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Figure 7 Exemplary presentation of the gates used to quantify the number of
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Abstract – Zusammenfassung

1. Abstract
Cyanobacteria are important primary producers in marine and other aqueous ecosystems.
Members of the genus Synechococcus are globally distributed and exhibit high potential
for acclimatisation and adaptation to diverse environmental conditions. The inter-disciplinary research project Endosymbiont (University of Bremen) proposes to utilize Synechococcus for the establishment of novel biomedical therapies based upon survival and
growth under human physiological conditions. The main objective of the project is to
successfully introduce living cyanobacterial cells into human keratinocytes (epidermal
skin cells) in a quasi-stable functional coexistence. Such photosynthetic, endosymbiotic
cells would then be able to produce oxygen and consequently promote wound healing in
tissues with impaired perfusion.
In this work, one marine and one freshwater strain of Synechococcus were characterised
with respect to their short-term growth and tolerance to different culturing conditions,
such as temperature, pH and salinity ranges mimicking certain aspects of the cytosol of
human keratinocytes. The marine strain Synechococcus sp. RCC2384 (Red Sea) was not
able to grow at salinities lower than 100% of the artificial seawater medium. The freshwater strain Synechococcus sp. PCC7942 showed sufficient tolerance to selected osmotic
conditions, with growth rates between 2.4 ± 0.64 day-1 (0% salinity), 1.7 ± 0.23 (10%),
2.6 ± 0.51 (20%) and 0.84 ± 0.3 day-1 (30%) during initial exponential growth at 30 °C.
The pH that the medium was initially adjusted to had no effect on the actual pH measured
in the cultures presumably due to the reduced carbonate buffer system in medium of lower
salinity. However, the pH at time t0 had significant effects on the subsequent growth rates
(t0 – t1), and the pigment signal strength at t1. This indicated a pH sensitivity regarding
growth and physiological health that could not be fully evaluated for targeted pH values
in this work. Nevertheless, a more acidic pH at t0 led to higher growth rates and lower
pigment fluorescence when normalised to cell concentrations. The osmotic condition
likely had an indirect effect on both parameters by widening the possible pH range. Due
to the adaptability shown here for Synechococcus sp. PCC7942 for osmotic concentration
and pH range from below pH 7.0 up to pH 10.0, the strain emerges as the ideal candidate
for potential future medical application.
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Cyanobakterien sind wichtige Primärproduzenten in marinen und anderen aquatischen
Ökosystemen. Spezies der Gattung Synechococcus sind global verbreitet und zeigen ein
hohes Potential für Anpassung an diverse Umweltbedingungen. Das inter-disziplinäre
Forschungsprojekt Endosymbiont (Universität Bremen) bezweckt Synechococcus für
eine neuartige medizinische Therapiemethode zu verwenden, basierend auf Wachstum
und Sauerstoffproduktion der Cyanobakterien unter human-physiologischen Bedingungen. Ziel des Projektes ist es, lebende Synechococcus Zellen in menschliche Keratinozyten (Hautzellen der Epidermis) aufzunehmen und eine quasi-stabile, funktionelle Koexistenz zu etablieren. Solch photosynthetische und endosymbiotische Zellen wären dann in
der Lage Sauerstoff durch Photosynthese zu produzieren und dadurch die Wundheilung
in Geweben mit beeinträchtigter Perfusion zu fördern.
In dieser Arbeit wurden ein mariner und ein Süßwasser Stamm von Synechococcus hinsichtlich ihrer kurzzeitigen Adaptationsfähigkeit an verschiedene Kulturbedingungen untersucht, so wie Temperatur, pH und Salinität, die einige Aspekte des Zytosols von
menschlichen Keratinozyten nachahmen. Der Rote Meer Stamm Synechococcus sp.
RCC2384 war nicht fähig in Medium von einem Salzgehalt weniger als 100% des artifiziellen Meerwasser Mediums zu wachsen. Dagegen zeigte der Süßwasser Stamm Synechococcus sp. PCC7942 hinreichende Toleranz zu ausgewählten Osmotischen Konzentrationen mit Wachstumsraten zwischen 2.4 ± 0.64 Tag-1 (0% Salzgehalt), 1.7 ± 0.23
(10%), 2.6 ± 0.51 (20%) und 0.84 ± 0.3 Tag-1 (30%) während der anfänglichen Phase exponentiellen Wachstums bei 30 °C. Der pH zu dem das Medium eingestellt wurde hatte
keinen Einfluss auf den tatsächlich gemessenen pH, vermutlich durch das reduzierte Carbonat Puffer System in Medium mit geringem Salzgehalt. Der pH am Zeitpunkt t0 hatte
dennoch einen signifikanten Effekt auf die darauffolgenden Wachstumsraten (t0 – t1), und
die Signalstärke der Pigmente an t1. Dies zeigte eine pH Sensitivität von Wachstum und
physiologischer Gesundheit die in dieser Studie nicht vollständig für gezielte pH Bedingungen untersucht werden konnte. Ein saurer pH an t0 führte zu höheren Wachstumsraten
und niedrigerer Pigment Fluoreszenz, wenn auf die Zellzahlen normalisiert wurde. Der
Salzgehalt des Mediums hatte vermutlich einen indirekten Einfluss auf diese Parameter
da er die mögliche pH Bandbreite bestimmte. Aufgrund der hier demonstrierten Adaptation von Synechococcus sp. PCC7942 an eine weite Bandbreite an osmotische Bedingungen und eine pH Toleranz von unter pH 7.0 bis zu pH 10.0, erscheint der Stamm als ein
idealer Kandidat für weitere Forschung hinsichtlich möglicher medizinischer Anwendung.
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2. Introduction
2.1. Cyanobacteria in Aqueous Ecosystems
Cyanobacteria are key primary producers in aquatic ecosystems. While the diversity of
cyanobacteria is high in freshwater environments, marine systems are dominated by only
two genera: Procholorococcus and Synechococcus (Jakubowska & Szeląg-Wasielewska,
2015). These two alone are estimated to contribute 25% of the ocean net primary production (Flombaum et al., 2013). As one of the more ancient forms of life, cyanobacteria are
linked to many critical events in earth history, such as the Great Oxygenation Event and
the evolution of endosymbiosis and eukaryotic organisms (Ribeiro et al., 2018). Nevertheless, the term cyanobacteria is a rather loose descriptor for a range of bacteria that are
characterised by their ability for oxygenic photosynthesis and for having chlorophyll a as
well as phycobiliproteins as their primary pigments (Castenholz et al., 2001). The clash
of microbiological and botanical taxonomy and classification has led to varying estimates
of cyanobacterial diversity. However, the advancement of genomics has enabled a more
thorough characterisation of cyanobacteria (Ribeiro et al., 2018).
Cyanobacteria are ubiquitous in nature; however, they do have patterns of occurrence. In
contrast to Prochlorococcus, Synechococcus has a wide geographic distribution and can
be found in pelagic environments as well as coastal and subpolar regions. This adaptability is thought to be the consequence of the larger genome of Synechococcus relative to
Prochlorococcus (Berube et al., 2018). Synechococcus cells are described as unicellular,
rod to coccoid in shape, < 3 μm in diameter and able to divide by binary fission from one
plane (Robertson et al., 2001). Although considered a genus, evidence suggests that the
taxon is polyphyletic and may include numerous sub groups or even genera; for instance,
Robertson et al. (2001) described 6 or 8 distinct groups with different phylogenetic markers.
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2.1.1. The Photosynthetic Apparatus of Cyanobacteria

Figure 1 Schematic figure of the photosynthetic apparatus and the electron flow in cyanobacteria (taken
from Mackey et al. (2013b)). Chemical reactions are shown in blue and the pathway of electrons is shown
in black. The phycobilisome (PBS) is associated with Photosystem II (PSII). Light energy is captured by
chlorophyll-a in the PSII as well as phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (APC) in
the PBS. From the PSII electrons are transferred to the plastoquinone (PQ)/plastoquinol (PQH2) pool, to
cytochrome b6f (Cyt b6f), to plastocyanin (PLC), to the PSI, to ferredoxin and flavodoxin (FX, FL) in that
order. Finally, the ferredoxin/flavodoxin NADP reductase (FNR) creates reducing equivalents, that are further processed in the Calvin-Benson Cycle.

In general, the growth of microorganisms is controlled by the three major environmental
factors light, temperature and nutrients (Malinsky-Rushansky et al., 2002). For photoautotrophic organisms, the energy for growth is supplied by light. In contrast to algae and
higher plants, the light-harvesting antennae of cyanobacteria are located on the cytoplasmic surface of the thylakoid membrane (Mackey et al., 2013a) (Figure 1). The additional
light harvesting antenna, the phycobilisome (PBS), is comprised of macromolecular complexes that form rods around a core of allophycocyanin (APC) (Six et al., 2007). In the
conserved core, APC binds to the chromophore phycocyanobilin (PCB; Amax = 620 nm;
Figure 2). The rods contain phycobiliproteins that bind chromophores (phycobilins) via
thioether bonds to cysteinyl residues.
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Figure 2 Schematic figures of the pigment complexes and absorption spectra of the major phycobilisome
types of Synechococcus: composition (A), whole-cell absorption spectra (B) and whole-cell fluorescence
spectra after excitation with 680 nm (C) (taken from Grébert et al. (2018a).

The proteins themselves are water-soluble and consist of two subunits organized in either
trimeric or hexameric discs (Six et al., 2007). The composition of the rods is variable and
three pigment types are usually distinguished. In the first type, the rods are composed
only of phycocyanin (PC) and the chromophore PCB (Amax = 620 nm) (Grébert et al.,
2018b). In type 2, the rods are composed of both PC and phycoerythrin I (PE-I), the chromophore phycoerythrobilin (PEB; Amax = 545 - 560 nm) binds to the latter protein. Most
marine strains are grouped into the third type, where the rods are composed of PC, PE-I
and -II with the chromophores PCB, PEB and phycourobilin (PUB; Amax = 495 nm), the
5
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latter of which binds to PE-II. Subtypes of pigment type 3 are classified by the ratio of
PUB:PEB into green-light specialists (3a), intermediate (3b), blue-light specialists (3c)
as well as those with adaptable phycobilisomes (3d) (Grébert et al., 2018b) (Figure 2). As
a consequence of the unique characteristics of the cyanobacterial photosystem, adjustments are necessary when traditional parameters of photosynthetic health such as the efficiency of photosystem II (FV/FM or ΦPSII) are measured, which were first developed for
higher plants.

2.2. Impact of Climate Change on Cyanobacteria
The adaptive capabilities of Synechococcus will be necessary in order to cope with the
changes brought on by climate change. Predictions foresee dramatic impacts on marine
ecosystems based on the interactions between global warming, ocean acidification and
the spreading of oxygen minimum zones. For instance, sea surface temperatures are expected to have risen 1 - 7 °C by the year 2100 (Houghton et al., 2001). Moreover, the
rising atmospheric partial pressure of carbon dioxide (pCO2) is expected to lead to a decrease in pH in surface waters from pH 8.1 to 7.8 by the year 2100 (Houghton et al.,
2001). A stable, slightly alkaline pH is of high importance for many marine organisms,
as an increase in pCO2 causes an imbalance in the carbonate system (1):

1

+

⇌

⇌

+

⇌

+2

Dissolved carbon dioxide, reacts with water molecules and forms carbonic acid (H2CO3)
which dissociates into protons and bicarbonate (HCO3-). Additional protons are buffered
by carbonate (CO32-) to form bicarbonate (Chou et al., 2013). Ocean acidification leads
to an increase in dissolved carbon dioxide, consequently increasing the concentration of
bicarbonate and hydrogen ions and leading to a decrease of carbonate and pH (Chou et
al., 2013). Furthermore, the increased amount of dissolved inorganic carbon (DIC) will
have impacts on the carbon cycle. High CO2 concentrations have been shown to cause a
shift in the carbon to nitrogen ratios towards higher carbon percentage in the biomass of
planktonic species (Doney et al., 2009). Therefore, the export of biological carbon into
the deep sea would become more efficient whereas the food quality for higher trophic
levels would decrease (Doney et al., 2009).
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Figure 3 A conceptual model for a large river plume eutrophication, subsurface water hypoxia and acidification based on studies in the Gulf of Mexico and the East China Sea (taken from Cai et al. (2011a)).

Coastal waters naturally undergo fluctuations in pH; however, the interaction between
eutrophication, ocean acidification and the loss of buffer capability may exaggerate the
decrease in pH. Cai et al. (2011b) measured annual patterns of hypoxia and lowered pH,
starting in spring with increasing stratification in estuaries in the East China Sea and the
Gulf of Mexico (Figure 3). The decrease in pH and the decline in O2 were positively
correlated, due to the physical separation between primary production and respiration.
Excess dissolved inorganic carbon and nutrient input from the river in the euphotic zone,
increased organic matter export into the deeper layer. Moreover, the interplay between
the imbalance of the carbonate equilibrium and the organic matter respiration accelerated
the decrease in pH (Cai et al., 2011b) Another hydrographic study conducted off the west
coast of the USA (Feely et al., 2008), showed the large-scale upwelling of carbonate undersaturated water masses with low pH. Without anthropogenic carbon input, carbonate
saturation increased in the model.
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2.3. Biotechnological Application of Cyanobacteria
2.3.1. State of the Art
In light of predictions of future food shortages with an ever-growing world population,
cyanobacteria have caught a lot of attention as potential sources of nutrition. In contrast
to traditional food sources, microalgae and cyanobacteria need very little nutrients and
very little space while showing high productivity (Singh et al., 2017). Several genera such
as Spirulina sp., Nostoc sp. and Aphanothece sp. are already being used as sources of
carbohydrates, lipids, proteins, pigments, vitamin, phenolics, minerals and other compounds (Kumar et al., 2016)
Furthermore, cyanobacterial toxins could have potential applications as herbicides, antimicrobials and pesticides (Singh et al., 2017). Other future uses for secondary metabolites
could include preventing biofouling (Brown et al., 2004; Dahms et al., 2006), in wastewater treatment (Khan et al., 2019; Werkneh & Rene, 2019) and as biofertilizers (Khan
et al., 2019; Rai et al., 2019). Moreover, cyanobacteria could help support future energy
demands by producing biohydrogen (Bandyopadhyay et al., 2010; Show et al., 2019),
bioethanol (Gao et al., 2012), biodiesel (Karatay & Dönmez, 2011; Wahlen et al., 2011)
and biogas (Chynoweth, 2005; Converti et al., 2009) on a large scale with limited resources (Parmar et al., 2011). Key components of biofuels such as hydrocarbons and fatty
alcohols are already being produced by photosynthesis and production could be enhanced
by genetic modification (Tan et al., 2011).

2.3.2. Medical Application
In addition to applications in energy and nutrient production, cyanobacteria could also be
employed in human medicine. Diverse species and strains of cyanobacteria have been
shown to exhibit anti-bacterial (Fatima et al., 2017; Martins et al., 2008; Pushparaj et al.,
1998), anti-fungal (Pushparaj et al., 1998; Soltani et al., 2005), anti-viral (Koharudin &
Gronenborn, 2011; Yasuhara-Bell et al., 2010), anti-cancerous (Caro-Diaz et al., 2019;
El Semary & Fouda, 2015; Gerwick et al., 1994) and immunosuppressive activity
(Gunasekera et al., 2016; Koehn et al., 1992; Singh et al., 2017). For instance, the phycobiliprotein c-phycocyanin has been shown to have anti-oxidant, anti-inflammatory as
well as neuroprotective effects (Romay et al., 2003). Specific classes of molecules of
interest include cyanobacterial phenols, fatty acids, terpenoids, carotenoids, lutein, zea8
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and cryptoxanthin, scytonemin, halogenated compounds, phytohormones and toxins
(Singh et al., 2017).
Recently, Cohen et al. (2017) reported the successful application of Synechococcus for
mammalian health benefit in a more direct approach. Instead of relying on compounds
produced by the cyanobacteria, Synechococcus elongatus PCC7942 was co-cultured with
primary rat cardiomyocytes (heart muscle cells) at optimal conditions for the mammalian
cells during which photosynthesis was recorded (Cohen et al., 2017). Furthermore, the
effect of cyanobacterial injections in cases of acute myocardial ischemia (restriction of
blood supply) was tested on a rat model. The presence of S. elongatus significantly increased the oxygen tension in the heart tissues (Cohen et al., 2017). Moreover, the surface
temperature of Synechococcus treated tissue increased over time, indicating metabolic
activity, and cardiac function improved compared to the controls. Cohen et al. (2017) also
simulated reperfusion after induced myocardial ischemia with and without direct injection
of S. elongatus into the hearts of rats. The injection significantly reduced molecular markers of myocardial injury and cardiac function was improved. Furthermore, Synechococcus
did not induce a host immune response and the majority of cyanobacterial cells had disappeared from the tissue 24 hours after injection (Cohen et al., 2017).
However, the treatment of heart tissue with cyanobacteria has the obvious drawback that
the treated tissues would need to be exposed to light in order to facilitate photosynthesis.
This carries with it the obvious risk of infections in the open wound. Cohen et al. (2017)
proposed testing an alternate strain of cyanobacteria that synthesize chlorophyll f, a newly
discovered pigment that absorbs light in the infrared spectrum (Chen et al., 2010) to facilitate the transfer of light energy through closed chest cavities (Cohen et al., 2017).
Nevertheless, the necessary exposure to light will always be an issue for the treatment of
internal organs. Therefore, taking these concepts and technologies and applying them to
skin, the natural barrier between the human body and the environment, is the logical next
step.
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2.3.3. The Human Epidermis & Wound Healing

Figure 4 Schematic diagram of the structural components of the mammalian epidermis (taken from
OpenStax College (2018)).

Mammalian skin can be divided into three distinct layers, the epidermis, dermis and the
hypodermis. The hypodermis or subcutis is the basal layer of the skin, containing mostly
fat cells that form a cushion against physical force (Shimizu, 2017). Moreover, the dermis
contains structural components, largely collagen and elastic fibres, which provide
strength and flexibility to the tissue. The matrix of the dermis retains water and forms the
support structure for cells and the other elements of the dermis including hair follicles,
blood vessels and nerve endings (Weller et al., 2008). The outermost layer of mammalian
skin is the epidermis, consisting mainly of keratinocytes in different stages of maturation
(Figure 4). New cells are formed at the basal layer derived from epidermal stem cells and
migrate towards the stratum spinosum where keratinocytes stop mitosis and start differentiation and the synthesis of keratin (Weller et al., 2008). When the keratinocytes reach
the uppermost layer of the epidermis, the stratum corneum, the keratin network collapses,
thus flattening the cells (Shimizu, 2017). Eventually the keratinocytes die, due to being
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cut off from nutrient supply and form layers of dead keratinocytes (corneocytes) into a
relatively impermeable barrier (Weller et al., 2008). Melanocytes in the stratum basale
form appendages that supply surrounding keratinocytes with melanin in the form of vesicles. Melanin is a hydrophobic, dark brown pigment that is synthesized to protect skin
cells from UV-radiation (Sobotta & Welsch, 2006).
The main purpose of skin is the protection from the environment, be it desiccation, toxins
or pathogens. When the skin is damaged, this barrier between the organism and the environment needs to be restored quickly. This process occurs in three phases; the initial inflammatory phase is followed by the proliferative and maturational phase (Sinno &
Prakash, 2013). In the inflammation response further blood loss is reduced and a blood
clot is formed in the wound bed providing an extracellular matrix for the release of cytokines and growth factors (Landen et al., 2016). In the proliferation phase, the epidermis
is reformed by cells migrating up from the stratum basale or from stem cells around sweat
glands and hair follicles in the surrounding tissue (Lau et al., 2009). Simultaneously, new
blood vessels are formed (angiogenesis) from cells in undamaged tissue areas (Landen et
al., 2016). In the final remodelling or maturational phase, a scar is formed, that is to say,
new skin that has no hair follicles or glands as well as a different collagen pattern than
intact skin (Sorg et al., 2017).
Disruption of the wound healing process can have severe consequences. Chronic and hard
or slow-healing wounds are associated both with long-term physical and psychological
effects (Kinmond et al., 2003; Posnett & Franks, 2007; 2008) as well as high costs for
health services (Geraghty & LaPorta, 2019; Nunan et al., 2014). Most chronic wounds
are the result of restricted blood supply in the affected tissue (Nunan et al., 2014). Their
annual cost of treatment is estimated to account for 2 - 5% of the annual healthcare budget
in industrial countries (Phillips et al., 2016; Posnett & Franks, 2007; Sen et al., 2009).
The pH of the skin is naturally acidic with a pH of 4 – 6. However, leakage from cells
and microvessels leads to a rise of the pH in the wound bed to approximately pH 7.4 with
increasing values towards the deepest point of the wound (Kruse et al., 2017). In contrast
to actively healing wounds, chronic wounds are characterised by an alkaline pH in the
wound bed, which offers less protection against microorganisms than an acidic one
(Percival et al., 2014; Schneider et al., 2007). The secretion of ions and organic compounds from cells in order to maintain extracellular pH is controlled by calcium, which
11
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forms a gradient of increasing concentration from the stratum basale up to the stratum
granulosum (Rinnerthaler & Richter, 2018). As a person ages, this calcium gradient decreases leading to a rise in the external pH in the epidermal layer. Along with changes to
the structure of the cornified envelope (Rinnerthaler et al., 2013) this weakens the protective ability of the epidermis and may further impede wound healing in old age
(Rinnerthaler & Richter, 2018).
Currently, open wounds are treated by covering the affected area with skin grafts taken
from other areas of the patient’s body. However, this method often leads to adverse effects
in the area of the donor site (Priya et al., 2008; Sorg et al., 2017). New approaches aim
to substitute skin with biogenic or artificial materials (Zhong et al., 2010), apply artificial
growth factors (Tenenhaus & Rennekampff, 2016), or to genetically modify the wound
bed (Priya et al., 2008; Sorg et al., 2017). Nevertheless, these new concepts are yet to be
applied in standard treatments (Tenenhaus & Rennekampff, 2016).
A novel experimental therapy approach aims to introduce cyanobacteria into human
keratinocytes to produce photosynthetic keratinocytes in a stable endosymbiotic system
(Mirastschijski et al., 2018). These endosymbiotic keratinocytes could then provide their
own oxygen supply which would ideally trigger proliferation. A strategy for the potential
direct uptake of cyanobacteria into keratinocytes has already been established within the
Endosymbiont project. However, a suitable photoautotrophic cyanobacterium for the generation of an endosymbiotic keratinocyte still needs to be selected and characterised.

