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Abstract 

 

The way cyanobacteria can adapt to the most seemingly challenging environments provides an 

opportunity to understand how molecular mechanisms aid in cyanobacterial survival. 

Synechocystis sp. PCC 6803 is a cyanobacterium that can grow at a wide pH range making it 

an interesting organism to investigate for biofuel applications by potentially reducing unwanted 

bacterial contaminants. Two gene candidates, sll1392 (pfsR) and slr1501 (hypothetical gene) 

were chosen due to previous research that noted considerable down regulation when 

Synechocystis 6803 cells were transferred from pH 10 buffered medium to pH 7.5 buffered 

medium, indicating potential involvement in high pH acclimation. In this study, mutant strains 

that lacked sll1392 and slr1501 were investigated and subjected to high pH, increased light, 

ethanol, sodium chloride (NaCl) and limited iron conditions.  

The ∆sll1392 mutant strain displayed multiple phenotypes: (i) increased growth in 0.75 M 

NaCl, (ii) ethanol sensitivity and (iii) iron sensitivity. The ∆slr1501 mutant strain displayed: (i) 

ethanol tolerance and (ii) growth in limited iron. A double knockout strain (removal of slr1501 

and sll1392) displayed: (i) high light sensitivity and (ii) increased growth in iron-limited 

conditions. To further explore the role of slr1501, an overexpression strain (slr1501-OE) was 

created which exhibited increased growth when subjected to 0.75 M NaCl.  

Both the Sll1392 and Slr1501 proteins were shown to be conserved in 56 and 45 other 

cyanobacterial species, respectively. The results indicated the genes are not solely responsible 

for pH regulation nor are required for Synechocystis 6803 survival, but they do have a role in 

stress response. This research highlights how pH influences growth alone, and when further 

stressors are added. Investigating genes that are involved in stress regulation could potentially 

aid biofuel production by targeting ethanol or NaCl tolerance to reduce overall production costs 

and improve output yield that could aid a path in a greener renewable future.  
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Abbreviations 
bp    Base pair 

cDNA    Complementary DNA 

Chl α   Chlorophyll α 

CTAB   Cetyltrimethylammonium bromide 

∆ (delta)  Deletion of gene 

DNA    Deoxyribonucleic acid 

dNTP   Dinucleotide triphosphate 

DCMU   3-(3,-dichlorophenyl)-1,1-dimethylurea 

EDTA   Ethylenediaminetetraacetic acid 

EryR   Erythromycin resistance 

g   Gram 

GT-O1   Glucose tolerant Otago 1 Synechocystis strain 

HEAPS   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

h   Hour 

HL   High light (300 µE.m-2.s-1) 

KanR   Kanamycin resistance 

LB    Lysogeny broth 

LF   Left flank 

min   Minute 

MW   Molecular weight 

MQ   Milli-Q 

OD   Optical density 

RF   Right flank 

Rpm   Revolutions per minute 

SDS   Sodium dodecyl sulphate 

s   Second 

TE   Tris-EDTA 

Tris   Tris(hydroxymethyl)aminomethane 

v/v   Percentage volume per volume  
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1. Introduction 

 

1.1.1 An alternative to fossil fuels  

The human population is expected to reach 10 billion by the year 2050 and as it continues to 

grow, so does its demand for energy; most of which comes in the form of fossil fuels (John, 

1991; Lutz and Samir, 2010). Biofuels and other renewable energy sources are alternatives to 

fossil fuels and can drastically reduce the rate of carbon dioxide (CO2) emissions into the 

atmosphere (García et al., 2011). Research has been conducted on a variety of renewable 

energy sources such as hydroelectric, solar, ocean currents and biofuels (Ellabban et al., 2014). 

Biofuels have been produced for over 20 years and have be grouped into three generations 

(Saladini et al., 2016). Generation I utilise sugars and starch extracted from crops such as corn 

and maize which is broken down using harsh acids and chemicals to produce biofuels such as 

bioethanol or biodiesel (Lee and Lavoie, 2013). However, this requires land to grow crops that 

could alternatively be used to produce crops for human consumption; raising socio-economic 

concerns for the impact on the environment (Sengers et al., 2010). Generation II biofuels reduce 

the issues surrounding generation I biofuels by utilising waste products from agricultural 

processes, forestry, and food scraps (Panpatte and Jhala, 2019). Generation III biofuels can be 

produced in two ways. The first is a biochemical process where micro-organisms convert 

hemicellulose to sugar which then undergoes fermentation (Sims et al., 2010). The second 

method is a thermochemical reaction that uses pyrolysis that uses decomposition of materials 

at elevated temperatures to produce a gas that forms long carbon chains that is used in biodiesel 

(Sims et al., 2010; Mohr and Raman, 2013). Generation III biofuels use algae and 

cyanobacteria to extract triacylglycerols (TAGs) which are then used in biodiesel production 

(Chisti, 2007).  

Cyanobacteria are an excellent alternative to fossil fuels as they are photosynthetic, grow faster 

than terrestrial plants, directly fix carbon and are easy to genetically modify (Zhang et al., 2017; 

Pathak et al., 2018). Genes of interest can be removed or added for the desired outcomes 

relevant to biofuel production (Sanderson, 2011). Some species of cyanobacteria can be 

considered as extremophiles and have characteristics that promote survival under extreme 

conditions  (Rampelotto, 2013). Understanding the genes that promote extremophile survival 

could aid in reducing fossil fuel consumption and CO2 emissions by recognising tolerance 

levels that can be genetically manipulated. One of the first genetically engineered 

cyanobacteria was Synechococcus elongatus PCC 7942. The genes encoding pyruvate 
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decarboxylase and alcohol dehydrogenase enzymes were added to this cyanobacterium to 

increase the production of ethanol (Deng and Coleman, 1999). Many pathways have been 

altered or introduced to achieve desired effects, therefore illustrating the usefulness of 

cyanobacterial species in regards to genetic manipulation and biofuel production.   

1.1.2 How is pH relevant to cyanobacterial biofuels 

Two methods are commonly utilised in the development of cyanobacterial biofuels. The first 

is known as raceway ponds and uses large, open, shallow pools, often exposed to the 

environment to capture sunlight for large scale biomass production (Narala et al., 2016). The 

problem with this method is that abiotic factors, such as clouds, limit light penetration and the 

introduction of unfavourable conditions, hindering optimal photosynthesis for large scale 

cyanobacterial growth (Lee, 1997). The second method uses photo-bioreactors where nutrient 

levels, temperature and clean water can all be monitored to rapidly increase cyanobacterial 

biomass (Lehr and Posten, 2009). Unfortunately, this large-scale cyanobacterial cultivation has 

high initial commercial costs and currently does not provide a large return on equity (Apt and 

Behrens, 1999). For cyanobacterial biofuels to become a dominating division in the renewable 

energy sector, genetic manipulation and ongoing experiments are required to determine the 

best performing organisms. These are organisms that can survive and continuously produce 

high quality biofuel products through genetic modification. Unfortunately, issues can arise 

when using an organism to extract high value compounds like bioethanol. Contamination from 

other unwanted bacterial species can occur within a photo-bioreactor resulting in the desired 

cyanobacterial species being outcompeted for nutrients by the contaminant. Toxic compounds 

can also be introduced, potentially killing the desired species. An example of an unwanted 

contaminant is Poterioocromonas (Synurophycae). These are fast-growing bacteria that have a 

heterotrophic metabolism; is phagotrophically active and produce toxins that substantially 

reduces cyanobacterial biomass (Moser and Weisse, 2011). A potential method of control is 

the use of a cyanobacterial strain that can tolerate a wide pH range. An example of such a strain 

is Synechocystis 6803 (Hereafter known as Synechocystis 6806) which can tolerate a pH as 

alkaline as pH 12 (Duckworth et al. 1996). Increasing the pH of the growth medium to an above 

average pH, often beyond pH 7.5, can increase the chances of Synechocystis 6803 growth. 

Previous studies of Poterioochromonas have shown the genus prefers neutral to slightly acidic 

conditions; therefore, increasing the pH medium can reduce the risk of contamination (Moser 

and Weisse, 2011). 
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1.1.3 Synechocystis sp. PCC 6803  

Synechocystis 6803 is a unicellular, freshwater bacteria that was isolated from a lake in 

California 1968 (Stanier et al., 1971). This species is one of the most widely studied 

cyanobacteria where it is used for photosynthesis, stress response, and environmental research. 

It has a small genome size of about 3.57 Mb, is simple to genetically manipulate, and naturally 

transformable with exogenous DNA via double-homologous recombination. The wild-type 

strain used at the University of Otago, Dunedin, New Zealand, is known as glucose tolerant 

Otago 1 (GT-O1). This strain can grow on glucose photoheterotrophically, which allows 

experiments to be undertaken that investigate photosynthesis. By creating genetic knockout 

strains, specific genes can be targeted, and phenotypic characteristics can be measured to 

examine roles and regulations that allow for survival under the desired conditions.  

1.1.4 Changes in Environmental pH 

In freshwater environments, cyanobacterial blooms can be a result of high nutrient exposure, 

which is frequently associated with farm-land runoff (Anderson et al., 2008). More frequent 

blooms have also been attributed to an increase in rising global temperatures (Paerl and Otten, 

2013). They are notably discussed in the media due to their potential to produce toxins, known 

as cyanotoxins, which can be deadly to humans and other animals. The blooms influence the 

freshwater community composition and increase the pH due to increased rates of 

photosynthesis; therefore depleting CO2 and resulting in dead zones (Summerfield and 

Sherman, 2008). For cyanobacteria to adapt to high pH environments, proteins often transfer 

solutes in and out of the cell to maintain intracellular biological pH (7.5) when exposed to 

higher external pH conditions. Understanding the pH homeostasis mechanism within bloom 

formation could permit environmental practices to be implemented which reduce the 

occurrence of potential blooms.  

1.1.5 Sensing environmental change 

As many species can survive in high alkaline environments, there must be a method for an 

organism to sense its surroundings and adapt to environmental change. The changes in 

environmental conditions are typically sensed through proteins, often located on the outer cell 

membrane (Los et al., 2010). Padan et al. (2001) suggest that Na+/H+ antiporters, which are 

important in pH homeostasis, can sense environmental ion concentrations in the environment 

and regulate the transport of ions across the membrane.  
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Osmotic stress is an ongoing global problem for fresh water and oceanic organisms, as well as 

terrestrial plants ( Xiong and Zhu, 2002; Bremer and Krämer 2019). It is one of the most severe 

issues within the agricultural sector and often associated with droughts where water is limited. 

Osmotic stress is described as a change in solute concentration that causes water movement 

across cell membranes (Kültz and Burg, 1998). If a cell is transferred to a hypotonic solution, 

relative to the osmolarity of the cell, water will enter the cell, increasing its size. Conversely, 

if the cell is transferred to a hypertonic environment, water exits the cell, decreasing cell size. 

This can be harmful to many species as when water potential is lowered, the increase in 

inorganic ions within the cytoplasm can have a great impact on the cellular metabolism due to 

toxic stress (Hagemann, 2011). Adapting to changes within the cell requires the transport of 

ions using transmembrane bound proteins like Na+/H+ antiporters. Not only do these proteins 

transport Na+ ions to maintain a level of survivability but they can also regulate H+ ions to 

maintain pH homeostasis (Padan and Schuldiner, 1994).   

Genetic engineering techniques have been used to determine genes that are associated with 

tolerance to osmotic stressors such as increased NaCl concentrations. Synechocystis 6803 is 

considered a freshwater species but has a high NaCl tolerance reaching levels between 0.75 – 

1 M; because of this tolerance, Synechocystis 6803 belong to the group of moderately 

halotolerant cyanobacteria (Marin et al., 2006).  

Changes in transcripts within Synechocystis 6803 have been observed in response to both 

increased NaCl levels and changes in pH conditions. A study by Summerfield and Sherman 

(2008) grew Synechocystis 6803 in medium buffered at pH 7.5. The researchers then 

transferred the cyanobacterium to a pH 10 medium and observed changes in gene expression 

via micro-array data. Proteins that sense the external environment typically result in changes 

in gene expression that promote cyanobacterial acclimation to the surrounding environment 

(Los et al., 2010). This can lead to changes within the organisms internal pH, specifically, 

within the cytoplasmic and thylakoid lumen. Rapid responses to pH changes can cause an 

increase in ATP synthase and hexose/proton symporter that may be involved in pH homeostasis 

(Flores and Schmetterer, 1986). Changes in external pH requires movement of ions throughout 

membranes to maintain optimal levels to achieve homeostasis and survive. Two genes, slr1501 

and sll1392, were highly regulated when Synechocystis 6803 was transferred to a high pH and 

rapidly downregulated to pH 7.5 indicating there could be some form of pH regulation.  
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1.2 Investigating genes potentially involved in pH and stress response  

1.2.1 The Importance of sll1392 

The gene sll1392 is documented to be involved in stress response and was named psfR 

(photosynthesis, Fe homeostasis and stress response regulator) by Jantaro et al. (2006). The 

protein PsfR shares similar domain sequences with a large family of regulators, known as Tet 

proteins, and which are well-documented proteins within bacteria and archaea. The TetR 

family have diverse roles in cellular activities, osmotic stress homeostasis, biosynthesis of 

antibiotics, multidrug resistance, and efflux pumps (Cuthbertson and Nodwell, 2013). Due to 

the potential range of functions that the TetR protein has within Synechocystis 6803 and other 

microbes, adaptation to stressful conditions may have caused conservation of the TetR protein 

family by providing an evolutionary advantage.  

The TetR binding domain contains a hydrophobic core and can maintain its structure due to 

the a1, a2 and a3 bundle residues that can interact with DNA. This interaction can allow the 

TetR binding domain to change, creating complex DNA contacts (Ramos et al., 2005). These 

groups conserve the helix-turn-helix domain and C-terminal ligand regulatory domain and 

share homology with PfsR at amino acid position 101-192 (Uniprot). The C-terminal of TetR 

is a diverse region that has many unique sequences and regulators to acquire specific sets of 

inducing ligands. TetRs interact with a large and diverse set of molecules that undergo 

conformational changes and are potentially attributed to the stress adaptation response 

(Cuthbertson and Nodwell, 2013). 

An evolutionary trait both microalgae and plants have developed is the ability to photo-

acclimatise to their surroundings. This means they can absorb and displace high amounts of 

light energy as heat, resulting in a limited amount of reactive oxygen within the organisms 

(Berera et al., 2009). Photo-acclimation can be mediated by the change in carotenoids and 

chlorophyll a, by increasing or decreasing the amount of light harvesting proteins. Jantaro et 

al. (2006) performed an experiment where four genes encoding high light inducible 

polypeptides (HLIP) were removed in a genetic knockout strain (4Xhli) resulting in a light 

sensitive strain. Further investigation observed that the removal of sll1392 from these strains 

diminished the light sensitivity and 4xhli knockout strain was brought back to wild-type levels 

and was less iron sensitive under limited iron conditions. It was concluded the PsfR protein 

had tighter regulation of iron homeostasis and stress response under specific conditions.  



 

 

18 
 

Iron, a limited nutrient particularly for oceanic microorganisms, plays a crucial role in 

respiration, nitrogen fixation, gene regulation and the photosynthetic electron transport chain 

(Rivas-Ubach et al., 2018). Although iron is abundant within the earth, it is difficult for many 

cyanobacteria to uptake as it precipitates as Fe(OH)3 in neutral pH conditions (González 

Rodríguez et al., 2018). The limited amount of iron available has forced some species of 

cyanobacteria to evolve efficient storage mechanisms for when limited iron conditions arise 

and iron is stored in a way where limited redox active components can interact causing damage. 

Within Synechocystis 6803 there are two large iron storage proteins allowing iron to enter the 

Bfr proteins as Fe2+, and become oxidised and transported to the central cavity (Carrondo, 

2003).  

Under limited iron conditions sll1392 plays a key role in iron homeostasis which enables 

Synechocystis 6803 survival. An experiment conducted by Cheng and He (2014) resulted in 

three main findings - the mutant strain lacking sll1392 had increased: 1)  iron stress tolerance; 

2)  accumulation of chlorophyll a, carotenoid, and phycocyanin; and 3) Photosystem I (PSI) 

and Photosystem II (PSII) when compared to the wild-type strain. The adaptation to limited 

iron is believed to be caused by upregulation of genes fut, feoB, isiA, furA. These genes produce 

ABC transporters which are associated with the transport of ions and molecules. The furA gene 

has been shown in other cyanobacterial species to be important in a wide array of tasks which 

includes chlorophyll catabolism, light sensing, and defence against oxidative stress (González 

et al., 2016).  

In the United States, ethanol contributes to 99% of all biofuel production which is subsequently 

mixed with ordinary gasoline (Wang et al., 2012). To increase the production of bioethanol, 

large genomic screens under high stress ethanol treatments have been conducted to determine 

which genes respond to high ethanol exposure identifying potential ethanol sensitive or tolerant 

genes  to be investigated. Wang et al. (2012) identified a subset of genes that were potential 

candidates for ethanol tolerance by subjecting Synechocystis 6803 cells to 1.5% ethanol that 

resulted in the identification of sll1392 gene via RNA-seq. The sll1392 gene had a 5-fold 

increase in transcription at 72 h during the experiment. Following the identification of the 

sll1392 via the increase in gene transcription data, a ∆sll1392 knockout mutant was created. 

The growth of ∆sll1392 was impacted when 1.5% ethanol was supplied resulting in a lower 

growth rate when compared to the wild-type strain. They concluded that the sll1392 gene is 

probably involved in ethanol resistance as the wild-type strain had higher growth rates and had 

already been shown to be involved in other stress regulation.  
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1.2.2 The slr1501 gene 

The gene slr1501 is annotated as a hypothetical gene. It is located adjacent to sll1392, shares 

homology with acetyltransferases and is a member of the general N-acetyltransferases (GNAT 

family) (Consortium, 2020). The GNAT family of proteins have been implicated in stress 

regulation, oxidant protection, transcriptional control, and antibiotic resistance. These enzymes 

work by catalysing the transfer of the acetyl group from a co-enzyme to a range of other 

substrates that can be found at two different positions: the amino-terminal and ε-amino group 

(Consortium, 2020). The slr1501 gene is upregulated in pH 10 medium and substantially down 

regulated at pH 7.5 and it is currently undetermined if there is any involvement in high pH 

acclimation.  

