2013. A novel counter‐selection
method for markerless genetic modification in Synechocystis sp. PCC 6803.
Biotechnol. Prog. 29:23-30.
Mulrooney, S. B., and R. P. Hausinger. 2003. Nickel uptake and utilization by
microorganisms. FEMS Microbiol. Rev. 27:239-261.
De Rosa, E., V. Checchetto, C. Franchin, et al. 2015. [NiFe]-hydrogenase is
essential for cyanobacterium Synechocystis sp. PCC 6803 aerobic growth in the
dark. Scientific Reports. 5:12424.
Morel, F. M., and N. M. Price. 2003. The biogeochemical cycles of trace metals in
the oceans. Science. 300:944-947.
Vraspir, J. M., and A. Butler. 2009. Chemistry of marine ligands and siderophores.
Annual Review of Marine Science. 1:43-63.
Leão, P. N., M. T. S. Vasconcelos, and V. M. Vasconcelos. 2007. Role of marine
cyanobacteria in trace metal bioavailability in seawater. Microb. Ecol. 53:104-109.

References

292.
293.
294.
295.
296.
297.
298.
299.
300.
301.
302.
303.
304.
305.

306.
307.
308.

Saito, M. A., J. W. Moffett, S. W. Chisholm, and J. B. Waterbury. 2002. Cobalt
limitation and uptake in Prochlorococcus. Limnol. Oceanogr. 47:1629-1636.
Hoffmann, D., K. Gutekunst, M. Klissenbauer, R. Schulz‐Friedrich, and J. Appel.
2006. Mutagenesis of hydrogenase accessory genes of Synechocystis sp. PCC 6803.
FEBS Journal. 273:4516-4527.
Eitinger, T., J. Suhr, L. Moore, and J. A. C. Smith. 2005. Secondary transporters for
nickel and cobalt ions: theme and variations. Biometals. 18:399-405.
Yu, J., M. Liberton, P. F. Cliften, et al. 2015. Synechococcus elongatus UTEX 2973,
a fast growing cyanobacterial chassis for biosynthesis using light and CO2. Scientific
Reports. 5:8132.
Sakamoto, T., and D. A. Bryant. 1997. Growth at low temperature causes nitrogen
limitation in the cyanobacterium Synechococcus sp. PCC 7002. Arch. Microbiol.
169:10-19.
Markou, G., and E. Nerantzis. 2013. Microalgae for high-value compounds and
biofuels production: a review with focus on cultivation under stress conditions.
Biotechnol. Adv. 31:1532-1542.
Ooms, M. D., P. J. Graham, B. Nguyen, E. H. Sargent, and D. Sinton. 2017. Light
dilution via wavelength management for efficient high‐density photobioreactors.
Biotechnol. Bioeng. 114:1160-1169.
de Mooij, T., G. de Vries, C. Latsos, R. H. Wijffels, and M. Janssen. 2016. Impact of
light color on photobioreactor productivity. Algal Research. 15:32-42.
Kirilovsky, D., and C. A. Kerfeld. 2012. The orange carotenoid protein in
photoprotection of photosystem II in cyanobacteria. Biochimica Et Biophysica Acta
(BBA)-Bioenergetics. 1817:158-166.
Baker, N. R. 2008. Chlorophyll fluorescence: a probe of photosynthesis in vivo.
Annu.Rev.Plant Biol. 59:89-113.
Tchernov, D., J. Silverman, B. Luz, L. Reinhold, and A. Kaplan. 2003. Massive lightdependent cycling of inorganic carbon between oxygenic photosynthetic
microorganisms and their surroundings. Photosynthesis Res. 77:95-103.
Schreiber, U. 2004. Pulse-amplitude-modulation (PAM) fluorometry and saturation
pulse method: an overview, p. 279-319. In G. C. Papageorgiou and Govindjee
(eds.), Chlorophyll a Fluorescence.
Deblois, C. P., A. Marchand, and P. Juneau. 2013. Comparison of photoacclimation
in twelve freshwater photoautotrophs (chlorophyte, bacillaryophyte, cryptophyte
and cyanophyte) isolated from a natural community. PLoS One. 8:e57139.
Acuña, A. M., J. J. Snellenburg, M. Gwizdala, D. Kirilovsky, R. Van Grondelle, and
I. H. Van Stokkum. 2016. Resolving the contribution of the uncoupled
phycobilisomes to cyanobacterial pulse-amplitude modulated (PAM) fluorometry
signals. Photosynthesis Res. 127:91-102.
Smith, J. M., and G. R. Price. 1973. The logic of animal conflict. Nature. 246:15-18.
Jones, P. R. 2014. Genetic instability in cyanobacteria–an elephant in the room?
Frontiers in Bioengineering and Biotechnology. 2:12.
Du, W., S. A. Angermayr, J. A. Jongbloets, et al. 2016. Nonhierarchical Flux
Regulation Exposes the Fitness Burden Associated with Lactate Production in
Synechocystis sp. PCC6803. ACS Synthetic Biology. 6:395-401.