2.3.4. Ecophysiological Requirements of an Endosymbiont
In order to generate functional endosymbiotic keratinocytes, cyanobacterial cells would
need to be able to withstand the highly specialized conditions in the human cytosol. The
internal pH (pHi) of human epidermal keratinocytes is expected to be around pH 7.4
(Kleszczyński et al., 2013). Average values for the cytoplasm, nucleus and endoplasmic
reticulum of eukaryotic cells have been reported to be around pH 7.2 7.4 (Theillet et al.,
2014). The cytosol of eukaryotic cells also includes a variety of molecules and ions dissolved in water, including inorganic ions, metabolites, proteins and structural components
which all contribute to the osmotic pressure inside of the cell. The osmotic concentration
per volume, or osmolarity, of human blood and human blood serum is around
287 - 289 mOsM (Hendry, 1961; Rocks et al., 1986). In this project the expected
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extracellular osmotic pressure was taken as a proxy for intracellular osmotic pressure, as
co-cultures of cyanobacteria and human keratinocytes would need to be attempted before
an insertion could be possible. The osmolarity of seawater is generally around
1000 mOsM, depending on the local composition and ratio of the salts, therefore, marine
strains of Synechococcus would have to be able to adapt to much lower osmotic pressures
than those present in their natural environment.
Furthermore, the potential endosymbionts would need to be functional at ambient temperatures around 30 °C. As homeothermic animals, humans maintain a constant core temperature of ca 37 °C, however, heat is also lost over the skin to the environment. The skin
surface temperature is highly variable and mainly depends on the location on the body,
e.g. the temperature is lower at the extremities than on the torso. Moreover, underlying
muscles contribute more heat than bones or tendons, another important factor is the number of blood vessels in the area, as arteries contribute more than veins (Bierman, 1936).
Skin surface temperatures have been reported as e.g. between 31 – 33.5 °C (Yosipovitch
et al., 1998) and < 24 °C to < 36 °C (Rubinstein & Sessler, 1990). It has been reported
that burn wounds emit heat and are ca. 0.1 – 0.2 °C warmer than the surrounding intact
skin tissue (Boylan et al., 1992).
Therefore, a suitable candidate strain for the generation of endosymbiotic keratinocytes
would need to be able to cope with highly specific conditions including temperatures of
ca. 30 °C, pH 7.0 – 7.4 and osmolarity of around 290 mOsM. The genus Synechococcus
was selected based on its wide geographic distribution (Berube et al., 2018) and therefore
potential for adaptability to these specific conditions which would not be common in nature except potentially in estuarine systems if several factors acted collectively.

2.3.5. Candidate Strains of Synechococcus
Three candidate strains of Synechococcus were selected based on the available literature
and will hereafter be referred to by their strain number. Synechococcus sp. RCC2384 was
first sampled at the Gulf of Aqaba on the coast of the Red Sea in Israel in 1999 and is also
known as clonal strain RS9912 (Vaulot et al., 2004). To date few published papers are
available characterizing the strain, although the pigment type has been classified as 3a
marking the strain as a green-light specialist with phycoerythrin as the main accessory
pigment (Vaulot et al., 2004).
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Synechococcus sp. PCC7002 was first isolated on Magueyes Island, Puerto Rico in 1961
(Rippka, 2019), the strain is not considered marine due to its origin from a fish pen. Furthermore, PCC7002 has been described as having a phycobilisome of pigment type 1
(red-light maximum), containing only phycocyanin which is typical for coastal strains
(Grébert et al., 2018b; Mackey et al., 2017). PCC7002 has displayed a remarkable adaptability to a variety of environmental conditions, from N-limited conditions (Marañón et
al., 2018), to a variety of salinity conditions (Castenholz et al., 2001) to temperatures
from 20 °C up to 38 °C (Ludwig & Bryant, 2012; Xu et al., 2013; Zhu et al., 2010). The
strain is also considered to be pH-tolerant to an extent, being able to grow in pH at least
as low as pH 7.82 (Mou et al., 2017). In general, the strain is a model organism for Synechococcus due to its high growth rates and tolerance of high irradiance levels (Bernstein
et al., 2014). Thus, many genomic sequences and transcriptome databases are available
for the strain (Ludwig & Bryant, 2012; Vijayakumar & Angione, 2017; Yang et al., 2015).
Synechococcus sp. PCC7942 is likewise grouped to pigment type 1 (Collier & Grossman,
1992). However, PCC942 is considered a freshwater strain and was isolated from a lake
in California, USA in 1973 (Rippka, 2019). Members of the Synechococcus cluster 1.1
are generally referred to Synechococcus elongatus (Rippka & Cohen-Bazire, 1983). Under its former name Anacystis nidulans R2, the strain was the first cyanobacterium in
which transformation with exogenous DNA could reliably be shown (Shestakov &
Khyen, 1970). More recently, the metabolism of the strain was successfully manipulated
towards increased O2 production (Shih et al., 2014) and increased production and secretion of glucose and fructose (Niederholtmeyer et al., 2010). Moreover, PCC7942 has been
employed as a model organism for research into the prokaryotic circadian clock (Golden
et al., 1998). PCC7942 has also been shown to grow at temperatures around 30 °C under
standard conditions (Billini et al., 2008; Blondin et al., 1993; Kuan et al., 2015; Ladas &
Papageorgiou, 2000b) and within a range of 20 - 51 °C in temperature shock treatments
(Billis et al., 2014; Blondin et al., 1993; Porankiewicz et al., 1998). Furthermore, adaptability of PCC7942 to pH and salinity has been shown from pH 7.0 - 9.0 and up to 0.4 M
NaCl (Billini et al., 2008; Billis et al., 2014; Ladas & Papageorgiou, 2000b).
In addition to the broad tolerance to a variety of environmental factors and the potential
for genetic modification, recent positive findings in the co-cultivation of PCC7942 with
rat cardiomyocytes and as a treatment for acute myocardial ischemia and reperfusion injury (Cohen et al., 2017) strongly indicate that this strain of Synechococcus has the
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potential to survive and produce oxygen in consortium with and to the benefit of mammalian cells.

2.4. Aim of the Work
Cyanobacteria in general, and Synechococcus in particular, are important primary producers in marine and other aqueous ecosystems. Their potential for adaptation to extreme
conditions is well known, however, in light of the changing environmental conditions
brought on by climate change there is a need to determine the limits of tolerance for these
ubiquitous and abundant organisms. This will be particularly important in estuarine systems, where the interplay between anthropogenic eutrophication, increasing water column stratification and zones of varying pH and salinity create several microenvironments
within one habitat (Cai et al., 2011b).
In this work, the short-term adaptability of two strains of the genus Synechococcus to
abiotic factors such as salinity/osmolarity, light level, temperature and pH will be characterised. Growth curves will be performed with strains under selected conditions, and
cyanobacterial cells will be counted by flow cytometry. Growth data will be supported
by pH measurements, pulse-amplitude modulation fluorometry as well as oxygen measurements of selected samples in a novel microfluidic oxygen measurement chamber in
order to assess the photosynthetic efficiency of the cultures.
The time scales of adaptation, growth and oxygen production will be compared to common estuarine residence times to identify possible windows of time where adaptation and
acclimatisation are possible.
Furthermore, strains will be evaluated based on their potential applicability as endosymbionts in medical therapy. Particularly, if the cyanobacterial cells are able to grow and
produce oxygen in conditions mimicking certain aspects of the cytosol of human keratinocytes.
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3. Materials & Methods
3.1. Culturing & Growth Kinetics
3.1.1. Origin & Maintenance of Cyanobacterial Strains
The Red Sea strain RCC2384 was purchased from the Roscoff Cuture Collection (Roscoff, France (Vaulot et al., 2004). The strains PCC7002 and PCC7942 were acquired from
the Pasteur Culture collection of Cyanobacteria (Paris, France) (Rippka, 2019). As part
of this project the maintenance of cyanobacteria was established at the AG Glycobiochemistry at the University of Bremen. Moreover, the maintenance of the two PCC strains
was established at the Alfred-Wegener Institute in Bremerhaven.
All strains were cultured in an enriched artificial seawater medium (ESAW) after a recipe
from the Provasoli-Guillard National Center for Marine Algae and Microbiota (East
Boothbay, ME, USA) (Berges et al., 2001; Harrison et al., 1980). Firstly, anhydrous salts
(Table 5 in the Appendix) were dissolved in double-distilled water (ddH2O) of less than
half of the final volume and amended with the major nutrients NO3, H2PO4 and SiO3 (1,
1 and 2 mL L-1), iron-EDTA (1 mL L-1), trace metals (1 mL L-1) and vitamin solutions
(1 mL L-1) (Tables 7 - 10 in the Appendix). Hydrated salts were also dissolved in ddH2O
(Table 6 in the Appendix). Subsequently, the two solutions were combined and the volume was filled up to the final volume with ddH2O.
The concentration of salts in the original recipe of the ESAW medium (~ 0.995 OsM)
was set as 100% osmolarity or osmotic concentration of ESAW. The amount of salts was
adjusted accordingly when medium of lower osmolarity was prepared. The concentration
of liquid ingredients was not changed between conditions. The pH of the medium was
determined and if necessary, adjusted with 37% HCl (Sigma-Aldrich, St. Louis, MO,
USA), 30% NaOH (Merck, Darmstadt, Germany), 1 M HCl and 1 M NaOH. Subsequently, the medium was sterile filtered through a 0.2 μm pore filter unit (Merck Millipore, MA, USA) into autoclaved glass bottles (0.5 or 1 L). Marine strains were maintained in 100% ESAW, whereas stock cultures of the freshwater strain were grown either
in 0% or 20% ESAW medium.
In general, strains were maintained by transferring cultures ca. every two weeks into sterile medium in a 1 to 10 or 1 to 100 dilution. Incubation vessels were either 175 cm2 vented
cap, rectangular, polyethylene tissue culture flasks (Sarstedt, Nümbrecht, Germany) or T16
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25 or T-225 CytoOne® vented filter cap, rectangular polyethylene tissue culture flasks
(Starlab International, Hamburg, Germany). Each transfer was performed under a clean
bench. Moreover, the positions of culture flasks were rotated clockwise after each measurement.
Strains were maintained at 25 °C under constant illumination at approximately
26 μmol photons m-2 s-1 of cool white fluorescent light (Master TL-D Super 80 36W/840
LED tube light, Philips, Amsterdam, Netherlands) at the Alfred Wegener Institute. For
experiments samples were incubated at 30 °C at a 12:12 diurnal cycle at ca.
100 μmol photons m-2 s-1 in a growth chamber. The intensity of photosynthetically active
radiation was measured with a LI-1000 light meter (LI-COR, Lincoln, NE, USA). All
strains both during maintenance and experiments were grown in a growth chamber at the
University of Bremen at 30 °C and ca. 130 μmol photons m-2 s-1 on a 12:12 hour light
cycle (18 W/840 TL-D LED, Philips, Netherlands). The intensity of photosynthetically
active radiation was measured with a LI-250A light meter (LI-COR, USA).

3.1.2. Growth Kinetics
The potential for quick adaptability of Synechococcus strain RCC2384 to lower osmolarity than 100% ESAW medium was tested in several small experiments which also
served the purpose of establishing protocols, timescales necessary for analysis and templates e.g., for flow cytometry.
In the first quick adaptation test, the conditions tested were 100% and 29% osmolarity
with five replicates each. The samples were inoculated with cell material from a threeweek old starter culture grown at 25 °C, in a ca. 1:100 dilution by adding 3.5 mL to
350 mL of sterile medium. Growth was monitored by flow cytometry over 13 days (BD
Accuri™ C6 Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). In the second test,
the conditions tested were 100% to 40% osmolarity in 10% steps, with three replicates
per condition. The cultures were each inoculated with 4 mL of a one-week old starter
culture, in a 1:10 dilution into sterile ESAW medium of the respective osmolarity. Cells
were counted with a CyFlow Cube8 flow cytometer (Sysmex Partec, Görlitz, Germany)
and the pH was also measured at each time-point.
The possible effect of different suppliers of the major salts and nutrients of the ESAW
medium was tested by inoculating duplicates in media prepared with two different sets of
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ingredients. The starter culture of RCC2384 was one week old and the cell material was
diluted 1:2 with the respective medium. The growth was monitored by flow cytometry.
A centrifugation protocol for the transfer and inoculation of cultures was established with
Synechococcus RCC2384. The cells were grown at two different osmolarity regimes:
60% and 100% of ESAW. Out of the six replicates per condition, half were centrifuged
for 15 min at 10,000 relative centrifugal force (x g) (Eppendorf Centrifuge 5810 R, Eppendorf, Germany) in conical centrifugation tubes (Sarstedt, Germany). For these samples, six times 8 mL of a one-and-a-half-week-old starter culture were centrifuged as described above. The supernatant was removed and the pellet was resuspended in 4 mL of
ESAW medium of the corresponding osmolarity. Both centrifuged and uncentrifuged
samples were transferred into 36 mL of sterile ESAW medium. Over the next seven days,
the cultures were counted by flow cytometry and the pH was measured at each time point.
The adaptability of the freshwater strain PCC7942 to conditions of higher osmolarity and
lower pH was tested in 10 conditions (Table 1), with four replicates per condition. Replicates were inoculated with cell material from a three-week old starter culture, that was
grown in 20% ESAW and incubated at 30 °C. For this purpose, 10x 16 mL of the starter
culture were centrifuged for 15 min at 10,000 x g in conical centrifugation tubes. Subsequently, the supernatant was removed and the pellet was resuspended in 1.6 mL sterile
medium of the respective condition. The four replicates were each inoculated with 300 μL
of the resuspended pellet. The growth of the cultures was monitored over 17 days, including flow cytometry counts and pH measurements. Moreover, the oxygen production of
the cyanobacteria was measured in one replicate for conditions 1 and 10 (see section 3.4).
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Table 1 Condition scheme for the growth curve of Synechococcus PCC7942. The adaptability of the strain
to conditions of higher osmolarity and lower pH was monitored over 17 days. The number of the condition
is indicated in the respective square.
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The growth rates were calculated based on the time intervals of exponential growth or
decrease identified as linear increase or decrease in the natural logarithmic projection of
the counts with the formula (2):

2

=

×

−

−

Where μ is the specific growth rate which is calculated by subtracting the cell number
(n0) from that of a later time-point (n1) and normalizing for time (t) and cell concentration
at t0 (n0). All graphs were created with the R software (2008), including the packages
cowplot, doBy, ggplot2, scales and viridis. The statistical analysis was also performed
with R (2008) with the packages vegan, stats and ICS. The homogeneity of variances was
tested with Bartlett’s, Levene’s and Fligner-Killeen tests with increasing robustness
against non-normally distributed data. Subsequently, a one-way analysis of variance
(ANOVA) was performed on each data set.
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3.2. Flow Cytometry
3.2.1. General Measurements
Growth of cultures was measured with a BD Accuri™ C6 Cytometer (Becton Dickinson,
USA) with yellow green beads (1.0 μm diameter microspheres; Fluoresbrite, Warrington,
PA, USA) as volume control. The bead solution was calibrated after the fact, with BD
TrucountTM beads (Becton Dickinson, USA) with a defined concentration of
41.92 beads μL-1. Samples were stored at 4 °C in the dark until analysis to inhibit further
activity and preserve the auto-fluorescence of the pigments. If necessary, dilutions were
done with sterile 100% ESAW medium. Samples were vortexed, after which 490 μL of
the sample or of the diluted sample were transferred into sample holders (Sarstedt, Germany). The yellow-green bead solution was vortexed as well, after which 10 μL were
added to each sample holder. The solution was vortexed again before placement on the
holdfast of the flow cytometer. The volume was set to 250 μL, with a flow rate of
66 μL min-1, a core size of 22 μm and the threshold was set to 10 for forward scatter. The
concentration of cells was determined based on the height of the fluorescent emission of
phycoerythrobilin (FL2, 575 nm) plotted against forward scatter (height) after excitation
at 488 nm (Figure 7). After each sample, the system was flushed for 2 min with ddH2O.
The beads were counted in a separate gate in the projection FL1 (525 nm, height) over
forward scatter (Figure 7). To compare the counts, 1 mL of each culture was fixed by
adding 0.1 mL of 10% paraformaldehyde solution (AppliChem, Darmstadt, Germany),
followed by an incubation of at least 15 min at room temperature (RT) after which samples were diluted with 5 mL sterile filtered 1x phosphate buffered saline (tablets, VWR,
Radnor, PA, USA). The samples were filtered individually (column diameter: 2.1 cm)
onto polycarbonate filters (0.22 μm pore diameter; GE Osmonics Lenntech, Delfgauw,
Netherlands). The filters were stained with DAPI OIL (1% (v/v) 4',6-diamidino-2-phenylindole, 100 µg mL-1 (Sigma-Aldrich, USA), 85% (v/v) Citifluor AF1 (Electron Microscopy Sciences, Hatfield, PA, USA) and 14% (v/v) Vectashield (Vector Laboratories,
Burlingame, CA, USA)), placed onto microscope slides and covered. Finally, the slides
were observed under an Axioskop 2 plus epifluorescence microscope with integrated AxioCam MRc 5 camera under 1000x magnification and the pictures were processed with
the AxiovisionLE software (all Carl Zeiss, Oberkochen, Germany).
Cultures were counted with a CyFlow Cube8 flow cytometer (Sysmex Partec, Germany)
at the University of Bremen. For this purpose, samples were kept at 4 °C in the dark until
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Table 2 Settings for flow cytometry counts with a BD Accuri™ C6 Cytometer (Becton Dickinson, USA),
including parameters recorded, excitation and recorded emission as well as the measured fluorophores. The
system records forward scatter (FSC) and side scatter (SSC) and fluorescent emission for different wavelength spectra.