When Synechocystis 6803 cells were grown in pH 10 buffered medium and transferred to pH 

7.5 buffered medium, a 40x reduction in gene expression was observed within the first hour. It 

is hypothesised that the slr1501 gene could be involved in Synechocystis 6803 survival at high 

pH conditions. The rapid downregulation of slr1501 following transfer to pH 7.5 medium 

implies the gene is important at pH 10 and may aid as a protection mechanism. Genes involved 

in osmotic stress have been identified as histidine kinases (Hik)  belong to two-component 

systems that include response regulators that modify gene expression when subjected to cold, 

salt, and hyperosmotic stress (Novikova et al., 2007). It is likely pH and osmotic stress are 

linked by the exchange of Na+ and H+. Furthermore, slr1501 is upregulated in the presence of 

0.5 M NaCl (Kanesaki et al., 2002).  

1.2.2 Further genes associated with changes in pH 

The genes slr1113 and slr1114 were noted by Summerfield and Sherman (2008) to be 

upregulated and part of a gene cluster (Figure 1) when transferred from pH 7.5 to pH 10 

medium. The slr1113 gene is predicted to encode for an ABC transporter (Uniprot), also known 

as an ATP-binding cassette transporter. These transporters are often involved in some form of 

stress response regulation, and it has been shown by Zhang et al. (2015) that one third of the 

enhanced or induced proteins were ABC transporters located on the plasma membrane. Often 

the exchange of H+ are exchanged using shared structures like the Na+/H+ antiporters which 

are expressed in the membrane to maintain cellular pH homeostasis. Similar ABC genes to 

sll1180 have been shown to have a survival involvement in low pH sensitivities when subjected 

to acid stress experiments (Uchiyama et al., 2019).  
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1.3 Aim of this study 

This study aimed to determine if the genes sll1392 and slr1501 have a role in high pH 

acclimation and stress response. This was carried out by investigating the phenotypic responses 

of Synechocystis 6803 strains lacking slr1501 and sll1392 to different pH conditions and 

multiple stressors.  

Experiments were carried out using strains with gene knockouts: ∆slr1501, ∆sll1392, 

∆slr1501:∆sll1392 and a slr1501-overexpression mutant. The mutant strains were grown in 

medium buffered pH 7.5 and pH 10 under standard light (30 - 50 µE.m-2.s-2) and high-light 

conditions (300 µE.m-2.s-2) to understand the potential role these genes have in pH and stress 

response regulation. 

As both genes have an active role in stress response, experiments looked at the response to 

NaCl. To maintain internal NaCl and pH levels greater than external NaCl condition, 

antiporters like Na+/H+ located on the outer membrane were used in the exchange of ions. This 

study looked at high concentrations of NaCl to understand what the difference in pH made on 

Synechocystis 6803 by measuring cell optical density over a 120 h duration.  

Bioethanol is a renewable resource that is widely used within the biofuel industry; however, it 

can be difficult to adopt due to expensive start-up costs and low bioethanol yield output. 

Throughout this experiment, ethanol treatments of 4% was used to determine how 

Synechocystis 6803 cells responded over 120 h treatment under different pH conditions and 

how the cells tolerated a high toxicity level. Understanding ethanol tolerance and the potential 

involvement of slr1501 and sll1392 could be useful when selecting cyanobacterial species or 

gene candidates for further research.  

sll1392 

 
slr1501 

 
slr1113 

 

slr1114 

 

59039 

 

59650 

 

59746 

 

60423 

 

60524 

 

61522 

 

61834 

 

63591 

 
Figure 1: Regulated gene cluster including sll1392 and slr1501 used in this study. Correct orientation, top 

numbers indicating start of gene location, bottom numbers indicating end of gene location (to scale) within 

Synechocystis 6803 genome. 
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Iron is a known limited nutrient for many cyanobacterial species and has been shown to be 

involved in increased iron storage with the removal of sll1392. Experiments aimed to 

understand how limited iron effects Synechocystis 6803 in medium buffered to pH 7.5 and pH 

10.  
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2. Materials and Methods  
 

2.1 General methods  

2.1.1 Solutions 

Aseptic microbiology techniques were used to conduct sterile transfer of media and cultures 

using a laminar flow hood under Physical Containment Level 2 (PC2) requirements. Media 

were made using reverse osmosis and deionised ultrapure water from a Millipore Milli-Q 

Plus® water system (Millipore, USA). Autoclave conditions were 15 psi, 30 min for general 

lab equipment, and 40 min for Synechocystis 6803 waste decontamination.  

 
BG-11 100x without iron, phosphate, or carbonate 

 1.76 M NaNO3, 30.4 mM MgSO4.7H2O; 2.86 mM C6H8O7 (citric acid); 0.22 mM NaEDTA 

(pH 8.0), 10% (v/v) trace minerals.  

Trace minerals (1 L)  

42.26 mM H3BO3, 8.9 mM MnCl2.4H2O, 0.77 mM ZnSO4.7H2O, 0.32 mM CuSO4.5H2O, 0.17 

mM Co(NO3)2.6H2O made to 1 L with Milli-Q water. 

BG-11 liquid medium without iron, phosphate or carbonate  

6 µg.mL-1 ferric ammonium citrate, 20 µg.mL-1 NaCO3, 30.5 µg.mL-1 K2HPO4  

Solution 1: 

50 mM glucose, 25 mM Tris-HCl pH 8, 10 mM EDTA pH 8 (100 mL) 

Solution 2  

0.2 M NaOH, 1% SDS (25 mL) 

Solution 3  

3 M potassium, 5 M acetate (500 mL) 

TE Buffer  

10 mM Tris-HCl pH 8, 1 mM EDTA (500 mL) 
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TAE buffer 

2 M Tris, 1 M acetic acid, 50 nm EDTA 

RNase A  

10 mg.mL-1 RNase A 

Antibiotics  

Appropriate antibiotics were added in liquid and solid media; spectinomycin final 

concentration of 25 µg.mL-1, erythromycin final concentration of 50 µg.mL-1, and ampicillin 

final concentration of 25 µg.mL-1 

 

2.1.2 Microbial strains used in this study 

Wild-type GT-O1 - The model organism used in this study was Synechocystis sp. PCC 6803 

sub-strain GT-O1, this is a glucose tolerant isolate. The strains created for this study used GT-

O1 wild type background.  

∆sll1392 – sll1392 gene removed and replaced with an erythromycin-resistance cassette 

∆slr1501 – slr1501 gene removed and replaced with a spectinomycin-resistance cassette 

∆sll1392:∆slr1501 – both sll1392 and slr1501 genes removed and replaced with an 

erythromycin and spectinomycin-resistance cassette.  

slr1501-OE – Insertion of Pcpc560 promoter to overexpress the slr1501 gene and rbcL terminator  

Escherichia coli - DH5α Escherichia coli (E. coli)  
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2.1.3 Growth and maintenance 

All Synechocystis 6803 strains were grown and maintained on BG-11 solid media containing 

1.5% agar, 5 mM glucose, 20 µM atrazine, 10 mM TES-NaOH (pH 8.2) and appropriate 

antibiotics. All inoculated solid media plates were maintained at constant temperature (30°C) 

and with a light intensity of ~50 μE.m-2.s-2 (hereafter known as standard growth conditions). 

Each strain was checked for contamination every 3-4 days using a dissecting microscope. 

Every 2-3 weeks a streak was taken of each mutant strain (using aseptic techniques) and 

transferred onto a new BG-11 media plate containing appropriate antibiotics, then placed into 

a growth cabinet (Sanyo MH-351, Panasonic, Japan).  

Starter cultures: Synechocystis 6803 strains required 1-2 weeks of growth on solid media 

before being inoculated into 300 mL cyanobacterial flasks (modified Erlenmeyer flasks) using 

a sterile plastic pipette. Sterile BG-11 (150 mL) was added to the conical flasks, with 5 mM 

glucose and appropriate antibiotics. The cultures were incubated in a growth cabinet for 3 h to 

condition, then connected to an air filter apparatus (aquarium pump). They were grown 

photomixotrophically under standard conditions for a duration of ~72 h, then used in growth 

curve experiments or used as freezer stocks.  

Growth curve experiments: Liquid culture Synechocystis 6803 strains were grown to an optical 

density (OD730 nm) between 0.7 and 1.0 and measured using a Ultrospec spectrometer 2000 

(Pharmacia Biotech, Sweden). Cultures were transferred into a 50 mL Falcon tube and 

centrifuged ~ 2,760 x g for 10 min, supernatant removed, and 5 mL of unbuffered BG-11 was 

added to resuspend the pellet – this wash step was performed a further two times. The 

supernatant was removed, and 5 mL of unbuffered BG-11 was added and mixed. A 100x 

dilution of the 5 mL stock Synechocystis 6803 strains was created by transferring 10 µL of 

stock concentration into a plastic cuvette containing 990 µL of BG-11 and placed into the 

spectrometer set to OD730 nm. All cultures initially had an OD730 nm of ~0.05. The flasks were 

placed onto bubbling pumps so phototrophic growth could take place and measurements were 

taken every 12-14 h, for the duration of the 120 h experiment – glucose was not added to these 

flasks.  

Freezer stocks: Synechocystis 6803 strains were made from 2-3 day liquid starter cultures. 

Starter cultures (50 mL) were centrifuged for 10 min at ~2,500 x g forming a pellet. The 

supernatant was removed, and the pellet was resuspended in 3 mL unbuffered BG-11 with 15% 

glycerol, aliquoted into microcentrifuge tubes and stored at -80°C.   
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2.1.4 Primer design 

Primers were ordered from Integrated DNA Technologies (IDT), Singapore. Oligonucleotides 

were designed for overexpression constructs and gene amplification using Geneious versions 

11 and above (Biomatters Ltd, New Zealand; Kearse et al., 2012). Primers were designed to 

have 15 bp target region and 10 bp overlapping section used for overlap extension PCR. Each 

primer was designed to contain approximately 50% GC nucleotide content and tested using 

simulated PCR amplification software, Amplify 3.0 (Bill Engels, University of Wisconsin). 

Table 1 represents the primers used for creating the overexpression mutant slr1501 and using 

pGEM-T Easy plasmid. 

The primers were designed to allow overlap extension PCR to insert a strong promoter (Pcpc560) 

upstream of the target genes slr1501 and sll1392. The genes used in this experiment were 

located in the Synechocystis 6803 genome by using Cyanobase 

(http://bacteria.kazusa.or.jp/cyanobase) and uploaded to Geneious. Each gene, promoter 

(Pcpc560), slr1501, and terminator (from rbcL) were individually amplified and then were 

aligned, using overlap extension PCR.  The overlapping regions allow each gene to anneal in 

the correct orientation. Nest (F/R) primers were imbedded in the left and right flanking regions 

to add in Hind III restriction site for plasmid annealing.  
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Table 1: List of oligonucleotides used in the creation of the slr1501 and sll1392 overexpression mutant. 

Name Sequence (5’-3’) Ref# Base Pair # 

 slr1501 Overlap-Extension   

F_Nest ATA CAA GCT TGT AGA GAA GAG TCC 1 24 

Oligo 9 (Nest_R) GCT GTC GAA GCT TGA ACA TCA G 2 22 

Tsbs (Promoter_F) GAA GAG AAG GTT TAT GGC TCC 3 21 

Tsbs (Promoter_R) GTT TGA CAT CAC TGA ATT AAT CTC CTA 4 27 

slr1501_F GAT TAA TTC AGT GAT GTC AAC CAC GCT A 5 28 

slr1501_R ATC CAA ACA CCG GTT TAG TTG AGA CGC 6 27 

Term_F (Terminator) GTC TCA ACT AAA CCG GTG TTT GGA TTG 7 27 

Term_R (Terminator) GTT TGC ATG AAC ACT CTA CC 8 20 

 sll1392 Overlap-Extension   

F_Nest TAT ACA AGC TTG TAG AGA AGA GTC C 9 25 

Oligo 9 (Nest_R) TCC ATT CAA GCT TAT TTT CAA TCG AC 10 26 

Tsbs (Promoter_F) GAA GAG AAG GTT TAT GGC TCC 11 21 

Tsbs (Promoter_R) GGT GGA TGG ATT TAA CAT TGA ATT AAT CTC 12 30 

sll1392_F TTA ATT CAA TGT TAA ATC CAT CCA CCA 12 27 

sll1392_R AAC TGT AAC CTA ACC GTA GTG ATG 13 24 

Term_F (Terminator) CGG TTA GGT TAC AGT TTT GGC AAT TA 14 26 

Term_R (Terminator) ACA AAG GCT CAA AAT TTT CTC C 15 22 

 Slr1501-OE Neutral Site    

Neutral_Site_F GGA TTA ATG TCA CCG CTA CGT TAG GG 16 25 

Neutral_Site_R GCA TAT GGC CCC CGC CGA TTA CG 17 22 

 

2.2 Molecular Biology Techniques 

2.2.1 Synechocystis 6803 gDNA extraction 

The Synechocystis 6803 mutant cells were grown on glucose and atrazine BG-11 media plates 

for 14 days then transferred to a microcentrifuge containing 500 µL of S.T.E.T buffer (10 mM 

Tris-HCL, 1 mM EDTA, 100 mM NaCl, and 5% Triton). The cells were vortexed and 

incubated in -80°C for 10 min followed by a swift transition into a 70°C water bath for 10 min. 

The cells were mixed by inversion and 5 mg of lysosome (10 mg.mL-1) was added before 
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incubating at 37°C for 3 h. Following incubation, 125 µL of 10 % SDS was added, vortexed 

and incubated for a period of 1 h at 37°C. Next, 600 µL of phenol was added and 

microcentrifuge tubes were vortexed for 30 s and centrifuged for 5 min at 10,000 x g 

(Eppendorf 5430 centrifuge, Germany). The upper phase (500 µL) was transferred into a new 

microcentrifuge tube. A 1:1 phenol:chloroform mix was added (500 µL) and the samples were 

vortexed for 30 s, then centrifuged for 5 min at 10,000 x g. Approximately 400 µL of the upper 

layer was transferred into a new microcentrifuge tube with 400 µL of chloroform, vortexed and 

centrifuged for 5 min at 10,000 x g. The upper layer (300 µL) was transferred to a new tube 

microcentrifuge tube. DNA was precipitated with 30 µL of Na-acetate pH 5.2 and 180 µL of 

isopropanol then incubated at -20°C overnight. The sample was centrifuged for 20 min at 4°C 

at 10,000 g and the supernatant was discarded. Residual liquid was removed, and the pellet was 

washed with 200 µL of 70% ethanol and incubated room temperature for 5 min. The sample 

was centrifuged for 5 at 10,000 x g for min, ethanol removed and placed on a heat-block set to 

37°C. The DNA pellet was resuspended in 20 µL TE-RNase and incubated at room temperature 

for 20 min. 

2.2.2 Heat-shock Transformation 

Microcentrifuge tubes containing 100 µL of competent cells were defrosted on ice for 10 min. 

No more than 50 ng of DNA per 100 µL of cells were added to fresh microcentrifuge tubes and 

incubated on ice for 30 min. The cells were transferred to a 42°C water bath for 1 min and 

rapidly transferred to ice for 2 min. Sterile LB (Lysogeny Broth) liquid media (1 mL) was 

added to the microcentrifuge tube and placed on an incubator shaker set to 37°C for 90 min. 

The cells were centrifuged for 30 s, supernatant discarded, and 200 µL of sterile liquid LB 

media was added to resuspend the pellet. Transformed cells (50 µL) were then plated onto LB-

agar plates containing appropriate antibiotics and incubated in a Ratek OM11 incubator (Ratek 

Instruments, Australia) set to 37°C for 12-16 h  

2.2.3 Ligation into the pGEM-T Neutral Site plasmid  

The 1:3 ratio ligation of DNA amplicons into the pGEM-T Easy Neutral Site plasmid 

(Crawford, 2016) were conducted as followed: DNA 0.15 pmol (5 µL) and plasmid product (1 

µL) were added to a microcentrifuge tube containing 10 µL of T4 Ligase Buffer, 4 µL MQ and 

1 µL of T4 Ligase (N.E.B, USA). The reaction was incubated at 4°C for ~16 h. The products 

were then stored at -20°C until use.  
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2.2.4 Plasmid miniprep  

Plasmid DNA was extracted from transformed DH5α E. coli cells using the alkaline lysis 

method. Single E. coli colonies were picked and used to inoculate 3 mL of LB aliquots 

containing appropriate antibiotics and incubated overnight using a Ratek OM11 shaker-

incubator set to 37°C and 220 rpm (Ratek Instruments, Australia). The 3 mL LB media was 

transferred into 1.5 mL aliquots and centrifuged at 13,200 x g for 30 s and supernatant removed. 

The pellets were resuspended in 100 µL of solution 1 and vortexed, 200 µL of freshly made 

solution 2 was added. The tubes were mixed by inversion and incubated on ice for 5 min. Cold 

solution 3 was added and immediately vigorously inverted and incubated on ice for a further 5 

min. The tubes were then centrifuged at 13,200 x g for 5 min at 4°C and 350 µL of the 

supernatant transferred to a new 1.5 mL microcentrifuge tube. The samples were extracted 

using freshly made 175 µL phenol and 175 µL chloroform/TE-equilibrated mix then vigorously 

vortexed. The tubes were then centrifuged for 5 min at 4°C and the upper phase transferred to 

a new microcentrifuge tube. The samples were extracted with 300 µL of chloroform and 

centrifuged using the previous conditions. The top aqueous phase was transferred to a new tube 

and precipitated with 2x volumes of ethanol. The tubes were vortexed and then incubated at 

room temperature for 5 min before a 10 min centrifuge at 13,200 x g at 4°C. The pellet was 

washed with 800 µL of -20°C 70% ethanol and centrifuged for 1 min. The samples had the 

supernatant removed by pipetting and centrifuged for 1 min to remove any ethanol. The 

samples were placed onto a heat-block at 37°C for 10 min or until no ethanol remained. The 

pallet was resuspended using 50 µL of TE/RNase buffer (2 µL 10 mg/mL) and left to incubate 

at room temperature for 30 min before being analysed on the Nanodrop 2000 

spectrophotometer (Thermo Scientific U.S.A) reader. The samples were then frozen at -20°C 

until use.  

