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Abstract 

The model cyanobacterium Synechocystis sp. PCC 6803 is used extensively in the studies 

of oxygenic photosynthesis as well as genetic engineering. The ability to incorporate 

exogenous DNA into its genome through homologous recombination makes it a potential 

biosystem that can be manipulated to produce valuable compounds. Synechocystis sp. 

PCC 6803 possesses an advanced DNA recombination and repair mechanism that 

enables the survival of the bacterium in various environments. This mechanism serves as 

a double edge sword as it improves the plasticity of the cyanobacterium; on the other 

hand, it also promotes genomic instability. This study investigated the role of the genes 

sll1354 (recJ), sll1165 (mutS1), and sll1520 (recN) in genomic instability. A PS II mutant 

strain showed signs of genomic instability where it grew photoautotrophically in pH 7.5 

medium, which it is incapable of growing initially. When the constructs of interrupted 

genes of interest were introduced into the strain, the mutants' ability to grow 

photoautotrophically in pH 7.5 medium was compared to the control. The interruption of 

sll1354 and sll1520 was found to show a minimal effect on the growth rate reversion, 

whereas disruption on sll1165 was found to restored photoautotrophic growth in pH7.5 

medium. This preliminary data in this study suggested that the gene sll1165 may be one 

of the genes that is involved in the DNA recombination and repair mechanism in 

Synechocystis sp. PCC 6803, which, in turn, may plays a role in cyanobacterial genomic 

instability.          
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Chapter 1 Introduction 

1.1 Genetic instability in bacteria 

Bacteria are found abundantly on most of the surface of the earth. Their exceptional 

plasticity enables them to survive on the majority of the terrestrial surfaces and water 

bodies. Research on bacterial genomes had shown that their genetic materials are notably 

stable through generations (Darmon & Leach, 2014). However, their existence amidst 

evolutionary challenges has proved that their genomes are incredibly flexible. To survive 

in various environmental conditions, bacteria alter the genetic components, which 

includes the shifting of specialized genetic elements, genome rearrangement, and 

horizontal gene transfer (Darmon & Leach, 2014). Different types of bacteria possess a 

different mechanisms of genomic alteration, which ensures the optimal survival of the 

bacteria. Therefore, a delicate balance between bacterial genome stability and plasticity 

is one of the most critical factors for survival.  

Genomic instability in bacteria is known as the increased accumulation of alteration in 

the genetic material. Intricate consequences ranging from point mutation to genome 

rearrangement occurs whenever changes arise in the genome. Some mutations are silent, 

whereas others result in changes such as the gain or loss of certain functions (Darmon & 

Leach, 2014). Generally, genome instability of bacteria arises from specialized genetic 

elements and homologous and illegitimate recombination (Darmon & Leach, 2014).  

1.1.1 Genetic instability mediated by specific genetic elements  

A variety of specialized genetic elements are related to bacterial genome instability. 

Mobile elements are one of them. The genetic elements that fall in this category include 

insertion sequences (IS), miniature inverted-repeat transposable elements (MITEs), 

repetitive extragenic palindromic (REP) sequences and bacterial interspersed mosaic 

elements (BIMEs), transposons, transposable bacteriophages, and genomic islands 

(Darmon & Leach, 2014). Each element has its specific characteristics and composition, 

but their roles may overlap. Besides those stated above, inteins, introns, retroelements, 

and integrons also play an essential role in mediating genomic instability in 

bacteria(Darmon & Leach, 2014). Two systems are responsible for controlling these 

genetic elements; namely, post-segregation killing systems and clustered regularly 
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interspaced short palindromic repeats (CRISPR) and CRISPR- associated proteins 

(CRISPR- Cas) system (Darmon & Leach, 2014).  

Prokaryotes commonly possess two types of post-segregation killing systems. One of 

them is the toxin-antitoxin (TA) system. It is self-regulating mobile genetic components 

that consist of genes responsible for a stable toxin and an unstable antitoxin (Gerdes et 

al., 2005). This system is crucial in the maintenance of bacterial physiological conditions 

and stress response. In stressful situations such as unfavorable temperature and pH, 

nutrient deprivation, and presence of cell-damaging components, the activation of stable 

toxin and inactivation of unstable toxin occurs. The toxin activation will bring various 

consequences depending on the form of stress, ranging from cell death to bacteriostatic 

condition (Christensen et al., 2003; Wang & Wood, 2011). The other type of post-

segregation killing system is the restriction-modification (RM) system. The genes in this 

system encode for a restriction endonuclease and methyltransferase, which is capable of 

genome alteration, which promotes genomic diversity (Mruk & Kobayashi, 2014). 

Methyltransferase increases genomic mutation via DNA methylation, whereas 

endonuclease has the capability of inducing SOS response, a global response to DNA 

damage that arrests the cell cycle and activates DNA repair mechanism and mutagenesis. 

The series of responses activated promotes genome instability.  

Recently, the CRISPR- Cas system had attracted many researchers to expand their studies 

in this area due to the function of this system in genome regulation. One of the central 

roles played by the CRISPR-Cas system is cell protection via adaptability and innate 

immunity against previously encountered foreign organisms (Darmon & Leach, 2014). 

Generally, the CRISPR-Cas system comprises a leader sequence, CRISPR array, and a 

group of Cas genes. The cell protection process occurs in three steps, namely adaptation, 

CRISPR RNA (crRNA) expression, and interference, in which each component plays a 

distinct function. The ability to incorporate foreign DNA, the avoidance of autoimmune 

response, and the deletion of a repeat-spacer unit to maintain the size of the system gives 

rise to genome variation. 
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Figure 1.1 A simple illustration of the CRISPR-Cas system. A CRISPR-Cas system consists of cas genes 

(red arrows) and a leader sequence (purple rectangle), encompassing a promoter (P) at the 5’ end, which 

is made up of short identical direct repeats (DR) (blue triangles) and spacers (colored octagons). (Modified 

from Darmon & Leach (2014))  

1.1.2 Genetic instability mediated by homologous and illegitimate recombination 

Besides specialized genetic elements, bacterial genome instability is also regulated via 

homologous and illegitimate recombination mechanism. Homologous recombination is 

defined as the exchange of genetic material between similar DNA sequences. With a 

sequence size ranging from 20 to 100 base pairs, homologous recombination aids cell 

viability through maintaining genomic stability, while encouraging genome 

rearrangement that gives rise to diversification. The Rec A protein plays a crucial role in 

this mechanism (Rocha et al., 2005). There are two dominant pathways in which 

homologous recombination occurs in bacteria, RecBCD-RecA and RecFOR-RecA. The 

former pathway is responsible for double-strand break repair, whereas the latter assists 

in single-strand gap repair (Chen et al., 2008). Although the processes in this mechanism 

were understood relatively well, the sequence recognition step remains uncertain 

(Darmon & Leach, 2014).  

On the other hand, illegitimate recombination does not involve Rec A protein. 

Illegitimate recombination is known as the accumulation of various reactions taking 

place among neighboring DNA sequences that have little or no similarity (Rocha, 2003). 

This type of recombination is observed in the event of strand slippage, where DNA strand 

anneals at regions with minimal homology, which leads to DNA rearrangement; or the 

occasion of single-strand annealing which occurs at DNA ends (Rocha, 2003). Besides 

the mechanisms stated above, genetic instability can also be the result of gene conversion, 

recombination at repeated sequences, and site-specific recombination (Bichara et al., 

2006; Grindley et al., 2006; Santoyo & Romero, 2005).  

The genetic materials of bacteria were challenged due to the many reasons stated above. 

However, bacteria utilize this disadvantage to improve their adaptability and fuel their 
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genetic diversification. Therefore, different types of bacteria can withstand various levels 

and types of stress to survive. The mechanism that controls genetic instability also varies 

from one kind of bacterium to another. 

1.2 Cyanobacteria 

Cyanobacteria, commonly known as the blue-green algae, are amongst the oldest and 

most diverse Gram-negative bacteria, defined by their unique structure and the chemical 

composition of their cell wall (Shih et al., 2013). Most of the cyanobacteria are motile, 

and they move via gliding (Stanier & Bazine, 1977). The ancestors of the surviving 

cyanobacteria were the first oxygenic photosynthesis organisms; hence, they are regarded 

as the ancestor of the chloroplast (Mulkidjanian et al., 2006). Oxygenic photosynthesis 

utilizes environmentally abundant solar light, carbon dioxide, and water to produce 

oxygen. Therefore, cyanobacteria were known to be the primary generator of 

atmospheric oxygen and sedimentary carbonate deposits (Cassier-Chauvat et al., 2016). 

Some of these photosynthetic bacteria are even capable of fixing nitrogen. Cyanobacteria 

have been described as altruistic bacteria (Haselkorn, 2009). In some filamentous 

cyanobacteria, a specialized cell known as heterocyst is responsible for reducing triple-

bonded atmospheric nitrogen to ammonia. In the heterocyst, their oxygenic 

photosynthesis is downregulated, enabling nitrogen fixation, which is catalyzed by the 

oxygen-sensitive nitrogenase enzyme. Their filamentous form avails the exchange of 

nutrients in which heterocyst supplies the fixed nitrogen to the other cells in the long 

filament. In return, the other cells generate carbohydrates via the fixation of carbon 

dioxide to heterocyst. Due to their photosynthetic lifestyle, cyanobacteria are capable of 

light absorption. They possess an accessory pigment known as phycobilin. This pigment 

contains chromophores, which gives color to cyanobacteria. These phycobilins are bound 

to phycobiliproteins, which are water-soluble, and together, they carry out the role of 

light absorption as well as the transfer of light energy to chlorophyll for photosynthesis 

(Haselkorn, 2009). The phycobilins are capable of absorbing energy throughout the 

visible spectrum but are exceptionally efficient at the red, orange, yellow, and green light. 

The living environment of cyanobacteria determines the frequency of light absorbed. If 

the cyanobacteria live in shallow waters, they will contain more phycobilin that absorbs 

red or yellow light, whereas those that live in deep waters will tend to absorb green light. 
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Cyanobacteria are capable of producing numerous products that are advantageous to 

humans in the form of food, vitamins, antioxidants, toxin, and antibacterial agents 

(Dittmann et al., 2015; Narainsamy et al., 2016). Besides that, cyanobacteria can be 

manipulated to produce the desired compounds such as biofuel, biodiesel, alcohol, and 

many more (Ducat et al., 2010). Some of the advantages of using photosynthetic 

prokaryotes for the production of biosynthetic compounds include simple substrate 

requirements that are readily available in the environment (carbon dioxide, sunlight, 

inorganic nitrogen, and some minerals) and the biosynthesis of the desired compound 

that can be done in a controlled manner. In addition, the potential of these photosynthetic 

prokaryotes can be used as an alternative to plants as a biosystem for the production of 

complex chemical compounds, and these microorganisms potentially release less organic 

compounds, which makes purification of the final product easier (Jacobsen & Frigaard, 

2014). Besides that, similar to their non-photosynthetic counterpart, Escherichia coli (E. 

coli), cyanobacteria also have a relatively small sequence size and manipulatable genome. 

With the genome size that ranges from 1.7 Mb to 9 Mb, cyanobacteria are viewed as a 

suitable candidate for genetic engineering. Some strains of cyanobacteria, such as 

Synechocystis sp. PCC 6803 is capable of double-homologous recombination, which 

means that the genome is capable of incorporating foreign DNA spontaneously (Cassier-

Chauvat et al., 2016; J. Morris et al., 2014). Therefore, besides yielding an understanding 

of oxygenic photosynthesis, cyanobacteria are also targeted in much research as a 

biosystem for the production of carbon-neutral energy and high-value commercial 

compounds. In order to optimally utilize the benefits from this potential biosystem, many 

challenges and criteria need to be fulfilled. Some of the hurdles includes the introduction 

and expression of genes of interest that are absent in cyanobacteria, redirection of the 

photosynthetically-fixed carbon to the generation of desired compound, improving the 

tolerance level of altered cyanobacteria towards the compound of interest and improving 

the genetic stability of the engineered strain (Cassier-Chauvat et al., 2016; Jones, 2014).  

1.2.1 Genetic instability in cyanobacteria 

Due to their lifestyle as a photosynthetic organism, cyanobacteria were exposed to a 

higher level of ultraviolet (UV) light and intracellular reactive oxygen species. These 

components were strongly associated with genetic mutations (Cassier-Chauvat & 

Chauvat, 2015). In comparison to non-photosynthetic prokaryotes such as E. coli, 
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cyanobacteria were found to exhibit a higher level of resistance towards these mutagenic 

elements (Cassier-Chauvat et al., 2016). Therefore, cyanobacteria are presumed to 

possess a more advanced mechanism of DNA repair and recombination. Genetic 

instability in cyanobacteria has been regarded as ‘the elephant in the room’ (Jones, 2014). 