Channel

Excitation Wave- Emission
length (nm)
(nm)

FSC

488

SSC

488

FL1

488

525

green

FL2

488

575

orange

Phycoerythrobilin,

FL3

488

767

red

Chlorophyll a

FL4

633 - 635

660

far red

Wavelength
Spectrum

Fluorophores

further processing. Moreover, samples were vortexed briefly prior to transfer into individual sample holders (Sarstedt, Germany), and vortexed again before placement onto the
sample holdfast. If necessary, samples were diluted with sterile medium of the same osmolarity. The volume was set to 30 μL with a pre-flow of 5 μL (or 30 μL for the second
quick adaptation, medium and centrifugation tests of RCC2384) at a flow rate of 1 μL s1

. The actual sampled volume was read out from the information provided by the own

brand software of the cytometer. The wavelengths of the lasers were 488 nm and 638 nm
at 50 mW and 25 mW power respectively. Additionally, a UV light emitting LED
(365 nm) was switched on during all measurements. For RCC2384, the concentration of
cells was determined based on the fluorescent emission of phycoerythrobilin (PEB, channel FL2) plotted against phycocyanobilin (PCB, channel FL5) as well as forward and side
scatter (Figure 8 and Table 3). For the two PCC strains, fluorescent emission of PCB
(FL5) was plotted against PEB (FL2), channel FL6 (far-red) as well as forward and side
scatter (Figure 10 and Figure 37 in the Appendix). The system was flushed with autoclaved ddH2O between conditions. All files were exported as fcs files from the own brand
software of each flow cytometer and analysed with the FCS Express 6 Plus software (research version, De Novo Software, Glendale, CA; USA).
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Table 3 Settings for flow cytometry counts with a CyFlow Cube8 flow cytometer (Sysmex Partec, Germany), including parameters recorded, filters, excitation and recorded emission of the filters, the measured
fluorophores as well as the gains and thresholds. The system records forward scatter (FSC) and side scatter
(SSC) and fluorescent emission with cut-off filters for specific wavelength spectra.

Channel

Excitation
Wavelength Filter
(nm)

FSC

488

SSC
FL1

Wavelength
Spectrum

Gain
(V)

Threshold
(V)

Ex 488 ↑

226

0.00193

488

Ex 488 ↑

275

0.00023

488

536 ± 20 nm ↑ yellow-green

256

0.00023

465

0.00023

Fluorophores

Phycoerythrobilin,
FL2

488

590 ± 25 nm ↑ orange
Propidium
Iodide

FL3

488

675 ± 10 nm ↓ red

216

0.0002

FL4

488

455 ± 25 nm ↑ blue

463

0.00023

FL5

638

675 ± 10 nm ↓ red

483

0.00023

FL6

638

ILP 748 ↑

547

0.00023

Phycocyanobilin

far-red

3.2.2. Propidium Iodide Staining & Pigment Content
For the growth curve of PCC7942, samples were stained with 1.5 μL of propidium iodide
(1.0 mg mL-1 in water, Sigma-Aldrich, USA) from time-point 4 onwards. Propidium iodide (PI) is a nuclear counterstain that cannot penetrate intact cell envelopes (Xiao et al.,
2011) and can therefore stain dead cells. To compare the effect of PI staining on the number of particles counted, subsamples from the same sample were run both unstained and
stained at time-point 5 (Figures 11 - 12). The pigment content of the PCC7942 strain was
also monitored over time during the growth curve, by subtracting the background (identified with a histogram of sterile medium of the same osmolarity) from the histogram of
the counts plotted against phycocyanobilin signal strength for each sample (Figure 13).
The geometric mean, arithmetic mean and median of the remaining peak were then each
divided by the number of events and plotted per condition against time and the pH at t0.
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3.3. Pulse Amplitude Modulation Fluorometry
Pulse-amplitude modulated fluorometry is a commonly used method for measuring photosynthetic health of higher plants and algae. The method takes advance of the fact that
photosynthetic organisms can only direct light energy into three directions, into the photosynthetic reactions, emission as heat or fluorescent emission. FV/FM measures the maximum efficiency of PSII based on fluorescent emission with the formula (3):

3

=

−

For the minimum fluorescence (F0), dark adapted samples are exposed to modulated light
intensity, too low to drive photosynthesis. A saturating pulse of light closes all reaction
centres and maximum fluorescence is measured (FM). ΦPSII is another parameter to measure photosynthetic health and describes the efficiency of PSII at light adaptation (Mackey
et al., 2008).
FV/FM of the cyanobacterial cultures was determined with a Xenon Pulse Amplitude Modulation Fluorometer (PAM) (ED-101US/MP, Walz, Effeltrich, Germany). Prior to measurement samples were incubated in the dark at room temperature for ca. 15 min. The
PAM was blanked with 2 mL of sterile filtered liquid from one of the samples. The measurements themselves were conducted in a 15 °C climate-controlled room, dark-adapted
samples were well-mixed and transferred into quartz-cuvettes in the sample holder of the
Xenon-PAM. Measurement delay was 1 μs, pre-flash measurement 20 μs, actinic and
measuring flash duration were 3 μs each. The saturation pulse was set to INT. HALOGEN: 11 for 10000 ms at gain set to: 1, frequency: 2 and damping: 2.

3.4. Oxygen Measurements with the μRespirometer
This project also included first tests of the viability of a newly developed microfluidic
μRespirometer (Bunge, 2018; Bunge et al., 2017) for the observation of cyanobacterial
cells, specifically for Synechococcus. Testing of experimental protocols included changing incubation times, light intensity and time until the light was first switched on. The
μRespirometer consists of a microfluidic chip with a chamber (length: 12.3 mm, width:
2.5 mm and height: 200 μm) encased in silica gel and glass (Figure 5). Temperature in
the measurement chamber can be controlled via the two integrated platinum conductors
that function both as electrical heaters and temperature sensors measured by resistance.
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Figure 5 Schematic structure of the microfluidic chip of the μRespirometer. The measurement chamber
(61.5 mm3) is connected to the outside with an inlet and outlet of 0.7 mm diameter each. A heating module
and a temperature sensor made out of platinum are integrated into the chip. The chamber is sealed on the
sides and bottom by silica gels and on the top by a glass layer. Five, circular oxygen sensing spots (1.3 mm
diameter) are attached to the glass layer facing the measuring chamber (taken from Bunge et al. (2018b)).

The chamber is sealed air-tight during measurement. Oxygen production and consumption is recorded with the oxygen-sensitive phosphorescent dye Platinum(II)-5, 10, 15,20tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) that is embedded in a hydrophobic silica matrix (Bunge et al., 2018c). An excitation LED (395 nm) illuminates the
sensing film, leading to a shift into an excited state. The energy is re-emitted as light of a
higher wavelength. In contrast to fluorescent dyes, the transition back to ground state is
slower in phosphorescent dyes. Oxygen quenches the excited molecules of PtTFPP, leading to the reduction of the intensity and lifetime of phosphorescence with increasing oxygen concentration. In order to reach and quench PtTFPP, oxygen has to diffuse out of
the liquid sample into the hydrophobic silica matrix of the sensing spots. Thus, oxygen
concentration can only be measured up to the maximal partial pressure of oxygen at the
desired temperature, calculated in percent air saturation (with ± 1% accuracy) (Bunge,
2018). The intensity after excitation at 395 nm is measured by a Raspberry Pi camera
(Raspberry Pi Foundation, Cambridge, United Kingdom) located behind an optical filter
with a cut-off of 600 nm (Figure 6).
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Figure 6 Setup of the μRespirometer. The microfluidic chip sits in a 3D printed holdfast and receives irradiance by an excitation LED and an illumination LED (not pictured here). A filter with a cut-off of 600 nm
is mounted in front of the camera (taken from Bunge et al. (2018a)).

The microfluidic chip, the filter, the camera, the excitation LED as well as an illumination LED (not pictured here) are assembled in a 3D-printed casing. The camera takes a
picture after excitation and the average intensity for each of the five oxygen sensing
spots is calculated based on the detected image with the Stem-Volmer-Modell (4):

4

, Δ# =

'
1 + $% Δ# &
1 + () 1 + $* Δ#

+ 1−' +

I being the intensity, ΔT the temperature difference to 20 °C, c the oxygen concentration,
I0 = 20.3 being the intensity at 20 °C with no oxygen present, αI = - 0.016 K-1 is the temperature coefficient, γ = 0.09 being the portion of the dye that is quenched, the SternVolmer Constant KSV = 0.084 % air saturation at 20 °C and αK = - 0.015 K-1 the temperature coefficient of the Stern-Volmer Constant (Bunge et al., 2018c).
For the oxygen measurements, the chamber was illuminated with a red-coloured LED at
a current of 50 mA unless otherwise specified. The illumination LED was automatically
switched off during excitation of the sensing spots and the time until the camera had taken
a picture. Light and dark times as well as measuring time are indicated in the respective
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graphs. In certain measurements the system was flushed with water with a defined low
oxygen concentration and the measurement was continued. The water was bubbled with
N2 gas and the actual oxygen concentration was determined with a commercially available optical oxygen measurement device (Firesting O2 Logger, Pyro Science, Aachen Germany). The data was analysed and the graphs were made with Matlab (Mathworks, Natick, MA. USA).
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4. Results
4.1. Flow Cytometric Measurements & Method Development
4.1.1. Synechococcus RCC2384
The Red Sea strain RCC2384 was counted based on the fluorescent emission of phycoerythrin, the primary chromophore in the phycobilisome in Synechococcus of pigment
type 3a either with a BD Accuri™ C6 Cytometer (Becton Dickinson, USA; Figure 7) or
with a CyFlow Cube8 flow cytometer (Sysmex Partec, Germany; Figure 8). Furthermore,
no difference between centrifugation protocols became apparent in both in the cell concentrations (Figure 9 and Figure 26 in the Appendix) and the pH values measured (Figure
27 in the Appendix). Therefore, this centrifugation protocol was applied to subsequent
experiments with PCC7942.

Figure 7 Exemplary presentation of the gates used to quantify the number of Synechococcus RCC2384
cells, for 100B at t7 of the first quick adaptation test (a) and MilliQ as a control without beads on the same
day (b). The number of cells was determined with the RCC2384_1 gate in the projection of the peak height
of the fluorescent signal strength of phycoerythrobilin (FL2-H, 575 nm) plotted against peak height of side
scatter after excitation at 488 nm (left). The beads for volume control were enumerated in gate Beads_1 by
plotting FL1 (yellow-green, 525 nm) over forward scatter after excitation at 488 nm (right).
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Figure 8 Exemplary presentation of the gates used to quantify the number of Synechococcus RCC2384 cells
for 100A at t8 (second quick adaptation test) and 100% ESAW medium as a control. The number of cells was
determined with the RCC2384_4 gate in the projection of the fluorescent signal strength of phycocyanobilin
(FL5) plotted against the fluorescent signal of phycoerythrobilin (FL2) after excitation at 638 and 488 nm
respectively (a). The area of RCC2384_4 corresponded roughly to the peak area marked as Gate RCC2384_1
in the histogram of counts over signal intensity of FL2 (b).

Figure 9 Cell concentrations of the centrifugation test with Synechococcus RCC2384 over seven days. The
average cell concentrations (per mL, n = 3) with standard deviation for 100% and 60% osmolarity (indicated
by colour) are shown over time (days) in natural logarithm projection of the y-axis. Centrifugation protocol
is indicated by shape.
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4.1.2. Synechococcus PCC7942

Figure 10 Exemplary presentation of the gates used to quantify the number of Synechococcus PCC7942
cells, for sample 1A at t2 of the growth curve and 0% ESAW medium as a control. The number of cells was
determined with the PCC7942_6 gate in the projection of the fluorescent signal strength of phycocyanobilin
(FL5) plotted against the fluorescent signal in the far-red wavelength spectrum (FL6) after excitation at
638 nm (a). Additionally, PI-stained particles were enumerated in the gate PCC7942_1 in the projection of
FL5 over the emission of phycoerythrobilin (FL2) after excitation at 638 and 488 nm respectively (Figure
11). The area of PCC7942_4 corresponded roughly to the peak area marked as Gate PCC7942_2 in the
histogram of counts over signal intensity of FL5 (c).
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Figure 11 Exemplary presentation of the gates used to quantify the number of Synechococcus PCC7942
cells. The population was marked in gate PCC7942_1 and the population stained with PI was marked in
Gate PCC7942_PI in the projection of the fluorescent signal strength of phycocyanobilin (FL5) plotted
against PI (FL2) after excitation at 638 and 488 nm respectively. Shown here is sample 1B from the growth
cycle experiment of PCC7942 (30% ESAW pH 8.2) at t5 both stained with PI (left), unstained (middle) and
sterile 0% ESAW medium as a control (right). The gates PCC7942_1 and PCC7942_PI were also marked
in the FL2 over forward scatter plot with PCC7942_1 in red and pink respectively.

The freshwater strain PCC7942 was enumerated with the fluorescent emission of phycocyanobilin (Figure 10) with a CyFlow Cube8 flow cytometer (Sysmex Partec, Germany). Phycocyanobilin is the primary chromophore in this strain as the phycobilisome
of the strain includes no phycoerythrin. This allowed for the addition of propidium iodide
(PI), whose fluorescent emission is in the range of phycoerythrin, to the samples to enumerate dead cell material. The staining protocol had no significant effect on the number
of living cells counted by phycocyanobilin fluorescence (Figures 11 - 12 and page 97 in
the Appendix). The observation of growth by pigment auto-fluorescence also enabled
simultaneous measurements of the pigment content as signal strength per fluorescent particle (Figure 13).
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Figure 12 Comparison of cell concentrations from unstained and propidium iodide (PI) stained samples
seven days after inoculation recorded at t4 of the growth curve of Synechococcus PCC7942. Shown here
are the average cell concentrations (n = 4) with standard deviations per condition and ordered by staining
protocol.

Figure 13 Exemplary presentation of the gates used to quantify the pigment content of Synechococcus
PCC7942 cells. The background signal was identified in the histogram of counts over phycocyanobilin
(FL5) signal strength for sterile medium of the respective osmolarity (a). This area marked in the background gate was then subtracted from the sample, shown here for 1A at t1 of the growth curve. Pigment
content was enumerated based on the statistics of the remaining peak (marked in blue in (c)).
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4.2. Initial Trials with Synechococcus RCC2384

Figure 14 First quick adaptation test with Synechococcus RCC2384 over two weeks. Average cell concentrations (per mL, n = 5) with standard deviation are shown over time (days) for both 100% and 29% cultures
in natural logarithm projection of the y-axis.

In the first quick adaptation test, the cell concentration per mL (Figure 14 and Figure 28
in the Appendix) of the 29% cultures started to decrease in number already one day after
inoculation. After 4 days, all populations of the 29% cultures were undetectable in the
flow cytometer, whereas the 100% control showed a visible increase from day 2 onwards,
reaching a maximum of > 5.0 · 106 cells mL-1 after 13 days. After nine days, auto-fluorescent bacteria were visible in all replicates of the control when viewed in the red filter
of the epifluorescence microscope. However, counting was impossible as the DAPI staining had failed and the auto-fluorescent signal was not sufficient for quantification. No or
very few particles were visible in the replicates of 29%.

32

Results

Replicate 100D followed a different growth cycle as the other replicates of the control
(Figure 29 the Appendix) as the culture reached its maximum cell density while the other
replicates were still growing exponentially and subsequently started to decrease in cell
concentration. The control cultures reached an average growth rate of 7.56 ± 2.7 day-1
between days 3 to 10, whereas the decrease of the 29% ESAW cultures reached
– 0.88 ± 0.04 day-1 between days 3 and 4. Furthermore, the FV/FM values were determined
for the starter culture (average of 0.105 at t0) as well as for the control cultures (average
of 0.118 at t10) since at that time cells were not detectable anymore in the 29% cultures.
As the cells were not able to recover and adapt to medium of 29% osmolarity after the
shock of inoculation, the range of adaptability was tested further in the second quick adaptation test.
Cell concentrations reduced drastically in every condition between the measured timepoints t0 and t1 (Figures 30 - 31 in the Appendix). As the populations were undetectable
in the flow cytometer from the third day after inoculation onwards, only the control condition was recorded further until the end of the experiment 12 days after inoculation, apart
from the 90% cultures on day 10. The 100% control cultures recovered by day 7 and
reached cell densities of 1 · 105 cells mL-1 by day 12. Nevertheless, such a recovery was
not visible in the 90% cultures after 10 days and the experiment could not be continued
further due to time constraints. The rapid decrease in cell concentration per mL was accompanied by an increase in pH in the subsamples taken out from each culture for flow
cytometric measurements (Figure 32 in the Appendix). The cause for the rapid decrease
in cell concentrations was tested with ESAW medium prepared with salts by different
suppliers as the medium for the second quick adaptation and subsequent tests was prepared with components from another supplier than the first test with RCC2384. However,
observation over eight days showed that the duplicates inoculated in medium with components from Supplier II increased in cell density over time, whereas the cell density of
cultures inoculated in medium with ingredients from Supplier I was below the detection
limit of the flow cytometer from 24 hours after inoculation until the end of the experiment
(Figures 33 - 34 in the Appendix). Similar decreases in cell concentration were again
measured during the development of the centrifugation protocol (Figure 9). Therefore, as
RCC2384 did not survive the transfer to 29% osmolarity and the failed experiments gave
no indication that growth would be possible under low osmolarity conditions between
100% - 40% ESAW, the focus was subsequently shifted to the freshwater strain
PCC7942.
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4.3. Characterisation of Synechococcus PCC7942
4.3.1. Cell Concentrations & pH
For the freshwater strain PCC7942, maximum cell density was reached one week after
inoculation in all conditions, except in condition 3 (Figure 15 and Figure 38 in the Appendix). In this condition (0% and pH 7.18), the maximum cell concentration was reached
on day 10 of the growth curve. The control conditions of the lowest osmolarity showed
the highest cell concentrations, reaching maximal concentrations of approximately
4 · 107 cells mL-1, whereas, the maximum values ranged between 1 - 2 · 107 cells mL-1 in
the other conditions. However, after the initial increase, the cell concentrations decreased
rapidly regardless of condition. No condition showed a characteristic stationary phase
after a sigmoid shaped curve. This decrease in cell concentrations was accompanied by
an increase in PI stained events suggesting rapid cell mortality in the cultures. Moreover,
the decrease continued in the second week of incubation into the last measured time-point
17 days after inoculation in control conditions 0% ESAW and pH 8.2 and 7.4. The cultures entered a second cycle of cell growth in 0% ESAW, pH 7.2 and 7.0 while the cultures of higher osmolarity reached a steady state at < 1 · 107 cells mL-1.
The number of PI-stained events surpassed the number of events recorded in the PCC7942
gate during the phase of rapid cell mortality in conditions 0% ESAW pH 7.4 and 7.2. This
was not the case in conditions 0% pH 7.0, where the number events in the PI gate never
surpassed the number of events in the PCC7942 gate until the last measured time-point
and condition 0% ESAW pH 8.2 where the number of PI stained particles followed the
shape of the curve of the cell particles. In general, the concentrations in higher osmolarities were lower than those in conditions of 0% osmolarity which was also reflected in the
number of events recorded in the PI gate. The concentration of PI stained particles exceeded those recorded in Gate PCC7942 in the 10% and 20% conditions on day 11 of the
growth curve. Yet, whereas the PI stained particle concentration rose in conditions of
30% osmolarity, their number was never greater than the cell concentration. Thus, high
cell densities were accompanied by higher number of PI-stained particles.
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Figure 15 Growth curve of Synechococcus PCC7942 over 17 days. Shown here are the averages (n = 4)
with standard deviations for the concentrations (mL-1) of PCC7942 cells (solid line) and PI stained particles
(dashed line) over time (days). The osmolarity condition of the medium is indicated by colour and the cell
concentrations are shown in natural logarithm projection on the y-axis.
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Figure 16 Growth curve of Synechococcus PCC7942 over 17 days. Average pH measurements (n = 4)
with standard deviations are plotted against time (days). The osmolarity condition of the medium is indicated by colour.

The pH values measured in subsamples of the cultures mirrored the development of cell
concentration per mL over time (Figure 16). The maximal pH values were recorded a day
before the cultures reached their maximal cell concentration. In general, the pH range was
wider in the control conditions of 0% ESAW, ranging from < pH 7 at t0 and up to pH 10
at its highest. In contrast, the pH ranges were between pH 7.5 and 9.5 for replicates in
conditions of higher osmolarity. The pH dropped after the initial peak around the 6th day
and stayed around pH 8 after that.
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Figure 17 Growth rates of Synechococcus PCC7942 in different osmolarity conditions (t0 – t1) plotted
against pH values measured at t0. The osmolarity of the growth medium is indicated by shape and colour.