2.2.5 Polymerase Chain Reaction 

Standard PCR: For a single 25 µL reaction using Q5 High-Fidelity DNA Polymerase (M0491) 

the protocol was provided by New England Biolabs. A standard 25 µL reaction contains; 5 µL 

of 5X Q5 Reaction Buffer, 0.5 µL of 10 mM dNTPs, 1.25 µL (10 µM) forward /reverse primers, 

1 µL DNA (~1 ng – 1 µg Genomic DNA), 1 pg – 10 ng plasmid DNA, 0.25 µL Q5 High-

Fidelity DNA Polymerase and to 25 µL of MQ water. PCR was conducted using a 

MasterCycler thermal cycler (Eppendorf, Germany). PCR parameters consisted of 30 cycles of 

amplification, annealing, and extension parameters was determined by forward/reverse primer 
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manufacturer’s recommendations (within 5°C), denaturing temperature 94°C and extension 

temperature of 72°C (Table 2).  

Table 2: Standard PCR conditions using thermal cycler 

Step Temperature Time 

Initial denaturation 95°C 2 min 

 

30 PCR Cycles 

Denature 95°C 30 s 

Annealing 55°C* 30 s 

Extension  72°C 30 s/kb 

Final Extension 72°C 2 min/kb 

 

Colony PCR: To determine if the mutants were fully segregated as there are multiple copies of 

the chromosome per cell, a colony PCR was conducted using 1 µL of cell suspension. To create 

the cell suspension sample, a small streak of cells was taken from transformed Synechocystis 

6803 strains grown on solid media and transferred into 500 µL of Milli-Q water. The Q5 High-

Fidelity DNA Polymerase 25 µL reaction protocol was followed (Table 3). The PCR products 

were purified using Omega Micro-Elute Clean-up Kit and then visualised using gel 

electrophoresis to determine if the inserted DNA fragment had been transformed correctly.  

Table 3: Colony PCR conditions using thermal cycler 

Step Temperature Time 

Initial denaturation 95°C 10 min 

 

 

 

30 PCR Cycles 

Denature 95°C 20 s 

 

Annealing 

60°C 20 s 

56°C 20 s 

52°C 20 s 

Extension  72°C 2 min 

Final Extension 72°C 5 min 
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2.2.6 Gel Electrophoresis  

DNA products were visualised using agarose gel electrophoresis. A 40 mL, 1% agarose gel 

was made using 1x TAE buffer and 1 µL of ethidium bromide (10 mg/mL). DNA products 

were mixed with 10% (v/v) of loading dye and then loaded onto the gel along with a 1 Kb-plus 

DNA ladder (Invitrogen, U.S.A) for size reference. A negative control product containing no 

DNA was used to test for contamination during PCR set-up. The gel electrophoresis was run 

at 90 V for 50 min and imaged using Kodak UV transilluminator and Kodak Molecular imaging 

software (Kodak, USA).  

2.2.7 DNA Clean-up and Gel Extraction 

Gel extraction was used to purify PCR reactions that included non-specific amplicons and or 

primer dimers. The specific amplicon was cut from the gel and transferred into a 1.5 mL 

microcentrifuge tube and an E.Z.N.A MicroElute DNA Clean-Up Kit (Omega Bio-tek, USA) 

was used, following the manufacturer’s protocol.  

2.2.8 Sequencing 

Sanger sequencing was used to determine the correct sequence of the overexpression constructs 

and pGEM-T (Neutral Site). This was performed by the Department of Anatomy, University 

of Otago, Dunedin. A Sanger sequencing reaction contained F/R primer (3.2 pmol), and 

plasmid DNA (200 ng) or amplicon DNA (5 nmol/5 bp). 

2.2.9 Transformation of Synechocystis 6803 

Synechocystis 6803 starter cultures were grown using the method described on page 22, 

however, cells were harvested between an OD730 nm of 0.4-0.6 to capture early exponential 

growth phase. The cells were transferred to a 50 mL Falcon tube and centrifuged, resuspended 

in 500 µL aliquots in sterilised universal flasks or 15 mL Falcon tubes. The transforming 

plasmid DNA (5 µg) was added and incubated at 30°C for 6 h. After 3 h, tubes were transferred 

to a Ratek OM11 shaker-incubator (Ratek Instruments, Australia) set to 220 rpm. Whatman 

Nucleopore 0.22 µm filters (Sigma-Aldrich/Merck, USA) were placed onto BG-11 plates 

containing 5 mM glucose and 100 µL of cells were placed around the filter and incubated for 

12 h under standard conditions. The filter paper was transferred to fresh BG-11 plates which 

contained appropriate selective antibiotics and were left to grow for ~14 days until individual 

colonies were selected and streaked out onto BG-11 plates until segregation was completed.  
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2.2.10 Restriction digest 

Restriction enzymes were obtained by New England Biolabs (USA) and restriction digests 

were preformed following the manufacturer’s instructions. The digested DNA was visualised 

with a non-digested DNA and carried out using a gel electrophoresis.  

 

2.3 Phylogenetic analysis 

Each gene (sll1392 and slr1501) was translated into a protein sequence using Geneious 

software and uploaded to pBLAST via the National Center for Biotechnology Information 

(NCBI). The top 500 cyanobacterial sequences were retrieved between 8th to the 13th of March 

2021 and uploaded to Geneious software. A 95% consensus threshold was set to determine 

closely related cyanobacterial species containing each protein sequence. The protein sequences 

were aligned to produce a consensus that was using to build a FastTree phylogenetic tree via 

Geneious. 

The protein sequence from Sll1392 and Slr1501 was uploaded to SWISS model server 

(Waterhouse et al., 2018), where the protein structure was predicted. The predicted structure 

files were uploaded to ConSurf Server (Ashkenazy et al., 2016). ConSurf analysis the 

alignment and SWISS® model structure then indicates the level of conservation for each 

residue. The data is then visualised with PyMOL (The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger) and colourised pink indicating similar protein regions. The data was 

uploaded into PyMOL molecular visualisation software (Schrӧdinger 2015). The Sll1392 and 

Slr1501 protein sequences were uploaded to Myhits by Swiss Institute of Bioformatics 

(Duvaud et al., 2021) where predictions of protein functions were made.  
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3. Results  

3.1 Investigating response of Synechocystis 6803 with removal of sll1392 in varied pH and 

stress conditions  

 
Synechocystis 6803 has a wide pH tolerance and grows to a higher final optical density in 

medium buffered to pH 10 compared to pH 7.5. Synechocystis 6803 can be used to understand 

genes involved in pH acclimation and how these genes are regulated. Increasing the pH of a 

growth medium used in biofuels could potentially reduce unwanted organisms that grow at a 

neutral pH range. The genes slr1501 and sll1392 were investigated to identify if they have a 

role in pH acclimation, stress regulation and the level of conservation of the protein sequence 

within cyanobacterial species. This could provide information about the importance of these 

gene candidates in the stress response which could potentially help the biofuel sector to 

enhance genes that could increase a desired stress tolerance.     

3.1.1 Growth of Synechocystis 6803 GT-O1 wild type in pH 7.5 and pH 10 media under 
standard and high-light conditions  

To characterise how differences in pH affect growth of Synechocystis 6803 strains, 

photoautotrophic growth of Synechocystis 6803 was measured in cultures buffered to pH 7.5 

and pH 10. Under standard light (30 - 50 µE.m-2.s-2) Synechocystis 6803 wild type in BG-11 

medium at pH 10 grew to a slightly higher OD730 nm of ~3.5 compared to cells in the pH 7.5 

medium which reached an OD730 nm of ~2.9 following 120 hours of growth (Figure 2A). To 

investigate the impact of stress on the ability to grow in media buffered to pH 7.5 and pH 10, 

Synechocystis 6803 wild type was grown under high light (300 µE.m-2.s-2). The high light 

treatment (Figure 6B) did not alter growth of the wild type in BG-11 medium buffered to pH 

7.5, the final OD 730 nm was ~2.8, whereas growth in pH 10 media was enhanced, reaching a 

final OD730 nm of ~4.5.   
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3.1.2 Growth of a strain lacking sll1392 in media buffered to pH 7.5 or pH 10 under standard 
and high-light conditions 

The gene sll1392 is located next to slr1501 in the genome and is possibly involved in pH 

regulation, as transcript abundance of sll1392 is higher when cells are in pH 10 buffered 

medium compared to pH 7.5 medium (Summerfield and Sherman, 2008). It is unknown if this 

gene has a mechanism that enables Synechocystis 6803 to tolerate higher pH ranges. Therefore, 

photoautotrophic growth of a sll1392 knockout mutant (∆sll1392) was investigated in growth 

media buffered to pH 7.5 and pH 10. 

Under standard light conditions a ∆sll1392 strain buffered to pH 7.5 BG-11 medium grew to a 

final OD730 nm of 2.55, this was similar to the final OD730 nm of ~2.90 reached by the wild type 

(Figure 3A). In pH 10 buffered media both the mutant and wild-type strains reached a final 

OD730 nm of ~3.3 (Figure 3B).  

    

    

    

     

            

 
 
 
 
 
 
 

        

  

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 2: The effect of pH 7.5 and pH 10 on growth of Synechocystis sp. PCC 6803 under 

standard and high-light conditions. Photoautotrophic growth of wild type buffered in pH 7.5 

media (filled circles) and wild type buffered in pH 10 media (open circles). Optical density 

measured at 730 nm at 10-24 h intervals for 120 h. A. Cultures illuminated with standard light 

(30 µE.m-2.s-2) n=6 and error bars represent standard error. B. Cultures illuminated with high 

light (300 µE.m-2.s-2) n=6 and error bars represent standard error. 
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Under high-light conditions there was a growth difference between the wild type and ∆sll1392 

strain; in pH 7.5 medium (Figure 3C), the ∆sll1392 strain grew to a final OD730 nm of ~1.9 and 

the wild-type strain grew to an average final OD730 nm of ~2.8. However, there was some 

variation in growth of each strain under high-light conditions. Under high light in medium 

buffered to pH 10, the wild-type and ∆sll1392 strain growth was more similar reaching a final 

OD730 nm of ~4.5 and ~3.8, respectively (Figure 3D). 
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Figure 3: The effect of removing sll1392 gene from Synechocystis sp. PCC 6803 supplemented with pH 

7.5 and pH 10 media, in standard and high-light conditions. Phototrophic growth of wild type buffered 

in pH 7.5 media (filled circles) and wild type buffered in pH 10 media (open circles). Phototrophic 

growth of ∆sll1392 buffered with pH 7.5 media (filled triangles), ∆sll1392 buffered with pH 10 media 

(open triangles). Optical density measured at 730 nm and grown for 120 h and all strains contained n=6 

biological replicates and error bars represent standard error. A. Cultures grown under standard light (30 

µE.m-2.s-2). B. Cultures grown under standard light (30 µE.m-2.s-2).. C. Cultures grown under high light 

(300 µE.m-2.s-2). D. Cultures grown under high light (300 µE.m-2.s-2).  
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3.1.3 Removal of sll1392 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high-light conditions supplemented with 0.75 M NaCl  

Due to the proximity of sll1392 and slr1501 and the potential shared divergent promoter, 

sodium chloride (NaCl) experiments were conducted to determine if any NaCl tolerance was 

observed. NaCl tolerance has been documented in Synechocystis 6803, and can grow at 0.5 M 

NaCl with little negative effect, and has a tolerance level of around 1.0 M NaCl (Kanesaki et 

al., 2002). To examine how the ∆sll1392 strain tolerated an increase in NaCl, a concentration 

of 0.75 M was chosen to investigate how NaCl levels have been shown to decrease OD730 nm 

growth (Taylor, 2017) and upregulation was observed in 0.5 M NaCl (Kanesaki et al., 2002). 

Under standard light conditions the wild-type and ∆sll1392 strains buffered with pH 7.5 

medium grew similarly. Initially, both strains showed increased growth until ~24 h where a lag 

phase was observed. After 48 h, the ∆sll1392 strain grew to a final OD730 nm of ~0.88 and the 

wild-type strain grew to a final OD730 nm of ~0.46 (Figure 4A). Wild-type and ∆sll1392 strains 

buffered to pH 10 had an OD730 nm of ~0.05 until 96 h, when the wild-type strain grew to a final 

OD730 nm of ~0.144 and ∆sll1392 strain grew to a final OD730 nm of ~0.073 (Figure 4A). 

Under high-light conditions a similar trend was observed as both strains grew to a higher optical 

density in pH 7.5 buffered medium compared to pH 10. Both strains buffered with pH 10 

medium did not grow; ∆sll1392 strain grew to a final OD730 nm of ~0.078 and the wild-type 

strain grew to a final OD730 nm of ~0.049 (Figure 4B).  

The difference between pH 7.5 and 10 buffered strains show there is a phenotypic response at 

both standard and high-light conditions with the addition of 0.75 M NaCl. This could indicate 

a slight NaCl tolerance for the ∆sll1392 strain under standard light conditions that should be 

further explored. It is important to note that the pH of the media, used to buffer the 

Synechocystis 6803 strains influenced growth. In both standard and high light treatments, there 

is an obvious degree of separation between pH 7.5 and pH 10 buffered strains, indicating pH 

media has an important role in how cells grow under these conditions. Due to the large variation 

in high light treatments, it is suggested repeats of this experiment are conducted to increase 

precision. 
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3.1.4 Removal of sll1392 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high-light conditions supplemented with 4% (v/v) ethanol 

Ethanol tolerance within cyanobacteria is becoming a focal point in the pursuit of biofuel 

technology as the green energy market increases (Kämäräinen et al., 2018). If any 

Synechocystis 6803 knockout or overexpression mutants are tolerant to ethanol, they could 

provide valuable information, especially if the genes are conserved within other cyanobacterial 

species.  

The initial response of wild-type and ∆sll1392 strains in pH 10 buffered medium with 4% 

ethanol was different to pH 7.5 buffered medium. In standard light conditions both the wild-

type and ∆sll1392 strains followed a similar trend; both reaching an OD730 nm of ~1.3. In pH 10 

buffered medium both wild-type and ∆sll1392 strains showed decreased optical density 12 h 

after ethanol exposure and formation of dense green cell flocculation was observed (Appendix 

5). The cells of ∆sll1392 strain continued to flocculate until 48 h, after which exponential 

growth occurred from an OD730 nm of ~ 0.005 to a final OD730 nm of ~1.3 (Figure 5A). Similarly, 

    

    

    

     

            

 
 
 
 
 
 
 

        

  

    

    

    

     

            

 
 
 
 
 
 
 

        

  

Figure 4: Effect of 0.75 M NaCl on Synechocystis sp. PCC 6803 in pH 7.5 and pH 10 media, under 

standard and high-light conditions. Treatments contained 0.75 M NaCl under phototrophic growth 

with wild type in pH 7.5 media (filled circles) and wild type in pH 10 media (open circles), ∆sll1392 

in pH 7.5 media (filled triangles) and ∆sll1392 in pH 10 media (open triangles). Optical density 

measured at 730 nm and grown for 120 h and all strains consisted of n=3 biological replicates, and 

error bars represent standard error. A. Cultures were illuminated under standard light (30 µE.m-2.s-2) 

B. Cultures were illuminated under high light (300 µE.m-2.s-2). 
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the wild-type strain buffered to pH 10 demonstrated flocculation; however, cell dispersal was 

far more obvious at 24 h and a gradual increase in optical density was noted, reaching a final 

optical density of OD730 nm of ~1.39.  

Under high-light conditions both wild-type and ∆sll1392 strains in pH 7.5 buffered medium 

with 4% ethanol, growth was impaired compared to strains containing no additional stressor 

(Figure 5B). The wild-type strain reached an optical density of OD730 nm of ~1.08 compared to 

∆sll1392 strain that reached an OD730 nm of ~0.38. Meanwhile, both wild-type and ∆sll1392 

strains buffered in pH 10 again exhibited cell flocculation resulting in much lower final OD730 

nm. It appears wild-type cells were able to disperse after 12 h, as an increase in optical density 

was observed, reaching a final OD730 nm of ~0.074. The ∆sll1392 cells remained flocculated 

until 72 h where growth increased to a final OD730 nm of ~0.054 (Figure 5B). Under high light, 

there is a noticeable phenotypic difference in growth between pH 7.5 and pH 10 buffered 

strains.  

    

    

    

    

     

            

 
 
 
 
 
 
 

        

  

    

    

    

    

     

            

 
 
 
 
 
 
 

        

  

Figure 5: Effect of 4% ethanol on Synechocystis sp. PCC 6803 in pH 7.5 and pH 10 media, 

under standard and high-light conditions. Treatments contained 4% ethanol under phototrophic 

growth conditions with wild type in pH 7.5 media (filled circles) and wild type in pH 10 media 

(open circles), ∆sll1392 in pH 7.5 media (filled triangles) and ∆sll1392 in pH 10 media (open 

triangles). Optical density measured at 730 nm and grown for 120 h. A. Cultures were 

illuminated under standard light (30 µE.m-2.s-2) and consisted of n=3 biological replicates, error 

bars represent standard error. B. Cultures were illuminated under high light (300 µE.m-2.s-2) 

and consisted of n=3 biological replicates, error bars represent standard error. 
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3.1.5 Removal of sll1392 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high light, limited iron conditions  

The removal of sll1392 from Synechocystis 6803 has been reported to increase iron availability 

of a quintuplet mutant when subjected to limited iron and high-light conditions (Cheng and He, 

2014). As a result, the ∆sll1392 strain accumulated higher amounts of chlorophyll a, carotenoid 

and phycocyanin (Cheng and He, 2014). The experiments carried out investigated how a 

∆sll1392 strain would grow in pH 7.5 and pH 10 buffered medium in limited iron conditions, 

as iron availability is altered by pH. Throughout this experiment, the BG-11 growth medium 

contained no ferric ammonium citrate and the response of both wild-type and ∆sll1392 strains 

was examined when subjected to the addition of 20 µM and 50 µM 2,2′-bipyridine, an iron 

chelator.  