Instances of genetic instability had been recorded in numerous researches. However, such 

instances were frequently taken as negative results, or they are excluded from 

publications. It is important to note that genetic instability in cyanobacteria from this 

point of view is the loss of the desired reaction, ignoring other possible causes such as 

cross-contamination by another organism that may outcompete the strain of interest or 

consume on the catalyst (Jones, 2014). One of the consequences of genome instability is 

the loss of desired productivity. In the year 2014, a group of researchers from Denmark 

engineered a strain of marine cyanobacterium (Synechococcus sp. PCC 7002) to produce 

D-Mannitol, a commercially high-value compound that is widely used in the medical and 

food industry (Jacobsen & Frigaard, 2014). Heterologous genes from separate sources, 

E. coli, and Eimeria tenella, were expressed in the cyanobacterium to produce D-

mannitol. However, one of the constructs shows the incapability to produce the desired 

compound, and there was incomplete segregation of the corresponding gene. It was 

revealed that a single base deletion had occurred in one of the introduced genes, leading 

to a frameshift and premature translation termination. Furthermore, restoration of the 

wild-type growth rate was observed.  

Another group of scientists in Japan introduced isopropanol producing construct into 

Synechococcus elongatus PCC 7942 to reduce petroleum dependence and minimize 

carbon emission (Kusakabe et al., 2013). The desired genes originating from different 

sources, namely Clostridium acetobutylicum (thl and adc), Escherichia coli (atoAD), and 

Clostridium beijerinckii (adh), were heterologously integrated into the targeted genome. 

The desired product was indeed successfully produced. However, although the enzyme 

production was consistent, a reduction in its functionality was observed. This is caused 

by a single change in the nucleotide that resulted in an alteration of one amino acid 

residue. 

In another example, a team that attempted to modify Synechocystis sp. PCC 6803 strain 

genetically to produce lactic acid also yielded similar results. An ldh gene from Bacillus 

subtilis and a heterologous soluble transhydrogenase were incorporated into the genome 
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of a slow-growing Synechocytis sp. PCC 6803 strain to yield lactic acid in a larger 

quantity (Angermayr et al., 2012). The incorporated genes were able to improve the 

growth rate of the strain. Observation had shown that the modified strain exhibited signs 

of reversion in the growth rate. The result showed that the expression of the 

transhydrogenase gene was fatal to the cells, and the modified strain was rather quickly 

outcompeted by the revertant strain with a wild-type growth phenotype. Further analysis 

also revealed that a duplication mutation occurred in this introduced gene that resulted in 

the formation of premature stop codons. 

Instances, where genetic instability brings forth the formation of revertant strains, are not 

new. In the year 2003, researchers from Japan introduced the coding sequence of an 

ethylene-forming (efe) gene, which originates from Pseudomonas syringae into a strain 

of cyanobacteria (Takahama et al., 2003). Synechococcus elongatus PCC 7942 was used 

in this research, and the gene of interest was inserted at psbAI locus by the method of 

rps12-mediated gene replacement. The successfully transformed strain is capable of 

producing ethylene photoautotrophically. The recombinant strain exhibited an unhealthy 

yellow-green color and showed a reduced growth rate compared to the wildtype. 

However, similar to the previous case, a revertant strain was formed, which demonstrated 

was observed through arising of healthy blue-green colonies from the transformed culture. 

These blue-green revertant colonies were incapable of ethylene production, and their 

growth rate is similar to wild-type. 

Further investigation showed that a truncation of the inserted efe gene occurred. In order 

to understand the formation of efe gene truncation, research was carried out with the hope 

of reproducing the same result. The goal was to design a model system for genomic 

instability in cyanobacteria. However, in this study, the strain Synechocystis sp. PCC 

6803, which is the most widely used model in genome research, was used. Interestingly, 

even after six months of culturing in liquid media, the strain exhibited no record of 

genomic instability (Guerrero et al., 2012; Jones, 2014). This study shows a valuable 

insight that not only do different types of bacteria possess different mechanisms that 

control genome stability, but these mechanisms are also strain-specific as well. The 

occurrence of genetic instability is apparent when there are alterations of genome or 

exposure to mutagenic substances. On the other hand, they can be present in the form of 

spontaneous mutation as well, where mutations arise naturally. 
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1.2.2 Synechocystis sp. PCC 6803 

Among cyanobacteria, Synechocystis sp. PCC 6803 is a strain that is incapable of fixing 

nitrogen (Ikeuchi & Tabata, 2001). Synechocystis strains are categorized into three 

subgroups according to their GC content. The subgroups are the marine group, the low 

GC group as well as the high GC group. Synechocystis sp. PCC 6803 falls under the 

subgroup of high GC content (Ikeuchi & Tabata, 2001). This strain was initially isolated 

from freshwater in Oakland, California (Stanier et al., 1971). Its full genome was 

sequenced in 1996 by a group of researchers from Japan, making it the first 

photosynthetic organism to have its entire genome sequenced (Kaneko et al., 1996). 

Besides, it is also known to be the fourth organism to have its genome completely 

sequenced (Ikeuchi & Tabata, 2001). Synechocystis sp. PCC 6803 is a widely used model 

photoautotrophic organisms in research in the last few decades. With its entire genome 

sequenced, Synechocystis sp. PCC 6803 became an attractive target for studies associated 

with the structure and organization of their genome, genes functionality, proteomics and 

transcriptomics of photosynthesis, metabolism as well as their adaptation and evolution 

(Rowland et al., 2010; Shestakov & Karbysheva, 2017). Besides that, there are two 

particular reasons this phototrophic prokaryote is so popular among researchers around 

the globe. Synechocystis sp. PCC 6803 is capable of integrating foreign DNA into their 

genome through double-heterologous recombination (Grigorieva & Shestakov, 1982). 

Moreover, this organism can survive heterotrophically in the presence of glucose 

(Williams, 1988).  

1.2.2.1 Synechocystis sp PCC. 6803 substrains 

 Synechocystis ‘Berkeley strain' 6803 was first isolated from freshwater in California by 

R. Kunisawa and colleagues (Stanier et al., 1971). The original strain was stored in the 

Pasteur Culture Collection (PCC- 6803 strain) and American Type Culture Collection 

(ATCC- 27184 strain). Subsequently, Dr. John G. K. Williams isolated a glucose-tolerant 

(GT) substrain from ATCC-27184 strain. This GT substrain was then given to an institute 

in Japan, where another substrain (GT-Kazusa) was isolated from this GT strain. 

Therefore, from the original Berkeley strain, four culture substrains were derived. Each 

substrain possesses particular characteristics that differentiate them from the others 

ranging from phenotypic to genomic differences (Ikeuchi & Tabata, 2001). The PCC 

strains are motile, whereas the other three strains are non- motile. ATCC and PCC 
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substrains are glucose-sensitive, but the GT strain is capable of photoheterotrophic 

growth with the availability of glucose (Bartsevich & Pakrasi, 1995). GT-Kazusa strains, 

on the other hand, are incapable of heterologously integrating exogenous DNA, whereas 

the other substrains are readily transformable (Grigorieva & Shestakov, 1982). Besides 

distinct phenotypic differences, the existence of variation in genome sequences cannot 

be ignored, although they are often undetected. However, through the method of 

sequencing their genomic markers, these substrains can be distinguished (Bhaya et al., 

2000; Kamei et al., 2001). For example, the loss of motility in the substrains other than 

PCC substrain was due to one base pair insertion in the gene spkA, which encodes for a 

eukaryotic-type Ser/Thr protein kinase (Kamei et al., 2001). Although different culture 

conditions may result in alteration of genome sequences, genetic heterogeneity may arise 

from normal culture conditions as well (Ikeuchi & Tabata, 2001; Yoshihara et al., 2000). 

An example was found in the PCC substrain, which is associated with response to light 

stimulus. As a photosynthetic organism, Synechocystis sp. PCC 6803 contains open 

reading frames (ORF) that are significantly similar to known genes that encode for light 

and chemical compound receptors, signal transducers and regulators (Yoshihara et al., 

2000). Despite being cultured under the same laboratory condition, the PCC substrain 

showed variation in phototactic ability, a locomotory movement influenced by the 

stimulus of light, giving rise to positive phototactic (PCC-P) and negative phototactic 

(PCC-N) strains (Kamei et al., 2001; Yoshihara et al., 2000). Besides that, the presence 

of point mutation, frameshift mutation, insertion sequences (IS) are also specific markers 

for the identification of different substrain (Tajima et al., 2011). It is important to note 

that despite the differences stated above, all of the substrains were categorized under the 

name Synechocystis sp. PCC 6803.  

1.2.2.2 Synechocystis sp. PCC 6803 genome structure     

In 1996, the entire genome of the GT-Kazusa strain was sequenced. GT-Kazusa strain 

contains a 3.5Mb chromosome and a total of 0.4Mb of major plasmids, with a GC content 

of 47.7% (Ikeuchi & Tabata, 2001; Kaneko et al., 1996, 2003). In Ikeuchi et al. (2001), 

the details of Synechocystis sp. PCC 6803 genome structure was explained in detail. 

Briefly, there are two types of repetitive sequences found in Synechocystis sp. PCC 6803 

genome, namely the High Iterated Palindrome (HIP1) and Insertion Sequences (IS)-like 

elements. HIP1, which is commonly found in cyanobacterial genomes, consists of eight 
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bases, GCGATCGC (G for guanine, C for cytosine, A for adenine, T for thymine). In the 

small genome of this prokaryote, there are 3160 copies of HIP1 found, with almost all of 

the HIP1 falling in regions suspected to encode for different proteins. However, the origin 

and functions of these elements remain unclear (Ikeuchi & Tabata, 2001; Kaneko et al., 

2003). The IS-like elements found in Synechocystis sp. PCC 6803 genome can be 

classified into nine groups according to the inverted-terminal repeats and sequence 

homology. Out of the 77 IS found in the sequenced genome, 26 of them are capable of 

encoding for transposase, an essential mobile element in the genome which plays a 

crucial role in the genetic stability of an organism (Darmon & Leach, 2014; Ikeuchi & 

Tabata, 2001). IS-like elements are involved in the alteration of the genome via 

transposition and possess the ability to aid in homologous recombination, a much 

valuable characteristic of Synechocystis sp. PCC 6803. One example of the activity of IS 

was evident in GT-Kazusa, where three copies of ISY203 were detected (Okamoto et al., 

1999). Based on the analysis of the genes encoding RNA and proteins, rRNA gene 

clusters, tRNA genes, and one gene that encodes for an element in RNase P were detected 

(Kaneko et al., 1996). There is a total of 3167 potential protein-coding genes found in 

the Synechocystis sp. PCC 6803 genome, with an average length of the gene product of 

about 326 amino acids. 45% of the genes were found to be homologous to reported genes, 

and 11% were found to be identical to hypothetical genes. However, there is still 44% 

percent of the total genes with unclear function since no similarities were detected in 

comparison with the sequences available in the database. The genes of which the 

probable role had been regarded includes numerous photosynthetic genes (Ikeuchi & 

Tabata, 2001). The identification of the genes was based on sequence homology. The 

photosynthetic genes found include those involved in the mechanism of cyclic electron 

transport and carbon dioxide concentration. Around 224 genes were found to be of high 

similarity with those found in plastids of algae and higher plants (Ikeuchi & Tabata, 

2001). This observation gives a further implication that cyanobacteria are possibly the 

ancestor of the chloroplast. 

1.2.2.3 Spontaneous mutation in Synechocystis sp. PCC 6803 

There are a handful of reports showing errors in the published genomic sequences. In 

2011, researchers from the University of Tokyo sequenced two of their laboratory ‘wild-

type' strains, GT- Kazusa, and GT-S, which is identical to GT- Kazusa strain (Tajima et 
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al., 2011). By using the method of high-throughput 454 sequencing and partial Sanger 

sequencing, the genomic sequences of the strains GT- Kazusa and GT-S were analyzed. 

The result showed the presence of 22 mutations, where 21 putative single nucleotide 

polymorphisms (SNPs) were actual differences in the published genomic sequences in 

the database and not the real differences between the two genomes. Therefore, only one 

single nucleotide alteration was detected between the two strains, excluding IS 

mobilization events, which may occur more frequently. In another study that aimed to 

establish reliable genomic sequences for Synechocystis sp. PCC 6803, the resequencing 

of the genomes of substrains GT-I, PCC-P, and PCC-N were done (Kanesaki et al., 2012). 