The growth rates measured during exponential growth were 2.4 ± 0.64 day-1 for 0% salinity, 1.7 ± 0.23 (10%), 2.6 ± 0.51 (20%) and 0.84 ± 0.3 day-1 (30%), respectively (Table
4). For the purpose of comparison only the growth rates of each condition between the
time period t0 – t1 (three days) was taken into account. A clear separation between samples
of 0% ESAW and those of higher osmolarities was visible, when plotted against pH at
time t0 (Figure 17). Apart from one possible outlier, all samples of 0% osmolarity showed
growth rates around 2 - 2.5 day-1. In general, the pH measured at t0 was lower in 0% osmolarity samples than in samples of higher osmolarity. For these conditions the replicates
grouped closely together, at high pH and relatively low growth rates. The growth rates of
conditions 10 and 20% osmolarity were < 2 day-1 and 2 - 3 day-1 respectively. The 30%
osmolarity samples showed the lowest growth rates of ca. 0.5 – 1.5 day-1 apart from one
outlier.
The analysis of variance showed no significant effect of either the adjusted pH nor the
osmolarity of the medium on the growth rates (page 98 in the Appendix), although the
pH at t0 did have a significant effect (p = 0.0482, n = 40).

37

Results
Table 4 Growth rates recorded for Synechococcus PCC7942. Average pH values measured at t0 of the
growth curve (n = 4) are given per condition. Average growth rates (day-1, n = 4) from four replicates per
condition are given for t0 – t1 (3 days) and for other time-points, which are specified in the fourth column.

Condition

pH at t0

Growth Rate
(t0 – t1) (day-1)

Time-points

Time (days)

Growth Rate
(day-1)

0% pH 8.2

6.87

2.22 ± 0.13

t0 – t2

4

4.46 ± 0.66

0% pH 7.4

6.89

2.33 ± 0.2

t0 – t2

4

4.3 ± 0.24

0% pH 7.2

6.67

2.78 ± 1.31

t1 – t3

2

0.85 ± 0.15

0% pH 7.0

7.05

2.3 ± 0.11

t0 – t2

4

3.79 ± 0.42

10% pH 8.2

7.76

1.69 ± 0.23

t0 – t2

4

1.88 ± 0.25

20% pH 8.2

7.70

2.61 ± 0.52

t0 – t2

4

3.94 ± 0.44

30% pH 8.2

7.79

1.02 ± 0.12

t0 – t2

4

1.80 ± 0.26

30% pH 7.4

7.69

0.92 ± 0.2

t0 – t1

3

0.92 ± 0.2

30% pH 7.2

7.56

0.72 ± 0.51

t0 – t1

3

0.72 ± 0.51

30% pH 7.0

7.60

0.64 ± 0.03

t0 – t2

4

1.16 ± 0.07

4.3.2. Pigment Content
Additionally, the pigment content of the cultures was monitored over time and the general
pattern remained the same, irrespective which type of average was considered (Figure 18
and Figures 39 - 40 in the Appendix). The average normalised fluorescent signal decreased during the first week of incubation. A recovery was visible in the second week of
incubation in the control conditions of 0% ESAW. However, this was not mirrored in the
conditions of higher osmolarity, where the pigment content increased, even surpassing
the value measured at t0 on day 10 in the conditions 10% ESAW, 30% pH 8.2 and 30%
pH 7.4. Nevertheless, the normalised values of these time-points also had a high standard
deviation.
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Figure 18 Normalised geometric means (NGM, signal counts-1) of the phycocyanobilin peaks of Synechococcus PCC7942 plotted against time (days) and ordered by condition (indicated by colour).
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Figure 19 Normalised geometric means of the phycocyanobilin peaks of Synechococcus PCC7942 at t1
(signal counts-1) plotted against pH values measured at t0. The osmolarity of the medium is indicated by
shape and colour.

A clear grouping of the normalised geometric means of the FL5 peaks at t1 by osmolarity
also became visible when plotted against pH at t0 (Figure 19). Samples of 0% osmolarity
showed lower initial pH values and lower normalised geometric means than those of
higher osmolarities. The replicates of 10 and 20% osmolarity grouped tightly together,
whereas those of 30% osmolarity were scattered more. The analysis of variance showed
that both the pH at t0 (p = 3.18 · 10-5, n = 40) and the osmolarity (p = 1.58 · 10-5, n = 40)
of the medium had a significant effect on the normalised geometric means (page 100 in
the Appendix). The interaction of the two explanatory variables was not found to be significant.

4.4. Testing of the μRespirometer
The oxygen production of RCC2384 was monitored over 24 h under constant illumination with the μRespirometer, however, oxygen production could only be measured from
the tenth hour onwards as the oxygen concentration first decreased although the chamber
was illuminated. Then, presumably an air bubble managed to get into the measurement
chamber and disrupted the oxygen measurements (Figure 20). Both the inlet and outlet
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Figure 20 Oxygen measurement of Synechococcus RCC2384 over 24 hours in the μRespirometer. The oxygen concentration (% air sat., a) relative (b) normalised relative intensity (c) recorded by the camera are
plotted against time (hours). Shown here are the values from the five oxygen sensing spots (indicated in the
legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The
measurement chamber was illuminated in a 12:12 hour diurnal cycle from the start of the measurement (as
indicated by the bar at the top) and the light was provided by a red-coloured LED at a current of 50 mA.

were sealed air-tight during subsequent measurements. Moreover, a slight increase in oxygen production was visible when the chamber was not illuminated, when oxygen consumption was expected. A control measurement with sterile 100% ESAW showed a
steady oxygen concentration over 4 h under constant illumination (Figure 35 in the Appendix). The concentration only changed once the system was flushed with water of a
defined oxygen concentration of around 5% air saturation (air sat.), four hours into the
measurement. Subsequently, the μRespirometer was tested with the two PCC strains.
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Figure 21 Oxygen measurement with Synechococcus PCC7002 in the μRespirometer over 48 hours. The
oxygen concentration (% air sat.) calculated from the intensity of the phosphorescent signal is plotted
against time (hours). Shown here are the values from the five oxygen sensing spots (indicated in the legend)
of the microfluidic chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour diurnal cycle from the start of the measurement (indicated
by the bar at the top) and the light was provided by a red-coloured LED at a current of 50 mA.

Due to time constraints, PCC7002 could not be characterised in detail. However, the optimal conditions for the maintenance of the strain were determined to be 25 °C, ca.
26 μmol photons m-2 s-1 of cool white fluorescent light and 100% ESAW medium. The
oxygen production of the strain was measured once over 48 hours, and the culture produced oxygen during intervals of illumination (Figure 21 and Figure 36 in the Appendix).
Moreover, the air saturation with oxygen increased in the second light-dark cycle, indicating an increase in cell numbers.
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Figure 22 Oxygen measurement with Synechococcus PCC7942 in the μRespirometer over 48 hours. The
oxygen concentration (% air sat.) calculated from the intensity of the phosphorescent signal is plotted
against time (hours). Shown here are the values from the five oxygen sensing spots (indicated in the legend)
of the microfluidic chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The
timespans of darkness and illumination are indicated by the bar at the top. The light was provided by a redcoloured LED at a current of 50 mA.

A photosynthesis versus irradiance curve was attempted for PCC7942, in that after
12 hours of darkness the light intensity would be increased every 9 hours in 50 mA steps
up to 200 mA (Figure 22 and Figure 41 in the Appendix). However, the program continued illumination at 50 mA and just printed the set values in the measurement protocol.
Moreover, the oxygen concentration initially continued to decrease even when the illumination LED was switched on 12 h into the measurement. At around 20 h, the oxygen
concentration in all sensing spots except the first increased, which was rapidly followed
by a decrease to ca. 0% air sat. This shows some similarities to Figure 20, where an air
bubble likely disturbed the measurement. The oxygen levels remained constant after ca.
24 h, although spot 1 recorded noticeably lower concentrations than the other sensing
spots.
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Figure 23 Oxygen measurement of Synechococcus PCC7942 over 48 hours in the μRespirometer as part
of the growth curve (0% ESAW pH 8.2) 4 days after inoculation. The oxygen concentration (% air sat.)
was calculated from the intensity of the phosphorescent signal is plotted against time (hours). Shown here
are the values from the five oxygen sensing spots (indicated in the legend) of the microfluidic chip. Pictures
were taken every 10 min and the temperature was set to 30 °C. The measurement chamber was illuminated
in a 12:12 hour diurnal cycle shifted one hour from the start of the measurement (as indicated by the bar at
the top) and the light was provided by a red-coloured LED at a current of 50 mA. At 43 h and 20 min the
system was flushed with water with an oxygen concentration of 3% air sat. (indicated by the arrow on the
x-axis). The cell density was ca. 1.32 · 107 cells mL-1 at the start of measurement.

In the first measurement during the growth curve of the control condition (0% ESAW
pH 8.2) four days after inoculation, an increase on oxygen concentration was visible in
the second day cycle (Figure 23 and Figure 42 in the Appendix). Nevertheless, decrease
of oxygen level already started during the first light period. Flushing with water of a defined low oxygen concentration (3% air sat.) only affected the oxygen concentration momentarily. Furthermore, the concentrations recorded at spot 1 were again lower than those
at other sensing spots.
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Figure 24 Oxygen measurement of Synechococcus PCC7942 over 79 hours in the μRespirometer as part
of the growth curve (30% ESAW pH 7.0). The oxygen concentration (% air sat.) was calculated from the
intensity of the phosphorescent signal is plotted against time (hours). Shown here are the values from the
three oxygen sensing spots (indicated in the legend) of the microfluidic chip. Pictures were taken every
10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour
diurnal cycle shifted four hours from the start of the measurement (as indicated by the bar at the top) and
the light was provided by a red-coloured LED at a current of 50 mA. At 74 h and 10 min the system was
flushed with water with an oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis). The
data from spots 1 and 5 were removed from the graph for clarity. The cell density was ca. 1.85 · 107
cells mL-1 at the start of measurement.

In contrast to the control, the oxygen concentration in a sample of condition 30% pH 7.0
seven days after inoculation, followed the timespans of illumination and darkness for the
first 24 h (Figure 24 and Figure 43 in the Appendix). However, a steady increase was
recorded over the subsequent day cycles regardless of whether the chamber was illuminated or not. Flushing with water (3% air sat.) led to an immediate decrease in oxygen
concentration.
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Figure 25 Oxygen measurement of Synechococcus PCC7942 over 79 hours in the μRespirometer as part
of the growth curve (30% ESAW pH 7.0). The oxygen concentration (% air sat.) was calculated from the
intensity of the phosphorescent signal is plotted against time (hours). Shown here are the values from the
five oxygen sensing spots (indicated in the legend) of the microfluidic chip. Pictures were taken every
10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour
diurnal cycle shifted four hours from the start of the measurement (as indicated by the bar at the top) and
the light was provided by a red-coloured LED at a current of 50 mA. At 74 h and 10 min the system was
flushed with water with an oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis). The
data from spots 1 and 5 were removed from the graph for clarity. The cell density was ca. 2.12 · 107
cells mL-1 at the start of measurement.

When the control was measured again on the 12th day of the growth curve, no clear patterns of oxygen production and consumption were visible (Figure 25 and Figure 46 in the
Appendix). Not only did the oxygen concentration decrease continuously during the first
24 h of measurement, but flushing with water (3% oxygen) led to a sharp increase in
oxygen concentration. Both 0% and 30% of sterile ESAW medium showed a steady decrease in oxygen concentration when measured over 24 h (Figures 47 - 48 in the Appendix).
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5. Discussion
The short-term adaptability of the two Synechococcus strains RCC2384 and PCC7942
was determined for a range of abiotic factors such as salinity/osmolarity, light level, temperature and pH. In the following section, the obtained growth rates will be compared to
the available literature and possible adaptive processes will be discussed. The time scales
of acclimatisation and growth will then be compared to common estuarine residence times
to identify possible windows of time where adaptation and acclimatisation are possible.
The strains will also be evaluated based on their suitability as endosymbionts for the treatment of chronic and slow-healing wounds. Furthermore, the applicability of the μRespirometer for continuous oxygen measurements with cyanobacterial cultures will be discussed.

5.1. Analysis of Initial Trials & Methodological Drawbacks
5.1.1. Initial Trials with Synechococcus RCC2384
Synechococcus RCC2384 was not able to cope with the osmotic shock of direct transfer
into medium of lower osmolarity. While the cells did not immediately lyse, the cell concentrations started to decrease at once and the population was not detectable in the flow
cytometer anymore after 4 days. The attempts to further clarify the osmotic tolerance
range of RCC2384 failed, as all samples decreased in cell density regardless of condition.
This may have been a side-effect of the move of the cultures into a new incubator with
higher light levels than they were acclimatised to (130 μmol m-2 s-1 vs 26 or 100 μmol m2 -1

s ). The starter culture had been incubating in the new growth chamber for 4 days prior

to inoculation of the second quick adaptation test and longer for the following experiments. However, the possibility cannot be discounted that the higher irradiance level led
to fluorescent threshold changes in the cultures due to reduction of the photosynthetic
apparatus. Kana & Glibert (1987) reported no photoinhibition of growth up to
2000 μmol m-2 s-1 for Synechococcus sp. WH7803. Pigment content was negatively correlated to growth irradiance and phycoerythrin was the most affected out of the pigments
(Kana & Glibert, 1987). Like RCC2384, Synechococcus WH7803 is also classified under
pigment type 3a (Grébert et al., 2018b). Therefore, it is plausible that the increased light
level would have led to lower pigment content per cell during the second quick adaptation
test and subsequent experiments. The pigment content was essential to enumerate cells in
these experiments as no dye was added and cells were counted based on auto-fluorescence
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with flow cytometry. Nevertheless, such a rapid decrease and complete disappearance of
the population in the flow cytometer suggests that the cells did not have enough time to
acclimatise to the light levels and perished. Kana & Glibert (1987) raised irradiance levels
stepwise and over several days, presumably giving the populations enough time to adapt
to the higher light levels. However, Barlow & Alberte (1985) recorded an increase of invivo fluorescence of phycoerythrin after excitation at 560 nm in WH7803 as part of photoinhibition of cells which were not acclimatised to high levels of irradiation
(≤ 250 μmol m-2 s-1). As phycoerythrin auto-fluorescence was mainly used for counting
cells here, photoinhibition alone is not likely to have led to such a rapid decrease in cell
concentrations as was recorded here. The flow cytometer (CyFlow Cube8) is not optimized for auto-fluorescent phytoplankton and could have distorted the counted concentrations. Another explanation for the observed cell mortality could have been some component of the medium prepared with components from different suppliers. Nevertheless,
the cell concentrations from the medium test firmly indicate that the medium components
were not the cause.
The decrease in cell concentrations as counted by flow cytometry together with the increase in pH is contrary to expectations, and suggests three possibilities. First, the cell
concentrations obtained may have been incorrect and some undetected cells caused the
increase in pH by removing dissolved inorganic carbon from the medium for photosynthesis. Second, the cell concentrations may have been correct but a small population not
detectable by flow cytometry survived and was very photosynthetically active, driving
the pH increase. Third, the cell concentrations may have been valid and the increase in
pH was caused by other processes e.g. cell lysis, which could explain the stationary pH
towards the end of the second quick adaptation test as no new cells were lysed.
While the definite cause of the decreased cell concentrations could not be established in
this project, there are indications that Synechococcus RCC2384 is sensitive to changes in
light level and needs to be acclimatised slowly. Furthermore, temperatures of 30 °C,
100% salinity ESAW medium and irradiance levels of ca. 100 μmol m-2 s-1 were found
to be optimal conditions for growth with growth rates of 7.56 day-1 during the initial exponential growth phase. To date, little has been published about this strain, however, this
growth rate is a lot higher than those recorded for other strains of the same pigment type
e.g. 0.5 - 2.0 day-1 for WH7803 first isolated from the Sargasso Sea recorded at irradiance
up to 2000 µmol m−2s−1 (Kana & Glibert, 1987), > 2 day-1 for environmental
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Synechococcus samples in the Arabian Sea (Liu et al., 1998), ca. 1 day-1 for isolates from
the coastal and pelagic Arabian Sea (Bemal & Anil, 2016). Moreover, a growth rate of
ca. 0.5 day-1 has been reported for the Caribbean strain WH8102 (Mackey et al., 2013a)
as well as ca. 1 - 2 day-1 for Synechococcus strains of tropical North Atlantic origin at
30 °C (Pittera et al., 2014). This suggests that the control culture conditions were close to
the optimal growth conditions of the strain.
Some of the unique characteristics of the cyanobacterial photosystem impede traditional
measurements of photosynthetic parameters such as FV/FM. The main difference to the
photosynthetic apparatus of higher plants is that photosynthesis and respiration occur
within the same membranes. The Phycobilisome (PBS) associates either with Photosystem I (PSI) or Photosystem II (PSII), allowing the organism to avoid photodamage and
the accumulation of electrons at either point of the electron transport chain (Mackey et
al., 2013a). When PSI is preferentially excited and electron carriers are mostly oxidized,
the photosystem is in state I and the PBS binds to PSII thus increasing the electron flow
(Figure 1). During dark-adaptation and when PSII is preferentially excited, the plastoquinone pool is in reduced state and the PBS binds to the PSI (Kirilovsky, 2015; Mackey et
al., 2013a). The exact mechanism of energy transfer is still unclear, theories include spill
over from PSII to PSI and or the reversible migration of the phycobilisome, however,
recent evidence suggests that the core of PSII may become quenched in state II to compensate for the excess of reduced electron carriers (Ranjbar Choubeh et al., 2018).
In contrast, during high light conditions photoprotective reactions include redirection of
the electron pathway (Mackey et al., 2008), redirection of light energy to specific photosystems (Campbell et al., 1998) and nonphotochemical-quenching. Here, electrons are
removed from PSII and funnelled into reducing oxygen (Bailey et al., 2008). Mackey et
al. (2013a) showed a temperature dependence of the PBS association in several strains of
Synechococcus. When temperatures neared those optimal for growth, the PBS associated
with PSII thus increasing the flux into the linear electron pathway. At lower temperatures,
PBS associated with PSI which could increase cyclic electron flow. Moreover, the researchers also showed an increased synthesis of proteins associated with the photosynthetic apparatus when Synechococcus sp. WH8102 was grown at higher temperatures.
This might partly explain the wide geographic distribution of Synechococcus in contrast
to Prochlorococcus which lacks a phycobilisome (Mackey et al., 2013a). All of these
characteristics have been known to lead to artificially low measurements of Fv/FM or other
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photosynthetic health parameters for Synechococcus (Campbell et al., 1998) and could
help explain the low values of ca. 0.1 for Fv/FM in the control cultures of RCC2384.
Campbell et al. (1998) proposed the addition of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) in order to keep the reaction centres of PSII closed. Published FV/FM data of
other Synechococcus cultures ranges between 0.41 - 0.56 for environmental populations
(Fu et al., 2007), 0.15 - 0.35 for Synechococcus sp. PCC7002 (Mou et al., 2017), ca. 0.77
for environmental Synechococcus isolates from the Arabian Sea (Bemal & Anil, 2016),
and 0.090 – 0.2 for thermophilic Synechococcus lividus isolates (Liao et al., 2006). These
values strongly suggest that the low values FV/FM measured in this study may not provide
an accurate estimate of the photosynthetic health of the cultures. PAM measurements
were also attempted for the two PCC strains; however, measurements could not be conducted successfully as the measured values were too low to proceed to large-scale measurements as additional data to a growth curve without first establishing a specific protocol
for FV/FM or ΦPSII measurements for these strains.