The removal of ferric ammonium citrate resulted in very little growth difference between wild-

type and ∆sll1392 strains buffered to pH 7.5 and pH 10 under standard light conditions (Figure 

6A). There was a minor lag in growth with both pH 10 supplemented strains for the initial 24 

h but reached a similar final optical density to pH 7.5 buffered strains.  

Under high-light conditions (Figure 6B) the ∆sll1392 strain buffered to pH 10 had a reduction 

in optical density during the first 24 h period. After 24 h, an increase in growth was observed 

reaching a final OD730 nm of ~1.55, while the wild-type strain under the same conditions reached 

a OD730 nm of ~2.2.  

Both pH 7.5 buffered strains containing 20 µM 2,2′-bipyridine under standard (Figure 6C) and 

high-light conditions (Figure 6D), failed to grow. Strains buffered with pH 10 medium grew 

under standard light conditions, as wild-type strain reached a final OD730 nm of ~0.9 and 

∆sll1392 reached a final OD730 nm of ~0.3; indicating the removal of sll1392 increases 

sensitivity to iron limitation.  

The addition of 50 µM 2,2′-bipyridine had a detrimental effect on all strains in both pH 7.5 

(Figure 6E) and pH 10 (Figure 6F) buffered medium. The upregulation of these genes when 

transferred to pH 10, shown by Summerfield and Sherman (2008) could potentially provide the 

sll1392 strain a competitive advantage when subjected to environments of limited iron. 

However, the addition of the higher concentration of iron chelator appears to decrease iron 

concentrations below a survivable threshold.  
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Figure 6: Effect of limited iron on Synechocystis sp. PCC 6803 with the removal of sll1392 in pH 7.5 and pH 10 

media, under standard and high-light conditions. All treatments contained limited iron with the removal of ferric 

ammonium citrate under phototrophic growth and consisted of a single replicate.  wild type in pH 7.5 media (filled 

circles) and wild type in pH 10 media (open circles), Phototrophic growth of ∆sll1392 in pH 7.5 media (filled triangles) 

Phototrophic growth of ∆ sll1392 in pH 10 media (open triangles). Optical density measured at 730 nm and grown for 

120 h.  A. Cultures were illuminated under standard light (30 µE.m-2.s-2). B. Cultures were illuminated under high light 

(300 µE.m-2.s-2). C. Cultures were illuminated under standard light (30 µE.m-2.s-2) contained  20 µM of the free iron 

chelator 2,2′-bipyridine. D. Cultures were illuminated under high light (300 µE.m-2.s-2) contained 20 µM 2,2′-

bipyridine. E. Cultures were illuminated under standard light (30 µE.m-2.s-2) contained 50 µM 2,2′-bipyridine. F. 

Cultures were illuminated under high light (300 µE.m-2.s-2)  contained and 50 µM of 2,2′-bipyridine. 
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3.2 Investigating response of Synechocystis 6803 with removal of slr1501 in varied pH and 

stress conditions  

 

3.2.1 Removal of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high-light conditions  

Dramatic down regulation of slr1501 has been previously observed when cells grown in pH 10 

medium were transferred to pH 7.5 medium indicating slr1501 could be involved in pH 

regulation (Summerfield and Sherman, 2008).    

To investigate whether the slr1501 gene has a role in pH and stress regulation, a knockout 

mutant (∆slr1501 strain) was created and characterised. Under standard light conditions the 

wild-type strain in pH 10 medium grew to an OD730 nm of ~3.48 and the ∆slr1051 mutant grew 

to an OD730 nm of ~4.09. Both the wild-type and ∆slr1501 strains in pH 7.5 medium had a lower 

OD730 nm of ~2.72 (Figure 7A).  

Under high light treatment both wild-type and ∆slr1501 strains in pH 10 medium reached a 

higher final OD730 nm of ~4.79 compared to pH 7.5 buffered cells of OD730 nm ~2.80 (Figure 7B). 

Under standard and high-light conditions, in medium buffered at both pH 10 and pH 7.5, the 

absence of slr1501 had little impact on photoautotrophic growth. However, because this gene 

was upregulated at pH 10 and dramatically downregulated following transfer to pH 7.5, further 

investigation of this mutant was undertaken throughout this research. These observations were 

also found when investigating the ∆sll1392 strain (Figure 2B) 
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3.2.3 Removal of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high-light conditions supplemented with 0.75 M NaCl  

In Synechocystis 6803, H+ and Na+ ions are imported and exported via H+ / Na+ antiporters that 

maintain cellular homeostasis (Padan et al., 2005). These enable Synechocystis 6803 to 

maintain a lower internal pH when exposed to a higher external pH environment. Synechocystis 

6803 is known to grow in freshwater environments but can also grow in saline conditions that 

do not exceed an upper limit of 1 M NaCl (Kanesaki et al., 2002). To investigate the upper 

limit of Synechocystis 6083 survival, 0.75 M NaCl was used to explore how the removal of 

slr1501 would affect growth under these conditions. Upregulation of slr1501 was shown in a 

microarray study by Kanesaki et al. (2002) when supplied with 0.5 M NaCl; further supporting 

the hypothesis of slr1501 being involved in some form of stress regulation. Understanding 

NaCl limits on Synechocystis 6803 cells and the subsequent genes that are regulated could 

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

     

            
 
 
 
 
 
  
 

        

  

Figure 7: The effect of removing slr1501 from Synechocystis sp. PCC 6803 supplemented with 

pH 7.5 and pH 10 media, in standard and high-light conditions. Phototrophic growth of wild 

type buffered in pH 7.5 media (filled circles) and wild type buffered in pH 10 media (open circles). 

Phototrophic growth of ∆slr1501 buffered with pH 7.5 media (filled squares), ∆slr1501 buffered 

with pH 10 media (open squares). Optical density measured at 730 nm and grown for 120 h. A. 

Cultures were illuminated in standard light (30 µE.m-2.s-2). Results show the mean of n=6 biological 

replicates, and error bars represent standard error. B. Cultures were illuminated in high light (300 

µE.m-2.s-2)  and consisted of n=6 biological replicates and error bars represent standard error. 
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potentially guide biofuel developers on the limits of incorporating brackish waters in cultures, 

reducing the cost of filtered and clean, fresh water, which is often required.  

Under standard light conditions, wild-type and ∆slr1501 strains buffered with pH 7.5 medium 

reached a similar OD730 nm of ~0.49 and ~0.41, respectively (Figure 8A). Both strains had 

decreased growth in pH 10, the wild-type strain grew to a final OD730 nm of ~0.144 and ∆slr1501 

strain to a lower final OD730 nm of ~0.087 (Figure 8A).  

Under high-light conditions (Figure 8B), both wild-type and ∆slr1501 strains in pH 7.5 

buffered medium exhibited similar patterns to those in pH 7.5 under standard light conditions. 

Initially there was a 72 h period of little growth, followed by a gradual increase to a final OD730 

nm of ~0.4 in wild-type and a higher final OD730 nm of ~0.63 of in ∆slr1501 strain. These findings 

may indicate a potential phenotypic difference, however, due to variation between replicates 

further experiments should be considered.  

In pH 10 medium, both the wild-type and ∆slr1501 strains did not grow. The combination of 

high light and 0.75 M NaCl is a double stressor on strains in pH 10 medium. In biofuel 

production, cells are likely to be exposed to multiple stressors, such as the presence of ethanol.  
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3.2.4 Removal of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high-light conditions supplemented with 4% (v/v) ethanol  

Ethanol can have negative effects on cyanobacteria when cultures are supplemented with more 

than 4% (v/v) (Vidal, 2017). It can cause cell bleaching and significantly reduce the growth 

rate (Vidal, 2017). The mRNA levels of sll1392, located adjacent to slr1501 have been shown 

to increase 5x when supplemented with 2% ethanol (Wang et al., 2012). To investigate if 

slr1501 has a role in ethanol tolerance, experiments with the addition of 4% ethanol were 

conducted to examine the sensitivity of the ∆slr1501 strain at pH 7.5 and pH 10.  

Under standard light conditions (Figure 9A), wild-type and ∆slr1051 strains in pH 7.5 buffered 

medium and 4% ethanol exhibited very minor cell flocculation. The wild-type strain reached a 

final OD730 nm of ~1.37 while ∆slr1501 had a slightly lower OD730 nm of ~1.09. In pH 10 

buffered medium, the wild-type strain displayed an initial drop in OD730 nm from the starting 

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 8: Effect of 0.75 M NaCl on Synechocystis sp. PCC 6803 and ∆slr1501 strain in pH 7.5 

and pH 10 media, under standard and high-light conditions. Treatments contained 0.75 M NaCl, 

grown under phototrophic conditions with wild type in pH 7.5 media (filled circles) and wild type 

in pH 10 media (open circles), ∆slr1501 in pH 7.5 media (filled squares) and ∆slr1501 in pH 10 

media (open squares). Optical density measured at 730 nm and grown for 120 h. A. Cultures were 

illuminated under standard light (30 µE.m-2.s-2) and consisted of n=3 biological replicates, error bars 

represent standard error. B. Cultures were illuminated under high light (300 µE.m-2.s-2) and 

consisted of n=3 biological replicates, error bars represent standard error. 
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OD730 nm of ~0.05, after 38 h optical density increased, reaching an OD730 nm of ~1.95. However, 

the ∆slr1501 mutant grew poorly for the first 72 h with cells forming a flocculation ball. 

Following 72 h, the cells dispersed throughout the flask and after 120 h reached a final OD730 

nm of ~0.67.  

Under high-light conditions (Figure 9B), wild-type and ∆slr1501 strains buffered with pH 7.5 

medium followed the same trend as standard light (Figure 9A) reaching almost the exact same 

OD730 nm of ~1.3. Both strains in pH 10 buffered medium followed a sharp decline for the first 

24 h while cells flocculated. Throughout the 120 h period, the wild-type strain grew slowly 

reaching a final OD730 nm of ~0.074. After 38 h the ∆slr1501 cells started to disperse and a large 

increase in growth was observed, with a final OD730 nm of ~0.97.  

All strains in pH 10 buffered medium with 4% ethanol under standard and high light exhibited 

an initial decrease in growth, primarily over the first 38 h. Following this there was an increase 

in growth reaching similar levels to the pH 7.5 buffered strains. The ethanol exposure 

experiments are potentially important in providing information on the role of specific genes in 

contributing to ethanol tolerance or sensitivity.  
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3.2.5 Removal of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media under standard 
and high-light conditions with the removal of ferric ammonium citrate in 20 and 50 µM 2,2′-
bipyridine  

The gene sll1392 has a role in iron homeostasis as shown by Cheng and He (2014). The location 

of sll1392 is adjacent to slr1501 within the genome and they are potentially co-regulated. As 

the sll1392 gene plays a role in iron regulation, slr1501 was investigated to determine if it plays 

a role in iron sensitivity or tolerance. Iron limitation experiments were conducted with the 

removal of ferric ammonium citrate and addition of either 20 µM 2,2′-bipyridine or 50 µM 

2,2′-bipyridine to investigate the growth of the strain lacking slr1501.    

Upon removal of ferric ammonium citrate from the BG-11 growth medium, under standard 

light conditions (Figure 10A) both wild-type and ∆slr1501 strains grew between an OD730 nm 

of ~1.68 and OD730 nm of ~2.2. Under high-light conditions (Figure 10B), wild-type and 

∆slr1501 strains in pH 10 buffered medium and wild type in pH 7.5 buffered medium grew to 

    

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

    

     

            
 
 
 
 
 
  
 

        

  

Figure 9: Effect of 4% ethanol on Synechocystis sp. PCC 6803 in pH 7.5 and ∆slr1501 strain in pH 10 

media, under standard and high-light conditions. Treatments contained 4% ethanol under phototrophic 

growth with wild type in pH 7.5 media (filled circles) and wild type in pH 10 media (open circles), 

∆slr1501 in pH 7.5 media (filled squares) and ∆slr1501 in pH 10 media (open squares). Optical density 

measured at 730 nm and grown for 120 h. A. Cultures were illuminated under standard light (30 µE.m-

2.s-2) and consisted of n=3 biological replicates, error bars represent standard error. B. Cultures were 

illuminated under high light (300 µE.m-2.s-2) and consisted of n=3 biological replicates, error bars 

represent standard error. 
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an OD730 nm of ~1.96. However, the ∆slr1501 strain grew similar for the first 48 h then plateaued 

between 48-96 h, followed by a sharp decline in optical density, reaching a final OD730 nm of 

~0.105.   

When 20 µM 2,2′-bipyridine was added, the ∆slr1501 strain grew in both standard (Figure 

10C) and high light (Figure 10D) conditions whereas the wild-type strain only grew in standard 

light conditions in pH 10 buffered medium. Under standard and high-light conditions, wild-

type and ∆slr1501 strains in pH 7.5 buffered medium did not grow.  

With the addition of 50 µM 2,2′-bipyridine under both standard light (Figure 10E) and high 

light (Figure 10F), wild-type and ∆slr1501 strains in pH 7.5 and pH 10 buffered medium 

reduced to an OD730 nm between ~0.02 and ~0.001. Overall, all strains under standard and high-

light conditions failed to grow with the addition of 50 µM 2,2′-bipyridine. 
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Figure 10: Effect of limited iron on Synechocystis sp. PCC 6803 with the removal of slr1501 in pH 7.5 

and pH 10 media, under standard and high-light conditions. All treatments contained limited iron with 

the removal of ferric ammonium citrate under phototrophic growth and consisted of a single replicate. Wild 

type in pH 7.5 media (filled circles) and wild type in pH 10 media (open circles), in pH 7.5 media (filled 

squares) and in pH 10 media (open squares). Optical density measured at 730 nm and grown for 120 h.  A. 

Cultures were illuminated under standard light (30 µE.m-2.s-2). B. Cultures were illuminated under high light 

(300 µE.m-2.s-2). C. Cultures were illuminated under standard light (30 µE.m-2.s-2) and contained 20 µM of 

the free iron chelator 2,2′-bipyridine. D. Cultures were illuminated under high light (300 µE.m-2.s-2) and 

contained 20 µM 2,2′-bipyridine. E. Cultures were illuminated under standard light (30 µE.m-2.s-2) and 

contained 50 µM 2,2′-bipyridine. F. Cultures were illuminated under high light (300 µE.m-2.s-2) and contained 

50 µM 2,2′-bipyridine.  
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3.3 Investigating response of Synechocystis 6803 with removal of sll1392 and slr1501 in 

varied pH and stress conditions  

 

3.3.1 Removal of slr1501 and sll1392 from Synechocystis 6803 in pH 7.5 and pH 10 media 
under standard and high-light conditions   

Experiments were conducted to examine the individual removal of slr1051 and sll1392 that 

has previously resulted in few phenotypic differences. In addition, a double knockout mutant 

∆slr1051:∆sll1392 was constructed to determine if the removal of both genes provided any 

phenotypic change when subjected to experimental stressors like elevated pH, ethanol 

tolerance and iron limitation.  

Under standard light conditions, the wild type strain in pH 7.5 buffered media (Figure 11A) 

grew to a final OD730 nm of ~2.9 while the double knockout mutant grew to a final OD730 nm of 

~1.93. Both wild-type and the double knockout in pH 10 buffered medium grew to a slightly 

higher final OD730 nm of ~3.07 compared to that of pH 7.5 buffered strains (Figure 11A). 

Under high light and in pH 10 conditions (Figure 11B) there was a noticeable difference in 

final optical density as the wild-type strain grew to an optical density twice that of the double 

knockout. This trend was also observed when comparing pH 7.5 treatments, as the wild-type 

strain grew to a final OD730 nm of ~2.8 and the double knockout strain to OD730 nm of ~0.94. 
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3.3.3 Removal of sll1392 and slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media 
under standard and high-light conditions supplemented with 0.75 M NaCl   

When the ∆sll1392 strain was exposed to NaCl under standard light conditions and buffered to 

pH 7.5 (Figure 4A) there was an increase in growth compared to the wild-type strain. This was 

not observed when the ∆slr1501 strain was given the same experimental treatment. To further 

understand how these two genes interact with 0.75 NaCl supplementation, the double knockout 

mutant ∆slr1501:∆sll1392 was exposed to the same treatment, as they have the potential to 

improve cell acclimation upon NaCl exposure.  

When the double knockout strain was subjected to 0.75 M NaCl and buffered to pH 7.5 under 

standard light conditions, growth was observed, reaching an equivalent final OD730 nm to the 

wild-type strain of ~0.407 (Figure 12A). When the double knockout and wild-type strains were 

buffered to pH 10 there was a slight reduction in growth when compared to the pH 7.5 buffered 

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 11: The effect of removing both slr1501 and sll1392 genes from Synechocystis sp. PCC 6803 

buffered with pH 7.5 and pH 10 media, in standard and high-light conditions. Phototrophic growth 

of wild type strain buffered in pH 7.5 media (filled circles) and wild type buffered in pH 10 media (open 

circles). Phototrophic growth of double knockout buffered with pH 7.5 media (filled diamonds), double 

knockout buffered with pH 10 media (open diamonds). Optical density measured at 730 nm and grown 

for 120 h. A. Cultures were illuminated with 30 µE.m-2.s-2and consisted of n=3 biological replicates,  

and error bars represent standard error. B. Cultures were illuminated with 300 µE.m-2.s-2 and consisted 

of n=3 biological. 
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strains. In pH 10 buffered conditions, the wild-type strain had a lower OD730 nm of ~0.132 

compared to the double knockout strain that reached a final OD730 nm of ~0.219 (Figure 12A).  

Under high light, both wild-type and the double knockout strains buffered to pH 7.5 reached a 

similar final OD730 nm of ~0.15 (Figure 12B). Both strains had a yellow hue in appearance, 

indicating the cells were stressed due to the high light and high NaCl exposure. When both the 

wild-type and double knockout strains were buffered to pH 10, no growth occurred.  Initially, 

there was potential growth by the double knockout strain between 24-48 h, but after 48 h there 

was a rapid decline, reaching a final OD730 nm of ~0.025 (Figure 12B). Similarly, the wild-type 

strain reached a final OD730 nm of ~0.034 with a pronounced yellow hue (Appendix 4 example).  