The known genetic alteration found in the GT-I substrain was in the pmgA gene, which 

is responsible for high light tolerance and glucose-sensitive phenotype (Hihara et al., 

1998; Hihara & Ikeuchi, 1997). After sequencing, the result was then compared to the 

deposited GT-Kazusa genome sequences in the public database. Besides the mutations 

specific to each of the three substrains, many of the errors found were similar to the 

mutations reported in Tajima et al. (2011). In 2012, a team from Germany re-sequenced 

the genome and the seven plasmids of GT substrain as well as PCC-Moscow (PCC-M) 

substrain (Trautmann et al., 2012). This study placed a unique interest in the sequence 

variations of plasmid, which surprisingly dominates nearly 10% of the total coding 

capacity of Synechocystis sp. PCC 6803. Similar to the substrains PCC-N and PCC-P, 

the PCC-M were motile strains. The sequencing of the PCC-M genome and plasmids 

were performed using PCR and Illumina. The sequence differences were then verified 

using PCR and Sanger sequencing. The differences detected in this study were nearly 

double the number of mutations found in Tajima et al. (2011). The result also showed 

that PCC-M belongs to the motile PCC strains due to the detection of seven SNPs and 

one large indel in PCC-M that are also found in PCC-N and PCC-P. The study also 

showed that many of the strain-specific mutations are responsible for the phenotypic 

variation, such as motility and functions of proteins involved in primary metabolism. For 

example, one SNP was found in hlyA (sll1951), a gene encoding for cell surface-localized 

haemolysin-like protein in PCC-M. This protein plays a role in the protection of cells 

against penetration of noxious compound via the formation of a barrier.  The synergistic 

effect of the mutation in this gene and the loss of function in another surface-like protein 

may lead to clumping of the cells under stressful conditions. Another example shown in 

this study are the changes that occurred in sll1473 to sll1475 region. In comparison to 
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the other GT-substrains, PCC-M, PCC-P, and PCC-N exhibited an absence of ISY203g 

in this region, which resulted in the presence of complete and functional photoreceptor 

which is responsible for the regulation of phycobilisome linker gene. However, the motile 

PCC-M substrain showed a lack of phototactic response towards blue light in comparison 

with PCC-N and PCC-P. This is due to a single base substitution that leads to an amino 

acid substitution, changing Methionine to Lysine at position 231 (M231K) in sigF gene, 

which affects the DNA-protein interaction. Though the alteration is subtle, with just one 

base pair substitution, the phenotypic alteration is fairly obvious. 

With the resequencing of genome of many Synechocystis sp. PCC 6803 substrains around 

the world, novel spontaneous mutations that resulted in phenotypic alteration were found 

to be widespread between and within laboratories. Morris and colleagues from the 

University of Otago performed whole-genome sequencing of two ‘wild-type' strains of 

Synechocystis sp. PCC 6803, in the year 2013 (J. N. Morris et al., 2017b). One of the 

wild-type strain, GT-O1, was originally contributed by Dr. WFJ Vermaas from Arizona 

State University in 1994 and had been maintained at the University of Otago since that 

date. It is a substrain derived from Williams GT strain. The other substrain, GT-O2, was 

derived from GT-O1, exhibiting profound phenotypic differences from the GT-O1 strain. 

By using high-throughput genome sequencing methods followed by Sanger sequencing 

of detected variants, the team proposed ten novel mutations in the two substrains. The 

result revealed that both substrains possess a significantly similar genomic sequence with 

GT-S substrain, which is derived from GT-Kazusa. Both were found to show the lack of 

two transposases, sll1780 (ISY203b) and sll1474 (ISY203g), which are one of the 

genomic markers for GT-Kazusa strain. Besides that, resequencing also showed that GT-

O1 and GT-O2 carries a significant similarity to GT-S, which is a normal functional pilC. 

This mutation is the same mutation shown in (Tajima et al., 2011) that distinguishes GT-

S from GT-Kazusa. GT-Kazusa strain has a strain-specific mutation, a dysfunctional pilC 

caused by a frameshift mutation in slr0162 (Bhaya et al., 2000; Tajima et al., 2011). 

Despite the similarity with GT-S, both sequenced strains showed a loss of transposase 

insertion sll1635 (ISY203e) in comparison to GT-S and GT Kazusa. This information 

led the team to propose that GT-O1 and GT-O2 substrains may have a common origin as 

GT-S, GT-Kazusa, and GT-I, which indicated that the most possible ‘ancestor’ from 

which these five substrains were derived from is GT- Williams. Besides that, the study 

also showed four mutations that were specifically found in both GT-O1 and GT-O2 
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substrains, but their phenotypic consequences remain to be explored. Notably, most of 

the mutations detected were found at genes related to important functional proteins. The 

paper also highlighted the limitations of genome mapping software, especially in the 

identification of large indels at regions with numerous repeat sequences (Kanesaki et al., 

2012; J. Morris et al., 2014). A subsequent paper were published later by the same group, 

looking at the phenotypic variations between Synechocystis sp. PCC 6803 ‘wild-type' 

strains, namely GT- Kazusa, PCC-Moscow and GT- O1 (J. N. Morris et al., 2017b). The 

phenotypic characteristics investigated include growth rates, oxygen evolution rates, 

chlorophyll-α levels, whole-cell absorption spectra, cell size, and 77K fluorescence 

emission spectra to assess photosystem stoichiometry. Besides the phenotypic 

characteristics, the group investigated genetic mutations, especially the indels in the 

genomes of the substrains. Via PCR analysis of the three substrains, three indels were 

detected. The first one is a 1.2kb transposase insertion ISY203j into one of the plasmid 

pSYS-M. This mutation was also found in the GT-G substrain (Ding et al., 2015). The 

second indel is a deletion in CRISPR2 in plasmid pSYS-A. The two mutations found at 

the plasmid were detected in both GT-O1 and GT-Kazusa but not in PCC-M. Although 

these mutations remain unknown in the other GT substrains such as GT-S and GT-I, the 

team suggested that these mutations may be specific to GT lineage. The third mutation 

is a 2.4kb deletion in CRISPR1. This alteration was only found in the PCC-M strain and 

not the other two GT-strain. GT-O1 substrain was found to exhibit significant cell size 

differences in comparison to the other two substrains. The team suspected that the 

mutation at sll1428 that leads to the change of amino acid glutamine to leucine at the 

position 115 may be the cause of this phenotypic variation despite the exact function for 

this protein remains unclear (J. Morris et al., 2014). In addition, an increase in carotenoid 

pigments was found in the GT-O1 strain. As for the PCC-M strain, a reduced amount of 

phycobilin pigments were found in comparison to the GT-O1 and GT-Kazusa. In fact, 

previous studies had shown the presence of few SNPs in the substrain PCC-M that alters 

the genes responsible for environmental adaptability or transcriptional regulation. The 

genes involved includes hik25, rre22, hik10 and sigF (Trautmann et al., 2012). Despite 

the subtle differences between the three substrains, their characteristics are fairly similar. 

Below shows a diagram of the divergence of Synechocystis sp. PCC 6803 substrains.  
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Figure 1.2 A graphical representation of the divergence of Synechocystis sp. PCC 6803 ‘wild-type ' 

substrains. Various sequenced substrains are shown in white boxes. large indels (>10 bp) and the number 

of known substrains specific SNPs and <10 bp indels are included on their known branch point (grey 

boxes). The position of GT-V is speculative. Modified after D. Trautmann et al. (2012), Morris et al. (2014), 

Ding et al. (2015). Letters in superscript: Stanier et al. (1971), Tajima et al. (2011), Trautmann et al. (2012), 

Kanesaki et al. (2012) Morris et al. (2014), Ding et al. (2015), J N Morris, Eaton-Rye and Summerfield 

(2017).     

1.3 The genes proposed to encode for the core DNA repair mechanism in 

cyanobacteria 

Based on a review paper published in November 2016, a set of genes were proposed to 

encode for the core DNA repair mechanism, namely mutMS, radA, recA, recFO, recG, 

recN, ruvABC, ssb, and uvrABCD (Cassier-Chauvat et al., 2016). Although the DNA 

repair mechanism in cyanobacteria is not well studied,  it is noted that many of the genes 

involved in the DNA recombination and repair mechanism in E.coli are distributed 

unevenly throughout the cyanobacterial genomes. It is undeniable that there may still be 
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many genes other than the ones stated above that are involved in the core DNA repair 

mechanism since the cyanobacterial genome is widely diverse. Nevertheless, looking 

into these identified potential genes is an excellent way to start understanding the 

cyanobacterial DNA repair mechanism. This study will focus on three genes, namely, 

recJ, mutS1, and recN.  

1.3.1 The gene sll1354 (recJ) 

The gene sll1354 encodes for a single-stranded DNA specific 5’-3’ exonuclease RecJ. It 

plays a role in the function of base excision repair, mismatch repair, and homologous 

recombination (http://cyano.genome.jp). Although the mechanism of the binding, 

processing, and transport of DNA into the cyanobacterial cell is not studied thoroughly, 

it is known that when the exogenous DNA is taken into the cytoplasm, RecJ plays a role 

in degrading single-stranded DNA. In 2002, the natural transformation efficiency of  

Synechocystis sp. PCC 6803 E69Q strain, where Glu-to-Gln mutation in codon 69 of 

the psbDI gene that encodes the D2 protein of photosystem II, were reported to show an 

increase by two orders of magnitude when RecJ is deleted (Kufryk et al., 2002). The rise 

in the transformability of the RecJ- mutant is independent of the form of DNA material 

(circular or linear) in the transformation process. This shows an interesting implication 

in the understanding of the genomic stability of cyanobacteria.  

1.3.2 The gene sll1165 (mutS1) 

During cell division, the introduction of mismatch nucleotides often resulted in various 

forms of mutation. The genes involved in DNA mismatch repair protein play a crucial 

role in correcting the errors occurred, which leads to genomic stability. MutS1 is encoded 

by one of the genes that are responsible for DNA mismatch repair protein. The role of 

MutS1 in some model microorganisms is studied comprehensively. In Escherichia coli,  

the binding of MutS1 protein to the mismatched nucleotides marks the initiation of the 

repair mechanism. When the MutS1-DNA complex interacts with another homodimer 

protein, MutL, it leads to the activation of an endonuclease, namely, MutH, resulting in 

a series of repair events which includes cleavage and the synthesis of the correct 

nucleotide (Lyer et al., 2006; Modrich & Lahue, 1996). MustS1 is one of the genes that 

are well conserved in almost all cyanobacteria; therefore, this gene was proposed to play 

a role in the core DNA repair mechanism in cyanobacteria (Cassier-Chauvat et al., 2016).   
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1.3.3 The gene sll1520 (RecN) 

RecN is a protein that repairs DNA double-stranded breaks and cross-links, where it uses 

the recombinational method as the means of repair. A break in the phosphodiester bond 

of one of the DNA strands can cause a double-stranded break when the replication fork 

encounters this single-strand break (Cox et al., 2000; Kuzminov, 2001). This situation 

requires a recombinational double-stand-break repair. In E.coli, this repair mechanism 

includes various proteins such as RecBCD complex and RecA. RecN is known to be 

involved in this repair mechanism as well. However, since no in-depth studies had looked 

into the function of RecN, therefore, the current existing double strand-break repair 

mechanism does not include RecN. Although the purpose of RecN in cyanobacteria had 

not been studied thoroughly, E.coli RecN-homolog is found to be highly conserved in 

most cyanobacteria species, even in those with small genome sizes such as 

Prochlorococcus and Synechococcus strains (1.44 to 2.7Mb) (Cassier-Chauvat et al., 

2016).   

1.4 The aim of the study 

With the numerous evidence of genetic alteration in cyanobacteria, it is clear that 

mutation in the genome can be induced by extrinsic factors such as stressful or 

unfavorable environments and the presence of mutagens, it can also arise spontaneously 

within and between laboratories under routine laboratory culture maintenance. The 

genomic differences between Synechocystis sp. PCC 6803 ‘wild types' brings forth 

questions concerning the comparability of studies as well as the uncertainty of future 

biotechnological applications as an optimal benefit cannot be yielded using a biosystem 

that is unstable and not sustainable. With most of the recent studies focusing on the 

genetic modification and biotechnological application of cyanobacteria, studies 

regarding the genome integrity of this candidate microorganism remain unexplored. 

In contrast, extensive researches are being done on the genomic instability of the non-

photosynthetic microorganism, E. coli. Often, the genes involved in the maintenance of 

genome stability found in E. coli will be used as a reference or implication in the genomic 

studies of cyanobacteria according to sequence homology. However, some examples 

where genes that are highly similar in both organisms were proven to have different 

functions exist (Cassier-Chauvat et al., 2016; Jones, 2014). Therefore, questions such as 

what conditions are capable of inducing or increasing genome instability, the possible 
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mechanisms that fuel the alteration in genome integrity, and can these conditions be 

controlled remained to be answered.   

This study aims to explore the function of genes sll1165, sll1354, and sll1650, which 

have been predicted to encode recJ, mutS1, and recN, respectively, in the model organism 

Synechocystis sp PCC 6803. These genes were among those proposed as the potential 

core genes that encode for the DNA recombination and repair mechanism in 

cyanobacteria (Cassier-Chauvat et al., 2016). It is hypothesized that these genes play a 

role in the DNA recombination and repair mechanism in Synechocystis sp. PCC 6803.  