155

References

309.
310.
311.
312.
313.

156

Shen, C. R., E. I. Lan, Y. Dekishima, A. Baez, K. M. Cho, and J. C. Liao. 2011. Driving
forces enable high-titer anaerobic 1-butanol synthesis in Escherichia coli. Appl.
Environ. Microbiol. 77:2905-2915.
Erdrich, P., H. Knoop, R. Steuer, and S. Klamt. 2014. Cyanobacterial biofuels: new
insights and strain design strategies revealed by computational modeling.
Microbial Cell Factories. 13:128.
iGEM Amsterdam 2015. 2015. Engineering stable carbon production. 2017.
Vigani, M., C. Parisi, E. Rodríguez-Cerezo, et al. 2015. Food and feed products
from micro-algae: Market opportunities and challenges for the EU. Trends Food Sci.
Technol. 42:81-92.
Armshaw, P., D. Carey, C. Sheahan, and J. T. Pembroke. 2015. Utilising the native
plasmid, pCA2. 4, from the cyanobacterium Synechocystis sp. strain PCC6803 as a
cloning site for enhanced product production. Biotechnology for Biofuels. 8:201.

Summary

Summary
The oxygenic photoautotroph Synechocystis sp. PCC6803 is a present-day cyanobacterium,
a lineage with billions of years of history. Its ancestors first evolved the ability to perform
oxygenic photosynthesis: using sunlight to extract electrons from water to form sugars out
of CO2. This unbounded success has seen them spread all over Earth, including in the
chloroplasts of algae and plants. They are responsible for the high percentage of oxygen in
the atmosphere in the so-called Great Oxygenation Event that shapes our current climate.
The cyanobacteria are extensively researched organisms, of which Synechocystis is a
well-characterized model organism for various types of research including fundamental
research of photosynthesis itself. Recently, in an effort to stop climate change and move
society to a sustainable future, Synechocystis and other photoautotrophic microalgae are
being engineered to produce fuels and other chemicals directly from CO2. This requires a
thorough understanding of the inner workings of the organism in order to meet demand,
now and in the future.
The work presented in this thesis aimed to increase our understanding of metabolism
and regulation thereof in Synechocystis. To this end, state of the art photobioreactors
were used to precisely control and measure all parameters of growth.
Chapter 1 is a review of the current state of achieving a bio-based society with the use
of microalgae. One of the biggest challenges remains to efficiently grow microalgae in high
density mass-cultures. Wild type microalgae thrive on minimal light intensities and
evolved methods of dissipating energy when it is in excess in order to deprive their
competition of light. In an industrial setting, this leads to excess light energy causing
damage at the outer layers while the innermost layer remains in darkness. In the chapter,
we discuss the strategies proposed so far to overcome this challenge with a special
emphasis on mass-culturing technology and optimizing strains for use in such large-scale
facilities.
In Chapter 2, we explore the limitations of growth of Synechocystis by investigating the
commonly used growth medium, BG-11, and growth conditions. We present an improved
medium suited for prolonged cultivation, BG-11-PC, that dissolves the precipitation issues
that plague BG-11 in continuous cultivation systems. We show that, unexpectedly, it is the
sulfate concentration that limits growth in batch cultivation and causes entry into the
stationary phase. Importantly, sulfate limitation was shown to cause rapid bleaching and
death of Synechocystis which is linked to the formation of reactive oxygen species.
By applying these results, we report on high growth rates of up to 4.1 h doubling time that
can be sustained in photobioreactors operated in chemostat mode. This represents a
considerable increase in the maximum growth rate from the traditionally considered
maximum of 7-8 h doubling time for continuous growth.
Chapter 3 and 4 show the results of a recently developed technique to analyze timeresolved fluorescence emission spectra in vivo in Synechocystis. This technique allows the
total spectrum to be decomposed into the spectra and concentrations of the individual
157