The growth of strains buffered to pH 10 was impaired when exposed to NaCl which could 

suggest an interaction between multiple stressors via added pressure on the shared antiporters 

that usually maintain homeostasis. The double knockout provides interesting phenotypic data 

as both genes are possibly not essential for Synechocystis 6803 survival.  

  

 

 

 

 

 

 

 

      

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 12: Effect of 0.75 M NaCl on Synechocystis sp. PCC 6803 in pH 7.5 and pH 10 media, 

under standard and high-light conditions. Treatments contained 0.75 M NaCl under 

phototrophic growth with wild type in pH 7.5 media (filled circles) and wild type in pH 10 media 

(open circles), double knockout in pH 7.5 media (filled diamonds) and double knockout in pH 10 

media (open diamonds). Optical density measured at 730 nm and grown for 120 h. A. Cultures 

were illuminated under standard light (30 µE.m-2.s-2) and consisted of n=1 biological replicates. B. 

Cultures were illuminated under high light (300 µE.m-2.s-2 ) and consisted of n=1 biological 

replicates. 
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3.3.4 Removal of slr1501 and sll1392 from Synechocystis 6803 in pH 7.5 and pH 10 media 
under standard and high-light conditions supplemented with 4% (v/v) ethanol  

Experiments on a double knockout mutant can determine if genes share similar functions and 

if they are both required for growth of an organism. Wang et al. (2012) demonstrated that the 

removal of sll1392 lead to a lower final optical density than the wild-type strain, implying the 

removal of sll1392 induces ethanol sensitivity, indicating the gene could be involved in ethanol 

tolerance. Similarly in the present study, the ∆sll1392 strain was also shown to be sensitive to 

ethanol compared to the wild-type strain (Figure 5B). To determine if both genes contribute to 

ethanol tolerance, the double knockout strain was subjected to ethanol treatments under 

standard and high-light conditions.  

Under standard light conditions wild-type and the double knockout strains buffered with pH 

7.5 medium observed no signs of flocculation within the first 12 h and cells were evenly 

dispersed throughout the medium (Figure 13A). After 120 h, the wild-type strain reached a 

final OD730 nm of ~1.37 and the double knockout strain reached a lower OD730 nm of ~0.77. Both 

the wild type and double knockout strain in pH 10 buffered medium halved in optical density 

within the first 12 h; similar to other ethanol treatments forming cell flocculates. After 36 h, 

both strains were dispersed in the media and optical density increased; higher than the optical 

density of pH 7.5 buffered strains. The wild-type strain grew to a final OD730 nm of ~1.96 and 

the double knockout strain grew to a final OD730 nm of ~2.17 (Figure 13A).  

Under high-light conditions the wild-type strain buffered with pH 7.5 medium grew slowly for 

the first 48 h and reached a final OD730 nm of ~1.3 (Figure 13B). The double knockout strain 

buffered with pH 7.5 medium slightly declined in optical density and remained around an 

OD730 nm of ~0.055 for 48 h after which cells dispersed, growth started to increase, and a final 

optical OD730 nm of ~0.347 was attained. Both wild-type and double knockout strains buffered 

with pH 10 medium had an immediate decline in optical density after 12 h forming cell 

flocculates. The wild-type strain increased to the original starting OD730 nm of ~0.05 and after 

48 h slightly increased, reaching a final OD730 nm of ~0.074. Interestingly, after the first 12 h 

the double knockout strain grew, reaching a final OD730 nm of ~1.49, greater than all strains in 

both pH medium under high light treatment (Figure 13B).  
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3.3.5 Removal of slr1501 and sll1392 from Synechocystis 6803 in pH 7.5 and pH 10 media 
under standard and high-light conditions with the removal of ferric ammonium citrate in 20 
and 50 µM 2,2′-bipyridine  

The sll1392 gene has been shown to be involved in a role in stress response regulation, 

specifically sll1392 in iron-limited conditions (Cheng and He, 2014). To determine if both 

slr1501 and sll1392 are required for the survival of Synechocystis 6803 under limited iron 

conditions, the double knockout strain was subjected limited iron treatments under standard 

and high light, in pH 7.5 and pH 10 conditions.   

All strains in pH 7.5 and pH 10 buffered medium under both standard and high-light conditions 

grew to a similar OD730 nm of ~1.9, except for the double knockout strain that was buffered to 

pH 7.5. This strain grew for the first 48 h and then growth stopped, reaching a final OD730 nm 

of ~0.27 (Figure 14A). The removal the sll1392 gene has been shown to aid Synechocystis 6803 

survival in limited iron, under high-light conditions. However, growth of the ∆slr1501 strain 

    

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 13: Effect of 4% Ethanol on Synechocystis sp. PCC 6803 with the removal of slr1501 

and sll1392 in pH 7.5 and pH 10 media, under standard and high-light conditions. Treatments 

contained 4% ethanol under phototrophic growth with wild type in pH 7.5 media (filled circles) 

and wild type in pH 10 media (open circles), double knockout in pH 7.5 media (filled diamonds) 

and double knockout in pH 10 media (open diamonds). Optical density measured at 730 nm and 

grown for 120 h. A. Cultures were illuminated under standard light (30 µE.m-2.s-2)  and consisted 

of n=3 biological replicates, error bars represent standard error. B. Cultures were illuminated under 

high light (300 µE.m-2.s-2) and consisted of n=3 biological replicates, error bars represent standard 

error. 
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was impaired in pH 10 under high-light conditions (Figure 10B), this finding was also observed 

with the double knockout strain has reaching an OD730 nm of ~0.22 (Figure 14B). 

Under standard light conditions the wild-type and double knockout pH 7.5 buffered strains did 

not grow with the addition of 20 µM iron chelator 2,2′-bipyridine in the 120 h experiment 

(Figure 14C). The wild-type strain had a final OD730 nm ~0.03 and the double knockout strain 

was reduced to a final OD730 nm of ~0.011. However, the wild-type and double knockout strains 

in pH 10 buffered medium with 20 µM of 2,2′-bipyridine grew to a much higher final optical 

density when compared with pH 7.5 buffered strains indicating pH of the media influences 

growth. Wild-type and double knockout strains grew to a final OD730 nm of ~0.92 when 

supplemented with 20 µM of 2,2′-bipyridine. When both strains were subjected to high light 

treatment only the double knockout strain in pH 10 buffered medium grew to a final OD730 nm 

of ~0.55, while all other strains did not exceed the starting OD730 nm of ~0.05; indicating they 

did not grow (Figure 14D).  

Under standard and high-light conditions supplemented with 50 µM of 2,2′-bipyridine (Figure 

14E/F) all strains failed to grow beyond the initial OD730 nm of ~0.05, following a negative 

regression. Despite the lack of growth, the double knockout strain subjected to standard and 

high light seemed to have cells visually dispersed throughout the medium whereas wild-type 

cultures became colourless.  

The limited iron experiments show that higher concentrations of 2,2′-bipyridine further reduces 

the ability for both wild-type and double knockout strains to grow, implying iron is an 

important micronutrient for Synechocystis 6803 survival. It is important to note that the 

conducted experiments only contained one biological replicate and further replicates are 

required to draw any solid conclusions.  
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Figure 14: Effect of limited iron on Synechocystis sp. PCC 6803 with the removal of slr1501 and sll1392 in 

pH 7.5 and pH 10 media, under standard and high-light conditions. All treatments contained limited iron with 

the removal of ferric ammonium citrate under phototrophic growth and consisted of a single replicate. Wild type in 

pH 7.5 media (filled circles) and wild type in pH 10 media (open circles), double knockout strain in pH 7.5 media 

(filled diamonds) and double knockout strain in pH 10 media (open diamonds). Optical density measured at 730 nm 

and grown for 120 h.  A. Cultures were illuminated under standard light (30 µE.m-2.s-2). B. Cultures were illuminated 

under high light (300 µE.m-2.s-2). C. Cultures were illuminated under standard light (30 µE.m-2.s-2) contained  20 

µM of the free iron chelator 2,2′-bipyridine. D. Cultures were illuminated under high light (300 µE.m-2.s-2)  

contained 20 µM of 2,2′-bipyridine. E. Cultures were illuminated under standard light (30 µE.m-2.s-2) contained 50 

µM of 2,2′-bipyridine. F. Cultures were illuminated under high light (300 µE.m-2.s-2)  contained and 50 µM of 2,2′-

bipyridine.  
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3.4 Creation of a slr1501 Overexpression mutant  

The gene slr1501 was investigated to determine if it contributes to pH tolerance based on 

previously observed rapid downregulation of gene expression when transferred from pH 10 

medium to pH 7.5 medium, indicating it may have a role in pH acclimation (Summerfield and 

Sherman, 2008). An overexpression construct of slr1501 was produced by inserting the strong 

promoter Pcpc560 (Zhou et al., 2014) upstream of the slr1501 gene to enable enhanced expression 

of this gene in cells grown at pH 7.5, to understand if it is involved in pH response. 

3.4.1 Amplification of selected gene  

Primers were designed for the strong promoter (Pcpc560) region that was described in (Zhou et 

al., 2014). The primers used in the amplification (Table 1) of the promoter were: TSBS_F 

(Promoter F) and R_TSBSoe (Promoter R); these amplified a 556 bp product (Figure 15A, 

16A). The gene slr1501 was amplified using slr1501_F and slr1501_R resulting in a 678 bp 

amplicon (Figure 15B, Figure 16A). Finally, the terminator was amplified using primers 

Term_F and Term_R, resulting in a 230 bp fragment (Figure 15C, Figure 16A). It is important 

to note that the left and right flanking regions contained an extra 50 bp to enable the use of 

nested PCR primers that increased specificity of the final PCR, compared to primers used to 

generate the flanks. The nest primers contained restriction sites on the overexpression amplicon 

used for cloning on the ends of the left and right flanking regions that annealed to the neutral 

site plasmid.  

 

 

 

 

 

 

 

 

 

Figure 15: Location of primers used to create slr1501-OE: A. Location region of the Pcpc560 promoter with a product 

size of 556 bp. B. Location of the gene slr1501 with a product size of 678 bp. C. Location of the rbcL terminator 

with an expected size of 230 bp. Each of the resulting products contain an overlapping region added by the designed 

primers to promote overlap extension PCR. 
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3.4.2 Overlap Extension PCR 

To anneal the isolated amplicon fragments (Figure 16A), an overlap extension PCR was 

performed to allow annealing of each fragment via complimentary ends. In the final PCR 

reaction, polymerase generated and amplified a product containing the three fragments to one 

continuous fragment. To achieve this, the primers F_Nest and Nest_R were used to capture the 

left flank (promoter region) and the right flank (terminator region). The overlap extension PCR 

amplicon was visualised on a 1.5% agarose gel with ethidium bromide (Figure 16B).  
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Figure 16: Isolation of DNA fragments used to create an overlap-extension from 

Synechocystis sp. PCC 6803. A. Gel visualisation of PCR products (1.5%) via gel 

electrophoresis containing ethidium bromide. Lane 1 contains the promoter of an expected 

size of ~ 556 bp amplified using TSBS_F and R_TSBSoe, Lane 2 contains the gene slr1501 

with an expected amplification band of 678 bp, amplified with the primers slr1501_F and 

slr1501_R, Lane 3 contains the terminator with an expected band size of ~230 bp amplified 

with the primers Term_F and Term_R. B. Overlap extension PCR to construct a linerised 

fragment containing isolated amplicon fragments visualised on a 1% agarose gel. Lane 1 

contains the overlap extension PCR amplicon with an expected size of ~1,460 bp amplified 

with the primers Nest_F and Nest_R. 
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3.4.3 Neutral Site and amplicon ligation  

The overexpression amplicon was ligated into a neutral site plasmid that contains a pGEM T-

dslr0168 backbone accompanied by a spectinomycin cassette. This site has previously been 

used to insert genes into the Synechocystis 6803 genome (Kunert et al., 2000; Crawford, 2016). 

slr0168 is a predicted hypothetical gene that is disrupted during ligation;  however, this results 

in no observed phenotype (Albers and Peebles, 2017). Two genes slr0338 and slr0169 are 

included in the plasmid to provide regions for homologous recombination within the 

Synechocystis 6803 genome following transformation. The neutral-site plasmid ligated with 

the slr1501 overexpression amplicon was transformed into E. coli DH5α via heat-shock 

transformation. The E. coli cells were grown on LB media, with ampicillin and spectinomycin 

antibiotics added to the media as a selection pressure for the growing colonies. Twenty-four 

colonies were picked and transferred into liquid culture LB media to increase the number of E. 

coli cells containing the desired plasmid and then extracted through an alkaline lysis miniprep. 

The extracted neutral site plasmid was digested with the Hind III restriction enzyme to 

determine if the ligation was successful and an expected amplicon band of ~1.4 kb in size was 

present (Figure 17). This band represents the left- and right-hand flank successful digestion by 

the restriction enzyme, leaving the original linearised neutral site plasmid at ~6 kb.  

  

 

 

 

 

 

 

 

 

 

Figure 17: Gel electrophoresis of restriction digest (Hind III) of the overexpression plasmid 

construct. Lane 1 contains uncut plasmid with no insert. Lane 2-12 represents a linearised plasmid 

containing no DNA insert, lane 13 contains a linearised plasmid at ~6 kb and overexpression DNA 

at ~1.4 kb.  L contains 1 Kb plus ladder. 
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3.4.4 Amplicon Sequencing  

Sanger sequencing was used to confirm the correct ligation of the slr1501 overexpression 

amplicon. Primers used for sequencing were Nest_F and Nest_R, which covered 750 bp extra 

on the left and right flanks to confirm the neutral site plasmid had not altered during 

transformation and the correct amplicon sequence had ligated. 

3.4.5 Transforming slr1501 overexpression plasmid into Synechocystis 6803 and segregation 

Wild-type cells were transformed with the overexpression construct that contained a 

spectinomycin-resistance cassette. The spectinomycin-resistance cassette is selected by 

Synechocystis 6803 and promotes homologous recombination between flanking regions 

slr0338 and slr0169, transferring the overexpression amplicon and spectinomycin-resistance 

cassette into the genome of Synechocystis 6803 (Figure 18). Segregation of a mutant strain is 

carried out under standard antibiotic selection and can take up to 4 weeks.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Neutral site plasmid used for transformation into wildtype Synechocystis 

6803 GT-O1. A computer-generated map of the location of the Neutral site in the plasmid 

construct to show homologous recombination regions (slr0338 and slr0069) containing 

overexpression DNA to create a slr1501 overexpression strain. 
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3.4.6 Conformation of slr1501 overexpression strain 

A Colony PCR was performed on the transformed and segregated Synechocystis 6803 strain to 

amplify the overexpression region and confirm full segregation of the mutant. The primers used 

to conduct this PCR were Neutral_Site_F and Neutral_Site_R and the resultant amplicons were 

visualised on a 1.5 % agarose gel (Figure 19). The expected overexpression slr1501 mutant 

strain size is 4,412 Kb, while the wild-type strain expected band size was 3,100 bp (Figure 22). 

It is important to note that fully segregated Synechocystis 6803 should contain one single band, 

multiple bands suggest transformation of the inserted DNA is not fully segregated and should 

be left for a further two weeks. This PCR amplicon was prepared for amplicon sequencing 

where the Nest_F and and Nest_R primers were used. The amplicon sequence of slr1501-OE 

resulted in successful overexpression DNA transformation into the wildtype GT-O1 backbone.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 19: Conformation of successful transformation and full segregation of a slr1501-OE 

Overexpression mutant. Lane 1 contains 1 kb+ Ladder, Lane 2 contains slr1501 overexpression, 

Lane 3 contains wild-tyle strain, Lane 4 contains a negative control 
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3.5 Investigating response of Synechocystis 6803 with removal of sll1392 in varied pH and 

stress conditions  

 

3.5.1 Overexpression of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media under 
standard and high-light conditions  

An overexpression mutant was designed to investigate the importance of the down regulation 

of slr1501 in medium buffered at pH 7.5. As previously stated, rapid down regulation of 

slr1501 was observed when transferred into a pH 7.5 medium when originally grown in pH 10 

medium, suggesting this gene could be involved pH regulation. This led to the creation of 

∆slr1501 which resulted in no significant difference compared to wild-type strain. Following 

this, a strong promoter known as PCp560 that comprises of 14 transcriptional binding sites was 

inserted upstream of slr1501 to increase transcription and was compared against the wild type 

and ∆slr1501 strain to further explore if slr1501 is involved in pH acclimation or stress 

response regulation.  

Under standard light pH 7.5 and pH 10 buffered medium, both the overexpression and wild-

type strains grew to a final OD730 nm of ~2.9 (Figure 20A). Similarly, overexpression and wild-

type strains buffered in pH 10 medium reached a final OD730 nm of ~3.7 (Figure 20A).  

High-light conditions resulted in a distinction in growth between the two pH conditions; both 

strains at pH 10 grew to a higher final OD730 nm of ~4.5 while pH 7.5 buffered strains grew to 

a final OD730 nm of ~2.6 (Figure 20B).  

The overexpression strain showed very similar trends to the wild-type strain as the slr1501 

gene is expected to have increased expression in pH 10 buffered media. However, the 

overexpression mutant was expected to have a phenotypic difference when supplied with pH 

7.5 medium but was not observed here. Further experimental procedures investigating limited 

iron and ethanol tolerance could provide evidence that over-expressing genes can help with 

future biofuel endeavours. 
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3.5.2 Overexpression of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media under 
standard and high-light conditions supplemented with 0.75 M NaCl  

Upregulation of slr1501 has been observed when transferred from a pH 7.5 to pH 10 medium 

and 40x downregulation when transferred from pH 10 to pH 7.5 medium. This dramatic change 

in gene expression emphasises the possibility that the slr1501 gene could be involved in pH 

acclimation. The slr1501 overexpression mutant was subjected to 0.75 M NaCl treatment with 

varying pH to determine if upregulation of the gene would increase NaCl acclimation as H+ 

ions are exchanged via antiporters that are often shared with sodium channels (Padan et al., 

2001). 
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Figure 20: The effect of over-expressing slr1501 from Synechocystis sp. PCC 6803 

buffered with pH 7.5 and pH 10 media, in standard and high-light conditions. 