In 2007, a strain of Synechocystis sp. PCC 6803 carrying mutations in the luminal 

proteins of photosystem II, PsbO, and PsbU, which is incapable of growing 

photoautotrophically in pH 7.5, showed a restored growth (Summerfield et al., 2007). 

This pseudorevertant strain remained at a non-growing phase initially. However, at about 

100h, photoautotrophic growth is restored. This is one of the instances of genomic 

instability of Synechocystis sp. PCC 6803. In this study, the strain lacking PsbO and PsbU 

is used as a background to study the genes of interest. By looking at the rate and 

restoration of the photoautotrophic growth of the mutants containing the interrupted gene 

of interest, valuable information regarding these genes may be extracted.   
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Chapter 2 Materials and Methods 

2.1 General methods 

Standard sterile microbiological techniques were used throughout the study. These 

include the use of laminar flow cabinet, autoclaving of equipment at 15 psi for 20 minutes 

as well as the use of reagent-grade chemicals and ultra-purified water (Type I, 18.2 

Megaohm). 

2.2 Culturing of Microorganism 

2.2.1 Synechocystis sp. PCC 6803 

Wild-types: 

The wild-type strain used in this study is the “GT-O1” substrain. It is derived from the 

“GT-Williams” substrain, also known as the “GT-Vermaas”, which was held by 

Professor WFJ Vermass from the University of Arizona. The genome sequencing data 

was obtained from a derived “GT-O3” substrain. This substrain was isolated by Dr. Jaz 

Morris, where “GT-O1”  cells were grown on photoheterotrophic BG-11 plates for a year, 

with 25 re-streaks on BG-11 agar every one to four weeks.  

Photosystem II (PS II) mutant strain: 

The PS II mutant strain used in this study originated from the laboratory of Professor 

Julian Eaton Rye from the Department of Biochemistry at Otago University. The PS II 

mutant strain used was ∆PsbO:∆PsbU, where antibiotic chloramphenicol was used for 

the selection of ∆PsbO mutant, and antibiotic Kanamycin was used for the selection of 

∆PsbU mutant. The original ∆PsbO:∆PsbU mutant strain is unable to grow at pH 7.5, but 

growth was observed at pH 10. However, after about 100 hours in pH 7.5, 

photoautotrophic growth was observed.  (Summerfield, Eaton-Rye, & Sherman, 2007)  

2.2.1.1 Growth media and culture conditions 

Synechocystis sp. PCC 6803 (Synechocystis 6803) cultures were grown on both solid BG-

11 agar plates and BG-11 liquid media (Stanier, Deruelles, Rippka, Herdman, & 

Waterbury, 1979). The solid BG-11 agar was supplemented with 1.5% agar, 10 mM TES-

NaOH pH 8.2, and 0.3% sodium thiosulphate. 20 µM of atrazine and 5 mM glucose were 

added to the BG-11 agar media, where the former plays a role in PS II inhibition, and the 

latter allows photoheterotrophic growth (Eaton-Rye, 2011). The appropriate amount of 

antibiotics were added to the solid or liquid culture media where required: 15 µg.mL-1 
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chloramphenicol, 25 µg.mL-1 erythromycins, 25 µg.mL-1 kanamycin, 25 µg.mL-1 

spectinomycin. Modified Erlenmeyer conical flasks with continuous humidified aeration 

provided by an aquarium pump which bubbled air into the culture flask through sterile 

water and a Millex FG50 air filter was used to grow liquid cultures. The glassware, filters, 

tubings, and media were autoclaved before use.  

The cultures were kept in the growth cabinet equipped with fluorescent lamps. The 

atmosphere in the growth cabinet was maintained at a standard condition of 30˚C and 

constant white illumination of ~40 µ.Em-2s-1. The solid plate cultures were restreaked 

onto a new plate every two to three weeks.  

For long term storage of the cultures, 50 mL of liquid culture were harvested via 

centrifugation at 3500 g, 25˚C, for 10 minutes. The pellets were resuspended in 2 mL 

BG-11/15% glycerol and stored in -80˚C freezer in sterile microfuge tubes. New plate 

cultures from these freezer stocks were initiated every two to three months (~ four to five 

restreaks) to reduce the chances of genetic drift. 

2.2.1.2 Transformation of Synechocystis 6803 

Before the experiments, 50 µL of the thawed frozen culture was pipetted on a BG-11 

agar plate and grown for about two weeks. Then, the cells were scraped and inoculated 

in liquid BG-11 containing 5 mM glucose and appropriate antibiotics in Erlenmeyer flask. 

The starter culture was left in standard growth conditions for about 3 hours before starting 

the aeration.  

When the cultures were grown to the early exponential phase with an OD730 nm 0.4-0.6 

(about two to three days), 50 mL of the culture was harvested via centrifugation at 3500 

g, 25˚C, for 10 minutes. The cell pellet was resuspended by using 2 mL BG-11, and the 

OD730 nm was determined spectrophotometrically in order to obtain the volume of cells 

required for the transformation process. 

The cells were then resuspended at OD730 nm 2.5 in 500 µL aliquots in sterile microfuge 

tubes in the presence of 5 µg of transforming plasmid DNA. The tubes were incubated 

in standard conditions for 3 hours and placed on a shaker for 3 hours.  

200 µL of transformed cells were pipetted on BG-11 plates. Colonies of transformants 

were seen after two to four weeks. Single colonies were picked and successively streaked 
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out on fresh BG-11 plates until segregation of the inserted mutation into all chromosome 

copies could be verified using colony PCR.  

2.2.2 E. coli 

2.2.2.1 Growth media and culture conditions 

E. coli was maintained in standard Lysogeny Broth (LB) agar plate or media, which 

consists of 1% bactotryptone, 0.5% yeast extract, 0.1% NaCl, and 1.5% agar. Appropriate 

antibiotics were added to the solid or liquid cultures: 50 µg.mL-1 ampicillin, 50 µg.mL-1 

erythromycin, 50 µg.mL-1 spectinomycin.   

2.2.2.2 Transformation of E. coli 

Competent cells that were prepared previously using the Inoue method were removed 

from -80˚C freezer and thawed on ice. The transformation process was carried out in 

chilled microfuge tubes containing 100 µL of competent cells and ~10 µL of 

transforming DNA. The tubes containing the reaction mixture were incubated on ice for 

30 minutes, heat-shocked for 1 minute at 42˚C and placed back on the ice for 2 minutes. 

1 mL of LB media was then added to the tubes before placing them in a Ratek OM11 

orbital shaking incubator at the speed of 220 rpm, 37˚C, for 45 minutes. 200 µL of 

transformed cells were plated onto LB agar plates containing appropriate antibiotics and 

grown overnight in the incubator at 37˚C. 

2.3 Molecular biology techniques 

2.3.1 DNA extraction from Synechocystis 6803 

For the extraction of genomic DNA for PCR, ~200 mg of cells were scraped from the 

BG-11 agar plate surface and resuspended in a microfuge tube containing 500 µL STET 

buffer which consists of 100 mM NaCl, 50 mM Tris, 10 mM EDTA and 0.5% Triton X-

100, adjusted to pH 8. The sample was incubated at -80˚C for 10 minutes and transferred 

to a heat block with 70˚C for 10 minutes, followed by the addition of 10 mg.mL-1of 

lysozymes. This process breaks down the cell walls. The sample was incubated overnight 

at 37˚C. After the addition of 125 µL of 10% sodium dodecyl sulfate (SDS), the tube was 

incubated at 37˚C for one hour. 1/1 volume phenol was added to the tube and shaken for 

30 seconds, followed by centrifugation at 13000 g at 22˚C for 5 minutes to separate 

protein from the DNA sample. The supernatant containing DNA was transferred to a new 

tube, and ½ volume phenol and ½ volume chloroform were added to the tube, shaken 
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and centrifuged at 13000 g at 22˚C for 5 minutes. The supernatant was transferred to a 

new microfuge tube followed by the addition of a 1/1 volume chloroform to the tube. 

The tube was subjected to centrifugation again at 13000 g at 22˚C for 5 minutes. After 

that, 1/10 volume 3 M sodium acetate pH 6.2 and 0.6 volume isopropanol was added to 

precipitate the DNA, following incubation at -20˚C overnight. The genomic DNA was 

pelleted through centrifugation at 13000 g at 4˚C for 20 minutes. After washing with 200 

µL 70% ethanol (-20˚C), the DNA sample was dried on a heat block at 37˚C for ~15 

minutes before resuspending in 20 µL MilliQ water.  

2.3.2 Polymerase Chain Reaction (PCR) 

Standard PCR amplification reactions were carried out by using KAPA HiFi HotStart 

PCR Kit (KAPA Biosystem, USA) and Q5® High-Fidelity DNA Polymerase (New 

England BioLabs, USA) according to the manufacturer’s protocol. The amount of DNA 

used (genomic DNA or plasmid DNA) in one PCR reaction ranges from 10 ng.µL-1 to 

100 ng.µL-1. A MasterCycler Gradient thermal cycler (Eppendorf, Germany) was used 

for all the PCR reactions in this study, with 30 cycles of amplification and empirically 

determined annealing and extension parameters. The denaturation and extension 

temperature was 95˚C and 72˚C respectively, with a duration of 3 minutes for the initial 

denaturation step and 5 minutes for the final extension step.   

2.3.3 DNA visualization, purification, and quantification 

Gel electrophoresis was used in the visualization of DNA throughout this study. 

Integrated UV transilluminator, camera, and imaging software set up (Kodak, USA) was 

used to visualize the gel which is made up of 1% agarose, and 0.25 µg.mL-1 ethidium 

bromide in TAE buffer (TAE: 40 mM Tris, 20mM acetic acid, 1 mM EDTA).1 kb Plus 

DNA ladder (Invitrogen / ThermoFisher Scientific, USA) was used as an indicator for 

the fragment size of the DNA sample. The settings for the electrophoresis was determined 

empirically (generally voltage/runtime: 80V/60 minutes). Usually, 1 µL of 6x loading 

buffer (DNA loading buffer: 1.5% bromophenol blue, 1.5% xylene cyanol FF, 30% 

glycerol) was added to 5 µL of DNA sample before loading into the gel.  

DNA samples purification was done by using the E.Z.N.A.® Cycle-Pure Kit (Omega 

Bio-Tek, USA) according to the protocol provided.  



22 

 

NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, USA) was used for the 

quantification of DNA samples.    

2.3.4 Oligonucleotides  

The oligonucleotides primers used in this project were designed by using Geneious 

software. The designed primers followed a few guidelines, including keeping the melting 

temperature between 50 to 65 ˚C, 40 to 60 % GC content, and 18 to 27 base pair long. 

They were then synthesized by Integrated DNA Technologies (Singapore). 

Table 2.1 Oligonucleotide primers used in this study. 

Gene Name Forward Primer (5' - 3') Reverse Primer (3' - 5') 

Amplification of genes of interest 

sll1165 GAACTCAAAACCGACAGAATTA

CC 

GCTATTAACTTTATCAGCAAAC 

sll1520 GCTGGATAGGCTTCTAAC CTGTGAGTAAAAATAAAGTGAGCG

AG 

Amplification of antibiotic resistant cassette 

Spectinomycin 

ressitant 

cassette 

GATGCGTGGAGACCGAAA GACCTGATAGTTTGGCTGTG 

2.3.5 Sanger Sequencing 

Sanger sequencing of the plasmid DNA and purified PCR products were done by the 

Genetic Analysis Service (https://gas.otago.ac.nz/), in Otago University Dunedin campus, 

New Zealand. 

 2.3.6 Restriction Enzyme Digest 

The restriction enzymes used in this study were from New England Biolabs (NEB, USA). 

The digestion reactions were carried out according to the manual provided with the 

enzymes. The confirmation and visualization of the digested DNA fragments were 

performed using gel electrophoresis. An undigested DNA plasmid was used as a positive 

control. 
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2.3.7 Ligation 

The blunt end PCR products of the genes of interest were ligated into the pJET1.2 blunt 

cloning vector (Thermo Fisher Scientific, USA) in the process of knockout plasmid 

preparation. The ligation process was performed according to the manual provided by 

the manufacturer. About 150 ng of insert DNA was ligated into 50 ng of cloning vector 

by using the T4 DNA ligase (Thermo Fisher Scientific, USA) provided together with the 

cloning vector.  

2.3.8 Plasmid Miniprep 

The alkaline lysis method was used in the isolation of the plasmid DNA from the 

transformed competent cells (Bimboim & Doly, 1979).  Single colonies of the 

transformed cells were picked and placed in a universal bottle containing 3 mL of LB 

media containing appropriate antibiotics. They were grown in 37 ˚C and 250 rpm on a 

Ratek OM11 shaker-incubator (Ratek Instruments, Australia) overnight. The cells were 

then lysed using the alkaline lysis treatment followed by plasmid DNA extraction in 1:1 

phenol: chloroform.  