5.1.2. Applicability of the μRespirometer for Oxygen Measurements with
Synechococcus
The applicability of the novel microfluidic chamber for measurements of oxygen fluxes
in photosynthetic organisms has not yet been determined. Here, the aim was to identify
the limits of the method as well as to propose improvements to the experimental protocol.
Improvements included, identifying reasonable timeframes of analysis, prevention of air
bubbles by sealing the chamber during the measurements, as well as calibration of the
system with water of a defined oxygen concentration. The current set-up of the μRespirometer is not very well suited for measurements over 24 h, as the measured oxygen concentrations become uncoupled to the expected patterns following illumination protocol
after one day in most cases. Presumably the chamber volume is too small to sustain cyanobacterial populations over that time frame, becoming depleted of nutrients and dissolved gases. Moreover, recovery of oxygen production was not visible after 12 hours of
darkness, indicating that all oxygen was consumed in the chamber and that the cyanobacterial cells likely perished. In some cases, no increases in oxygen concentration were visible during the first 12 h of illumination. As the system can only record changes in oxygen
concentration up to 21% air sat. the effect of photosynthesis on oxygen concentration
could presumably not be recorded. In order to circumvent this problem, the cultures were
first incubated in the dark to induce respiration and decrease the oxygen concentration
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before the first light cycle was started. However, one hour of darkness evidently was not
long enough to see an effect but 4 h proved sufficient to record clear increases in oxygen
after the light was switched on.
As the system calculates oxygen concentration based on the relative fluorescence intensity, flushing the system with water of a defined oxygen concentration is necessary to
give a defined low point against which to calculate the oxygen concentration. This improves the system accuracy; nevertheless, quantitative oxygen measurements are not yet
possible and increases and decreases of oxygen concentration should always only be compared relative to other datapoints measured in the curve in order to avoid misinterpretation
of the results. Moreover, flushing the system also carries with it the danger of introducing
air bubbles into the chamber which could lead to sharp spikes in the oxygen concentration. The increase in biomass during measurement was not monitored in these datasets,
however, this additional information could be very useful to correlate growth rate more
clearly with photosynthesis as represented by O2 production here. In general, the μRespirometer has the potential to be a very useful tool for monitoring oxygen evolution in
picophytoplankton species. The small size of the measurement chamber as well as the
possibility to measure samples continuously under defined temperature and irradiance
conditions, circumvents many of the drawbacks of current commercial oxygen sensing
methods.

5.2. Characterisation of Synechococcus PCC7942
5.2.1. Temperature and Irradiance Dependence of Growth
Temperature acclimatisation and adaptation were not tested comprehensively in this project, however, the freshwater strain PCC7942 was grown successfully at 30 °C regardless
of osmolarity or pH regime. This was expected, as the strain is commonly cultivated in
temperatures between 30 - 37 °C (Billini et al., 2008; Porankiewicz et al., 1998; Scanlan
et al., 1995).
Although the stock cultures were maintained in the same growth chamber over several
weeks, the phycocyanobilin signals decreased over time when normalised to cell concentrations. The normalised geometric means increased in certain conditions after the two
days when the cultures were not sampled in the middle of the experiment. This recovery
is intriguing and suggests two possibilities; first, that the incubator may have switched
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off or reduced illumination level over the weekend and/or second, that the accuracy of
the flow cytometer decreased over the course of the experiment. Furthermore, adaptation
to irradiance levels appears to happen only on the individual cell level, since the cultures
reduced their pigment content to cope with excess light even after the stock cultures presumably had had time to adapt to the light conditions over several weeks. A similar decrease in pigment content over time at higher light levels has been shown in environmental Synechococcus populations in in situ incubations in the North Atlantic near Bermuda
co-occurring with changes in irradiance (Lomas et al., 2012). The fact that PCC7942 was
better able to cope with the higher light intensity than RCC2384 is presumably due to the
different pigment types of the two strains. The rods of the phycobilisome type 1 are
shorter compared to other pigment types, which is considered to be beneficial at high
irradiance levels by allowing the cyanobacteria to minimize the absorption of excess light
(Mackey et al., 2017).

5.2.2. Osmolarity Dependence of Growth
PCC7942 was also able to cope well with the osmolarities up to 30% ESAW medium.
Growth rates reached up to 2.4 ± 0.64 day-1 (0% ESAW), 1.7 ± 0.23 (10%), 2.6 ± 0.51
(20%) and 0.84 ± 0.3 day-1 (30%) during initial exponential growth. Whereas the growth
rates were noticeably lower in the conditions 10 and 30%, the growth rate recorded in
20% osmolarity even exceeded that of the control (0%). Therefore, the optimal conditions
for the maintenance of the strain would be 20% ESAW medium, 30 °C and 130 μmol m2 -1

s , and not 0% ESAW as expected. The lowered growth rates indicate salinity stress;

nevertheless, all growth rates were positive irrespective of condition and pH at t0, which
suggests that the strain has a wide salinity tolerance. Indeed, the upper salinity tolerance
limit for PCC7942 has been described as ≤0.4 M NaCl (Ladas & Papageorgiou, 2000a),
which is much higher than the conditions tested here as 30% ESAW roughly equals to
0.11 M NaCl.
The growth rates recorded here were higher than the ca. 0.77 day-1 shown for PCC7942
cultures (Scanlan et al., 1995). Presumably this was due to the lower irradiance level
during cultivation in that study. Higher growth rates (3.6 day-1) were shown for PCC7942
cultures grown at both higher temperature and lower irradiance than the conditions in the
present study (Porankiewicz et al., 1998). Bernal & Anil (2017) reported growth rates of
ca. 0.36 day-1 (salinity 10) and 0.19 day-1 (salinity 30) for the freshwater strain
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Synechococcus sp. CCAP1405. Growth rate, photosynthetic efficiency (FV/FM) and phase
duration of cell cycle were significantly lower and slower in conditions higher than 10
salinity. To the best of my knowledge, the highest recorded growth rates at ambient CO2
levels for a Synechococcus strain were ca. 10.4 day-1 for the freshwater cyanobacterium
S. elongatus PCC 11801 first isolated from a lake in Mumbai, India (Jaiswal et al., 2018).
This novel strain outperformed the common cyanobacterial model strains of PCC7942
and Synechocystis sp. PCC 6803. Therefore, the growth rates recorded for PCC7942 in
the preferred conditions 0% and 20% osmolarity fall within the upper range of previously
published data.
In the 2017 study, CCAP1405 cells reacted to salinity stress by increasing production and
secretion of exopolysaccharides, presumably transferring energy from growth into an increased surrounding exopolysaccharide layer in order to protect against hypersaline environments (Bemal & Anil, 2017; Rosales et al., 2005; Sheng et al., 2006). Qiu et al.
(2012) also showed that increased extracellular polymeric substance (EPS) production
and desaturation of membrane lipids were correlated to increasing salinity in a salinity
tolerant Synechococcus strain.
Apart from the increased exopolymeric layer, osmoregulation in cyanobacterial cells is
mediated by either ion exchanges over the cell wall or by the synthesis of organic solutes
in the cytosol to maintain turgor. In the first instance, the first protection against desiccation or cell lysis in an osmotic shock is mediated by Na+/H+ antiporters and Na+/ATP
pumps until cells reach their new equilibrium (Nitschmann & Packer, 1992; Ritchie,
1992). Under hypersaline conditions, the cells are not able to compensate Na+ influx by
transport processes and stop growing (Waditee et al., 2002). In freshwater cyanobacteria,
this process is followed by the synthesis of sucrose and other disaccharides which increase
cell turgor, whereas a heteroside and glycine betaine are the main osmolytes in marine
and hypersaline cyanobacteria respectively (Mackay et al., 1984). Under hypersaline conditions, freshwater cyanobacteria are not able to synthesize high enough concentrations
of sucrose to maintain cell turgor and cease to proliferate. Moreover, high internal sucrose
concentrations have toxic effects which further limits the salinity tolerance (Ladas &
Papageorgiou, 2000a; 2000b). Another limiting factor is the reduction of the photosynthetic apparatus during salinity stress as energy is diverted into production of osmolytes
and exopolymers at the expense of e.g. chlorophyll a and phycocyanin content (Ladas &
Papageorgiou, 2000b; Papageorgiou et al., 1998). Although lower growth rates were
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recorded in hypersaline conditions in this study, the pigment content itself, as measured
by fluorescent emission of phycocyanobilin, was in fact higher in conditions 10 - 30%
osmolarity. More quantitative and precise measures of pigment content would be necessary to further investigate the salinity stress response of PC7942.
Efforts have been made to improve the salinity tolerance of PCC7942 by genetic transformation, for example, in order to introduce the capability to synthesize glycine betaine.
However, this did not lead to osmoregulation with glycine betaine but instead enhanced
cell metabolism, leading to increased intracellular sucrose concentrations that enabled
growth under hypersaline conditions but did not widen the salinity tolerance of the strain
(Ladas & Papageorgiou, 2000a). Waditee et al. (2002) acclimatised PCC7942 to growth
in salt water by overexpressing Na+/H+ antiporters. Whereas the basic salinity tolerance
may not be broadened by these strategies, salinity stress might be alleviated under hypersaline conditions that limit growth for the freshwater cyanobacterium Synechococcus
PCC7942.

5.2.3. pH Dependence of Growth
The pH tolerance was only tested for strain PCC7942, but in this case the initial adjusted
pH of the medium had no effect on the subsequent pH values measured in the cultures.
All measured values at t0 differed considerably from the targeted pH and it became
quickly apparent that within a few days of inoculation, the pH was controlled by the cultures and not the other way around. For instance, the pH increased rapidly up to pH 10 in
conditions of 0% osmolarity and < pH 9.5 in conditions of higher osmolarity. The maximum pH values also roughly coincided with maximal cell concentrations. Carbon is taken
up from the surrounding medium for photosynthesis in the form of CO2 or CO3-, which
shifts the bicarbonate buffering system towards consuming free H+. Therefore, the pH is
expected to rise with photosynthetic activity. Thus, only the pH values measured at t0
were considered in subsequent analysis of impact on other parameters. The larger range
of pH values in 0% osmolarity cultures likely is a reflection of the lack of native buffer
system, apart from hydrogen carbonate, in the recipe of ESAW medium. As sodium hydrogen carbonate was listed under anhydrous salts in the recipe, it was excluded from the
0% osmolarity media. Although the pH was adjusted prior to sterile filtration for each
medium, the unstable carbonate system may have caused the changes in the two days
between preparation and inoculation. Furthermore, a spill-over effect from the starter
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culture is unlikely as the cultures were resuspended in medium of the target osmolarity
and pH prior to inoculation. However, the cultures themselves could have had an influence on the pH by switching their metabolism towards increased respiration due to the
osmotic shock caused by the transfer into new medium. In future, the addition of a separate buffer system (e.g. Tris-HCl) or continuous adjustments of the pH would be necessary to observe adaptation and acclimatisation to constant pH values in the range of human physiological conditions.
Strain PCC7942 has shown remarkable tolerance to pH ranges from below pH 7 up to
pH 10, and the high pH is a clear indication that photosynthesis took place in the cultures
during the first half of the growth curve. No clear stationary phase was recorded during
the growth curve; however, the decrease in cell concentration at later time-points is likely
to have been due to age of the culture and depletion of nutrients. Stressful conditions
cause a shift towards increased respiration and lower photosynthesis rates in Synechococcus (Billis et al., 2014). Consequently, the decrease in cell concentration likely caused
the decrease in pH due to increased respiration in the culture as well as the release of
cytosol components by cell lysis. If carbon in the form of CO2 and bicarbonate ions was
the limiting nutrient, placing culture bottles on a shaker, or bubbling with CO2 enriched
or ‘normal’ air may be necessary to properly aerate the cultures. Thus far, the only exchange of air was through the vented filter cap and diffusion into the medium in vertically
erected bottles. As no organic carbon sources, apart from the vitamins, were added to the
artificial sea water medium the cyanobacterial cells would have had to live on organic
carbon compounds or CO2 produced by the culture itself.
Cyanobacteria are considered to be alkaliphilic in general, preferring conditions from
neutral up to pH 10 (Summerfield & Sherman, 2008); the lower limit of pH tolerance has
been reported as being below pH 5 (Brock, 1973). During the growth curve, pH values
reached up to pH 10 roughly at the same time-points as the maximal cell densities. In
shallow lakes, photosynthetic activity can drive the pH even above pH 10 at which point
the alkalophilic cyanobacteria outcompete other phytoplankton species (Lopez-Archilla
et al., 2004). While high pH puts the organism under stress, high pH is also indicative of
high biomass and high activity levels during cyanobacterial blooms.
As with salinity tolerance, bacteria maintain pH equilibrium with Na+/H+ antiporters in
the cell walls. At alkaline pH of the surrounding medium, the cytoplasm becomes
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acidified (Padan et al., 2005). Under alkalinity stress, cyanobacteria scavenge and accumulate CO2 and bicarbonate by investing more energy into metabolism. Moreover, cell
wall biosynthesis is upregulated, potentially in order to increase tolerance to alkaline conditions (Billis et al., 2014). In contrast to Prochlorococcus, Synechococcus has been reported to react positively to pCO2 and temperature conditions predicted by climate change
models. Growth rates as well as photosynthetic capacity (FV/FM) and pigment content
were increased significantly under these conditions (Fu et al., 2007). The growth rates
were ca. 0.3 day-1 (present day control) and ca. 0.75 day-1 (greenhouse conditions) for
Synechococcus sp. CCMP1334 (Fu et al., 2007). However, on the individual cell level
changes to pCO2 levels are likely compensated by adjustments of the photosynthetic apparatus, thus decoupling pCO2 from growth rates, which are instead more influenced by
nutrient availability (Beardall et al., 2009).
The pH measured at t0 had statistically significant effects on both the growth rates (t0 – t1)
as well as the pigment signal strength at t1. In general, growth rates were higher at lower
pH although as the samples clearly grouped by osmolarity it may have indirectly influenced the growth rates. The pigment content was also significantly influenced by the pH
at t0, lower pH values lead to lower geometric means when normalised for counts. Again,
osmolarity presumably played an indirect role, due to its influence on the possible pH
ranges. Lomas et al. (2012) recorded a similar decrease in pigment fluorescence (Chlorophyll a and phycoerythrin) as measured by flow cytometry correlated to pH values for
environmental Synechococcus populations in in situ incubation experiments in the Northern Atlantic near Bermuda. However, this effect was only apparent in September and
during other months decrease in pigment content was not related to pH treatment but
instead influenced by irradiance levels. Both the growth rates and pigment fluorescence
data demonstrate that pH does have an influence on both growth and physiological health.

5.3. Environmental Relevance
Hitherto, adaptation and acclimatisation of Synechococcus were only considered in the
context of the very specific abiotic conditions imposed by the targeted application as endosymbionts. Due to the very different environmental conditions present at the original
sites of isolation of the strains, only general comparisons can be made between the two
strains evaluated in this work. In the following section, the adaptation time scales of
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marine and freshwater Synechococcus will be put into an environmental context e.g.,
physical mixing in an estuarine system.
Estuarine systems exist on the interface between marine and freshwater aqueous ecosystems. Here, water masses converge and microbes and other organisms that are transported
passively by water flow are suddenly subjected to conditions that may be unfavourable
to them. If a model of a large river plume under climate change is considered, then the
system is enriched with nutrients, subject to increasing sea surface temperatures and exhibits conditions of varying salinity and changing pH, acidic at oxygen minimum zones
where organic matter is respired and alkaline in phytoplankton blooms. Higher temperatures are expected to stimulate primary production by phytoplankton, however, this effect
can only be observed when nutrients are not limiting (Marañón et al., 2018). Moreover,
anthropogenic eutrophication is likely to overload estuaries with nitrates and phosphates.
Therefore, growth should in theory not be limited with respect to major nutrients. This
set up shows certain similarities to the culture conditions in this project as the nitrate and
phosphate concentrations in ESAW are within the range of those measured in the eutrophic Scheldt estuary in Belgium and the Netherlands (Soetaert et al., 2006).
Cyanobacteria are key primary producers in both marine and freshwater ecosystems. The
unique adaptive capabilities of Synechococcus allow the cyanobacteria to thrive in habitats of widely differing conditions. While Synechococcus is generally considered to be
non-toxic, research on the bloom dynamics of cyanobacteria in estuaries is in most cases
related to the study of harmful cyanobacterial blooms. Particularly, since they are expected to spread and increase in frequency with climate change (O’Neil et al., 2012; Paerl
et al., 2011). Therefore, it is imperative to study survival times of cyanobacteria in estuarine waters. For picoplankton estuarine survival is dependent on the residence times inside of the system, this value measures the length of time spent in a predefined area of
water (de Brauwere et al., 2011; Zimmerman, 1976). Longer residence times would give
phytoplankton populations time to adapt and grow to a certain cell density so that a stable
estuarine population could establish itself and evolve. This relationship between residence time and the doubling time of phytoplankton has been described in several studies
(Crump et al., 2004; Wang et al., 2004).
Here, marine and freshwater cyanobacteria were represented by Synechococcus
RCC2384 (pigment type 3a) and PCC7942 (pigment type 1) respectively. This follows
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observations that low salinity microenvironments in estuaries are dominated by Synechococcus with phycocyanin as their main pigment of the phycobilisome, whereas Synechococcus with phycoerythrin are mainly present in higher salinity environments (Rajaneesh
& Mitbavkar, 2013; Xia et al., 2015). Synechococcus RCC2384 cell concentrations
started to decrease immediately after transfer into medium of osmolarity lower than 100%
and became undetectable in the flow cytometer on day 4. This would indicate that the
residence time in an estuary would have to be longer than 4 days in order for the population to have a fighting chance to survive. The four days estimate is of course based on
transfer into 29% ESAW medium which would be a dramatic shift unlikely to occur in
nature without intermediate steps. The second quick adaptation test would need to be
repeated to obtain a clearer picture of the lower limit of salinity tolerance for this marine
strain. However, due to its origin from the high salinity and oligotrophic Red Sea it is not
likely that the cyanobacterium would encounter these conditions in the natural environment.
Starting from the opposite end of the spectrum the freshwater cyanobacterium was successfully acclimatised to conditions up to 30% osmolarity from the original 0%, reflecting
data obtained for similar salinity ranges in another freshwater strain (Bemal & Anil,
2017). This of course does not represent the whole spectrum from freshwater until full
marine sea water, which would be full-strength ESAW medium in this case. Nevertheless,
since t1 was sampled three days after inoculation the possibility cannot be discounted that
exponential growth began after a 1 - 2 day lag phase whose length may have been dependant on osmolarity regime. While the exact freshwater lake in California from which
the strain was first isolated is not known, it follows that unless the strain is endemic to a
particular closed lake system some cells will inevitably be transported into more saline
environments. However, this potential adaptation time would still be less than half than
that shown for RCC2384. In the context of osmotic stress, it would also be worth to consider that the secretion of carbon to strengthen the exopolymeric layer around the cyanobacteria (Bemal & Anil, 2017) could have implications for the availability of carbon for
heterotrophic bacteria and grazers.
Estuarine systems each have their own characteristics such as volume, shape, tidal range
etc. making general statements about what these adaptation times could mean in an actual
estuary, difficult. Published data for residence times ranges e.g. from approximately 1 2 days for the Danshuei River estuary in Taiwan (Wang et al., 2004), ca. 1 - 4 days for
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the Mersey estuary in the United Kingdom (Yuan et al., 2007), ca. 7 – 20 days for the
Parker River estuary in the north-eastern United States (Crump et al., 2004) and approximately 10 - 75 days for the Scheldt estuary in the Netherlands (de Brauwere et al., 2011).
In light of these highly variable timescales, the short potential lag phase and adaptation
to both higher salinity and a wide pH range shown for PCC7942 here, would serve members of that strain very well in an estuarine system. In contrast, the exact limits of tolerance still need to clarified for RCC2384, although the strain appears to be less well
equipped for handling brackish waters.
Synechococcus is widely considered to be non-toxic yet the genus is also rarely investigated for toxicity. However, Martins et al. (2005) reported toxic activity of Synechococcus which had been isolated from the Portuguese coast against the liver, kidneys, lungs
and intestines of mice. In a follow up study, the authors showed a apoptotic effect of
marine Synechococcus and Synechocystis on human leukaemia cell lines and primary rat
hepatocytes (Martins et al., 2008). Microcystins, hepatotoxic cyanobacterial toxins, were
also detected in Synechococcus isolates from the Salton Sea, a lake in California
(Carmichael & Li, 2006). Moreover, extracts of isolates of Synechocystis and Synechococcus off the coast of Portugal had negative impacts on marine invertebrates, particularly
on the embryogenesis in a sea urchin and a mussel species (Martins et al., 2007). However, in another study screening of axenic cyanobacterial strains showed no genomic
markers for oligopeptide cyanobacterial toxins (Jakubowska & Szeląg-Wasielewska,
2015). In addition to the commonly referenced cyanobacterial hepatotoxins and neurotoxins, lipopolysaccharides (LPS), part of the external cell wall of gram-negative bacteria
are also known to cause inflammation (Wiegand & Pflugmacher, 2005). Whereas LPS do
not by themselves have a strong toxic effect, they do enhance the effect of other toxins
(Alves-Rosa et al., 2001). The LPS structure of Synechococcus deviates from the common structure of the compound in other gram-negative bacteria, which may be the cause
of the lower toxigenic effect compared to LPS from E. coli (Jakubowska & SzelągWasielewska, 2015; Snyder et al., 2009; Stewart, 2005).
Although not generally deemed to be toxic, exposure and adaptation to environmental
conditions may induce the production of toxins and allelochemicals in Synechococcus.
For instance, the strength of allelopathic activity of a Baltic Synechococcus strain against
a Baltic diatom has been shown to depend on light, temperature and salinity conditions
(Śliwińska-Wilczewska et al., 2016). Filtrates from cyanobacterial cultures grown at
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higher temperatures and higher illumination inhibited the growth of the diatom Navicula
perminuta. Similar behaviour has been shown for toxigenic cyanobacteria from the Baltic
(Lehtimaki et al., 1997) and in an Argentinian Water Reservoir (Amé et al., 2003). The
induction of toxicity in normally non-toxic species could have fatal effects on human
health and economy.