Phototrophic growth of wild type buffered in pH 7.5 media (filled circles) and wild type 

buffered in pH 10 media (open circles). Phototrophic growth of slr1501-OE buffered with pH 

7.5 media (filled squares), slr1501-OE buffered with pH 10 media (open squares). Optical 

density measured at 730 nm and grown for 120 h. A. Cultures were illuminated with 30 µE.m-

2.s-2 and consisted of n=3 biological replicates, error bars represent standard error. B. Cultures 

were illuminated with 300 µE.m-2.s-2 and consisted of n=3 biological replicates, error bars 

represent standard error. 
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Under standard light conditions, the pH 7.5 wild-type strain grew to a greater final OD730 nm of 

~0.437 compared to the slr1501 overexpression mutant which reached a final OD730 nm of 

~0.132 (Figure 21A). The wild-type and slr1501 overexpression strains buffered to pH 10 grew 

similarly, while the overexpression strain reached a final OD730 nm of ~0.211, slightly higher 

than the wild-type strain with a final OD730 nm of ~0.132 (Figure 21A). All strains buffered to 

pH 7.5 and 10 showed no obvious decrease in pigmentation which is often associated with 

stress. 

Under high-light conditions the wild-type strain grew to a higher final OD730 nm of ~0.15 

compared to the slr1501 overexpression strain reaching a final OD730 nm of ~0.043 (Figure 21B). 

The overexpression strain failed to grow above the starting OD730 nm of 0.05. Both strains at pH 

10 grew to a similar OD 730 nm and demonstrated a slight colour shift from a healthy green to a 

yellow hue suggesting cells were stressed and, hence impairing their growth.  

Upregulation of the slr1501 gene was shown to increase when in medium buffered to pH 10 

(Summerfield and Sherman, 2008), but the constant constitutive expression of the slr1501 

overexpression mutant could have a negative impact on pH especially when supplemented with 

0.75 NaCl and high light exposure. The overexpression mutant at pH 7.5 has a phenotype like 

the wild-type strain at pH 10. It is important to note that these experiments only consisted of a 

single replicate and future experiments should contain further replicates to fully understand 

how the overexpression construct performs under this experimental design.  
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3.5.3 The Overexpression of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media 
under standard and high-light conditions supplemented with 4% (v/v) ethanol  

Flocculation of Synechocystis 6803 cells has been observed in pH 10 buffered medium in both 

wild type and knockout strains. This was previously reported when 1.5% (v/v) ethanol is added 

to the medium, and it was suggested that this may be due to ethanol affecting the proton motive 

force and increasing leakage of metabolites from cells (Zhang et al., 2015).  

Under standard light conditions  and in pH 7.5 buffered medium, the wild-type and the 

overexpression mutant grew comparably (Figure 23A). There was no initial lag phase or cell 

flocculation or discolouration throughout the treatment, and a final OD730 nm of ~2.03 was 

attained. Both strains buffered with pH 10 medium had decreased optical density and cell 

flocculation occurred (Figure 22). The wild-type strain recovered faster with cells dispersing 

throughout the flask after 12 h, whereas the slr1501-OE strain did not disperse until after 24 h. 

Following cell dispersal, both pH 10 buffered strains reached a similar optical density to that 

of pH 7.5 medium strains.  

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 21: Effect 0.75 M NaCl on Synechocystis sp. PCC 6803 in pH 7.5 and pH 10 media, under 

standard and high-light conditions. Treatments contained 0.75 M NaCl under phototrophic growth 

with wild type in pH 7.5 media (filled circles) and wild type in pH 10 media (open circles), slr1501-OE 

in pH 7.5 media (filled squares) and slr1501-OE in pH 10 media (open squares). Optical density 

measured at 730 nm and grown for 120 h. A. Cultures were illuminated under standard light (30 µE.m-

2.s-2)  and consisted of n=1 biological replicates B. Cultures were illuminated under high light (300 µE.m-

2.s-2) and consisted of n=1 biological replicates. 
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Under high-light conditions the wild-type and slr1501-OE strains grown in BG-11 medium 

buffered to pH 7.5 showed a similar trend to those observed in standard light conditions as both 

strains grew to an OD730 nm of ~1.3 (Figure 23B). In medium buffered at pH 10, both strains 

followed similar trends to those under standard light; however, with a lower final optical 

density. A large drop in initial optical density and flocculation occurred for a longer duration. 

A small amount of cell dispersal was observed with the wild-type strain after 32 h cells but an 

increase in optical density was not observed until the 96th h. The slr1501-OE strain showed 

little to no change until the 86th h where cell dispersal became obvious, reaching a final OD730 

nm of ~0.2 (Figure 23B).  

High variation was observed here between replicates, due in part to the flocculation impacting 

optical density measurements, and further replication is recommended to gain a better 

understanding comparing wild-type and slr1501-OE strains in pH 10 medium.  

 

Figure 22: Synechocystis 6803 slr1501-OE supplemented with 4% EtOH (v/v) indicating cell 

flocculation. Cell flocculation 24 h into ethanol experimentation resulting in limited cell dispersal 

(slr1501-OE strain).  
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3.5.4 The overexpression of slr1501 from Synechocystis 6803 in pH 7.5 and pH 10 media 
under standard and high-light conditions with the removal of ferric ammonium citrate in 20 
and 50 µM 2,2′-bipyridine  

As previously mentioned, the experiments conducted surrounding the gene slr1501 were due 

to the close proximity of sll1392 and its role in iron homeostasis and the stress response. 

Overexpression of the slr1501 gene was conducted to determine if there were any phenotypic 

differences when subjected to the experimental conditions used to evaluate the ∆slr1501 strain.  

Under standard light conditions, with the removal of ferric ammonium citrate, the slr1501-OE 

and wild-type strains reached a final OD730 nm of ~1.7 in medium buffered to pH 7.5 (Figure 

24A). When the slr1501-OE strain was buffered to pH 10, a final OD730 nm of ~2.68 was 

observed whereas the wild-type strain had a lower final OD730 nm of ~2.2 (Figure 24A). The 

slr1501-OE reduced in growth compared to the wild type at pH 7.5 under high light reaching 

a final OD730 nm of ~0.42 (Figure 24B).  

    

    

    

    

     

            

 
 
 
 
 
  
 

        

  

    

    

    

    

     

            

 
 
 
 
 
  
 

        

  

Figure 23: The effect of overexpressing slr1501 from Synechocystis sp. PCC 6803 

buffered with pH 7.5 and pH 10 media, in standard and high-light conditions in 4% 

(v/v) ethanol. Phototrophic growth of wild type buffered in pH 7.5 media (filled circles) 

and wild type buffered in pH 10 media (open circles). Phototrophic growth of slr1501-OE 

buffered with pH 7.5 media (filled squares), slr1501-OE buffered with pH 10 media (open 

squares). Optical density measured at 730 nm and grown for 120 h. A. Cultures were 

illuminated under standard light (30 µE.m-2.s-2)  and consisted of n=3 biological replicates, 

and error bars represent standard error. B. Cultures were illuminated under high light (300 

µE.m-2.s-2)  and consisted of n=3 biological replicates and error bars. 
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Under standard light conditions, strains buffered with pH 7.5 medium, containing 20 µM of 

the free iron chelator showed no growth throughout the experiment (Figure 24C). When strains 

were buffered to pH 10 the slr1501-OE strain plateaued at OD730 nm of ~0.049 for the first 24 h 

then increased, reaching a final OD730 nm of ~0.48. The wild-type strain reached a higher OD730 

nm of ~0.92 (Figure 24C). Under high-light conditions  all strains buffered to pH 7.5 and 10 did 

not grow above the starting OD730 nm of ~0.05 (Figure 24D).  

With the addition of 50 µM 2,2′-bipyridine, both wild-type and slr1501-OE strains in standard 

and high-light conditions failed to grow above the initial starting OD730 nm of ~0.05 (Figure 

24E/F). This decrease in optical density was observed throughout all 50 µM 2,2′-bipyridine 

experiments under standard and high-light conditions. It was expected the slr1501-OE strain 

would follow a similar growth pattern to that of ∆slr1501 strain when buffered at pH 10 

medium (containing 20 µM 2,2′-bipyridine), as constant gene expression may have aided in 

better utilisation of iron within iron-limited treatments, but this was not the case.  
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Figure 24: Effect of limited iron on overexpression of slr1501 in Synechocystis sp. PCC 6803 in pH 7.5 and 

pH 10 media, under standard and high-light conditions.  All treatments contained limited iron with the 

removal of ferric ammonium citrate under phototrophic growth and consisted of a single replicate. Wild type in 

pH 7.5 media (filled circles) and wild type in pH 10 media (open circles), slr1501-OE in pH 7.5 media (filled 

squares) and slr1501-OE in pH 10 media (open squares). Optical density measured at 730 nm and grown for 

120 h. A. Cultures were illuminated under standard light (30 µE.m-2.s-2). B. Cultures were illuminated under 

high light (300 µE.m-2.s-2). C. Cultures were illuminated under standard light (30 µE.m-2.s-2) and contained  20 

µM of the free iron chelator 2,2′-bipyridine. D. Cultures were illuminated under high light (300 µE.m-2.s-2) and 

contained 20 µM of 2,2′-bipyridine. E. Cultures were illuminated under standard light (30 µE.m-2.s-2) and 

contained 50 µM of 2,2′-bipyridine. F. Cultures were illuminated under high light (300 µE.m-2.s-2) and contained 

50 µM of 2,2′-bipyridine.  

  

  

  



 

 

69 
 

3.6 Phylogenetics  

3.6.1 Protein and consensus alignment of Sll1392 (PsfR)  

The protein Sll1392 (PsfR) is a known stress response regulator and is also involved in 

photosynthesis, Fe homeostasis, and potentially ethanol tolerance (Cheng and He, 2014). The 

protein shares homology with a large family within bacteria and archaea known as Tetracycline 

repressor proteins (TetR) (Uniprot., 2021). The Tetr protein is a homodimer, consisting of two 

identical polypeptide chains (Figure 25). To determine if the protein is conserved throughout 

other cyanobacterial species, a pBLAST was conducted using the NCBI pBLAST database 

where the top 55 cyanobacterial protein matches were downloaded and aligned (Appendix 3). 

Understanding conservation of Sll1392 could be useful for biofuel production as the gene has 

been shown to be involved in ethanol tolerance, and if similar proteins are found within other 

cyanobacterial strains this could help identify gene or protein candidates that could be utilised 

for production.    

3.6.2 Sll1392 protein structure and conservation  

The protein sequence for Sll1392 uploaded and identified through Myhits (Swiss Institute of 

Bioformatics) (Duvaud et al., 2021) to have five hypothetical functional domains Figure 25A-

25E. The domains identified were: N-glycosylation site (position 160-163), Casein Kinase II 

phosphorylation site (position 124-127), N-Myristoylation Site (position 59-64), Protein 

Kinase C phosphorylation site (position 11-16) and TetR protein domain was located at 

position 12-72 the protein contained a raw score = 620. An N-score = 19.468 and an E-value 

score = 7.2 e-13. Note: the protein residues were shown on the monochrome configuration due 

protein interaction. 

The predicted protein structure was built using SWISS® model server by uploading the Sll1392 

protein sequence (Figure 25). The protein alignment (Appendix 3) and the predicted protein 

structure was uploaded to The ConSurf Server (Ashkenazy et al., 2016). ConSurf analysis the 

alignment and SWISS® model structure then indicates the level of conservation for each 

residue. The data is then visualised with PyMOL (The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger) indicated several conserved regions (pink areas) that also aligned 

with the hypothetical functional regions (outlined in red), while other regions appeared less 

conserved (turquoise areas) (Figure 25). The overall structure of the TetR protein has been 

previously outlined by Yu et al. (2010) with α1-3 described as a DNA binding domain, α2-3 

as a helix-turn-helix motif and α3 a recognition helix that fits into the major DNA groove upon 

binding. 
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3.6.3 Phylogenetic Tree of Sll1392 Protein 

A FastTree phylogenetic tree was created using the 56 sequences with 95% similarity identified 

via Geneious, to provide a visual representation of the relationship between Synechocystis 6803 

and the other cyanobacterial species that contain the conserved protein (Figure 26). From the 

species identified, 27 were found to inhabit saltwater environments, 21 species found in 

freshwater environments, and 5 species found in a mixed environment (Guiry, 2010). The 
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Figure 25: Computer simulated protein structure of Sll1392 visualised by PyMOL. Conserved regions of 56 

cyanobacterial protein sequences are represented by dark pink, turquoise regions represent non-similar protein 

sequences. Monochrome colour scheme represents the second protein of the entire homodimer. Red boxes indicate 

protein identification.   
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closest protein sequence to Sll1392 was Synechocystis sp. CACIAM 05 and Synechocystis 

salina.  
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Figure 26: FastTree phylogenetic tree containing top 56 cyanobacterial protein sequence similarity to Sll1392 (←) 

found in Synechocystis 6803. Saltwater cyanobacterial environments, 27 (red), freshwater cyanobacterial 

environments, 21 (blue), mixed environments, 5 (black). 
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3.6.4 Protein and consensus alignment of Slr1501  

As previously mentioned, the gene slr1501 predicted to encode a hypothetical protein that 

shares homology with acetyltransferases (Uniprot, 2021).  These proteins, members of the 

GNAT family, can be involved in stress response and regulation via oxidant protection, 

transcriptional control, and antibiotic resistance (Favrot et al., 2016). As slr1501 was shown to 

have 40x transcript downregulation when Synechocystis 6803 cells grown in pH 10 were 

transferred to pH 7.5 buffered medium, it is hypothesised that slr1501 may play a role in pH 

acclimation (Summerfield and Sherman, 2008). Understanding the function of this protein 

could be useful in biofuel industries, where increased pH in cultures can minimise unwanted 

bacterial contamination. The Slr1501 protein could share similar function within other 

cyanobacterial species and therefore inform further research.  

Peptide sequences similar to that of Slr1501 were downloaded from NCBI and imported to 

Geneious software, and a protein consensus was created using a 95% similarity threshold that 

selected 45 out of 500 total sequences (Appendix 4). 
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3.6.5 Slr1501 protein structure and conservation  

The sequence for Slr1501 was identified through Myhits (Swiss Institute of Bioformatics) 

(Duvaud et al., 2021) to have a GNAT Gcn5-related N-acetyltransferase domain at position 6-

213 (raw-score = 2536, N-score = 18.029 and a E-value score = 2e-11) with three hypothetical 

functional domains Figure 27A-C: The domains identified were:  Phosphorylation site; casine 

kinase II located at positions 12-15,  N-myristolation site (position 122-127) and C-Terminal 

targeting signal (position 218-220).  

 

The predicted protein structure was built using SWISS® model server by uploading the 

Slr1501 protein sequence. The protein alignment (Appendix 4) and the predicted protein 

structure was uploaded to The ConSurf Server (Ashkenazy et al., 2016). ConSurf analysis the 

alignment and SWISS® model structure then indicates the level of conservation for each 

residue. The data is then visualised with PyMOL (The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger) indicated several conserved regions (pink areas) that also aligned 

with the hypothetical functional regions (outlined in red), while other regions appeared less 

conserved (turquoise areas) (Figure 27). 
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3.6.6 Phylogenetic Tree of Slr1501 Protein 

A FastTree was created using the 45 sequences with 95% similarity identified via Geneious, to 

provide a visual representation of the relationship between Synechocystis 6803 and the other 

cyanobacterial species that contain the conserved protein (Appendix 4). From the species 

identified, 20 were found to inhabit freshwater (blue), 18 in saltwater environments (red) and 

5 (black) found in a mixture of environments (Figure 28) (Guiry, 2010) The species with the 

closest match to the Slr1501 protein sequence is Synechocystis salina, a marine species. All of 

the Synechocystis 6803 species were found in close proximity to each other with branch support 

between 0.999-0.983 originating from freshwater environments (Guiry, 2010) 

phosphorylation site, casine kinase II  

(12-15) 

 

N-myristolation (122-127) 

 

N-myristolation (122-127) 

 

N-myristolation (122-127) 

C-Terminal targeting signal (218-220) 

 

C-Terminal targeting signal (218-220) 

 

C-Terminal targeting signal (218-220) 

Figure 27: Simulated protein structure of Slr1501 visualised by PyMOL consisting of 5x α-helix and 3x β-sheets. 

Highly conserved regions of 45 cyanobacterial protein sequences are represented by dark pink, turquoise regions represent 

non-similar protein sequences. 
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Figure 28: FastTree phylogenetic tree containing top 56 cyanobacterial protein sequence similarity to 

the Slr1501 protein found in Synechocystis 6803.  Saltwater cyanobacterial environments, 20 (red), 

freshwater cyanobacterial environments, 18 (blue), mixed environments, 5 (black). 
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4. Discussion  

4.1 Overview 

This project investigated the response of Synechocystis 6803 by removing genes slr1501 and 

sll1392, which are hypothesised to be involved in pH acclimation. The aim of this project was 

to determine if the two genes were involved in pH acclimation in cultures buffered to pH 7.5 

and pH 10. Understanding how pH can be manipulated for use in biofuel industries by 

increasing to specific levels can reduce potential unwanted bacterial contamination. Similarly, 

investigating genes that are involved in stress regulation could improve biofuel techniques to 

maximise yields by exploiting desired genes involved in tolerance to stress. Experiments were 

conducted to determine sensitivity and resistance to stress under the following treatments: 

increased NaCl, ethanol exposure and limited iron. The slr1501 is a hypothetical gene that 

shares homology with an acetyltransferase protein. Acetyltransferases are involved in post-

translational modifications of proteins and are important for biological systems and found in 

bacterial species to be involved in stress regulation (Christensen et al., 2019; Lee and Grant, 

2019). The gene sll1392, which is located adjacent to slr1501, encodes a TetR protein and is 

known to be involved in stress response in Synechocystis 6803 when exposed to ethanol, 

limited iron storage and high light tolerance (Coleman, 1999; Janthro et al., 2006; Cheng and 

He, 2014). 