1.5 mL of E. coli culture into were transferred into a microfuge tube and centrifuge at 

16000 g, room temperature, for 30 seconds. After pipetting off the supernatant, this step 

was repeated. The cell pellets were then resuspended in 100 µL ice-cold Solution 1 via 

the vortex. 200 µL of Solution 2, which was made fresh, was then added and mixed by 

inverting the tubes. It is crucial not to vortex the tubes at this stage. The samples were 

then incubated on ice for 5 minutes. After that, 150 µL of ice-cold Solution 3 was added 

and mixed immediately mixed via vigorous inversion. The samples were incubated again 

on ice for 5 minutes and centrifuged at 16000 g, 4˚C, for 5 minutes. 350 µL of supernatant 

was then transferred to a new microfuge tube. It is essential to avoid taking any pellets 

floating precipitate. The samples were then extracted by the addition of 350 µL of 1:1 

chloroform/TE-equilibrated phenol mix. After vortex, the samples were centrifuged at 

16000 g, 4˚C, for 5 minutes.      

Solution 1 (50 mM glucose, 25 mM Tris-HCl pH 8, 10 mM EDTA pH 8 (100 mL)) 

consists of 5.0 mL 1.0 M glucose, 2.5 mL 1.0 M Tris (pH 8), 2.0 mL 0.5 M EDTA (pH 

8),  made up to 100 mL with MilliQ water and stored at 4°C.  
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 Solution 2 (0.2 M NaOH, 1% SDS (25 mL)) consists of 0.5 mL 10 M NaOH, 23.25 mL 

Milli Q water, and 1.25 mL 20% SDS.  This solution is made fresh before use.  

 Solution (3M potassium, 5M acetate (500 mL)) consists of 147 g potassium acetate and 

57.5 mL glacial acetic acid. The solution is made up of up to 500 mL with water and 

stored at 4°C. 

2.4 Physiological analysis in Synechocystis 6803  

2.4.1 Photoautotrophic growth rate determination 

150 mL BG-11 supplemented with appropriate antibiotics, and pH buffers (1 M HEPES-

NaOH for pH 7.5, 1 M CAPS-NaOH for pH 10) were inoculated with cells, diluted to an 

OD730nm of 0.05. The OD730nm was checked every 12 to 24 hours for about 100 to 300 

hours by using Ultrospec 3000 spectrophotometer (Pharmacia Biotech. USA). The wild 

type strain and PS II mutant strain ∆PsbO: ∆PsbU cultures were set up as a control.   

2.5 Software and analyses 

2.5.1 General software and statistical analyses  

The design of knockout construct and primers and the analysis of sequences were done 

using Geneious Prime (Biomatters, NZ). The software Amplify 4 (Bill Engels, University 

of Washington, USA) were used in re-checking the characteristics of the primers using 

PCR simulation. Data manipulation and the construction of graphs were carried out using 

Microsoft Excel (Microsoft, USA). 

Online services Basic Local Alignment Search Tool (BLAST) 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1990) and Cyanobase 

(https://genome.microbedb.jp/cyanobase/) (Fujisawa et al., 2017) were used in checking 

the gene products and regions with sequence variation. 

The GT-Kazusa genome sequences were downloaded from GenBank and used as a 

reference sequence for sequencing data. By using Geneious software, the results from 

Sanger Sequencing were mapped to the reference sequences through pairwise alignment.  
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Chapter 3 Genomic Analysis of GT-O3 

3.1 Genomic diversity in the Synechocystis sp. PCC 6803 ‘wild types’ held in Otago 

University 

Since the publishing of the whole-genome sequences of the model organism 

Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) between the year 1995 to 

2003, there were numerous reports revolving instances of genomic instability arising 

from spontaneous mutations (Kaneko et al., 1995, 1996, 2003) (please refer Section 

1.2.2.3). Following this, the genome re-sequencing of ‘wild type’ strains maintained in 

laboratories around the globe also revealed the genomic diversity of Syechocystis 6803.  

3.1.1 The substrain GTO3 

There are two Synechocystis 6803 ‘wild type’ strains held in Otago University, New 

Zealand, namely GT-O1 and GT-O2, a substrain isolated as a spontaneous mutant of GT-

O1. In the year 2014, the whole-genome sequencing of these strains was undertaken 

(Morris et al., 2014). Although the growth rate of both showed minimal differences, 

novel mutations were found in the form of single nucleotide polymorphisms (SNPs) and 

insertion/deletion (indels). These instances of spontaneous mutations in laboratory ‘wild 

type’ strains prompt questions regarding the genomic stability of the model organism.   

In the effort to investigate further in this matter, a former Ph.D. student at Otago 

University, Jaz Morris, subjected the wild type GT-O1 to a series of 25 restreaks in 

standard culture conditions. The cultures were maintained on BG-11 agar plates. After 

these restreaks, the culture (GT-O3) was sent for high-throughput genome sequencing. 

The data analysis of the genomic sequences was carried out in this study.  

3.2 Analyses of genomic sequencing data 

3.2.1 Data trimming 

The raw data from the result of the whole-genome sequencing of GT-O3 comes in the 

form of numerous forward and reverse paired-end reads with a length of about 250 base 

pairs and the FastQC files containing the quality of the reads. The raw data were 

trimmed to remove the adapters and segments with low quality via the software 

Trimmomatic (Bolger et al., 2014). The quality of the trimmed data was checked 

through FastQC, a quality control tool for high-throughput sequencing data (Simon 
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Andrews, Babraham Bioinformatics, UK) 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). After ensuring the quality 

of the trimmed reads, they were mapped to the reference genome of the GT-O1 

genomic sequence constructed in 2014 (J. Morris et al., 2014).  

3.2.2 The software application Galaxy 

Two major software applications were used to construct the genomic sequences of the 

strain and identify the SNPs. The first application is the Galaxy. It is free software that 

allows researchers without informatics expertise to perform computational analyses 

through the web (https://galaxyproject.org/). After the reference genomes and the paired-

end reads were uploaded at the website, the forward and reverse reads were first run 

through FASTQ Groomer, which converts between various FASTQ quality formats 

(Blankenberg et al., 2010). The groomed data was then mapped to the reference genome 

via BWA software for Illumina, which yields the output in SAM format (Li & Durbin, 

2009). The SAM format output was then converted to binary BAM format using 

SAMtools (Li, 2011; Li et al., 2009). Next, Picardtools were used to locate the duplicate 

molecules via MarkDuplicates with MateCigar, which would affect the accuracy of the 

sequencing data results (http://broadinstitute.github.io/picard/). Finally, the SNPs were 

then called using FreeBayes, a Bayesian genetic variant detector (Garrison & Marth, 

2012). The output file comes in the form of an Excel spreadsheet. 

 3.2.3 The software application Geneious 

Geneious software is another approach used in this study (https://www.geneious.com/). 

After the reference genome and the trimmed paired-end reads were uploaded, three 

different map to reference assembly algorithms were used for genome mapping and 

variant calling. The first one is BBMap, a fast and sensitive read mapper, which is a part 

of BBTools by Brian Bushnell (Bushnell, 2014). The second algorithm is the widely used 

Bowtie, an ultra-fast and memory-efficient tool for aligning sequencing reads to long 

reference sequences (Langmead et al., 2009). BBMap and Bowtie are both optional 

plugins available in Geneious. The third algorithm used was the Geneious original 

mapper (hereafter, Geneious). For all three algorithms, the default setting was used. The 

detailed steps involved in mapping the reads to the reference genome and variant calling 

is described in the tutorial webpage (https://www.geneious.com/tutorials/map-to-

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://galaxyproject.org/
http://broadinstitute.github.io/picard/
https://www.geneious.com/
https://www.geneious.com/tutorials/map-to-reference/
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reference/). The output files of Geneious mappers and the plugins came in the form of a 

table as well. 

3.2.4 Selection and verification of variant 

For the results of Geneious, BBMap, and Bowtie, the marginal variants were filtered 

based on a threshold of >70% variant frequency. As for the result of BWA, the filter is 

based on a threshold of >70% quality. Based on the SNPs detected in all four algorithms, 

four variants were selected for verification through Sanger Sequencing of PCR amplicons 

containing the variants. The genomic DNA of GT-O3, GTO1 as well as GT-Kazusa were 

used to amplify the regions of interest by using the primers in Table 2. The ~300bp bp 

PCR products were then purified and sent for Sanger Sequencing (please refer to Section 

2.3.2-2.3.5).  

Table 3.1 PCR primers used to amplify four variant containing regions in GT-O3; A- sll0788, B- slr2088, 

C-slr1772, D-sll1774. 

Position Forward Primer (5' - 3') Reverse Primer (3' - 5') 

A TCATTCCCTGGCTCGACAAAG CCCGTGGGTAATCAATTCTG 

B GGTTCCAGTTGCCGGTAA GCGATTTAACCATGCCTG 

C GTAAGGGTTTATCGCCGT TGATAGACAGCGGATTCC 

D GGTTTCTAGTTTCGCCTCC GGGGAGACTTTACACCGT 

3.3 Results  

3.3.1 The variants detected after filter 

The number of variants called by each algorithm varies most probably due to each 

respective restrictive criteria. Among the different approaches, BWA identified the most 

variants, 88 in total. The variants called in BBMap were comparably lesser, amounting 

to 35 variants. The variants resulting from using Geneious and Bowtie showed the least 

number of variants, with three and one variant, detected respectively. The contrast 

resulting from the different algorithms is interesting, prompting the question if the 

variants detected were accurate and real. Therefore, four variants were selected for 

verification through the Sanger sequencing method. 

 

https://www.geneious.com/tutorials/map-to-reference/
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Table 3.2 The variants detected by BWA in the comparison of GT-O1 and GT-O3 genome. Position- 

location of the variant in the genome, Reference- reference haplotype observed, Alternate- alternate 

haplotype observed, Qual- quality of the variant observed, DP- Total read depth at the locus, AO- count of 

full observations of the alternate haplotype, RO- count of full observation of this reference haplotype, Bold 

characters- variant selected for Sanger sequencing verification. 

 

Position Reference Alternate QUAL DP AO RO

3064366 A G 2731.54 197 118 78

3064140 C A 2703.94 204 121 83

3063942 A G 2125.91 170 96 74

3063923 G A 2063.56 173 98 74

3063886 G A 2044.32 177 99 76

3063903 C T 1948.36 166 95 71

1548088 G C 1931.23 65 64 0

3062108 G A 1874.56 156 91 65

3063750 T C 1735.73 159 87 72

3063783 CAGG TAGC 1698.84 157 79 77

3063316 T C 1651.82 162 88 74

3063762 C T 1637.78 160 85 75

3063801 G A 1603.63 163 84 78

3063354 G A 1587.7 170 86 84

3063666 A G 1567.71 155 78 77

3063285 G A 1535.87 161 79 80

3063615 A G 1528.57 155 82 71

3063366 A G 1524.62 168 82 86

3063624 G A 1514.32 154 80 73

3063044 T C 1485.29 158 78 79

3063026 T C 1482.47 154 76 78

3063594 A G 1385.69 145 75 69

1970733 T C 1292.15 146 67 79

3063173 TAGC AAGT 1269.09 137 66 70

3063402 C T 1263.3 168 76 92

3062057 G A 1240.85 140 71 69

3063456 GAACTCCTTGGCTGTG AAATTCTTTAGCCGTT 1234.44 145 65 73

3063447 C T 1154.07 161 73 88

3063067 A G 1140.96 139 65 74

3063414 A G 1133.76 165 72 93

3063495 G C 1111.95 154 69 82

1970812 A G 1092.2 141 59 82

3063432 T C 1084.03 158 69 89

3063522 CAACCACCATTG TAATCGCCAGTC 1079.89 145 61 73

3063423 C T 1078.24 156 69 86

3063476 TAATTCT AAATT 1054.62 143 59 81

3063438 GAAG AAAA 1053.37 159 69 87

3063505 G A 994.316 151 66 83

3063485 CTTGC CTGTTTA 973.346 143 61 79

2996913 A G 961.366 145 61 84

1970984 G A 905.562 129 49 80

1970444 A G 886.266 139 50 89

1970925 G C 821.879 124 44 80

3063080 AGTCCCC GGTTCCT 786.94 132 51 76

1970934 C T 778.28 123 43 80

3061967 TACAGTCAAAACACCTTGA CACCGTTAAAGACCCCCTA 758.743 115 47 58
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1970901 G A 737.158 111 39 72

1922387 TTATGTCCTAATCTATGCT TT 650.238 72 42 29

1971027 G A 633.662 123 41 82

1970515 C A 592.191 169 42 127

1971046 T C 587.021 121 39 82

1970581 C A 581.05 190 47 143

3063091 GGGAAGTAAGC AAGAGGTTAAT 537.238 122 42 77

2996131 T C 525.921 98 34 64

1970853 C T 524.255 130 35 81

3061940 TAAACTTCCCTGA AAGACTGCCTTGC 517.787 130 54 71

1970835 C T 482.703 136 36 100

2996168 A G 459.228 97 31 66

1970728 C T 456.491 149 38 109

1970487 C T 456.261 156 37 119

2996070 A G 446.225 80 27 53

2996835 A C 443.514 126 44 81

2996822 C T 433.76 122 79 43

2997019 G A 414.066 124 40 83

2996025 C T 389.378 79 27 50

2996036 C T 387.928 83 27 56

527519 GCCT ACCC 387.728 105 28 35

86404 C T 363.97 76 21 54

1970691 T C 314.384 159 35 123

2997007 C T 276.483 124 32 92

2920025 G A 257.242 108 27 81

2996000 C T 255.793 82 23 59

2996195 G A 243.683 95 25 69

2422898 A T 200.536 72 29 43

3471357 T G 178.096 79 32 47

1971132 C T 161.463 113 28 85

1333192 A C 125.468 54 23 31

1586037 CTCCT CCCCC 119.98 54 16 31

354127 A T 93.5079 80 36 44

1316239 T G 86.5343 57 27 30

133161 T G 82.1739 55 19 35

2957902 G A 79.7126 45 22 21

1243773 T C 75.8305 51 18 33

2473758 T C 75.5843 65 25 40

1972439 C T 72.5131 52 21 29

606341 T G 72.3152 73 29 44

1210464 G A 72.2214 86 19 67

2997072 T C 70.8037 107 23 84
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Table 3.3 The variants detected by BBMap in the comparison of GT-O1 and GT-O3 genome. Maximum, 

Minimum- the position of the variant in the genome, A.A Change- change (if any) in the amino acid(s) by 

translating the codon change, CDS Position- position of variant in gene, Change- reference sequence 

nucleotides followed by the variant nucleotides, Coverage- number of reads that cover the SNP region in 

the contig, Variant Frequency- percentage of reads that have the variation at that position. Bold characters- 

variant selected for Sanger sequencing verification. 