Summary

fluorescing species. Using this technique, we show that in a mutant of Synechocystis that
lacks photosystem I (PSI), an unknown quencher acts on photosystem II (PSII) in an
oxygen-dependent way when subjected to a dark-to-light transition. Interestingly, the
amount of time spent in the dark prior to the transition has a considerable effect on the
timing of the quenching observed. The obtained data were used to create a minimal
model to describe the system.
We expand on this in Chapter 4 and extend the application of the method to a
Synechocystis mutant that lacks a functioning type I NDH complex as well as the wild type
itself. The data obtained in this chapter lead us to conclude that the quencher constitutes
a pool of alternative electron sinks that bypasses the PQ pool. We propose that this
oxygen-dependent quencher may be the flavodiiron proteins Flv4/2. Furthermore, we
present evidence for the PSII-PSI-PBS megacomplex that has recently been postulated to
exist.
Chapters 5, 6 and 7 delve into the circadian clock of Synechocystis. The clock is an
essential mechanism for many organisms to keep the time in order to deal with
fluctuating presence of light/nutrients and to separate mutually incompatible processes in
time. In Chapter 5, the clock was definitively shown to be present in Synechocystis and is
surprisingly robust. The highly controlled and stable growth conditions as a result of
Chapter 2 were used to show sustained oscillations without measurable damping for
weeks. Importantly, the clock was mainly found to have an impact on growth rate, which
varied periodically to much greater extent than cellular composition.
This was further explored in Chapter 6, which dissects proteomics, transcriptomics and
metabolomics in a large investigative study. Synechocystis was subjected to a diel cycle of
12 h dark / 12 h light in a low-oxygen environment to characterize its physiology. We show
that growth rate is a function of time in the light and completely halts in the dark. The dry
weight is remarkably constant throughout the day while the composition varies. Glycogen
is assimilated during the day and is slowly consumed during the night until shortly before
light when it is rapidly degraded. The very slow consumption, despite fermentative
conditions, indicates that the maintenance requirements are extremely low.
In Chapter 7, we explore the physiology of Synechocystis mutants lacking the core clock
components. Deletion of the kaiAB1C1 operon led to the complete absence of circadian
rhythms. Interestingly, this mutant displayed a severe impaired growth phenotype in the
photobioreactors, even in continuous light. However, this phenotype could be rescued by
what appears to be a suppressor mutation, the identity of which remains to be elucidated.
In an effort to construct a so-called ‘hourglass’ clock, which requires sequential periods
of light/dark to reset the clock every day, kaiB1 was deleted without disrupting the
remaining genes of the operon. This mutant displayed circadian rhythms in day/night, but
not in continuous light. The growth rate of this mutant is reversibly decreased in
continuous light. The putative additional kai genes present in Synechocystis, i.e. kaiC2B2,
kaiB3 and kaiC3 could not rescue the wild type phenotype of either mutant, indicating
they are not essential to clock function.
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Finally, Chapter 8 puts the results in a broader context and discusses the implications for
future research.
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De oxygene fotoautotroof Synechocystis sp. PCC6803 is een hedendaagse cyanobacterie,
een microalg met miljarden jaren geschiedenis. Hun voorouders evolueerden voor het
eerst de mogelijkheid om oxygene fotosynthese toe te passen: zonlicht gebruiken om
elektronen los te maken uit water om daar vervolgens CO2 mee om te zetten in suikers.
Door dit ongekende succes zijn ze overal op Aarde terug te vinden, zelfs in andere
organismen, namelijk de chloroplasten van algen en planten. Ze zijn verantwoordelijk voor
het hoge percentage zuurstof in de atmosfeer sinds het zogenaamde ‘Great Oxygenation
Event’ dat ons huidige klimaat geschapen heeft.
De cyanobacteriën zijn uitgebreid onderzochte organismen, waarvan Synechocystis een
goed gekarakteriseerd modelorganisme is voor verscheidene soorten onderzoek,
waaronder fundamenteel onderzoek aan fotosynthese zelf. Tegenwoordig worden
Synechocystis en andere fotoautotrofe organismen gemodificeerd om biobrandstoffen en
andere chemische stoffen te produceren in een poging klimaatverandering een halt toe te
roepen en een duurzame samenleving te realiseren. Hiervoor is het nodig om zo’n
organisme volledig te doorgronden.
Het werk dat gepresenteerd wordt in dit proefschrift heeft als doel om onze kennis van
het metabolisme van Synechocystis te vergroten. Om dat doel te bereiken zijn zeer
geavanceerde fotobioreactoren gebruikt om Synechocystis precies gecontroleerd te laten
groeien en daaraan te kunnen meten.
Hoofdstuk 1 is een overzicht van de huidige staat van het realiseren van een duurzame
samenleving met behulp van microalgen. Een van de grootste uitdagingen blijft het
efficiënt cultiveren van microalgen bij hoge dichtheden. In de natuur gedijen microalgen
zoals cyanobacteriën juist bij minimale lichtintensiteiten en hebben ze manieren
ontwikkeld om overbodige energie te kunnen lozen en zo de concurrentie geen licht te
gunnen. In een industriële omgeving is dit echter contraproductief en leidt het tot schade
aan de buitenste lagen terwijl de binnenste lagen in het donker zitten. In het hoofdstuk