5.4. Application as an Endosymbiont in Biomedical Research
The primary goal of this work was to find and characterise Synechococcus strains that are
suitable for the application in a novel therapeutic method for human skin tissues where
impaired perfusion of oxygen inhibits proper wound healing. Work was started on the
already available Red Sea strain RCC2384, which to the best of my knowledge has not
been characterised in great detail regarding adaptation to salinity, temperature and pH.
Based on the available literature, the Caribbean strain PCC7002 and the freshwater strain
PCC7942 were selected as candidates for examining survival and growth under conditions mimicking certain aspects of the cytosol of human cells.
Unfortunately, the Caribbean strain Synechococcus PCC7002 could not be further characterised in this study. However, the strain may present an intermediate between the two
characterised strains. Its coastal marine habitat places it near RCC2384 yet the composition of the phycobilisome is much closer to PCC7942.
The initial trails with RCC2384 quickly showed that the lowered salinity would present
an insurmountable hurdle in the survival of the cultures when the cells were shocked in
the quick transfer from 100% ESAW to medium of lower osmolarity. Potentially the cells
might be able to adapt if the basic set up of the second quick adaptation was taken and
the cells were successively transferred into medium of lower osmolarity once exponential
growth had been established at a certain salinity level. Since the decrease in cell concentration was almost immediate after transfer into 29% ESAW medium, the lower limit of
salinity tolerance would presumably be easily identified in this set-up. As growth was
recorded at 30 °C, temperature would surely not impede RCC2384’s survival under human physiological conditions. pH adaptation and acclimatisation were not tested here but
osmotic concentration would presumably be more of a problem since cultures would control the pH themselves past a certain level of biomass.
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Conceptually, if salinity or osmotic concentration of the medium is the biggest hurdle for
the adaptation of a marine strain, it follows logically that freshwater strains would have a
higher success rate. This expectation was proven in the positive growth rates regardless
of osmolarity condition shown for PCC7942. Moreover, selected samples also showed
oxygen production at 30 °C. Although the adaptation to pH could not be shown comprehensively in this work, growth was not impeded by pH < 7.0 < 8.0 at t0 which is promising
for survival inside the cytosol of human keratinocytes. Keeping the cultures at steady pH
would of course be important with respect to their potential biomedical application. The
buffer capabilities of the cytosol of human keratinocytes would need to be tested once
cyanobacterial cells have been successfully introduced into the cells. However, any
changes in pH due to photosynthesis of the endosymbionts could have adverse consequences for the skin cells in the tissues that are supposed to benefitted by the treatment
method. Intracellular pH in eukaryotic cells influences metabolism, growth, proliferation,
differentiation as well as induction of cancer and is thought to act as signal for other
effectors (Busa & Nuccitelli, 1984; Harguindey et al., 1995).
In conclusion, the freshwater strain Synechococcus sp. PCC7942 was able to adapt to a
range of salinities from 0 - 30% ESAW. However, adaptation of the Red Sea strain
RCC2384 to salinities below the control (100% ESAW) was not possible. The pH measured at t0 did have a significant effect on both the growth rates (t0 – t1) and the phycocyanobilin fluorescence at t1 which leads to the conclusion that the pH of the medium does
influence both growth and physiology of Synechococcus during initial exponential
growth.
Due to the demonstrated adaptability to environmental conditions mimicking certain aspects of the cytosol of human keratinocytes the freshwater strain Synechococcus
PCC7942 is, to date, the best candidate for potential future medical application out of the
strains evaluated in this work.
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6. Outlook & Future Perspectives
The limits of tolerance for RCC2384 could not yet be determined in detail. While unlikely
to be suitable as an endosymbiont, Synechococcus of pigment type 3 are still important
primary producers in marine ecosystems and should therefore be considered with respect
to their adaptability to changing environmental conditions. However, any experiments
should be implemented with stock cultures that have had enough time to adapt to any
changes in irradiance levels and in growth curves of over more than two weeks. Moreover, Synechococcus PCC7002 would need to characterised with respect to temperature,
salinity and pH tolerance. The strain may present an intermediate between RCC2384 and
PCC7942 as a coastal marine strain of pigment type 1 and could provide further insights
into the adaptation and acclimatisation processes in cyanobacteria.
Furthermore, work should focus on the freshwater strain PCC7942 as it is the most promising candidate for future medical application as part of the Endosymbiont project. Although the pH tolerance of PCC7942 could not be tested for the targeted conditions here,
the results obtained are promising nevertheless. The pH tolerance could be further determined by adding a buffer system other than hydrogen carbonate to the growth medium as
this was not considered during the initial experiments. Another possibility could be the
continued adjustment of pH during a growth curve as the cyanobacteria are likely to influence the pH with photosynthetic activity even within the narrower ranges imposed by
the buffer system. Therefore, it would also be essential to determine the cell density at
which the cyanobacteria start to control the pH, particularly as changes of intracellular
pH could have fatal consequences inside keratinocytes.
More frequent sampling in the first 72 h of a growth curve would be necessary to get an
idea of how fast the pH changes from the initial values as well as to determine if there is
a lag phase before the cells go on into exponential growth. The length of this lag phase
could be crucial for adaptation and acclimatisation. Moreover, cell counting by flow cytometry offers the possibility to track changes in cell sizes caused by osmotic stress by
adding size standards to the measured samples as described by Lomas et al. (2012). The
pulse amplitude modulation fluorometry protocol also needs to be optimized for Synechococcus cells if large-scale measurements as part of growth curves are to be implemented.
For instance, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) could be added to keep
the reaction centres of PSII closed (Campbell et al., 1998).
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Future improvements with the μRespirometer including quantitative O2 measurements
and measurements at defined light intensities could be used to make photosynthesis vs
irradiance curves in small sample volumes. O2 production would here serve as a proxy
for photosynthetic activity in contrast to the conventional biomass or carbon uptake measurements. This would allow for shorter measurement times at each light intensity since
changes in O2 production will be much faster than biomass increase. As the five sensing
spots in the chamber are at different angles to the light source, oxygen measurements
could theoretically be done simultaneously for five light intensities. This could help optimize culture conditions by identifying optimal irradiance levels for different strains as
well as the maximal obtainable oxygen production rates. Oxygen production data could
then be corroborated with cell concentrations before and after the measurements.
In the future, toxicity screening of the candidate strains will be necessary. Whereas Synechococcus is generally considered to be non-toxic, the chance remains that the strain
would react to the close contact to mammalian cells necessary for the application as endosymbionts. This co-culture and eventual endosymbiosis could trigger defensive reactions in the cyanobacteria such as the production of toxins and allelochemicals. Apart
from liquid chromatography – mass spectrometry (LC-MS) screening against known cyanobacterial toxins, the effect on human keratinocytes in co-cultures could be assessed
with a testing protocol partially based on Kozdęba et al. (2014). For this purpose, cultures
of keratinocytes would be observed over 96 h in co-culture with cyanobacterial cultures
in four conditions. These conditions could include incubation with whole cells, ultrasonicated cells, the filtrate of ultra-sonicated cells, and sterile medium as the control. The
main objective would be to assess any adverse effects of the cell cultures against each
other. The proliferation of both organisms would need to be tracked in order to detect e.g.
any inhibition of the growth, actin cytoskeleton formation and cell migration as described
for long-term incubations of 96 h of primary human keratinocytes with microcystin extracts (Kozdęba et al., 2014). Further tests could include, live-dead staining with propidium iodide, lactate dehydrogenase assays to test for cell lysis and bromodeoxyuridine
incorporation assays to track cell proliferation. If cytotoxic or inhibitory effects are recorded the effective dose (EC50) would need to be determined.
Further in the future, appropriate nitrogen and phosphorus supply would need to be established for the cyanobacteria in the cytosol. The demonstrated genetic transformability of the PCC7942 strain could also allow for genetic modifications to add functions to
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the future endosymbionts such as e.g. increased salinity tolerance (Ladas & Papageorgiou, 2000a; Waditee et al., 2002), as well as increased glucose production and export
(Niederholtmeyer et al., 2010).
In conclusion, while the groundwork has been laid regarding the osmolarity and pH tolerance of Synechococcus PCC7942, further characterisation is necessary with regards to
oxygen production under the targeted conditions, photosynthetic efficiency and potential toxicity for future medical application.
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8. Appendix
8.1. Figures
8.1.1. Synechococcus RCC2834

Figure 26 Cell concentrations of the centrifugation test with Synechococcus RCC2384 over seven days.
The average cell concentrations (per mL, n = 4) with standard deviation for 100% and 60% osmolarity are
shown over time (days). The osmolarity of the medium is indicated by colour, centrifugation protocol is
indicated by shape.

Figure 27 pH values measured as part of the centrifugation test with Synechococcus RCC2384 over seven
days. The average pH values (n = 4) measured in every condition with standard deviation for conditions of
100% and 60% osmolarity are shown over time (days). The osmolarity of the medium is indicated by
colour, centrifugation protocol is indicated by shape.
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Figure 28 First quick adaptation test with Synechococcus RCC2384 over two weeks. Average cell concentrations (per mL, n = 5) with standard deviation are shown over time (days) for both 100% and 29% cultures. The osmolarity of the medium is indicated by colour.

Figure 29 First quick adaptation test with Synechococcus RCC2384 over two weeks. Cell concentrations
(per mL) for each of the five replicates of the osmolarity conditions 100% and 29% are shown over time
(days). The number and condition of each replicate are indicated by colour.

80

Appendix

Figure 30 Cell concentrations of the second quick adaptation test with Synechococcus RCC2384 over
twelve days. The average cell concentrations (per mL, n = 3) with standard deviation for conditions from
100% to 40% osmolarity (indicated by colour) are shown over time (days) in natural logarithm projection
of the y-axis. After the 4th day, only the replicates of the control condition (100%) were followed further,
apart from the 90% samples on day 10.

Figure 31 Cell concentrations of the second quick adaptation test with Synechococcus RCC2384 over
twelve days. The average cell concentrations (per mL, n = 3) with standard deviation for conditions from
100% to 40% osmolarity (indicated by colour) are shown over time (days). After the 4th day, only the
replicates of the control condition (100%) were followed further, apart from the 90% samples on day 10.
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Figure 32 pH values of the second quick adaptation test with Synechococcus RCC2384 over twelve days.
The average pH values (n = 3) measured in every condition with standard deviation for conditions from
100% to 40% osmolarity (indicated by colour) are shown over time (days). After the 4th day, only the replicates of the control condition (100%) were followed further, apart from the 90% samples on day 10.
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Figure 33 Cell concentrations of the medium test with Synechococcus RCC2384 over eight days, in conditions ‘oldM’ for ESAW medium prepared with salts from supplier I and ‘newM’ for medium prepared
with salts from supplier II (see section 8.3.1). The cell concentrations (per mL) of the duplicates are given
separately over time (days) in natural logarithm projection on the y-axis. The number and condition of each
replicate is indicated by colour.

Figure 34 Cell concentrations of the medium test with Synechococcus RCC2384 over eight days, in conditions ‘oldM’ for ESAW medium prepared with salts from supplier I and ‘newM’ for medium prepared
with salts from supplier II (see section 8.3.1). The cell concentrations (per mL) of the duplicates are given
separately over time (days). The number and condition of each replicate is indicated by colour.
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Figure 35 Oxygen measurement of 100% ESAW medium over 6 hours in the μRespirometer. The oxygen
concentration (% air sat., a), relative intensity (b) and normalised relative intensity (c) recorded by the
camera are plotted against time (hours). Shown here are the values from the five oxygen sensing spots
(indicated in the legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature
was set to 30 °C. The measurement chamber was illuminated continuously over the course of the measurement (as indicated by the bar at the top) and the light was provided by a red-coloured LED at a current of
50 mA. Four hours after the start of measurement the system was flushed with water with an oxygen concentration of about 5% air sat.
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8.1.2. Synechococcus PCC7002

Figure 36 Oxygen measurement of Synechococcus PCC7002 over 48 hours in the μRespirometer. The
relative (a) and normalised relative intensity (b) recorded by the camera are plotted against time (hours).
Shown here are the values from the five oxygen sensing spots (indicated in the legend) of the microfluidic
chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The measurement chamber
was illuminated in a 12:12 hour diurnal cycle from the start of the measurement (as indicated by the bar at
the top) and the light was provided by a red-coloured LED at a current of 50 mA.
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8.1.3. Synechococcus PCC7942

Figure 37 Exemplary presentation of the gates used to quantify the number of Synechococcus PCC7942 cells.
Shown here is sample 1B at t5 of the growth curve (30% ESAW pH 8.2) both stained with PI (left), unstained
(middle) and sterile medium as a control (right).

Figure 38 Growth curve of Synechococcus PCC7942 over 17 days. Shown here are the average concentrations
(per mL, n = 4) with standard deviations for PCC7942 cells (solid line) and propidium stained particles
(dashed line) over time (days) separated by condition. The osmolarity of the medium is indicated by colour.
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Figure 39 Normalised arithmetic means (NAM, signal counts-1) of the phycocyanobilin peaks of Synechococcus PCC7942 plotted against time (days) and ordered by condition (indicated by colour). Shown here
are the average values (n = 4) with standard deviations.
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Figure 40 Normalised medians (NM, signal counts-1) of the phycocyanobilin peaks of Synechococcus
PCC7942 plotted against time (days) and ordered by condition (indicated by colour). Shown here are the
average values (n = 4) with standard deviations.
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Figure 41 Oxygen measurement of Synechococcus PCC7942 over 48 hours in the μRespirometer. The
relative (a) and normalised relative intensity (b) recorded by the camera are plotted against time (hours).
Shown here are the values from the five oxygen sensing spots (indicated in the legend) of the microfluidic
chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The timespans of darkness
and illumination are indicated by the bar at the top. The light was provided by a red-coloured LED at a
current of 50 mA.
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Figure 42 Oxygen measurement of Synechococcus PCC7942 over 48 hours in the μRespirometer as part
of the growth curve (0% ESAW pH 8.2) 4 days after inoculation. The relative (a) and normalised relative
intensity (b) recorded by the camera are plotted against time (hours). Shown here are the values from the
five oxygen sensing spots (indicated in the legend) of the microfluidic chip. Pictures were taken every
10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour
diurnal cycle shifted one hour from the start of the measurement (as indicated by the bar at the top) and the
light was provided by a red-coloured LED at a current of 50 mA. At 43 h and 20 min the system was flushed
with water with an oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis).
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Figure 43 Oxygen measurement of Synechococcus PCC7942 over 79 hours in the μRespirometer as part
of the growth curve (30% ESAW pH 7.0). The relative (a) and normalised relative intensity (b) recorded
by the camera are plotted against time (hours). Shown here are the values from the five oxygen sensing
spots (indicated in the legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour diurnal cycle shifted four
hours from the start of the measurement (as indicated by the bar at the top) and the light was provided by a
red-coloured LED at a current of 50 mA. At 74 h and 10 min the system was flushed with water with an
oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis). The data from spots 1 and 5
were removed from the graph for clarity. At 74 h and 10 min the system was flushed with water with an
oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis).
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Figure 44 Oxygen measurement of Synechococcus PCC7942 over 79 hours in the μRespirometer as part
of the growth curve (30% ESAW pH 7.0). The oxygen concentration (% air saturation) calculated from the
intensity of the phosphorescent signal is plotted against time (hours). Shown here are the values from the
five oxygen sensing spots (indicated in the legend) of the microfluidic chip. Pictures were taken every
10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour
diurnal cycle shifted four hours from the start of the measurement (as indicated by the bar at the top) and
the light was provided by a red-coloured LED at a current of 50 mA. At 74 h and 10 min the system was
flushed with water with an oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis).
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Figure 45 Oxygen measurement of Synechococcus PCC7942 over 79 hours in the μRespirometer as part
of the growth curve (30% ESAW pH 7.0). The relative (a) and normalised relative intensity (b) recorded
by the camera are plotted against time (hours). Shown here are the values from the five oxygen sensing
spots (indicated in the legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour diurnal cycle shifted four
hours from the start of the measurement (as indicated by the bar at the top) and the light was provided by a
red-coloured LED at a current of 50 mA. At 74 h and 10 min the system was flushed with water with an
oxygen concentration of 3% air sat. (indicated by the arrow on the x-axis).
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Figure 46 Oxygen measurement of Synechococcus PCC7942 over 79 hours in the μRespirometer as part
of the growth curve (0% ESAW pH 8.2). The relative (a) and normalised relative intensity (b) recorded by
the camera are plotted against time (hours). Shown here are the values from the five oxygen sensing spots
(indicated in the legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature
was set to 30 °C. The measurement chamber was illuminated in a 12:12 hour diurnal cycle shifted four
hours from the start of the measurement (as indicated by the bar at the top) and the light was provided by a
red-coloured LED at a current of 50 mA. At 50 h and 50 min the system was flushed with water with an
oxygen concentration of 2.7% air sat. (indicated by the arrow on the x-axis).
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Figure 47 Oxygen measurement of 0% ESAW medium over 24 hours in the μRespirometer. The oxygen
concentration (% air sat., a), relative intensity (b) and normalised relative intensity (c) recorded by the
camera are plotted against time (hours). Shown here are the values from the five oxygen sensing spots
(indicated in the legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature
was set to 30 °C. The measurement chamber was illuminated for 20 hours, shifted 4 hours after the start of
measurement (as indicated by the bar at the top) and the light was provided by a red-coloured LED at a
current of 50 mA.
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Figure 48 Oxygen measurement of 30% ESAW medium over 24 hours in the μRespirometer. The oxygen
concentration (% air sat., a), relative intensity (b) and normalised relative intensity (c) recorded by the
camera are plotted against time (hours). Shown here are the values from the five oxygen sensing spots
(indicated in the legend) of the microfluidic chip. Pictures were taken every 10 min and the temperature
was set to 30 °C. The measurement chamber was illuminated for 20 hours, shifted 4 hours after the start of
measurement (as indicated by the bar at the top) and the light was provided by a red-coloured LED at a
current of 50 mA.
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8.2. Statistical Analysis
8.2.1. Effect of Propidium Iodide Staining
> bartlett.test(synperml ~ staining_f, data=growth_PI)
Bartlett test of homogeneity of variances
data:

synperml by staining_f

Bartlett's K-squared = 2.1423e-05, df = 1, p-value = 0.9963
> bartlett.test(synperml ~ condition_f, data=growth_PI)
Bartlett test of homogeneity of variances
data:

synperml by condition_f

Bartlett's K-squared = 28.78, df = 9, p-value = 0.0007057
> #Levene test
> leveneTest(synperml ~ staining_f, data=growth_PI)
Levene's Test for Homogeneity of Variance (center = median)
Df F value Pr(>F)
group

1

0.0016 0.9677

88
> leveneTest(synperml ~ condition_f, data=growth_PI)
Levene's Test for Homogeneity of Variance (center = median)
Df F value
group

9

Pr(>F)

2.1816 0.03354 *

70
--Signif. codes:

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

> #Fligner test
> fligner.test(synperml ~ interaction(staining_f, condition_f),
data=growth_PI)
Fligner-Killeen test of homogeneity of variances
data:

synperml by interaction(staining_f, condition_f)