 

 

 

 

Minimum Maximum A. Acid Change CDS Position Change Coverage Variant Frequency
1453626 1453628 406 TTG -> CTA 285 -> 286 78.3% -> 78.6%

1212020 1212021 Q -> W 184 CA -> TG 259 -> 260 74.1% -> 74.2%

2815854 2815855 AC -> GT 267 -> 269 73.0% -> 73.2%

1212062 1212063 K -> G 226 AA -> GG 238 -> 239 72.0% -> 72.3%

1548088 1548088 897 G -> C 65 98.50%

1210146 1210146 594 T -> C 457 82.30%

2815973 2815973 A -> G 418 81.30%

2815984 2815984 A -> G 402 81.10%

2815920 2815920 A -> G 361 80.30%

2815947 2815947 C -> T 412 79.90%

2816002 2816002 G -> T 379 78.90%

1210242 1210242 498 C -> T 354 77.70%

1453526 1453526 306 A -> G 270 77.40%

1453478 1453478 258 A -> G 312 75.60%

2815890 2815890 T -> C 320 75.30%

2815861 2815861 T -> G 285 75.10%

1212029 1212029 V -> M 193 G -> A 259 74.50%

1210334 1210334 406 A -> G 306 74.50%

1453274 1453274 54 T -> C 375 74.40%

2815877 2815877 C -> G 309 74.10%

2816067 2816067 C -> A 265 74.00%

1212052 1212052 216 T -> G 242 74.00%

1210329 1210329 411 T -> C 302 73.80%

2815879 2815879 T -> C 313 73.80%

2815886 2815887 GT -> TC 316 73.70%

1210011 1210011 729 C -> T 459 73.40%

2816070 2816070 C -> T 266 73.30%

3096632 3096635 42 TGCC -> ATCG 55 72.70%

2815846 2815846 T -> C 264 72.70%

3096637 3096637 W -> S 47 G -> C 56 71.40%

1209978 1209978 762 G -> A 382 70.70%

1209966 1209966 774 T -> C 348 70.70%

2815834 2815834 A -> T 241 70.50%

1210497 1210497 243 A -> G 235 70.20%

2815969 2815969 G -> C 417 70.00%
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Table 3.4 The variants detected by Geneious in the comparison of GT-O1 and GT-O3 genome. Maximum, 

Minimum- the position of the variant in the genome, CDS Position- position of a variant in a gene, Codon 

Change- change in a codon, Coverage- number of reads that cover the SNP region in the contig, Variant 

Frequency- the percentage of reads that have the variation at that position. Bold characters- variant selected 

for Sanger sequencing verification. 

 

Table 3.5 The variants detected by BowTie in the comparison of GT-O1 and GT-O3 genome. Maximum, 

Minimum- position of the variant in the genome, CDS Position- position of a variant in gene, Change- 

reference sequence nucleotides followed by the variant nucleotides, Coverage- number of reads that cover 

the SNP region in the contig, Variant Frequency- percentage of reads that have the variation at that position. 

Bold characters- variant selected for Sanger sequencing verification. 

 

3.3.2 The variants selection for verification 

The first variant chosen is located at the position 3064366 in the chromosomal genome, 

encoding a hypothetical protein sll0788. Although this variant is only detected in BWA, 

the A (adenine) to G change showed one of the highest read depth. Interestingly, out of 

the 197 read depth, 118 reads showed a G, whereas 78 reads detected an A. It seems to 

imply that about half of the chromosome showed a different base at this position in 

comparison to the other half. 

The second variant is located at the position 1548088 in the chromosome, showing a 

change from G (guanine) to C (cytosine). With a high variant frequency of more than 

98%, this is the only variant that is detected in three algorithms, namely, BWA, BBMap, 

and Bowtie. Based on the result from BWA, out of a read depth of 65, 64 showed a C 

instead of G, which implied high confidence that the detected base is changed. This 

position is in a gene that encodes for the protein acetohydroxy acid synthase, slr2088.  

Another position that was sent for verification is located at 1453626 and 1453628. The 

former position showed a T (thymine) to C, and the latter showed a change from G to A. 

Similar to the previous variant, both BBMap and Geneious also called these two SNPs. 

These positions fall in the gene slr1712, encoding a hypothetical protein. Lastly, an 

Minimum Maximum CDS Position Codon Change Coverage Variant Frequency
1453626 1453628 406 TTG -> CTA 223 -> 225 72.0% -> 72.6%

1453523 1453523 303 GAT -> GAC 300 73.00%

1210242 1210242 498 CGG -> CGA 279 71.70%

Minimum Maximum CDS Position Change Coverage Variant Frequency
1548088 1548088 897 G -> C 54 98.10%
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identified SNP at the position 1210242, which is a gene that encodes a hypothetical 

protein sll1774, showed a G to A change, carrying a variant frequency of ~70%. Both 

BBMap and Geneious detect this variant, and it is one of the only three variants detected 

by the Mapper in Geneious.  

3.3.3 PCR and Gel Electrophoresis 

After the amplification of the regions using Q5 High Fidelity DNA polymerase, the PCR 

products were cleaned and sent for Sanger sequencing.  

 

Figure 3.1 Gel photo showing the amplified PCR product of A, B, C, and D in GT-O3, 

GTO1, and GT-Kazusa; L-1kb plus ladder, A- sll0788, B- slr2088, C-slr1712, D-sll1774. 

3.3.4 Sanger Sequencing  

The Sanger sequencing data depicting the variants detected in GT-O3 in comparison to 

GT-O1 were compared to the reference genome of GT-Kazusa.  

bp 
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Figure 3.2 Sanger sequencing result for all four variants. A-sll0788, B-slr2088, C-

slr1712, D-sll1774. 
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3.4 Discussion 

The result of the first variant at the position 3064366, located in the gene sll0788 

encoding a hypothetical protein, for all three strain GT-O1, GT-O3, and GT-Kazusa, 

showed two clear peaks depicting a G and an A, where G is slightly higher in comparison 

to A. This is reflected correctly in the result of BWA in the mapping of GT-O3 reads to 

GT-O1 genome, where 118/197 reads detected a G base and 78 reads identified an A 

base. However, this also showed that at this position, GT-O1 and even GT-Kazusa 

showed the same result as GT-O3. Interestingly, the change in the different bases 

expressed in this position 3064366 affects the resulting amino acid, where AAT encodes 

for serine, and AGT encodes asparagine. 

For the result of position 1548088, which is located in the gene slr2088, which encodes 

for acetohydroxy acid synthase, a definite change in the base from G to C, was observed 

for the GT-O3 strain. This variant is the only one that was detected by three different 

algorithms, BWA, BBMap, and Bowtie. It is also the only variant detected by Bowtie. 

From the result of GT-Kazusa, a clear G peak was observed. However, from the result of 

GT-O1, although a clear G peak was still observed, it is undeniable that there is a 

presence of a smaller C peak. Therefore, this SNP detected by the algorithms showed an 

actual change between GT-O1 and GT-O3. However, the base change does not lead to a 

change in amino acid as both GTG and GTC encode for Valine. The gradual change 

shown in the results of the three strains is exciting and may indicate an event of genomic 

instability.  

The other variant that was verified is the position 1453626 and 1453628, which falls in 

the gene slr1712, encoding a hypothetical protein. According to the reference sequence 

of the position 1453626 to 1453628, TTG was shown. However, the Sanger sequencing 

results identified clear peaks of CTA in the three strains. Interestingly, slight peaks of T 

and G were observed in both GT-O3 and GT-Kazusa at positions 1453626 and 1453628. 

The possible codons, TTG, CTG, TTA, or CTA, all encode the same amino acid, leucine.  

The results for the three strains that are so different from the reference sequence leads to 

the question if the reference sequence at these positions is genuinely correct.  

Lastly, the results for the fourth variant showed the clear presence of a C peak at the 

position of 1210242, found in the gene sll1774, encoding a hypothetical protein. Similar 
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to the previous variant, this SNP was detected by both BBMap and Geneious. According 

to the algorithms, a C to T change was observed. The GT-Kazusa result showed a clear 

C peak in both the forward and reverse reads. What is surprising is that although the 

forward reads of GT-O1 and GT-O3 showed a clear C peak, the reverse reads of both 

strains also showed a clear T peak beside a C peak. It is less likely that the error lies in 

the sequencing result as the quality of the region is good in comparison to the forward 

reads, which was noisy. 

Furthermore, the changed base from C to T causes a change in amino acid from serine 

(CCG) to proline (TTG). While this result indicates that there is no change between GT-

O1 and GT-O3 in this position, the question of whether a C or T at this position 1210242 

was expressed remained to be answered. The contrasting result between the GT-Kazusa 

strain and the GT-O1 strain was not reported previously. Therefore, it may be just an 

error of sequencing or, more likely, an event of genomic instability. 
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Chapter 4 Characterisation of Gene Mutants 

4.1 Mutant construction 

To investigate the genes that play a significant role in genomic instability in 

Synechocystis 6803, three genes were selected to be studied in this project. To investigate 

the role of the genes of interest, sll1354, sll1165, and sll1520, which encodes recJ, mutS1, 

and recN respectively, the construction of the mutants containing the interrupted genes 

was a significant part of this project. Kevin Sheridan, a Ph.D. student at Otago University, 

made the gene interruption construct for the gene sll1354. He kindly provided the plasmid 

containing the interrupted sll1354 for Synechocystis 6803 transformation. As for the 

other two genes, sll1165 and sll1520, the author carried out the production of the 

construct for the gene interruption. The strategy used to construct the mutants was 

interrupting the gene of interest by the insertion of antibiotic resistant cassette and 

subsequent replacement of the original copies of the gene with the interrupted gene using 

double homologous recombination.   

4.1.1 Amplification of the genes sll1165 and sll1520 

Primers designed using Geneious software were used to amplify the genes of interest 

(please refer to Table 2.1). The total length of the PCR product of sll1165 is 4135 bp, 

with the left and right flanking region of about 750bp. The PCR amplicon of sll1520 is 

3271bp in length, with the same length of flanking regions as sll1165. The PCR products 

were visualized using agarose gel electrophoresis containing ethidium bromide to verify 

the size of the amplicons. Due to the presence of unintended products shown as additional 

bands on the gel, the two resulting samples were subjected to gel excision, extracting 

only the fragment containing the targeted product.  
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Figure 4.1 Agarose electrophoresis gel image of the gel extraction, purified PCR product of sll1165 and 

sll1520. The length of sll1165 is 4135 bp, and sll1520 is 3271 bp in length. L- 1 kb plus ladder, lane A- 

sll1165, lane B- sll1520 

4.1.2 Insertion of amplicons into pJET 1.2 blunt plasmids and multiplication of the 

plasmid 

The amplicons were ligated into the pJET 1.2 blunt plasmids using T4 DNA ligase, as in 

Section 2.3.7. The ligated plasmids containing the gene were transformed into competent 

cells (DH5α E. coli cells) for the multiplication of the genetic materials using heat shock 

transformation. The pJET plasmid contains a lethal insert that enables the selection of 

only the circular plasmids. Besides that, an ampicillin resistance gene is also present in 

the plasmid. When the transformed cells were grown on LB agar supplemented with 

ampicillin, only the cells carrying the plasmids survived. After the extraction of the 

plasmids in the cells via alkaline lysis miniprep, restriction enzyme digestions were used 

to ensure the correct plasmid was isolated.  