bespreken we de strategieën die tot nu toe voorgesteld zijn om dit probleem op te lossen,
met nadruk op cultivatie bij hoge dichtheden en het optimaliseren van stammen voor
zulke toepassingen op grote schaal.
In Hoofdstuk 2 verkennen we de grenzen van de groei van Synechocystis door te kijken
naar het standaard groeimedium, BG-11, en de groeicondities. We presenteren een
verbeterd medium (BG-11-PC) dat geschikt is voor langdurige cultivatie en de neerslag
oplost van BG-11. Deze neerslag bemoeilijkte het gebruik van fotobioreactoren voor
langdurige groei. Verder laten we zien dat, tegen de verwachting in, gebrek aan sulfaat de
groei doet stoppen en leidt tot de stationaire fase. Tevens zorgt gebrek aan sulfaat ervoor
dat de cellen abrupt bleken en afsterven, wat we in verband konden brengen met de
vorming van reactieve zuurstofvormen. Door deze resultaten toe te passen komen we tot
zeer hoge groeisnelheden, tot wel 4.1 uur verdubbelingstijd, die ook op de lange termijn
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vol te houden zijn in fotobioreactoren. Dit is een significante verhoging van de maximale
groeisnelheid van Synechocystis, traditioneel gezien rond de 7-8 uur bij continue groei.
Hoofdstukken 3 en 4 bevatten de resultaten van een recent ontwikkelde techniek om
tijd-opgeloste fluorescentie-emissiespectra van levende Synechocystis cellen te
analyseren. Deze techniek geeft de mogelijkheid om het gehele spectrum te analyseren
voor de spectra van verschillende fluorescerende entiteiten en deze los van elkaar te zien.
Met deze techniek hebben we een tot nog toe onbekend, zuurstof-afhankelijk eiwit
gevonden dat elektronen kan accepteren van fotosysteem II (FSII) in een mutant van
Synechocystis dat geen fotosysteem I (FSI) meer heeft en blootgesteld werd aan een
donker-naar-licht overgang. Opmerkelijk is dat de hoeveelheid tijd in het donker voor de
overgang naar licht een sterk effect heeft op het tijdsverloop van de werking van dit eiwit.
De data werd gebruikt voor het maken van een klein model dat dit systeem beschrijft.
We borduren hierop voort in Hoofdstuk 4 en gaan een stap verder met de toepassing
van de techniek op zowel wild type Synechocystis als een mutant zonder werkend type I
NDH-complex. De data uit dit hoofdstuk leidt ons tot de conclusie dat het onbekende eiwit
een alternatieve elektronacceptor is die om de plastoquinonen heen kan. We stellen dat
deze zuurstof-afhankelijke eiwitten de flavodiiron eiwitten Flv4/2 kunnen zijn. Daarnaast
presenteren we bewijs voor het FSII-FSI-PBS megacomplex waar recent het bestaan van
gesuggereerd is.
Hoofdstukken 5, 6 en 7 duiken in de circadiane klok van Synechocystis. Deze klok is een
cruciaal mechanisme in vele organismen om de tijd bij te houden zodat ze kunnen omgaan
met fluctuerende aanwezigheid van licht of voedingsstoffen. In Hoofdstuk 5 laten we zien
dat Synechocystis daadwerkelijk een robuuste klok heeft. De zeer gecontroleerde en
stabiele groeicondities zoals beschreven in Hoofdstuk 2 werden gebruikt om te laten zien
dat er nauwelijks sprake is van het dempen van de oscillatie van de klok. Van belang is dat
we aangetoond hebben dat de klok een sterk effect heeft op de groeisnelheid, sterker dan
op de samenstelling van de cel zelf.
Dit is verder uitgediept in Hoofdstuk 6 door te kijken naar alle eiwitten, metabolieten
en afgeschreven genen van Synechocystis in een groot, verkennend onderzoek. De
cyanobacterie werd blootgesteld aan een dag/nachtritme van 12 uur donker / 12 uur licht
in condities met weinig zuurstof. We laten zien dat de groeisnelheid een functie van tijd is
in het licht en volledig stopt in het donker. Het drooggewicht van de culture blijft
verbazingwekkend gelijk over de gehele dag terwijl de samenstelling verschilt. Glycogeen
wordt gedurende de dag verzameld en langzaam verbruikt in de nacht tot kort voor het
aanbreken van de dag, wanneer het in versneld tempo wordt opgemaakt. De zeer trage
consumptie onder fermentatiecondities laat zien dat Synechocystis zeer weinig energie
voor onderhoud nodig heeft.
In Hoofdstuk 7 kijken we naar mutanten van Synechocystis waarin de klok is verstoord.
De klok volledig verwijderen door het kaiAB1C1-operon weg te halen leidt tot het geheel
afwezig zijn van circadiane ritmes. Interessant is dat deze mutant in eerste instantie zeer
slecht groeide in fotobioreactoren, zelfs in continu licht. Dit bleef echter niet zo, door wat
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lijkt op een onderdrukkende mutatie die het mogelijk maakt weer normaal te groeien.
Wat deze mutatie precies is, is nog onbekend.
Verder hebben we geprobeerd een mutant te maken die een alternatieve ‘klok’,
oftewel zandloper, heeft. Deze zandloper heeft een constant dag/nachtritme nodig om te
blijven lopen, in tegenstelling tot een normale circadiane klok. Hiervoor werd kaiB1
verwijderd zonder de rest van het operon te verstoren. De mutant laat een normaal ritme
zien in dag/nacht maar dit verdwijnt in continu licht waar de groeisnelheid zelfs
achteruitgaat. Bij terugkeer naar dag/nacht herstelt de groeisnelheid weer. De
speculatieve klokgenen kaiC2B2, kaiB3 en kaiC3 waren blijkbaar niet in staat om deze
mutaties op te vangen en dit suggereert dat ze niet bij de klok betrokken zijn.
Tenslotte worden in Hoofdstuk 8 alle resultaten in een bredere context geplaatst en de
implicaties voor toekomstig onderzoek besproken.
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ATP
ANOVA
CBB cycle
CCM
CEF
COX
DA
DCMU
dCO2
dO2
DW
EET
F6P
FBP
FDP
FNR
Flv1/3 (2/4)
FM
FS
Fv
HliP
LEF
NADPH
NDH-I (-II)
NMR
MS
LC-MS
LED
LOS norm.
ODλ
PB
PBR
PC
PLS-DA
PMF
PPP
ppm
PQ(H2)
PS