Fligner-Killeen:med chi-squared = 27.398, df = 19, p-value = 0.09572
> fligner.test(synperml ~ staining_f, data=growth_PI)
Fligner-Killeen test of homogeneity of variances
data:

synperml by staining_f

Fligner-Killeen:med chi-squared = 0.045406, df = 1, p-value = 0.8313
> fligner.test(synperml ~ condition_f, data=growth_PI)
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Fligner-Killeen test of homogeneity of variances
data: synperml by condition_f
Fligner-Killeen:med chi-squared = 15.384, df = 9, p-value = 0.08092

> res.man <- aov(synperml ~ staining_f*condition_f, data =
growth_PI)
> summary(res.man,test = "Wilks")
Df
staining_f
condition_f
***
staining_f:condition_f
Residuals

Sum Sq

Mean Sq F value Pr(>F)

1 1.854e+12 1.854e+12
0.323 0.572
9 1.105e+16 1.227e+15 214.120 <2e-16
9 1.671e+13 1.857e+12

0.324

0.964

60 3.439e+14 5.732e+12

--Signif. codes:

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

10 observations deleted due to missingness

8.2.2. Growthrates (t0 – t1) over pH t0
bartlett.test(growthrate ~ osmolarity, data=growthrate_syn)
Bartlett test of homogeneity of variances
data:

growthrate by osmolarity

Bartlett's K-squared = 18.349, df = 3, p-value = 0.0003727
bartlett.test(growthrate ~ pH_adjusted_f, data=growthrate_syn)
Bartlett test of homogeneity of variances
data:

growthrate by pH_adjusted_f

Bartlett's K-squared = 15.199, df = 3, p-value = 0.001655
> leveneTest(growthrate ~ osmolarity, data=growthrate_syn)
Levene's Test for Homogeneity of Variance (center = median)
Df F value Pr(>F)
group

3

0.352 0.7879

36
> #Levene test
> leveneTest(growthrate ~ pH_adjusted_f, data=growthrate_syn)
Levene's Test for Homogeneity of Variance (center = median)
Df F value Pr(>F)
group

3

1.4724 0.2384

36
> fligner.test(growthrate ~ pH_actual, data=growthrate_syn)
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Fligner-Killeen test of homogeneity of variances
data:

growthrate by pH_actual

Fligner-Killeen:med chi-squared = 34.467, df = 31, p-value = 0.3054
> #Fligner test
> fligner.test(growthrate ~ interaction(pH_actual, osmolarity, pH_adjusted_f), data=growthrate_syn)
Fligner-Killeen test of homogeneity of variances
data:

growthrate by interaction(pH_actual, osmolarity, pH_adjusted_f)

Fligner-Killeen:med chi-squared = 30.954, df = 35, p-value = 0.6638
> fligner.test(growthrate ~ osmolarity, data=growthrate_syn)
Fligner-Killeen test of homogeneity of variances
data:

growthrate by osmolarity

Fligner-Killeen:med chi-squared = 4.0466, df = 3, p-value = 0.2565
> fligner.test(growthrate ~ pH_adjusted_f, data=growthrate_syn)
Fligner-Killeen test of homogeneity of variances
data:

growthrate by pH_adjusted_f

Fligner-Killeen:med chi-squared = 3.9002, df = 3, p-value = 0.2724
> fligner.test(synperml ~ interaction(staining_f, condition_f),
data=growth_PI)
Fligner-Killeen test of homogeneity of variances
data:

synperml by interaction(staining_f, condition_f)

Fligner-Killeen:med chi-squared = 27.398, df = 19, p-value = 0.09572
> fligner.test(synperml ~ staining_f, data=growth_PI)
Fligner-Killeen test of homogeneity of variances
data:

synperml by staining_f

Fligner-Killeen:med chi-squared = 0.045406, df = 1, p-value = 0.8313
> fligner.test(synperml ~ condition_f, data=growth_PI)
Fligner-Killeen test of homogeneity of variances
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data:

synperml by condition_f

Fligner-Killeen:med chi-squared = 15.384, df = 9, p-value = 0.08092

> res.man <- aov(growthrate ~ pH_actual*osmolarity*pH_adjusted_f,
data = growthrate_syn)
> summary(res.man,test = "Wilks")
Df Sum Sq Mean Sq F value Pr(>F)
1
7.88
7.877
4.429 0.0482

pH_actual
*
osmolarity

3

6.84

2.279

1.282 0.3078

pH_adjusted_f

3

3.89

1.296

0.729 0.5468

pH_actual:osmolarity

3

0.01

0.004

0.002 0.9998

pH_actual:pH_adjusted_f

3

1.99

0.663

0.373 0.7733

osmolarity:pH_adjusted_f

3

1.05

0.351

0.198 0.8968

pH_actual:osmolarity:pH_adjusted_f

3

0.54

0.180

0.101 0.9582

20

35.57

1.778

Residuals
--Signif. codes:

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

8.2.3. Geometric Mean of Pigment (t0 – t1) over pH t0
> #Bartlett's test of homogeneity of variances
> bartlett.test(normgmean ~ osmolarity, data=pigment_pH)
Bartlett test of homogeneity of variances
data:

normgmean by osmolarity

Bartlett's K-squared = 4.368, df = 3, p-value = 0.2244
> #Levene test
> leveneTest(normgmean ~ osmolarity, data=pigment_pH)
Levene's Test for Homogeneity of Variance (center = median)
Df F value Pr(>F)
group

3

1.4961 0.2321

36
> #Fligner test
> fligner.test(normgmean ~ interaction(pH_actual, osmolarity), data=pigment_pH)
Fligner-Killeen test of homogeneity of variances
data:

normgmean by interaction(pH_actual, osmolarity)

Fligner-Killeen:med chi-squared = 32.573, df = 33, p-value = 0.4883
> fligner.test(normgmean ~ pH_actual, data=pigment_pH)
Fligner-Killeen test of homogeneity of variances
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data:

normgmean by pH_actual

Fligner-Killeen:med chi-squared = 31.736, df = 31, p-value = 0.4296
> fligner.test(normgmean ~ osmolarity, data=pigment_pH)
Fligner-Killeen test of homogeneity of variances
data:

normgmean by osmolarity

Fligner-Killeen:med chi-squared = 4.4273, df = 3, p-value = 0.2189
> #MANOVA test Wilkes Counts
> res.man <- aov(normgmean ~ pH_actual*osmolarity, data = pigment_pH)
> summary(res.man,test = "Wilks")
Df

Sum Sq

Mean Sq F value

Pr(>F)

pH_actual

1 4.411e-06 4.411e-06

28.344 7.74e-06 ***

osmolarity

3 7.404e-06 2.468e-06

15.858 1.70e-06 ***

pH_actual:osmolarity

3 2.870e-07 9.600e-08

Residuals

0.614

0.611

32 4.980e-06 1.560e-07

--Signif. codes:

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

8.3. Tables
8.3.1. Materials & Methods
Table 5 Recipe for the salt solution 1 (anhydrous salts) for ESAW medium (Berges et al., 2001; Harrison
et al., 1980). The salts were dissolved in ddH2O. The supplier is given for both the Alfred Wegener Institute
(I) and for the University of Bremen (II).

Component

Quantity
(g L-1)

Final concentration
(M)

Supplier I

Supplier II

NaCl

21.194

3.63 · 10-1

PanReac AppliChem,
ITW Reagents (Darmstadt, Germany)

VWR International
(Radnor, PE, USA)

Na2SO4

3.550

2.50 · 10-2

PanReac AppliChem

Sigma-Aldrich (St.
Louis, MO, USA)

KCl

0.599

8.03 · 10-3

PanReac AppliChem

Janssen-Cilag (Neuss,
Germany)

NaHCO3

0.174

2.07 · 10-3

PanReac AppliChem

Sigma-Aldrich
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KBr

0.0863

7.25 · 10-4

Acros Organics, Thermo
Fisher Scientific (Waltham, MA, USA)

Acros Organics,
Thermo Fisher Scientific

NaF

0.0028

6.67 · 10-5

Acros Organics

Sigma-Aldrich

Table 6 Recipe for the salt solution 2 (hydrated salts) for ESAW medium (Berges et al., 2001; Harrison et
al., 1980). The salts were dissolved in ddH2O. The supplier is given for both the Alfred Wegener Institute
(I) and for the University of Bremen (II).

Component

Quantity Final concentration (M)
(g L-1)

MgCl2 · 6 H2O

9.592

CaCl2 · 2 H2O

SrCl2 · 6 H2O

Supplier I

Supplier II

4.71 · 10-2

PanReac AppliChem,
ITW Reagents
(Darmstadt, Germany)

Honeywell FlukaTM,
Thermo Fisher Scientific (Waltham, MA,
USA)

1.344

9.14 · 10-3

PanReac AppliChem

Merck (Darmstadt,
Germany)

0.0218

8.18 · 10-5

Acros Organics,
Thermo Fisher Scientific (Waltham,
MA, USA)

Acros Organics

Table 7 Stock solutions for major nutrients for ESAW medium (Berges et al., 2001; Harrison et al., 1980).
The dry ingredients were dissolved in ddH2O and sterile filtered (polycarbonate filters with 0.22 μm diameter), prior to storage at 4 °C. 1 or 2 mL of each of the major nutrients was added per litre of ESAW Medium. The supplier is given for both the Alfred Wegener Institute (I) and for the University of Bremen (II).

Component

Stock concentration
(g L-1)

Quantity Final con(ml L-1) centration
(M)

NaNO3

46.67

1

NaH2PO4 · H2O

3.094

1

Supplier I

Supplier II

5.49 · 10-4

neoFroxx (Einhausen, Germany)

Merck (Darmstadt, Germany)

2.24 · 10-5

Merck

Honeywell
FlukaTM,
Thermo Fisher
Scientific (Waltham, MA,
USA)
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Na2SiO3 · 9 H2O 15

1.06 · 10-4

2

Acros Organics,
Thermo Fisher
Scientific (Waltham, USA)

Acros Organics

Table 8 Composition of the stock solutions for the Iron-EDTA stock solution for ESAW medium (Berges
et al., 2001; Harrison et al., 1980). The dry ingredients were dissolved individually in ddH2O and sterile
filtered (polycarbonate filters with 0.22 μm diameter), prior to storage at 4 °C. 1 mL of Iron EDTA stock
solution was added per litre of ESAW medium. The supplier is given for both the Alfred Wegener Institute
(I) and for the University of Bremen (II).

Component

Stock
concentration

Quantity
(g L-1)

Final concentration
(M)

Supplier I

Supplier II

Na2EDTA · 2 H2O

-

2.44

6.56 · 10-6

PanReac AppliChem, ITW Reagents (Darmstadt,
Germany)

Carl Roth
(Karlsruhe, Germany)

FeCl3 · 6 H2O

-

1.77

6.55 · 10-6

Honeywell
FlukaTM, Thermo
Fisher Scientific
(Waltham, MA,
USA)

Merck (Darmstadt, Germany)

Table 9 Composition of the trace metal stock solution for ESAW medium (Berges et al., 2001; Harrison et
al., 1980). The dry ingredients were dissolved individually in ddH2O and sterile filtered (polycarbonate
filters with 0.22 μm diameter), prior to storage at 4 °C. 1 mL of trace metal stock solution was added per
litre of ESAW medium. The supplier is given for both the Alfred Wegener Institute (I) and for the University of Bremen (II).

Component

Stock
concentration

Quantity

Final concentration
(M)

Supplier I

Supplier II

Na2EDTA · 2 H2O

-

3.09 g L-1

8.30 · 10-6

PanReac AppliChem, ITW
Reagents
(Darmstadt,
Germany)

PanReac AppliChem

ZnSO4 · 7 H2O

-

0.073 g L-1

2.54 · 10-7

Bernd Kraft
(Duisburg,
Germany)

Merck (Darmstadt, Germany)
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CoSO4 · 7 H2O

-

0.016 g L-1

5.69 · 10-8

Carl Roth
(Karlsruhe,
Germany)

Merck

MnSO4 · 4 H2O

-

0.54 g L-1

2.42 · 10-6

Thermo Fisher
Scientific
(Waltham,
MA, USA)

Merck

Na2MoO4 · 2 H2Og

1.48 g L-1

1 mL L-1

6.12 · 10-9

Carl Roth

Merck

Na2SeO3g

0.17 g L-1

1 mL L-1

1.00 · 10-9

Sigma-Aldrich
(St. Louis,
MO, USA)

Sigma-Aldrich

NiCl2 · 6 H2Og

1.49 g L-1

1 mL L-1

6.27 · 10-9

Sigma-Aldrich

Sigma-Aldrich

Table 10 Composition of the vitamin stock solution for ESAW medium (Berges et al., 2001; Harrison et
al., 1980). The dry ingredients were dissolved individually in ddH2O and sterile filtered (polycarbonate
filters with 0.22 μm diameter), prior to storage at 4 °C. 1 mL of the vitamin solution was added per litre of
ESAW medium.

Component

Stock concentration

Quantity

Final concentration (M)

Supplier

Thiamine · HCl

-

0.1 g L-1

2.96 · 10-7

Sigma-Aldrich (St. Louis,
MO, USA)

Biotine (vit. H)

1.0 g L-1

1 mL L-1

4.09 · 10-9

Sigma-Aldrich

Cyanocobala-

2.0 g L-1

1 mL L-1

1.48 · 10-9

Merck (Darmstadt, Germany)

(vit. B1)

min (vit. B12)
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8.3.2. Results
Table 11 Centrifugation test of Synechococcus RCC2383. Average cell concentrations (per mL, n = 3) and
pH (n = 3) are given per condition and time-point.
Osmolarity

Centrifugation

Time-point

Time (days)

pH

Cell Concentration (mL-1)

100%

no

t0

0

8.40

4.68E+05

100%

yes

t0

0

8.51

7.16E+05

60%

no

t0

0

8.71

4.93E+05

60%

yes

t0

0

8.62

7.77E+05

100%

no

t1

1

3.70E+05

100%

yes

t1

1

6.08E+05

60%

no

t1

1

3.64E+05

60%

yes

t1

1

6.05E+05

100%

no

t2

2

8.44

9.94E+04

100%

yes

t2

2

8.47

1.34E+05

60%

no

t2

2

8.43

3.42E+04

60%

yes

t2

2

8.44

9.10E+04

100%

no

t3

5

8.67

1.40E+04

100%

yes

t3

5

8.62

3.04E+04

60%

no

t3

5

8.53

4.05E+03

60%

yes

t3

5

8.57

1.82E+04

100%

no

t4

6

8.66

2.85E+04

100%

yes

t4

6

8.60

4.35E+04

60%

no

t4

6

8.49

4.28E+03
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60%

yes

t4

6

8.56

2.87E+04

100%

no

t5

7

8.72

4.63E+04

100%

yes

t5

7

8.69

5.28E+04

60%

no

t5

7

8.63

4.13E+03

60%

yes

t5

7

8.62

4.21E+04

Table 12 First quick adaptation test of Synechococcus RCC2384. The average cell concentrations (mL-1,
n = 5) are given per condition and time-point.
Osmolarity

Time-point

Time (days)

Cell Concentration (mL-1)

100%

t0

0

2.48E+04

29%

t0

0

2.14E+04

100%

t1

1

2.16E+04

29%

t1

1

1.45E+04

100%

t2

2

2.27E+04

29%

t2

2

1.17E+04

100%

t3

3

3.07E+04

29%

t3

3

2.62E+03

100%

t4

4

4.65E+04

29%

t4

4

3.07E+02

100%

t5

5

1.36E+05

29%

t5

5

1.19E+02

100%

t6

6

2.65E+05

29%

t6

6

1.00E+02
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100%

t7

7

4.63E+05

29%

t7

7

8.67E+01

100%

t8

8

8.57E+05

29%

t8

8

1.31E+02

100%

t9

9

1.60E+06

29%

t9

9

9.42E+01

100%

t10

10

2.42E+06

29%

t10

10

9.93E+01

100%

t11

11

4.46E+06

29%

t11

11

1.02E+02

Table 13 Second quick adaptation test of Synechococcus RCC2384. Average pH values (n = 3) and average
cell concentrations (per mL, n = 3) are given per osmolarity condition and time-point.
Osmolarity

Time-point

Time (days)

pH

Cell Concentration (mL-1)

100%

t0

0

8.14

4.55E+05

90%

t0

0

8.34

4.85E+05

80%

t0

0

8.34

4.49E+05

70%

t0

0

8.35

4.35E+05

60%

t0

0

8.33

4.55E+05

50%

t0

0

8.37

4.18E+05

40%

t0

0

8.47

4.24E+05

100%

t1

3

8.64

8.92E+03

90%

t1

3

8.65

7.03E+03
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80%

t1

3

8.66

1.00E+04

70%

t1

3

8.62

8.82E+03

60%

t1

3

8.64

5.53E+03

50%

t1

3

8.55

5.59E+03

40%

t1

3

8.40

5.15E+03

100%

t2

4

8.62

7.32E+03

90%

t2

4

8.74

5.85E+03

80%

t2

4

8.74

6.49E+03

70%

t2

4

8.53

5.71E+03

60%

t2

4

8.59

5.94E+03

50%

t2

4

8.58

5.45E+03

40%

t2

4

8.42

5.48E+03

100%

t3

5

8.60

4.58E+04

100%

t4

7

8.66

1.19E+04

100%

t5

10

8.68

4.81E+04

90%

t5

10

8.67

6.60E+03

100%

t6

11

8.68

7.49E+04

100%

t7

12

8.73

1.38E+05

100%

t8

31

8.40

4.04E+07

108

Appendix
Table 14 Medium test of Synechococcus RCC2384. Cell concentrations (mL-1) per condition and timepoint are given in duplicates per conditions.
Sample

Time-point

Time (days)

Cell Concentration (mL-1)

2384_new1_t0

t0

0

2.75E+06

2384_new2_t0

t0

0

2.64E+06

2384_old1_t0

t0

0

2.49E+06

2384_old2_t0

t0

0

2.78E+06

2384_new1_t1

t1

1

3.78E+06

2384_new2_t1

t1

1

4.09E+06

2384_old1_t1

t1

1

3.09E+03

2384_old2_t1

t1

1

2.88E+03

2384_new1_t2

t2

2

5.53E+06

2384_new2_t2

t2

2

6.13E+06

2384_old1_t2

t2

2

8.82E+03

2384_old2_t2

t2

2

8.09E+03

2384_new1_t3

t3

4

2.56E+06

2384_new2_t3

t3

4

2.37E+06

2384_old1_t3

t3

4

2.00E+03

2384_old2_t3

t3

4

2.09E+03

2384_new1_t4

t4

8

3.90E+07

2384_new2_t4

t4

8

3.76E+07

2384_old1_t4

t4

8

8.22E+03

2384_old2_t4

t4

8

8.25E+03
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Table 15 Average concentrations (per mL, n = 4) of both cyanobacterial cells (PCC7942) and PI stained
particles, as well as average pH values (n = 4) recorded during the growth curve of Synechococcus
PCC7942 are given per condition and time-point.
Condition

Time-point

Time (days)

pH

PCC7942 (mL-1)