4.1.3 Gene interruption with antibiotic resistance cassette 

The antibiotic used to interrupt the gene sll1165, and sll1520 was spectinomycin. The 

spectinomycin antibiotic cassette was amplified via PCR, using the primers as in Table 

2.1. The total length of the spectinomycin amplicon was 1278 bp. Using blunt-end cutting 

restriction enzymes that cut in between the genes of interest and only have a single cutting 

site in the plasmid, EcoRV for sll1165 and SfoI for sll1520, the plasmid is linearized for 

the subsequent ligation process. T4 DNA ligase was used to ligate spectinomycin 

amplicons to the linearised plasmids. After that, they were transformed into competent 

cells again for the multiplication of the genetic material. The transformed cells were 
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grown on LB agar containing ampicillin and spectinomycin. The plasmids were extracted 

from the competent cells and restriction enzyme digests were used to confirm the correct 

insert had been isolated. The DNA samples were then sent for Sanger Sequencing for 

further verification of the construct. Another significant purpose of sequencing the 

construct is to ensure that there are no mismatches in the sequences of the left and right 

flanking regions as they are crucial in the homologous recombination process. 

A 

 

 

B 

 

 

 

 

Figure 4.2 A- Manipulation of the gene sll1165 (muts1) by insertion of spectinomycin cassette at the 

EcoRV restriction site. B- Manipulation of the gene sll1520 (recN) by insertion of spectinomycin cassette 

at the SfoI restriction site. 

4.1.4 Transformation into Synechocystis 6803 and segregation  

The pJET plasmid now carried the gene of interest with the desired interruption. Since 

Synechocystis 6803 is capable of double homologous recombination, this characteristic 

makes the insertion of the manipulated gene product straightforward. The inserted gene 

fragment consists of left and right flanking regions which are homologous to the genome 

of Synechocystis 6803, permitting the replacement of the original copies to the 

interrupted inserts. The interrupted gene constructs were transformed into Synechocystis 

6803 wildtype GT-O1 and PSII mutant ΔPsbO:ΔPsbU. The transformed wildtype cells 

were grown of BG-11 plates supplemented with glucose, spectinomycin, and atrazine, 
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whereas the plates for the transformed ΔPsbO:ΔPsbU cells were supplemented with 

glucose, spectinomycin, kanamycin, ampicillin, and atrazine.  

The segregation of the inserted gene into all the original copies took about 25 days. This 

long duration is essential as Synechocystis 6803 has more than 12 copies of genome 

copies per cell (Griese et al., 2011; Labarre et al., 1989; Zerulla et al., 2016). The 

segregation of the mutants was checked through extracting their DNA and PCR using the 

primers in Table 2.1. The total length of the PCR product for the mutants Δsll1165 and 

ΔPsbO:ΔPsbU: Δsll1165 is 5413bp, whereas the mutants Δsll1520, 

ΔPsbO:ΔPsbU:Δsll1520, Δsll1354 and ΔPsbO:ΔPsbU:Δsll1354 is 5280bp in length. 

Using the amplicons of the genes of interest as control, visualization of the PCR products 

through agarose gel electrophoresis showed a definite shift in the size of the amplicons, 

indicating the correct insert. The single band shown on the gel suggests that the mutants 

were fully segregated. The extracted DNA from all six mutants was sent for Sanger 

sequencing for verification.  

 

Figure 4.3 Agarose electrophoresis gel image of the PCR product of the segregated mutants. The length of 

sll1165 is 4135bp; the length of sll1165-SpecR is 5413bp; the length of sll1520 is 3271bp; the length of 

sll1520-SpecR is 4549bp. L- 1kb plus ladder, lane A- sll1165, lane B- sll1165-SpecR in WT:Δsll1165, lane 

C- sll1165-SpecR in ΔPsbO:ΔPsbU:Δsll1165, lane D- sll1520, lane E- sll1520-SpecR in WT:Δsll1520, lane 

F- sll1520-SpecR in ΔPsbO:ΔPsbU:Δsll1520 
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4.2 Comparing the growth rate of the mutants and the wildtypes 

The mutants constructed and the controls (wildtype GT-O1 and ΔPsbO:ΔPsbU) were 

grown photoautotrophically in pH 7.5 and pH 10 BG-11 liquid media supplemented with 

appropriate antibiotics. The wildtype GT-O1 strain is capable of growing 

photoautotrophically in both pH 7.5 and pH 10. However, for the PS II mutant strain 

ΔPsbO:ΔPsbU, it is capable of growing in pH 10 but not in pH 7.5. An event of 

photoautotrophic growth reversion of ΔPsbO:ΔPsbU strain in pH 7.5 was reported 

previously after the cells were grown for about 100 hours (Summerfield et al., 2007). 

This is an event of genomic instability in this Synechocystis strain. Using this strain as a 

background, the constructs of interrupted genes of interest were transformed into this 

strain. By observing the photoautotrophic growth rate reversions of these strains (control 

and the ones carrying interrupted gene constructs), the impact of these genes may indicate 

if these genes play a role in genomic instability in Synechocystis 6803. If the 

photoautotrophic growth rate is reverted faster or slower than the control, PS II mutant 

strain, it indicates that the gene influenced the DNA repair and recombination mechanism 

in Synechocystis 6803, affecting the genomic stability. 

In this study, one flask was set up for each mutant and controls for pH 10 and pH 7.5, but 

three flasks of mutants and ΔPsbO:ΔPsbU were set up each for pH 7.5 because this allows 

a more evident observation for the events of photoautotrophic growth reversion. 

Photoautotrophic growth was set up, as described in Section 2.4.1. The OD730nm was 

measured every 12 hours.  

4.2.1 Photoautotrophic growth of the wildtypes and the mutants with interrupted 

sll1354 

The photoautotrophic growth of wildtype (WT) and Δsll1354 (WT:Δsll1354) in the 

medium pH 7.5 were measured for 264 hours. The strains ΔPsbO:ΔPsbU (ΔO:ΔU) and 

ΔPsbO:ΔPsbU:Δsll1354 (ΔO:ΔU:Δsll1354) in pH 7.5 were measured for 348 hours.  

In Figure 4.4, the wildtype and the one carrying disrupted sll1354 exhibited an identical 

growth rate to each other, indicating that the impact of sll1354 interruption carries no 

effect on the photoautotrophic growth of Synechocystis 6803.  
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Figure 4.4 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT and WT:Δsll1354 in pH 

7.5 BG-11 medium. The result are representative of single preliminary technical replicates. 

Figure 4.5 showed an exciting result of ΔPsbO:ΔPsbU (ΔO:ΔU) and 

ΔPsbO:ΔPsbU:Δsll1354 (ΔO:ΔU:Δsll1354). Firstly, both ΔO:ΔU and ΔO:ΔU:Δsll1354 

showed a very similar trend in growth, with ΔO:ΔU:Δsll1354 growing slightly better in 

comparison to ΔO:ΔU, which does not carry the interrupted recJ gene. From the graph, 

we can see that the cells of both strains were not growing, starting at about the 50th hour. 

The strains even started to show a slight decrease in cell density at the duration from 50th 

to the 300th hour. Interestingly, photoautotrophic growth was observed for both strains 

starting at about 300th hour. The growth continued until the 346th hour, the last time point 

recorded. The exponential growth of ΔO:ΔU were shown to be slightly higher compared 

to ΔO:ΔU:Δsll1354. The similarity in the time of reversion for both strains suggests that 

sll1354 does not show any significant impact in the reversion of the growth rate. Hence, 

the gene recJ may not play a role in the reversion of the photoautotrophic growth rate in 

the PS II mutant strain.   
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Figure 4.5 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 ΔO:ΔU and ΔO:ΔU:Δsll1354 

in pH 7.5 BG-11 medium. The results are representative of three preliminary technical replicates. 

This event of photoautotrophic growth reversion raises the question if the cell growth is 

due to the loss of function of the antibiotics present in the media after a long duration of 

nearly 350 hours. Therefore, another photoautotrophic growth was carried out for both 

strains, ΔO:ΔU and ΔO:ΔU:Δsll1354, using the cells that showed reversion in growth 

rate. Three flasks were set up for both ΔO:ΔU and ΔO:ΔU:Δsll1354 respectively, in pH 

7.5 BG-11 medium, with and without the presence of antibiotics. Through this, we can 

observe if truly the growth of the cells was indeed reverted under the correct selection 

pressure. These photoautotrophic growth experiments were carried out for 144 hours.  

From Figures 4.6 and 4.7, we can observe a similar growth trend in both graphs. These 

results showed that the reverted ΔO:ΔU and ΔO:ΔU:Δsll1354 cells were indeed growing 

under the correct selection pressure, indicating an instance of pseudoreversion. The 

reverted cells were seen to grow exponentially, which mimics the trend in the wildtype 

strain. It is known as pseudoreversion because although it shows the ability to grow 

photoautotrophically in pH 7.5 BG-11 medium, just like the wildtype, yet both ΔO:ΔU 

and ΔO:ΔU:Δsll1354 still carry mutations in PS II luminal proteins PsbO and PsbU. 

However, due to time constraint, the verification through DNA extraction and PCR were 

not carried out in this study. Nonetheless, the ability of the cells to grow in antibiotics 

indicates clearly that both strains carry the intended mutations.  
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Figure 4.6 Photoautotrophic growth curve of reverted Synechocystis sp. PCC 6803 ΔO:ΔU and 

ΔO:ΔU:Δsll1354 in pH 7.5 BG-11 medium, with the presence of antibiotics. The results are 

representative of three preliminary technical replicates. 

 

Figure 4.7 Photoautotrophic growth curve of reverted Synechocystis sp. PCC 6803 ΔO:ΔU and 

ΔO:ΔU:Δsll1354 in pH 7.5 BG-11 medium, with the presence of antibiotics. The results are 

representative of three technical replicates. 

When WT, WT:Δsll1354, ΔO:ΔU, and ΔO:ΔU:Δsll1354 were grown 

photoautotrophically in pH 10 BG-11 media for about 300 hours, the results showed 
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some interesting observation. We can see that the WT, WT:Δsll1354 showed very similar 

results to each other. In contrast, ΔO:ΔU and ΔO:ΔU:Δsll1354 showed a distinctively 

different result in comparison to each other. The ΔO:ΔU strain initially showed a similar 

growth trend with the other three strains. At about the 40th hour, ΔO:ΔU and 

ΔO:ΔU:Δsll1354 showed similar growth to each other, both grew slower than WT and 

WT:Δsll1354. However, at about the 96th hour, ΔO:ΔU, and ΔO:ΔU:Δsll1354 showed 

contrasting growth rate, where ΔO:ΔU:Δsll1354 continued to grow exponentially, 

eventually showed a similar growth rate as WT and WT:Δsll1354 from 120th hour 

onwards, whereas the growth rate of ΔO:ΔU seemed to remain stationary till the last 

recorded time, 312th hour. This result implied that the interruption of the gene sll1354 

might have a particular impact on the photoautotrophic growth of the PS II mutant strain 

in a pH 10 environment, where the growth rate was significantly increased.  

 

Figure 4.8 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT, WT:Δsll1354, ΔO:ΔU, 

and ΔO:ΔU:Δsll1354 in pH 10 BG-11 medium. The results are representative of single preliminary  

technical replicates. 

The gene sll1354 encodes for the protein RecJ, which is a 5’ to 3’ exonuclease that is 

especially important in the process of homologous recombination. Despite the event of 
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photoautotrophic growth reversion observed in the result, the disruption of RecJ does 

not indicate an impact on the speed of the reversion. Therefore, from this experiment on 

the gene sll1354, no indication of a role in genomic instability is shown. Nevertheless, 

it is important to note that when the strains were grown in pH 10 environment, the 

photoautotrophic growth rate was improved in ΔPsbO:ΔPsbU:Δsll1354.   

4.2.2 Photoautotrophic growth of the wildtypes and the mutants with interrupted 

sll1165 

The photoautotrophic growth of wildtype (WT) and Δsll1165 (WT:Δsll1165) in pH 7.5 

medium were measured for about 160 hours. On the other hand, the strains 

ΔPsbO:ΔPsbU (ΔO:ΔU) and ΔPsbO:ΔPsbU:Δsll1165 (ΔO:ΔU:Δsll1165) were measured 

for 168 hours.  

Firstly, when the gene sll1165 was interrupted, the photoautotrophic growth of the 

mutation carrying wildtype (WT:Δsll1165) showed a slower growth compared to the 

healthy wildtype. However, we can observe from Figure 4.9 that the increase in cell 

density of the WT:Δsll1165 strain is still evident. Therefore, the result indicates that the 

interruption of the gene sll1165 gives an impact on decreasing the photoautotrophic 

growth of the wildtype strain.  