 

Knockout strains for both genes were created in this study to investigate the response of  

Synechocystis 6803 to changes in pH, high NaCl concentration, ethanol, and iron-limited 

treatments under standard and high-light conditions. To further investigate the involvement of 

slr1501 in pH 7.5 and pH 10 and under stressful conditions, an overexpression strain (slr1501-

OE) was created. A double knockout strain (∆slr1501:∆sll1392) was also created to observe 

phenotypic variation of the combined role of ∆slr1501, ∆sll1392 compared to wild-type strains. 

Finally, a phylogenetic examination of the two genes was conducted to determine protein 

conservation within other cyanobacterial species.  

4.1.1 General Observations: Wild type, pH, and additional stressors 

A wild-type strain was included as a control throughout this project to better understand how 

the removal of target genes influenced Synechocystis 6803 response to changes in pH and other 

stressors. Based on the results of this research, it was clear that pH had an influence on how 

Synechocystis 6803 strains grew as increased in pH resulted in higher final OD730 nm. This 

information could be useful information when designing mutant strains for industrial purposes. 
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Other researchers, like Touloupakis et al. (2016) investigated the role of increased pH on 

unwanted bacterial contamination and found that samples with a higher pH were free of 

protozoa and other competing microalgae. Their research indicated that increasing the pH of a 

cyanobacterial grow medium can reduce contamination and thus improve cyanobacterial 

growth.  

In this project, the wild-type strain in pH 10 buffered medium grew to a higher final OD 730 nm 

than the strains in pH 7.5 buffered medium. This growth difference was further enhanced under 

high light (Figure 2A,B). The literature describes that the growth advantage at increased pH 

levels is due to better utilisation of bicarbonate and cyanobacteria use additional mechanisms 

to maintain pH homeostasis via Na+/H+ ion movement and increased ATP synthase activity 

(Padan et al., 2005).  

Interestingly, the addition of 0.75 NaCl had a negative effect on the growth of strains in pH 10 

buffered medium compared to strains in pH 7.5 buffered medium under both standard and high-

light conditions. The increased salinity coupled with the more alkaline media stunted the 

growth of the wild-type strain. The impact of pH was also observed on Synechocystis 6803 

strains when 4% ethanol was added to the growth medium and buffered to pH 10; resulting in 

reduced wild-type growth.  

Experiments in this study that contained limited iron, by the removal of ferric ammonium 

citrate and the addition of 20 μM 2,2′-bipyridine displayed an increase in growth for the wild-

type strain in pH 10 buffered medium. The increase in pH allowed wild type to survive, while 

the wild-type strain in pH 7.5 buffered medium did not grow.  

4.2 The sll1392 gene is not required for response to external pH 

Summerfield and Sherman (2008) found that sll1392 and slr1501 genes were downregulated 

when Synechocystis 6803 was transferred from a pH 10 medium to a pH 7.5 medium. As these 

two genes are in close proximity to each other within the Synechocystis 6803 genome, the 

experiments in this project investigated whether sll1392 played a role in pH acclimation to pH 

10 in order to understand if there is similarity of function between the two genes.  

The ∆sll1392 and wild-type strains showed similar growth in both pH 7.5 and pH 10 buffered 

medium (Figure 2). This finding was also observed with the ∆slr1501:∆sll1392 strain, with no 

differences between strains in pH 7.5 and pH 10 buffered medium under standard light 

conditions. This suggests both slr1501 and sll1392 are not required for Synechocystis 6803 

survival in these conditions.  
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4.2.1  The sll1392 gene is not involved in high light tolerance 

This research found no observable differences between wild-type and ∆sll1392 strains under 

high-light conditions. However, there were pH dependent growth differences for all strains as 

strains in pH 10 buffered medium reached a higher final optical density compared to strains in 

pH 7.5 buffered medium (Figure 3). Subjecting Synechocystis 6803 to high light (upwards of 

150 µE.m-2.s-2) has been shown to increase high light acclimation by the adjustment of 

photosystem stoichiometry, and by reducing PSI abundance (Kopečná et al., 2012). Often 

pigment changes are observed with shifts in chlorophyll a and carotenoids when subjected to 

high-light conditions (Jantaro et al., 2006). Pigment changes were not observed in this study, 

only a cell density increase under high light. This resulted in a darker green colour, compared 

to standard light conditions, indicating sll1392 is not involved in high light response under 

these conditions (Appendix 2).  

4.2.2 The removal of sll1392 enhances growth when NaCl is added  

For Synechocystis 6803 to regulate internal pH, antiporters such as Na+/H+ are often located on 

the external membrane to regulate the movement of ions (Padan and Schuldiner, 1994). The 

∆sll1392 mutant was subjected to increased NaCl stress to investigate whether the gene had a 

role in NaCl acclimation. When the wild-type and ∆sll1392 strains were subjected to 0.75 M 

NaCl under standard light conditions, the removal of sll1392 appeared to enhance growth as 

the mutant reached a higher final optical density than the wild type (Figure 4). Previous work 

by Taylor (2017) also noted at pH 7.5 the ∆sll1392 strain grew to a higher final optical density 

than the wild-type strain. Throughout the present study, similar trends were observed (Figure 

4A); however large variation was observed, and further experiments would be required to gain 

a complete and accurate understanding of the role that sll1392 plays in NaCl tolerance. It is 

possible that the absence of sll1392 activates other genes required for survival under high salt 

concentrations.  

4.2.3 The removal of slr1501 and sll1392 induces sensitivity to NaCl and high light  

To further investigate NaCl tolerance in Synechocystis 6803, the double knockout strain was 

used to identify if both slr1501 and sll1392 are involved in NaCl tolerance. There was no 

growth difference between the knockout strain and wild-type strain under standard light 

conditions (Figure 12A). This could indicate that sll1392 and slr1501 are not required for NaCl 

acclimation. Under high-light conditions, the double knockout strain had a reduction in growth 

compared to the wild-type strain in both pH 7.5 and pH 10 buffered medium (Figure 12B), 

while growth of the single mutant ∆sll1392 was enhanced (Figure 4). The reduction in growth 
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by the double knockout could indicate these two genes are important for Synechocystis 6803 

wild-type survival in high-light conditions. 

4.2.4  Removal of sll1392 caused ethanol sensitivity  

The need to reduce fossil fuel consumption and the global demand for governments to act on 

climate change is directing research towards renewable energy like biofuels (Destouni and 

Frank, 2010). The United States and many countries around the world use a blend of petrol and 

ethanol in ordinary gasoline, often provided by the biofuel and biotechnology industries 

(Alexander et al., 2006). Biofuels are currently not a viable option for large scale operations 

due to a lack of yield. However, industries believe a large portion of renewable fuel such as 

bioethanol will eventually contribute to a significant portion of the green-fuel sector (Raman 

and Mohr, 2014).  

The addition of ethanol has been shown to upregulate the gene sll1392 during an RNA-Seq 

experiment (Wang et al., 2012). Wang et al (2012) created a knockout ∆sll1392 strain to 

investigate how the removal of sll1392 would impact Synechocystis 6803 growth in 1.5% 

ethanol (v/v) buffered to pH 7.5. The researchers found that the ∆sll1392 strain had a 28% 

reduction in growth compared to the wild-type strain and concluded that the sll1392 gene was 

required in ethanol tolerance (Wang et al., 2012). In this research, under standard light 

conditions in pH 7.5 buffered medium, the ∆sll1392 strain showed little difference in growth 

when compared to the wild-type strain (Figure 5A). However, ∆sll1392 strain cultures 

contained a large amount of cell flocculation (Appendix 5), and did not appear to grow for the 

first 48 h in pH 10 buffered medium. Cell flocculation is proposed to be induced under stress 

as cells coagulate in a protective mechanism under nutrient deficiency (Allen et al., 2018; 

Conradi et al., 2019). After 120 h the ∆sll1392 strain reached similar final optical density to 

the wild-type strain (Figure 5A). The reduction in OD730 nm observed here further supports the 

idea that ethanol sensitivity is induced by the removal of sll1392 and validates the hypothesis 

that sll1392 is required for ethanol tolerance within Synechocystis 6803.  

To further investigate if the removal of sll1392 gene causes ethanol sensitivity, an experiment 

was conducted under high-light conditions. High light can be an additional stressor when a 

toxin or high levels of solutes are added to the growth medium (Huckauf et al., 2000). High 

light did impact the growth of ∆sll1392 strain, causing a reduction in growth compared to wild-

type strain (Figure 5B). This outcome was notably different compared to standard light 

conditions (Figure 5A). When both wild-type and ∆sll1392 strains were in pH 10 buffered 
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medium, a large reduction in growth occurred. The combination of high light, addition of 4% 

ethanol and increased pH further increase stress on the cells, severely impacting growth. The 

reduction in growth by ∆sll1392 in pH 10 buffered medium confirms that the removal of 

sll1392 results in an ethanol sensitive strain, indicating the gene is actively involved in ethanol 

tolerance.    

However, these findings were not observed for the double knockout-strain (Figure 13). The 

double knockout strain displayed an initial decrease in optical density due to cell flocculation, 

followed by a rapid increase in growth and cell dispersal during multiple experiments. This 

rapid increase in growth could suggest that the removal of both slr1501 and sll1392 enhances 

ethanol tolerance under high-light conditions. It is unclear if the removal of both genes 

enhances upregulation from other stress regulator genes. To further investigate, transcriptional 

analysis of the double knockout-strain grown under high light with ethanol exposure could be 

a valuable experiment for further research. 

Cyanobacteria that have been specifically genetically modified for generation (iv) biofuels can 

be enhanced to produce a desired product. An example of this could be overexpressing the 

AdhA protein to increase ethanol tolerance within Synechocystis 6803 (Vidal, 2017). From a 

biofuel perspective, strains that can withstand high pH tolerance whilst producing a high value 

compound such as ethanol, can help end the reliance on fossil fuels, and reducing potential 

contamination of organisms that grow at a neutral pH can aid in this endeavour. These 

experiments show that the removal of sll1392 does cause ethanol sensitivity and should be 

further investigated with a strong promoter inserted upstream to determine if this enhances 

ethanol tolerance and reduces ethanol sensitivity.  

4.2.5 The removal of sll1392 increases sensitivity in limited iron treatments  

The gene sll1392 is known to be involved in iron homeostasis within Synechocystis 6803 

(Jantaro et al., 2006). To understand the interaction between pH and iron deprivation, ∆sll1392 

strain was subjected to limited iron experiments with the removal of ferric ammonium citrate, 

along with addition of 20 μM 2,2′-bipyridine and 50 μM 2,2′-bipyridine, an iron chelator. The 

absence of ferric ammonium citrate and the addition of 20 μM 2,2′-bipyridine under standard 

light conditions had a negative effect on the growth of the ∆sll1392 strain at pH 10 compared 

to the wild type, resulting in a lower final optical density (Figure 6). The reduction of growth 

suggests that the gene is important under iron-limited conditions. All strains grown in pH 10 

buffered medium grew to a higher final OD730 nm than strains in pH 7.5 buffered medium. The 
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increase in growth in pH 10 medium could be due to a greater amount of biologically available 

iron at increased pH (Summerfield and Sherman, 2008). 

An investigation of sll1392 was conducted by Jantaro et al. (2006) who hypothesised that the 

gene was involved in iron acclimation when grown in low iron conditions. This study was 

replicated by Cheng and He (2014) who indicated the ∆sll1392 mutant strain reached a higher 

final OD730 nm compared to wild-type strain. Cheng and He (2014) concluded the gene is bound 

to its own promoter and regulates its own gene expression under limited iron conditions. In this 

study, the removal of sll1392 was not reflective of results produced by Jantaro et al. (2006) or 

Cheng and He (2014) as the ∆sll1392 strain reached a lower final OD730 nm compared to wild-

type stain (Figure 6). However, there were differences between methods used in these studies. 

This study used a ∆sll1392 strain that was grown in pH 7.5 and pH 10 buffered medium. Cheng 

and He (2014) and Jantaro et al (2016) on the other hand, did not alter pH levels and used 

unbuffered media, which could account for the different observations made.  

Interestingly, the double-knockout strain under high-light conditions with the addition of 20 

μM 2,2′-bipyridine increased in OD730 nm when compared to wild-type and ∆sll1392 strains. 

The double knockout strain could have increased expression of the fut and feoB genes, as these 

genes were found to be upregulated when a ∆sll1392 strain was subjected to limited iron 

treatments (Cheng and He., 2014).  It is important to note that only a single replicate was 

measured so further experiments should be conducted to confirm if this is a reliable result.  

The absence of ferric ammonium citrate and the addition of 50 μM 2,2′-bipyridine under high-

light conditions resulted in no growth for all strains in both pH 7.5 and 10 buffered media. The 

removal of sll1392 has previously been shown to revert lethality of a 4Xhli knockout mutant 

under high light, as there was upregulation of bfr genes promoting tighter control of free iron 

(Jantaro et al., 2006). Here, it appears the addition of 50 μM 2,2′-bipyridine creates an 

environment below the threshold of iron limitation tolerance that surpasses any potential 

protective effect of sll1392 removal. 

This research found that the pH of the growth medium determined how Synechocystis 6803 

responded to limited iron treatments (Figure 6). However, with the addition of high light, the 

double-knockout mutant survived and continued to grow throughout the experiment, whereas 

∆sll1392 strain reduced in optical density. In this experiment, the removal of the sll1392 gene 

did not improve growth as shown by Cheng and He (2014). However, the additional removal 

of slr1501 to create a double knockout strain did improve growth in iron-limited treatments in 
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pH 10 buffered medium and high-light conditions with the addition of 20 μM 2,2′-bipyridine. 

This finding could indicate similarity with research produced Cheng and He (2014) as that 

tighter regulation of iron is controlled when sll1392 and slr1501 are removed resulting in 

growth.  

4.3 Investigation into the ∆slr1501, double knockout, and slr1501-OE strains 

4.3.1 The slr1501 gene is not important for response to external pH 

The gene slr1501 encodes an acetyltransferase protein which is a member of the GNAT family 

of proteins present in many bacteria that carry out a variety of roles such as transcriptional 

control and stress regulation (Salah Ud-Din et al., 2016). The ∆slr1501 and slr1501-OE strains 

did not display any clear growth differences between pH treatments when compared to the 

wild-type strain under standard light conditions. This indicates that the slr1501 gene is not 

essential for Synechocystis 6803 growth under standard light conditions. Initially, it was 

hypothesised that the constant expression of slr1501 by the slr1501-OE strain would limit 

growth when compared to the wild-type strain as expression of slr1501 is deactivated in pH 

7.5 medium (Summerfield and Sherman, 2008). Forcing a gene to be constitutively expressed 

could redirect energy into transcription where it is not required, which may reduce optimal 

function and even result in cell death as high concentrations of proteins and other enzymes can 

damage cells and overload pathways (Makanae et al., 2012).  

Under high light there was no difference in growth between the wild-type strain and both 

∆slr1501 and slr1501-OE in both pH 7.5 and pH 10 buffered medium. However, all strains in 

pH 10 buffered medium grew to a higher OD730 nm than strains in pH 7.5 buffered medium. The 

combination of pH 10 buffered medium and high light appears to provide all three strains with 

a growth advantage.  

Removal of slr1501 did not impair growth at pH 10, nor did it provide an advantage when the 

∆slr1501 strain was subjected to high light. Similarly, the overexpression of slr1501 displayed 

no additional growth in elevated pH, further indicating that the gene is not involved in pH 

acclimation under these conditions. Often during stressful conditions, stress-induced genes are 

activated as a defence response to help acclimate the organism to changes in external and 

environmental pressures (Mironov et al., 2019). However, under both standard and high-light 

conditions, neither ∆slr1501 or slr1501-OE strains displayed a reduction in growth when 

compared to the wild-type strain. 
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4.3.2 The removal of slr1501 did not influence salt tolerance 

Synechocystis 6803 can be described as a moderately halotolerant species of cyanobacteria and 

can grow in environments almost three times more saline than sea water (Jantaro et al., 2005). 

Previous research into NaCl tolerance of Synechocystis 6803 demonstrated the slr1501 gene to 

be upregulated in the presence of 0.5 M NaCl resulting in minimal phenotypic differences 

compared to wild-type strain (Kanesaki et al., 2002). In the present study, no difference in 

growth was observed between ∆slr1501 and the wild-type strain supplemented with 0.75 M 

NaCl in either pH 7.5 or pH 10 buffered medium (Figure 4). The slr1501-OE strain in pH 7.5 

buffered medium displayed a decrease in growth compared to the ∆slr1501 strain (Figure 21).  

Interestingly, both wild-type and ∆slr1501 strains in pH 10 buffered medium resulted in a 

decreased final optical density compared to all strains in pH 7.5 buffered medium. The addition 

of NaCl and an increased pH act as a double stressor which reduces cell growth for mutated 

and wild-type strains; further solidifying the relationship between pH and Na+ regulation. A 

potential reason for lack of growth at pH 10 could be due to the production of the 

osmoprotectant glucosylglycerol (GG), produced as a mechanism to reduce NaCl stress (Tan 

et al., 2015). The lack of growth observed in both strains in pH 10 buffered medium (Figure 

11A,B) could be due to the energetically costly process of Synechocystis 6803 producing an 

osmoprotectant to acclimate to 0.75 M. The production of GG undergoes a two-step activation 

that involves GG-phosphate synthase and GG-phosphate. This has been observed by 

Hagemann et al. (1987) and Erdmann et al. (1992) when Synechocystis 6803 strains were 

transferred from a higher salinity concentration to non-saline conditions, resulting in depletion 

of GG via excretion. The high energy required to produce an osmoprotectant could explain 

why both mutated and wild-type strains grew slowly throughout the 0.75 M NaCl experimental 

treatment, whereas strains in pH 7.5 buffered medium could acclimate and maintain cell growth 

to reach higher final optical densities.  