0%_pH8.2

t0

0

6.87

8.76E+05

0%_pH7.38

t0

0

6.89

1.10E+06

0%_pH7.18

t0

0

6.67

6.23E+05

0%_pH6.97

t0

0

7.05

1.23E+06

10%_pH8.22

t0

0

7.76

7.64E+05

20%_pH8.22

t0

0

7.70

5.74E+05

30%_pH8.23

t0

0

7.79

1.06E+06

30%_pH7.42

t0

0

7.69

1.06E+06

30%_pH7.16

t0

0

7.56

1.16E+06

30%_pH7.02

t0

0

7.60

8.54E+05

0%_pH8.2

t1

3

8.73

6.70E+06

0%_pH7.38

t1

3

9.09

8.77E+06

0%_pH7.18

t1

3

7.90

5.42E+06

0%_pH6.97

t1

3

8.84

9.78E+06

10%_pH8.22

t1

3

8.90

4.58E+06

20%_pH8.22

t1

3

8.71

5.00E+06

30%_pH8.23

t1

3

9.05

4.29E+06

30%_pH7.42

t1

3

8.99

3.90E+06

30%_pH7.16

t1

3

8.88

3.31E+06

30%_pH7.02

t1

3

8.81

3.73E+06
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0%_pH8.2

t2

4

9.35

1.64E+07

0%_pH7.38

t2

4

9.45

2.00E+07

0%_pH7.18

t2

4

8.49

8.88E+06

0%_pH6.97

t2

4

9.29

1.99E+07

10%_pH8.22

t2

4

9.22

6.50E+06

20%_pH8.22

t2

4

8.89

9.59E+06

30%_pH8.23

t2

4

9.23

8.79E+06

30%_pH7.42

t2

4

9.16

8.50E+06

30%_pH7.16

t2

4

8.73

8.31E+06

30%_pH7.02

t2

4

8.64

6.50E+06

0%_pH8.2

t3

5

9.35

2.54E+07

0%_pH7.38

t3

5

9.45

2.67E+07

0%_pH7.18

t3

5

8.49

1.43E+07

0%_pH6.97

t3

5

9.29

2.73E+07

10%_pH8.22

t3

5

9.22

7.31E+06

20%_pH8.22

t3

5

8.89

9.73E+06

30%_pH8.23

t3

5

9.23

6.03E+06

30%_pH7.42

t3

5

9.16

9.96E+06

30%_pH7.16

t3

5

8.73

1.58E+07

30%_pH7.02

t3

5

8.64

1.72E+07

0%_pH8.2

t4

6

10.07

2.65E+07

3.18E+06

0%_pH7.38

t4

6

9.56

2.90E+07

3.43E+06
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0%_pH7.18

t4

6

9.63

1.53E+07

2.28E+06

0%_pH6.97

t4

6

9.94

2.95E+07

4.30E+06

10%_pH8.22

t4

6

9.26

8.84E+06

1.28E+06

20%_pH8.22

t4

6

9.14

1.63E+07

2.75E+06

30%_pH8.23

t4

6

9.28

7.81E+06

7.54E+05

30%_pH7.42

t4

6

9.28

1.18E+07

1.19E+06

30%_pH7.16

t4

6

9.30

1.61E+07

1.46E+06

30%_pH7.02

t4

6

9.26

1.34E+07

1.38E+05

0%_pH8.2

t5

7

9.05

4.48E+07

1.55E+06

0%_pH8.2_PI

t5

7

9.05

4.32E+07

4.95E+06

0%_pH7.38

t5

7

8.67

4.06E+07

3.78E+05

0%_pH7.38_PI

t5

7

8.92

4.05E+07

7.62E+06

0%_pH7.18

t5

7

8.99

2.33E+07

1.73E+05

0%_pH7.18_PI

t5

7

8.99

2.31E+07

4.78E+06

0%_pH6.97

t5

7

9.50

4.38E+07

9.06E+04

0%_pH6.97_PI

t5

7

9.50

4.46E+07

5.37E+06

10%_pH8.22

t5

7

9.19

1.36E+07

7.65E+05

10%_pH8.22_PI

t5

7

9.19

1.32E+07

1.77E+06

20%_pH8.22

t5

7

9.18

1.74E+07

5.19E+05

20%_pH8.22_PI

t5

7

9.18

1.65E+07

1.68E+06

30%_pH8.23

t5

7

8.81

1.28E+07

8.75E+05

30%_pH8.23_PI

t5

7

8.81

1.18E+07

1.48E+06
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30%_pH7.42

t5

7

8.92

1.97E+07

8.46E+05

30%_pH7.42_PI

t5

7

8.92

1.92E+07

1.32E+06

30%_pH7.16

t5

7

8.96

2.32E+07

3.99E+05

30%_pH7.16_PI

t5

7

8.96

2.24E+07

1.46E+06

30%_pH7.02

t5

7

8.88

2.03E+07

3.72E+05

30%_pH7.02_PI

t5

7

8.88

2.21E+07

1.63E+06

0%_pH8.2

t6

10

2.81E+07

8.55E+06

0%_pH7.38

t6

10

1.68E+07

3.75E+07

0%_pH7.18

t6

10

4.46E+07

2.44E+07

0%_pH6.97

t6

10

3.68E+07

1.20E+07

10%_pH8.22

t6

10

3.17E+06

2.13E+06

20%_pH8.22

t6

10

3.84E+06

1.45E+06

30%_pH8.23

t6

10

3.24E+06

1.59E+06

30%_pH7.42

t6

10

3.73E+06

1.55E+06

30%_pH7.16

t6

10

6.01E+06

1.24E+06

30%_pH7.02

t6

10

9.55E+06

2.05E+06

0%_pH8.2

t7

11

7.29

2.40E+07

8.75E+06

0%_pH7.38

t7

11

7.36

1.20E+07

3.77E+07

0%_pH7.18

t7

11

9.33

1.21E+07

2.54E+07

0%_pH6.97

t7

11

7.59

2.77E+07

1.11E+07

10%_pH8.22

t7

11

7.75

4.71E+06

2.80E+06

20%_pH8.22

t7

11

7.80

3.84E+06

2.04E+06
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30%_pH8.23

t7

11

7.79

5.15E+06

1.79E+06

30%_pH7.42

t7

11

7.76

5.22E+06

1.62E+06

30%_pH7.16

t7

11

7.67

1.06E+07

4.75E+06

30%_pH7.02

t7

11

7.85

9.29E+06

1.80E+06

0%_pH8.2

t8

12

7.53

2.35E+07

9.16E+06

0%_pH7.38

t8

12

7.55

9.06E+06

3.40E+07

0%_pH7.18

t8

12

8.19

2.47E+06

2.49E+07

0%_pH6.97

t8

12

7.75

1.94E+07

1.08E+07

10%_pH8.22

t8

12

7.78

2.80E+06

6.06E+06

20%_pH8.22

t8

12

7.85

1.92E+06

6.04E+06

30%_pH8.23

t8

12

7.84

2.69E+06

2.21E+06

30%_pH7.42

t8

12

7.80

2.99E+06

2.71E+06

30%_pH7.16

t8

12

7.81

4.37E+06

3.18E+06

30%_pH7.02

t8

12

7.81

5.88E+06

3.55E+06

0%_pH8.2

t9

14

8.56

2.53E+07

1.22E+07

0%_pH7.38

t9

14

8.10

6.67E+06

3.63E+07

0%_pH7.18

t9

14

8.10

2.53E+06

2.43E+07

0%_pH6.97

t9

14

7.88

1.82E+07

1.18E+07

10%_pH8.22

t9

14

7.83

2.39E+06

3.80E+06

20%_pH8.22

t9

14

8.06

1.53E+06

2.74E+06

30%_pH8.23

t9

14

8.05

2.44E+06

1.97E+06

30%_pH7.42

t9

14

7.91

2.51E+06

2.54E+06

114

Appendix

30%_pH7.16

t9

14

7.90

3.67E+06

3.38E+06

30%_pH7.02

t9

14

7.87

5.10E+06

4.04E+06

0%_pH8.2

t10

17

7.65

1.13E+07

3.92E+06

0%_pH7.38

t10

17

7.49

3.37E+06

1.92E+07

0%_pH7.18

t10

17

7.27

7.34E+06

2.64E+07

0%_pH6.97

t10

17

7.49

2.38E+07

2.50E+07

10%_pH8.22

t10

17

7.66

4.27E+06

3.72E+06

20%_pH8.22

t10

17

7.76

3.38E+06

4.36E+06

30%_pH8.23

t10

17

7.84

3.97E+06

3.04E+06

30%_pH7.42

t10

17

7.83

3.50E+06

2.57E+06

30%_pH7.16

t10

17

7.80

5.48E+06

3.98E+06

30%_pH7.02

t10

17

7.80

7.41E+06

4.26E+06

Table 16 Cell concentrations (per mL) of cultures that were measured in the μRespirometer as additional
data to the growth curve of Synechococcus PCC7942, are given with the respective time-points of sampling.

Condition

Time (days) Cell Concentration (mL-1)

0% ESAW pH 8.2

4 (t2)

1.32E+07

30% ESAW pH 7.0 7 (t5)

1.85E+07

0% ESAW pH 8.2

12 (t8)

2.12E+07
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Table 17 Pigment signal strength statistics recorded during flow cytometric counts as part of the growth
curve of Synechococcus PCC7942 over 17 days. Average geometric means, arithmetic means and medians
(signal counts-1, n = 4) of the phycocyanobilin peak are given per condition and time-point both as raw
values and normalised (norm.) for the number of events.
Average
Condition

Timepoint

Time
(days)

Number
of Events

Geometric
Mean

Norm. Geometric Mean

Arithmetic Mean

Norm. Arithmetic Mean

Median

Norm.
Median

0%_pH8.2

t0

0

39433.56

98.01

0.0025

142.52

0.0036

120.97

0.0031

0%_pH7.38

t0

0

38470.44

148.26

0.0039

181.25

0.0047

160.50

0.0042

0%_pH7.18

t0

0

28530.05

130.09

0.0046

166.50

0.0058

145.74

0.0051

0%_pH6.97

t0

0

38458.13

165.48

0.0043

194.60

0.0051

171.49

0.0045

10%_pH8.22 t0

0

21338.09

147.51

0.0069

174.64

0.0082

151.44

0.0071

20%_pH8.22 t0

0

19239.29

146.61

0.0076

171.58

0.0089

149.66

0.0078

30%_pH8.23 t0

0

31025.2

153.84

0.0050

180.16

0.0058

155.99

0.0050

30%_pH7.42 t0

0

41660.14

153.04

0.0037

178.91

0.0043

154.99

0.0037

30%_pH7.16 t0

0

24338.07

154.74

0.0064

181.26

0.0074

157.39

0.0065

30%_pH7.02 t0

0

8795.85

150.95

0.0172

176.36

0.0200

153.74

0.0175

0%_pH8.2

t1

3

108400.07 173.35

0.0016

198.43

0.0018

177.35

0.0016

0%_pH7.38

t1

3

122829.12 165.59

0.0013

184.74

0.0015

168.74

0.0014

0%_pH7.18

t1

3

100114.56 156.77

0.0016

173.53

0.0017

157.22

0.0016

0%_pH6.97

t1

3

95189.14

158.21

0.0017

175.54

0.0018

161.52

0.0017

10%_pH8.22 t1

3

67369.96

147.85

0.0022

264.50

0.0039

116.13

0.0017

20%_pH8.22 t1

3

83701.91

169.17

0.0020

275.37

0.0033

143.66

0.0017

30%_pH8.23 t1

3

68793.24

140.61

0.0020

266.78

0.0039

106.71

0.0016

30%_pH7.42 t1

3

65788.94

151.12

0.0023

281.15

0.0043

117.87

0.0018

30%_pH7.16 t1

3

61848.48

153.65

0.0025

239.77

0.0039

129.81

0.0021
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30%_pH7.02 t1

3

88254.51

158.04

0.0018

237.01

0.0027

138.92

0.0016

0%_pH8.2

t2

4

108489.65 139.72

0.0013

151.75

0.0014

141.75

0.0013

0%_pH7.38

t2

4

113469.19 130.83

0.0012

141.14

0.0012

132.17

0.0012

0%_pH7.18

t2

4

79866

138.15

0.0017

148.75

0.0019

139.23

0.0017

0%_pH6.97

t2

4

111124.57 129.41

0.0012

139.39

0.0013

130.72

0.0012

10%_pH8.22 t2

4

44242

91.60

0.0021

159.80

0.0036

74.45

0.0017

20%_pH8.22 t2

4

66157.79

100.70

0.0015

129.10

0.0020

90.57

0.0014

30%_pH8.23 t2

4

55845.85

88.33

0.0016

145.20

0.0026

73.85

0.0013

30%_pH7.42 t2

4

58963.02

90.36

0.0015

142.22

0.0024

76.42

0.0013

30%_pH7.16 t2

4

85264.28

97.62

0.0011

129.24

0.0015

86.84

0.0010

30%_pH7.02 t2

4

65692.53

102.32

0.0016

139.39

0.0021

89.92

0.0014

0%_pH8.2

t3

5

160979.99 127.57

0.0008

136.41

0.0008

128.24

0.0008

0%_pH7.38

t3

5

152912.85 121.22

0.0008

128.98

0.0008

121.01

0.0008

0%_pH7.18

t3

5

129073

166.49

0.0013

178.30

0.0014

167.99

0.0013

0%_pH6.97

t3

5

153333.11 120.60

0.0008

128.87

0.0008

120.87

0.0008

10%_pH8.22 t3

5

48974.65

82.15

0.0017

173.98

0.0036

68.34

0.0014

20%_pH8.22 t3

5

104749

89.08

0.0009

117.69

0.0011

81.24

0.0008

30%_pH8.23 t3

5

54849.88

88.56

0.0016

198.92

0.0036

71.32

0.0013

30%_pH7.42 t3

5

77723.3

86.20

0.0011

147.55

0.0019

73.38

0.0009

30%_pH7.16 t3

5

96707.72

90.66

0.0009

117.54

0.0012

84.17

0.0009

30%_pH7.02 t3

5

132255.69 93.78

0.0007

118.97

0.0009

87.60

0.0007

0%_pH8.2

t4

6

175219.96 126.94

0.0007

136.17

0.0008

127.47

0.0007

0%_pH7.38

t4

6

176901.58 115.67

0.0007

123.69

0.0007

114.73

0.0006
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0%_pH7.18

t4

6

115051

159.11

0.0014

170.62

0.0015

160.99

0.0014

0%_pH6.97

t4

6

182047.34 120.17

0.0007

128.38

0.0007

120.71

0.0007

10%_pH8.22 t4

6

70392.14

0.0011

154.06

0.0022

66.37

0.0009

20%_pH8.22 t4

6

136024.66 458.59

0.0034

568.16

0.0042

405.54

0.0030

30%_pH8.23 t4

6

63463.61

79.74

0.0013

160.63

0.0025

67.03

0.0011

30%_pH7.42 t4

6

1450.12

512.43

0.3534

693.38

0.4782

450.45

0.3106

30%_pH7.16 t4

6

1130.42

513.62

0.4544

657.31

0.5815

450.87

0.3988

30%_pH7.02 t4

6

68544.48

77.76

0.0011

103.12

0.0015

71.20

0.0010

0%_pH8.2

t5

7

176230.08 120.43

0.0007

129.40

0.0007

119.98

0.0007

0%_pH7.38

t5

7

164636.61 152.90

0.0009

178.36

0.0011

142.69

0.0009

0%_pH7.18

t5

7

107187

173.09

0.0016

191.57

0.0018

171.59

0.0016

0%_pH6.97

t5

7

176533.33 113.53

0.0006

121.82

0.0007

112.47

0.0006

10%_pH8.22 t5

7

86661.84

70.74

0.0008

119.69

0.0014

60.74

0.0007

20%_pH8.22 t5

7

138589.74 91.86

0.0007

123.61

0.0009

85.76

0.0006

30%_pH8.23 t5

7

90376.1

68.30

0.0008

123.04

0.0014

57.69

0.0006

30%_pH7.42 t5

7

131662.6

78.63

0.0006

112.73

0.0009

72.38

0.0005

30%_pH7.16 t5

7

131924.55 81.42

0.0006

101.96

0.0008

77.42

0.0006

30%_pH7.02 t5

7

131260.17 82.93

0.0006

109.45

0.0008

77.36

0.0006

0%_pH8.2

t6

10

90091.99

90.02

0.0010

99.42

0.0011

88.28

0.0010

0%_pH7.38

t6

10

68200.39

64.41

0.0009

73.56

0.0011

58.67

0.0009

0%_pH7.18

t6

10

123759.69 78.87

0.0006

93.00

0.0008

72.63

0.0006

0%_pH6.97

t6

10

97487.52

72.67

0.0007

80.41

0.0008

69.39

0.0007

10%_pH8.22 t6

10

6601.37

81.47

0.0123

126.10

0.0191

65.14

0.0099

77.42
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20%_pH8.22 t6

10

17855.59

59.10

0.0033

80.47

0.0045

52.43

0.0029

30%_pH8.23 t6

10

10793.21

82.12

0.0076

133.20

0.0123

64.43

0.0060

30%_pH7.42 t6

10

4843.5

68.96

0.0142

94.71

0.0196

59.16

0.0122

30%_pH7.16 t6

10

10532.87

63.97

0.0061

78.74

0.0075

58.50

0.0056

30%_pH7.02 t6

10

36202.75

60.44

0.0017

75.43

0.0021

55.44

0.0015

0%_pH8.2

t7

11

84275.9

88.34

0.0010

97.83

0.0012

87.97

0.0010

0%_pH7.38

t7

11

57949.7

62.30

0.0011

71.46

0.0012

56.87

0.0010

0%_pH7.18

t7

11

46896.08

48.88

0.0010

54.24

0.0012

45.50

0.0010

0%_pH6.97

t7

11

137958.9

71.93

0.0005

78.08

0.0006

69.74

0.0005

10%_pH8.22 t7

11

13448.07

69.14

0.0051

95.43

0.0071

59.63

0.0044

20%_pH8.22 t7

11

29665.48

54.62

0.0018

72.91

0.0025

48.76

0.0016

30%_pH8.23 t7

11

27477.91

67.25

0.0024

95.68

0.0035

58.17

0.0021

30%_pH7.42 t7

11

30996.36

66.04

0.0021

87.10

0.0028

58.84

0.0019

30%_pH7.16 t7

11

33780.28

61.02

0.0018

76.97

0.0023

56.39

0.0017

30%_pH7.02 t7

11

57148.08

58.64

0.0010

73.33

0.0013

54.40

0.0010

0%_pH8.2

t8

12

95177.02

90.01

0.0009

99.44

0.0010

89.51

0.0009

0%_pH7.38

t8

12

33723.98

67.01

0.0020

78.48

0.0023

59.56

0.0018

0%_pH7.18

t8

12

24382.05

47.30

0.0019

51.84

0.0021

43.49

0.0018

0%_pH6.97

t8

12

90823.98

71.23

0.0008

76.93

0.0008

69.24

0.0008

10%_pH8.22 t8

12

22749.04

67.24

0.0030

89.09

0.0039

59.17

0.0026

20%_pH8.22 t8

12

48601.85

58.50

0.0012

73.40

0.0015

53.17

0.0011

30%_pH8.23 t8

12

23547.88

69.99

0.0030

95.02

0.0040

61.21

0.0026

30%_pH7.42 t8

12

30816.19

63.67

0.0021

80.39

0.0026

57.65

0.0019
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30%_pH7.16 t8

12

43856.01

57.60

0.0013

67.35

0.0015

54.46

0.0012

30%_pH7.02 t8

12

60055.53

60.28

0.0010

74.45

0.0012

55.96

0.0009

0%_pH8.2

t9

14

97922.51

92.05

0.0009

101.31

0.0010

91.32

0.0009

0%_pH7.38

t9

14

24151.48

81.78

0.0034

100.14

0.0041

70.71

0.0029

0%_pH7.18

t9

14

31393.4

55.89

0.0018

61.92

0.0020

51.78

0.0016

0%_pH6.97

t9

14

84651.76

72.75

0.0009

78.35

0.0009

70.24

0.0008

10%_pH8.22 t9

14

16834.04

65.63

0.0039

82.57

0.0049

58.00

0.0034

20%_pH8.22 t9

14

28902.79

52.14

0.0018

60.97

0.0021

49.15

0.0017

30%_pH8.23 t9

14

1247

117.81

0.0945

152.80

0.1225

99.45

0.0797

30%_pH7.42 t9

14

24342.26

60.25

0.0025

72.32

0.0030

54.96

0.0023

30%_pH7.16 t9

14

1237

127.91

0.1034

176.66

0.1428

108.41

0.0876

30%_pH7.02 t9

14

62534.58

57.38

0.0009

69.07

0.0011

53.69

0.0009

0%_pH8.2

t10

17

71812.34

61.84

0.0009

66.08

0.0009

59.25

0.0008

0%_pH7.38

t10

17

31865.58

106.37

0.0033

133.27

0.0042

98.23

0.0031

0%_pH7.18

t10

17

68886.44

55.32

0.0008

59.98

0.0009

52.63

0.0008

0%_pH6.97

t10

17

142930.58 79.74

0.0006

86.78

0.0006

77.99

0.0005

10%_pH8.22 t10

17

39177.63

63.83

0.0016

76.83

0.0020

58.13

0.0015

20%_pH8.22 t10

17

43059.57

52.58

0.0012

62.71

0.0015

48.72

0.0011

30%_pH8.23 t10

17

27246.6

63.82

0.0023

76.72

0.0028

57.96

0.0021

30%_pH7.42 t10

17

13639

61.85

0.0045

74.55

0.0055

55.98

0.0041

30%_pH7.16 t10

17

41932.94

56.99

0.0014

67.12

0.0016

53.45

0.0013

30%_pH7.02 t10

17

66049.1

55.65

0.0008

65.05

0.0010

52.21

0.0008
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