 

Figure 4.9 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT and WT:Δsll1165 in pH 

7.5 BG-11 medium. The results are representative of single preliminary technical replicates. 
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In Figure 4.10, we see an interesting result of contrasting growth rate between the PS II 

mutant strain, ΔPsbO:ΔPsbU (ΔO:ΔU), and the one carrying interrupted muts1, 

ΔPsbO:ΔPsbU:Δsll1354 (ΔO:ΔU:Δsll1165). ΔO:ΔU were shown to be staying in a 

stationary phase, where the cells were neither growing nor dying off. This observation 

matches the result shown in the other study stating that the ΔO:ΔU strain is unable to 

grow in pH 7.5 (Summerfield et al., 2007). However, what is exciting is that with the 

interruption of the gene sll1165, the PS II mutant strain seems to gain the ability to grow 

in the environment of pH 7.5. When we compare the photoautotrophic growth rate 

between the ΔO:ΔU:Δsll1165 and WT:Δsll1165, which is shown in Figure 4.11, the 

growth rate is nearly the same with each other, with both strains showed a slightly lower 

growth rate compared to the wildtype.  

 

Figure 4.10 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 ΔO:ΔU and ΔO:ΔU:Δsll1165 

in pH 7.5 BG-11 medium. The results are representative of three preliminary technical replicates. 



47 

 

 

Figure 4.11 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT and WT:Δsll1165, and 

ΔO:ΔU:Δsll1165 in pH 7.5 BG-11 medium. The results are representative of three preliminary technical 

replicates for ΔO:ΔU:Δsll1165 in  comparison to single technical replicates for WT and WT:Δsll1165. 

In order to verify the photoautotrophic growth in the strain ΔO:ΔU:Δsll1165 in the 

condition of pH 7.5, another three flasks of the fresh culture were set up in a growth 

experiment, and the cell density was measured for 168 hours. From figure 4.12, it was 

observed that the growth rate for one of the flasks (ΔO:ΔU:Δsll1165 a) is lower than the 

other two flasks (ΔO:ΔU:Δsll1165 b and c) for the first 80 hours. Nonetheless, starting 

from the 96th hour, the three flasks showed a similar cell growth. The growth trend shown 

is also identical to the results recorded previously. These results suggest that the 

interruption of the gene sll1165 restores the ability of the PS II mutant strain to grow 

photoautotrophically in the condition of pH 7.5.   
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Figure 4.12 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 ΔO:ΔU:Δsll1165 in pH 7.5 

BG-11medium. The results are representative of three preliminary technical replicates. 

Looking at the growth condition of the four strains in pH 10, the results in Figure 4.13 

showed that their growth curve varied from each other. Firstly, when we compare the 

WT and WT:Δsll1165, the strain carrying a mutation in sll1165 portrayed a slightly 

slower growth compared to the wildtype. However, the trend of growth for both strains 

was similar. In the comparison between the strains ΔO:ΔU and ΔO:ΔU:Δsll1165, a stark 

contrast was observed. Unfortunately, this may be due to the varying starting cell density 

at the beginning of the growth experiment. This inaccuracy also made it difficult to 

compare the results of both strains. From the graph, it was observed that ΔO:ΔU showed 

a much lower growth rate in comparison to all the other three strains. The 

ΔO:ΔU:Δsll1165 strain seemed to show more vigorous growth in comparison to the 

ΔO:ΔU strain, despite the slower growth compared to wildtype.   
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Figure 4.13 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT, WT:Δsll1165, ΔO:ΔU, 

and ΔO:ΔU:Δsll1165 in pH 10 BG-11 medium. The results are representative of single preliminary  

technical replicates 

MutS1 (sll1165) is a crucial protein in the DNA mismatch repair mechanism. It plays a 

vital role in maintaining genomic stability in Synechocystis 6803. The restored 

photoautotrophic growth rate exhibited in the PS II mutant strain carrying interrupted 

muts1 (ΔPsbO:ΔPsbU:Δsll1165) indicates this gene is highly possible in playing a crucial 

role in the mechanism of DNA repair and recombination in Synechocystis 6803. This 

hypothesis is in line with a paper published in 2016, which proposed a set of genes that 

encodes the core DNA repair and recombination mechanism in cyanobacteria (Cassier-

Chauvat et al., 2016).  

4.2.3 Photoautotrophic growth of the wildtypes and the mutants with interrupted 

sll1520 

The photoautotrophic growth of the wildtype (WT) and Δsll1520 (WT:Δsll1520) in pH 

7.5 were measured for about 150 hours, whereas the growth of the strains ΔPsbO:ΔPsbU 

(ΔO:ΔU) and ΔPsbO:ΔPsbU:Δsll1520 (ΔO:ΔU:Δsll1520) were measured for 288 hours.  

The trend of photoautotrophic growth of WT and WT:Δsll1520 in pH 7.5 media was 

shown in Figure 4.14. Both showed a very similar trend in growth, with WT growing 

slightly better compared to WT:Δsll1520. This result implied that the disruption of the 
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gene sll1520 causes a decrease in photoautotrophic growth of wildtype strain. However, 

there is still a steady increase in cell density of WT:Δsll1520, which mimics the WT trend 

of growth.     

 

Figure 4.14 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT and WT:Δsll1520 in pH 

7.5 BG-11medium. The results are representative of single preliminary technical replicates 

According to Figure 4.15, the growth trend shown by all six flasks were identical to each 

other. The growth rate of ΔO:ΔU is slightly lower in comparison to ΔO:ΔU:Δsll1520. 

The cells in all the six flasks seemed to be in a stationary phase, and no increase nor 

decrease in growth rate observed in the graph. No reversion of growth rate was detected 

until the last time point was recorded (288 hours), implying that the gene sll1520 does 

not play any role in the reversion of photoautotrophic growth rate. Overall, the result 

indicates that the disruption of sll1520 has minimal impact on the photoautotrophic 

growth of the PS II mutant strain.  
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Figure 4.15 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 ΔO:ΔU and ΔO:ΔU:Δsll1520 

in pH 7.5 BG-11 medium. The results are representative of three preliminary technical replicates. 

The photoautotrophic growth measurement for the four strains in pH 10 environment was 

measured for about 160 hours. In Figure 4.16, the photoautotrophic growth of WT and 

WT:Δsll1520 were distinctly different from the other two strains. The trend of growth 

for both WT and WT Δsll1520 resembles each other, with the strain carrying a mutation 

in recN, showing a slightly lower growth compared to the healthy wildtype. On the other 

hand, the strains ΔO:ΔU and ΔO:ΔU:Δsll1520 both showed a much slower growth 

compared to the two wildtype strains (WT and WT:Δsll1520). The PS II  mutant carrying 

the disrupted sll1520 slightly grew better in pH 10 medium in comparison to the strain 

ΔO:ΔU. From this result, the gene sll1520 also seemed to show minimal influence in the 

photoautotrophic growth in pH 10 environment.  
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Figure 4.16 Photoautotrophic growth curve of Synechocystis sp. PCC 6803 WT, WT:Δsll1520, ΔO:ΔU, 

and ΔO:ΔU:Δsll1520 in pH 10 BG-11 medium. The results are representative of single preliminary 

technical replicates. 

The gene sll1520 encodes the RecN protein, which is another essential protein in the 

DNA recombination mechanism. Unfortunately, little information was obtained from the 

experiments above. The gene recN seemed to show little impact in the photoautotrophic 

growth of Synechocystis 6803.  
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Chapter 5 Conclusion 

5.1 Conclusion 

Synechocystis sp. PCC 6803 is one of the model organisms that is used extensively in the 

study of Photosystem II. It is a potential candidate for genomic engineering for the 

production of high-value compounds due to the manipulatable sized genome and 

homologous recombination ability. However, one of the challenges of using this 

organism as a biological factory is genomic instability (Jones, 2014). The core 

mechanism that repairs and allows recombination of the DNA of Synechocystis sp. PCC 

6803 is governed by a set of genes (Cassier-Chauvat et al., 2016). However, the genes 

involved in the DNA repair and recombination mechanism of cyanobacteria were not 

studied extensively. The understanding and identification of the genes that play a vital 

role in this mechanism would shine light into making a more stable and robust 

cyanobacterial biosystem.  

 This study aims to investigate the roles of the genes sll1354 (recJ), sll1165 (mutS1), and 

sll1520 (recN) in the event of genomic instability. The experimental results for the strains 

carrying a mutation in these genes showed exciting results. An event of photoautotrophic 

growth reversion was recorded in the PS II mutants carrying interrupted gene sll1354 

(ΔPsbO: ΔPsbU: Δsll1354) as well as sll1165 (ΔPsbO: ΔPsbU: Δsll1165) in the 

environment of pH 7.5. Unfortunately, the rate of photoautotrophic growth restoration in 

sll1354 reflects that of the photosystem II strain, ΔPsbO: ΔPsbU, implicating that the 

disruption of the gene sll1354 does not impact the restoration of the growth in pH 7.5 

medium. In contrast, the disruption of the gene sll1165 restores the photoautotrophic 

growth in ΔPsbO: ΔPsbU, which initially is incapable of growing in ph 7.5 medium. This 

result gives an indication that the gene sll1165 may play an essential role as a core gene 

in the mechanism of repair and recombination in cyanobacteria. Unfortunately, minimal 

information was extracted from the experimental result of the gene sll1520. Nevertheless, 

these were just preliminary data that encourages further investigation into these genes 

that may potentially be one of the key genes encoding the DNA recombination and repair 

mechanism. 

Besides the genes, this project also involves the analysis of the whole genome sequencing 

data of GT-O3, a substrain that carries evidence of spontaneous mutation. The Sanger 

sequencing results were intriguing because many of the single nucleotide polymorphism 
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(SNPs) observed showed an expression of two bases in one position. This observation 

stimulates the questions revolving the total number of genomic copy Synechocystis sp. 

PCC 6803 has per cells. It is not known if this event is just contamination in the culture 

or if half of the copies were expressing a base different than the other half. It is currently 

known that this model organism is highly polyploid and retains different numbers of 

genomic copies at different growth phases. Besides this factor, the genomic copy number 

in Synechocystis sp. PCC 6803 is also influenced by the physical and chemical 

parameters, such as the phosphate levels in the environment (Griese et al., 2011; Labarre 

et al., 1989; Zerulla et al., 2016).  

Reviewing the results produced in this study, it is hard not to notice the instances of 

genomic instability in Synechocystis sp. PCC 6803. Genomic instability in cyanobacteria 

is really “the elephant in the room” that needs to be addressed (Jones, 2014). Although it 

may be challenging and requires much time to understand and discover the core 

mechanism controlling genomic instability, all the effort will be worthwhile when these 

pieces of knowledge are contributed to building a sustainable and stable biosystem.  

5.2 Future Research  

5.2.1 Physiological characterization of wildtype and Photosystem II mutant strains 

carrying interrupted construct of sll1354 (recJ), sll1165 (mutS1), and sll1520 (recN)   

PCR and Sanger Sequencing confirmation can be carried out on both 

ΔPsbO:ΔPsbU:Δsll1354 and ΔPsbO:ΔPsbU:Δsll1165 to further verify if these mutants 

were interrupted in the correct intended location only. Besides that, further physiological 

characterization experiments such as photosynthetic oxygen evolution and pigment 

analysis can be carried out on the wildtype and Photosystem II mutant strain carrying 

interrupted construct of sll1354 (recJ), sll1165 (mutS1), and sll1520 (recN). This is 

because not much information was known about these genes in Synechocystis. Sp. PCC 

6803. Therefore, any valuable information regarding these genes should be extracted 

from these made mutants to build fundamental understanding revolving the genes.  

From the experiments, ΔPsbO:ΔPsbU:Δsll1165 strain showed an exciting result. There 

is a gene, sll1772, which encodes mutS2, a gene that is highly homologous to sll1165 

(mutS1) (Cassier-Chauvat et al., 2016). The gene sll1772 is an endonuclease that is 

involved in the suppression of homologous recombination. It is also one of the genes 

proposed to be involved in DNA recombination and repair mechanism of cyanobacteria. 
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Due to the high similarity between these two genes, it would be interesting to see if the 

interrupted gene construct of sll1772 will yield a similar result to the Δsll1165 strains. It 

would be interesting to characterize a double interrupted mutant carrying both Δsll1165 

and Δsll1772.  

With the scarce information available regarding the genes involved in the DNA 

recombination and repair mechanism of cyanobacteria, more effort needs to be 

contributed into the understanding of this mechanism with the aim to build a genomically 

stable biosystem for biotechnological purposes besides widening the understanding of 

DNA repair and recombination mechanism in cyanobacteria. Hopefully, this study had 

added some useful information to the big unknown – genomic instability in cyanobacteria.  
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