It is unlikely that the gene slr1501 is involved in the regulation of NaCl tolerance as 

demonstrated by the experimental data (Figure 8A,B). However, microarray gene expression 

data published by (Kanesaki et al., 2002) demonstrated the gene was upregulated by 7x when 

subjected to 0.5 M NaCl. It is possible that 0.5 M NaCl is the limit where growth and 

acclimation can occur, as 0.75 M NaCl severely reduces growth and 1 M NaCl has been shown 

to kill Synechocystis 6803 cells (Taylor., 2016). 
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Understanding how NaCl is regulated within Synechocystis 6803 can provide important 

knowledge on how brackish waters can be implemented into biofuel production. Filtering water 

can be expensive and increased pH to an alkaline state could reduce other bacterial 

contamination, potentially producing incentives for companies to venture into the biofuel space 

as costs can be reduced. 

4.3.3 High light, pH and NaCl reduces growth of Synechocystis 6803 strains  

High light was shown to enhance the final optical density of ∆slr1501, slr1501-OE and wild-

type strains in both pH 7.5 and 10 buffered medium containing no additional stressors (Figure 

2B). However, the addition of high light, 0.75 M NaCl, and pH 10 buffered medium negatively 

impacted growth of these strains by reducing the final optical density (Figure 8B).  

The wild-type and ∆slr1501 strains exhibited very similar growth patterns in pH 7.5 and 10 

buffered medium under high-light conditions. Like under standard light conditions, a pH effect 

was observed as pH 10 buffered strains did not grow. Interestingly, slr1501-OE in pH 7.5 

buffered medium failed to grow under high light. High-light conditions could be acting as a 

triple stressor as constant expression of slr1501 could negatively impact cell growth. As the 

wild-type and ∆slr1501 strains exhibited very similar growth patterns, it is unlikely that the 

function of slr1501 plays a role in salt acclimation. 

4.3.4 Removal of slr1501 can enhance cell flocculation in ethanol   

Growth medium buffered to pH 7.5 and supplemented with 4% (v/v) ethanol had little effect 

on ∆slr1501, slr1501-OE and wild-type strains under standard light conditions. However, 

∆slr1501, slr1501-OE strains in pH 10 buffered medium with the addition of ethanol 

demonstrated cell flocculation. This was observed in all strains, particularly in pH 10 

conditions, and usually occurred within the first 12 h of ethanol exposure (Figure 22). As 

previously mentioned, cell flocculation is often caused by a response to a change in nutrient 

condition or stressor (Conradi et al., 2019). Interestingly, higher flocculation was observed in 

∆slr1501 when compared to slr1501-OE and wild-type strain in pH 10 buffered medium. A 

large reduction in OD730 nm was observed, which remained for the first 72 h, while there was 

only minor reduction in the wild-type strain and slr1501-OE. The reduction in growth could 

indicate initial ethanol sensitivity, similarly demonstrated by the ∆sll1392 strain (Figure 5).  

When treatments consisted of both high light and pH 7.5 buffered medium with the addition of 

ethanol, all strains displayed steady growth with no lag phase as observed under pH 10 

conditions. The increased light appeared to act as a double stressor when coupled with the 
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ethanol toxicity. After the 72 h lag phase, potential ethanol evaporation occurred, and the 

∆slr1501 strain reached similar final optical densities as strains buffered to pH 7.5. Wild-type 

and slr1501-OE strains continued to show little growth, suggesting the removal of slr1501 

could act as a growth advantage, as upregulation of slr1501 is known to occur in higher alkaline 

conditions (Summerfield and Sherman, 2008).  

It is important to note that ethanol concentrations were not kept at a constant 4% (v/v) due to 

potential evaporation. Unfortunately, ethanol evaporation rate is difficult to calculate due to 

many factors like temperature, cell density, and air flow. To measure evaporation via ethanol 

vapor and residue, appropriate laboratory equipment like infrared spectroscopy is often used 

(Innocenzi et al., 2008).  As the cells were subjected to pH 10 medium, they experienced severe 

cellular stress for the first 72 h; following this, ethanol toxicity was potentially lowered as 

evaporation could have occurred. This was represented by the rapid growth of ∆slr1501 post 

72 h reaching similar final optical density levels as pH 7.5 medium strains. The removal of 

slr1501 could possibly increase ethanol tolerance as the ∆slr1501 strain out-performed the 

wild-type strain under the same conditions; however, further research may be required to 

confirm this finding. An experiment where 4% (v/v) ethanol is maintained throughout could 

present a different data set, as ethanol toxicity would persist throughout the entirety of the 

experiment potentially resulting in cell death.  

4.3.5 The removal of slr1501 may aid survival in limited iron conditions 

Iron is extremely important for cyanobacteria and sometimes only available in very low 

concentrations in their natural environment. Iron plays a role in photosynthesis, specifically 

electron transport, and consequently, iron homeostasis is tightly regulated (Rübsam et al., 

2018). At high uncontrolled levels, Fe2+ can be detrimental due to Fenton reactions converting 

hydrogen peroxide into free radicals (Shcolnick et al., 2009). Cyanobacteria, specifically 

Synechocystis 6803, have been shown to adapt to scarcity in iron availability by reducing cell 

division and other energetically costly processors. This is further exhibited when a cluster of 

genes (pfsr-/4Xhli) are removed from the Synechocystis 6803 genome that provided the cells 

survival by tighter regulation of iron uptake and suffering less to lipid peroxidation (Jantaro et 

al., 2006).  

Under standard light conditions the addition of 20 µM 2,2′-bipyridine, an iron chelator, had a 

negative effect on the growth of ∆slr1501, slr1501-OE and wild-type strains in pH 7.5 buffered 

medium. The gene slr1501 has not been studied under limited iron conditions but sll1392 is 
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involved in iron homeostasis (Cheng and He, 2014). For wild-type and ∆slr1501 strains 

supplemented with pH 10 buffered medium, growth was observed to an OD730 nm of ~1. The 

pH 10 medium could be hindering the iron chelator, making it unable to scavenge any free iron 

which promotes cell growth. This can be observed when comparing strains in pH 7.5 to strains 

in pH 10 media treatments, highlighting potential iron availability changes in different pH 

conditions.  

Under high-light conditions, wild-type and ∆slr1501 strains in pH 7.5 buffered medium 

maintained a constant OD730 nm of 0.05 for the first 48 h then died. This was also observed for 

the wild-type strain in pH 10 buffered medium. When compared to the standard light treatment, 

it appears that high light aids strains to tolerate limited iron treatments more so than under 

standard light conditions. Throughout this study, the ∆sll1392, slr1501-OE and wild-type 

strains died during this experiment, while ∆slr1501 and the double knockout strains in pH 10 

buffered medium survived. Both ∆slr1501 and the double knockout strains did, however, have 

a reduction in growth compared to the standard light experiment. The removal of slr1501 could 

provide the mutants with a growth advantage. A 4Xhil knockout mutant produced by Jantaro 

et al. (2006) was subjected to high light and limited iron experiments, which resulted in cell 

death. The additional removal of sll1392 acted as a suppressor mutation. A suppressor mutation 

is often a second mutation that can revert a phenotypic effect and it could be possible that the 

removal of slr1501 could play a similar role.  

Iron experiments containing 50 µM 2, 2'-bipyridyl resulted in cell death for all strains in pH 

7.5 and 10 buffered medium, under both standard and high light treatments. All strains 

dramatically reduced in OD730 nm and is likely due to the complete lack of available iron that is 

required for Synechocystis 6803 growth.  

4.4 Phylogenetics 

4.4.1 Sll1392 protein conservation  

This study identified 56 proteins from cyanobacterial species that share homology to the 

Sll1392 protein found in Synechocystis 6803 that has been documented throughout this 

research to be involved in stress regulation. The conserved protein was identified via UniProt 

to be TetR, a transcriptional regulator used in stress regulation which is found in many bacterial 

species (Ramos et al., 2005). Five key conserved regions were identified, in areas coloured 

pink on alpha helix 1 -3 (Figure 25). These regions are involved in DNA binding that create 

complex DNA contacts to regulate transcription (Ramos et al., 2005). The closest protein 
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sequence match from the phylogenetic tree was Synechocystis sp. CACIAM 05 with a branch 

support of 0.929. Literature indicates this species has been included in studies that investigated 

the effect of high light intensity and varying sodium nitrate concentrations (as independent 

variables) for improving cell productivity and lipid content to produce biodiesel (Aboim et al., 

2019). The sll1392 gene found in Synechocystis 6803 has been shown by Cheng and He (2014) 

to be involved in high light tolerance which suggests the protein could be acting in a similar 

function within the Synechocystis sp. CACIAM 05 under high-light conditions. Synechocystis 

salina was another closely related protein sequence to the Sll1392 protein with a branch support 

of 0.688 (Figure 26). This species is a saltwater tolerant species and has been studied to 

understand biomass and lipid production (Gonçalves et al., 2016, Meixner et al., 2018). The 

TetR protein has been previously shown to provide bacteria with a mechanism to survive in 

osmotic stress (Ramos et al., 2005). Although limited information was found surrounding pH 

regulation in other cyanobacterial species that share the TetR protein, it is possible the Sll1392 

protein is not involved in pH regulation but does have a key role in stress regulation.   

4.4.2 Slr1501 protein conservation  

This study identified 45 proteins from cyanobacterial species that shared homology to the 

Slr1501 protein found in Synechocystis 6803 that has been documented throughout this 

research to be an GCN5-related N-acetyltransferase domain (Uniprot) and used in post-

translational modifications of proteins and important for biological systems (Christensen et al., 

2019). These proteins have been found to be involved in stress regulation, transcription control 

and protection against oxidants (Salah Ud-Din et al., 2016). The Slr1501 protein was found to 

contain four key conserved regions: (i) GNAT domain, (ii) phosphorylation site, (iii) N-

myristolation site and (IV) C-terminal targeting signal (Figure 27). The closest protein 

sequence match from the phylogenetic tree belonged to Synechocystis salina LEGE 06155 with 

a branch support value of 0.965. There is little information available on Synechocystis salina 

LEGE 06155 but a similar strain, Synechocystis salina, has been previously investigated for 

cell production and lipid content for biodiesel production (Aboim et al., 2019) with a branch 

support value of 0.907. The other closely related protein was from Synechocystis sp. FACHB-

338 with a support value of 0.989 but again with little information available. The slr1501 gene 

is a hypothetical gene, so it is likely the Slr1501 protein has not been thoroughly researched or 

described. The GNAT protein family is large and diverse and is conserved in 45 of the 

cyanobacterial species found in this research (Figure 28). However, due to the limited amount 
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of literature surrounding the Slr1501 protein it is difficult to determine how other 

cyanobacterial strains utilize this protein in stress response or stress regulation.  

4.5 Further Research 

4.5.1 Competition assay comparing slr1501 and slr1501-OE 

A competition assay could be a useful indicator of how important slr1501 and sll1392 are for 

survival in Synechocystis 6803. This could be conducted by adding a mutant strain and wild-

type train together to determine the dominating strain. In literature, this is describes as the 

resource-ratio hypothesis, the R* concept, or competitive exclusion principle (Wilson et al., 

2007, Hardin, 1960). The competition between strains could result in a monoculture of one of 

the experimental strains due to utilisation of all the resources. This has been observed by Kirk 

(2002), where the competition of two different species were demanding the same limited 

resources resulting in a dominant species, and consequently a reduction in competition. This 

experiment could be run on a multitude of Synechocystis 6803 strains that have been researched 

extensively throughout this study.  

4.5.2 Inducible Promoter 

The promoter used in this study (Pcpc560) is a constitutive promoter with similar expression 

levels to a constitutive promoter psbA2 in Synechocystis 6803. The issue with constitutive 

promoters is that constant expression can lead to cell death. Transcription of some genes is 

energetically costly and if proteins are being produced in environments where they are not 

required, homeostasis can be disrupted. Using an inducible promoter can not only remove this 

issue, but it can also allow activation for a specific experiment. The promoter PnrsB is an 

inducible promoter and is activated with the addition of Ni2+ and Co2+ (Englund et al., 2016). 

This promoter would be extremely useful for the overexpression of specific genes to determine 

their involvement in the stress response of cyanobacteria. A plasmid construct could be built 

that uses the PnrsB promoter separated either side by restriction sites to allow for a ‘slot in’ 

effect of a desired gene. The neutral site plasmid could be used as a backbone for homologous 

recombination into the Synechocystis 6803 genome.  

4.5.3 RNA Sequencing 

The construction of slr1501-OE strain was subjected to pH and environmental stressors to 

understand how slr1501 affects Synechocystis 6803. Due to time constraints, experiments were 

not conducted to determine the levels of expression the inserted promoter had on the slr1501 

gene. As many experiments were conducted that looked at pH, NaCl, ethanol, and limited iron 
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under standard and high-light conditions, RNA-sequencing could provide insight into how 

genes were regulated during these different treatments. 

4.5.4 Research Implications 

Unfortunately, COVID-19 impacted this study by limiting the amount of experimental 

laboratory time. This meant only a single overexpression mutant was made. Initially, sll1392-

OE was intended to be made to further investigate the importance of sll1392 within 

Synechocystis 6803 but due to a nationwide governmental imposed lock-down, this was 

abandoned. RNA sequencing was also intended to be carried out to understand the genes that 

were regulated under these conditions. These experiments could have provided additional 

information on the potential stress regulatory genes that could undergo genetic modifications. 

Understanding this would build on the existing body of knowledge that aim to further 

development cyanobacterial biofuel production by reducing costs and improving renewable 

energy yields. 

4.6 Conclusion 

This research investigated the two genes sll1392 and slr1501 found in Synechocystis 6803 and 

the potential role they have in pH and stress response. It was hypothesised that sll1392 and 

slr1501 were involved in pH regulation due to previous research observing downregulation 

when transferred from pH 10 to pH 7.5 medium. This study found that both sll1392 and slr1501 

are not involved in pH regulation, nor required for Synechocystis 6803 growth. However, the 

pH of the media was found to influence the growth of Synechocystis 6803 strains, and both 

genes were shown to be involved in stress response. The two genes were investigated by using 

knockout mutants ∆sll1392, ∆slr1501 that resulted in various phenotypic differences when 

subjected to different stress conditions. The sll1392 gene has been shown in previous research 

to be involved in high light and limited iron tolerance; however, in the present study a reduction 

in growth was observed when supplemented with an iron chelator. It is important to note, the 

differences in findings could be due to the pH of the media and how it influences available 

iron. The ∆sll1392 strain was found to increase in growth when subjected to 0.75 M NaCl 

under standard light conditions, indicating the removal may promote NaCl tolerance in 

Synechocystis 6803. Finally, the ∆sll1392 strain demonstrated ethanol sensitivity under high 

light, indicating the gene is required for ethanol tolerance in Synechocystis 6803 in these 

conditions.  
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The ∆slr1501 mutant strain presented multiple phenotypes; increased growth in 0.75 M NaCl 

under high light and pH 10 conditions, and in iron-limited treatments, a higher final optical 

density compared to the wild-type strain. A double knockout strain investigated how the 

removal of both sll1392 and slr1501 is influenced by pH and stressful conditions and displayed 

increased growth in iron-limited conditions. The creation of a slr1501-OE strain was made to 

examine the differences in growth when compared to the ∆slr1501 and wild-type strains. The 

slr1501-OE displayed an increase in growth at pH 7.5 with the addition of 0.75 M NaCl and 

less cell flocculation than other strains was observed in 4% (v/v) ethanol treatments. Originally, 

it was hypothesised that the overexpression of slr1501 would severely impact growth when 

subjected to pH 7.5 media as previous research indicated downregulation of this gene upon 

transfer from pH 10 to pH 7.5, but only minor differences were observed here.  

To fully explore the role of sll1392 and slr1501 the amino acid sequences were investigated 

and model proteins generated. The Sll1392 protein shares a large degree of homology to the 

TetR protein found in many other bacterial species typically involved in stress regulation. 

Conservation of Sll1392 was found in 56 cyanobacterial species originating from both fresh 

and saltwater environments. The most conserved regions were found to be on α-helices 1-3 

which are involved in DNA binding, that create complex DNA contacts to regulate 

transcription. The Slr1501 protein was found to have homology with an GCN5-related N-

acetyltransferase protein. This protein has been found to be involved in post-translational 

modifications of proteins, and also stress regulation and transcription control with protein 

homology to 45 other cyanobacterial species.  

The results from this study conclude that sll1392 and sll1392 are involved in stress response, 

and pH of the media influences the growth of Synechocystis 6803 mutants. Understanding the 

response of genes is important for future biofuel applications to understand how organisms 

respond by either the removal or overexpression of genes in a specific growth condition, to 

reduce cost and maximise yield of biofuel production. 
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Appendix  
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C. 

Standard Light  High light 

Appendix 1: Synechocystis 6803 strains grown in standard light (30 µE.m-2.s-2)   and high 

light (300 µE.m-2.s-2) conditions buffered supplemented with 0.75 M NaCl— A. Wild-type 

strain. B. ∆slr1501 strain C. ∆sll1392 strain 

 

A

. 

B. 

Standard 

light 

High light 

Appendix 2: Synechocystis 6803 strains grown in standard light (30 µE.m-2.s-2)   and high 

light (300 µE.m-2.s-2) conditions buffered to pH 10 and grown for 120 h. A. Wild-type 

strain standard light compared to high light B. ∆sll1392 standard light compared to high 

light.  
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Appendix 3: Protein sequences from Cyanobacterial strains resulting in similar protein sequences to Sll1392. Consensus was set to 95% similarity and highlighted 

accordingly. 
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 Appendix 4: Protein sequences from Cyanobacterial strains resulting in similar protein sequences to Slr1501. Consensus was set to 95% similarity and highlighted 

accordingly. 
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  A. 

 
B. 

B. 

 
C. 

Appendix 5: Synechocystis 6803 strains after 120 h 4% ethanol experiment 
A. L/R: WT, ∆slr1501, ∆sll1392, ∆slr1501:∆sll1392, slr1501-OE experiment). B. Final 120 h 

of EtOH group (L/R: WT, ∆slr1501, ∆sll1392, ∆slr1501:∆sll1392, slr1501-OE experiment) 

resulting in cell flocculation. 
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