Adenosine Triphosphate
Analysis of variance
Calvin-Benson-Bassham cycle
Carbon-Concentrating Mechanism
Cyclic Electron Flow
Cytochrome c oxidase
Dark Adaptation
Dichlorophenyl-dimethylurea
concentration of dissolved carbon dioxide
concentration of dissolved oxygen
Dry Weight
Excitation Energy Transfer
Fructose-6-phosphate
Fructose-1,6-bisphosphate
Flavodiiron proteins
Ferredoxin–NADP+ Reductase
Flavodiiron protein 1/3 (2/4)
Maximum fluorescence during a saturating pulse
Steady-state fluorescence at the end of background illumination
Variable fluorescence
High-light inducible protein
Linear Electron Flow
Nicotinamide Adenine Dinucleotide Phosphate
type-I (-II) NAD(P)H Dehydrogenase
Nuclear Magnetic Resonance
Mass Spectrometry
Liquid chromatography–mass spectrometry
Light Emitting Diode
Least oscillatory set normalization
Optical Density measured at λ nm
Phycobilisome
Photobioreactor
Plastocyanin
Partial Least Square Discriminant Analysis
Proton-Motive Force
Pentose Phosphate Pathway
parts per million
Plastoquinone(plastoquinol)
Photosystem
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RT
RuBisCO
SAS
SDH
SVD
TCA cycle
TP
VIP
WT
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Room Temperature
Ribulose-1,5-bisphosphate carboxylase/oxygenase
Species Associated Spectrum
Succinate Dehydrogenase
Singular Value Decomposition
Tricarboxylic acid cycle
Time Point
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