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Abstract 
Cyanobacteria are key organisms in the global ecosystem and potential renewable platforms for 

production of chemicals. Many aspects of cyanobacterial biology are unique to this subset of 

prokaryotes. Characterising cyanobacterial metabolism and physiology is key to understanding 

their environmental role and unlocking their potential for biotechnology. This thesis provides a 

comprehensive summary of our knowledge on cyanobacterial physiology and the pathways in the 

model organism, Synechocystis sp. PCC 6803 (PCC 6803). One of the main issues within 

cyanobacterial bioindustry has been the lack of sustained fast-growing strains. The newly 

discovered Synechococcus sp. PCC 11901 (PCC 11901) reportedly demonstrates the highest, most 

sustained growth of any known cyanobacterium. Knowledge of PCC 11901 biology, including the 

factors underlying the sustained fast growth, is limited, which hinders its potential for 

biotechnology. Genetic tools for generating unmarked mutants in PCC 11901 are not established. 

This thesis confirms that PCC 11901 displays faster growth than other model cyanobacteria. 

Comparative genomics between PCC 11901 and PCC 6803 reveal conservation of most metabolic 

pathways but PCC 11901 has a simplified electron transport chain and reduced light-harvesting 

complex. This may underlie its efficient light use, reduced photoinhibition, and higher 

photosynthetic and respiratory rates. Attempts to generate unmarked knockouts using two 

negative selectable markers were unsuccessful, suggesting that recombinase or CRISPR-based 

approaches may be necessary for the industry requirement of repeated genetic manipulation. To 

further cement PCC 11901 as a future industrial strain, biomass and optical density measurements 

were carried out over a range of light intensities to aid photo-mechanistic modelling of the strain. 

This thesis establishes PCC 11901 as one of the most promising species currently available for 

cyanobacterial biotechnology and provides a useful set of bioinformatic tools and strains for 

advancing this field, in addition to insights into the factors underlying its fast growth phenotype. 
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Chapter 1: General Introduction 
 

1.1 Cyanobacteria 

Cyanobacteria are a large and diverse group of photosynthetic prokaryotes found in nearly all 

environments on Earth. They were likely the main organisms involved in generating an 

oxygenic environment starting approximately 2.4 billion years ago and are currently 

responsible for approximately a quarter of global primary production (1–3). Cyanobacteria also 

play a key role in the global nitrogen cycle due to the ability of certain species to fix nitrogen 

(4). It has been proposed that chloroplasts almost certainly descend from an internalized 

cyanobacterium (5). Certain physiological and biochemical features are conserved in higher 

photosynthetic organisms, making cyanobacteria excellent chassis for production of plant-derived 

natural products, like terpenes, and as model systems for genetic studies of the processes 

conserved between cyanobacteria and chloroplast-containing phototrophs. Many key processes 

conserved throughout the photosynthetic lineages were first characterised in cyanobacteria (6,7), 

and there is significant interest in engineering cyanobacterial enzymes and CO2-concentrating 

mechanisms into crop plants to improve productivity (8–12). 

 
 

1.1.1 Ultrastructure of cyanobacteria 

Cyanobacteria incorporate a cell envelope similar to other Gram-negative bacteria, containing 

a plasma membrane, peptidoglycan layer and an outer membrane containing 

lipopolysaccharides (13) (Figure 1.1). However, cyanobacteria are unique, in terms of Gram-

negative bacteria, due to the presence of internal thylakoid membranes, the site of 

photosynthesis and respiration (14). Thylakoid membranes are arranged in pairs, surrounding 

a distinct cellular compartment called the thylakoid lumen (15). Cyanobacteria also contain 

large microcompartments called carboxysomes, which concentrate carbon dioxide, resulting 

in more efficient carbon fixation and therefore production of biomass (14). Most cyanobacteria 

contain multiple chromosomal copies, but this can vary greatly depending on the species. For 

example, in Synechocystis sp. PCC 6803 (PCC 6803), chromosomal number can vary between 4 

- 53 copies depending on growth conditions and strain (16). Fluorescent staining of 

deoxyribonucleic acid (DNA) shows 92% of chromosomal material localises to the central 

cytoplasm, whilst 8% is found at the periphery of the cytoplasm, adjacent to the membranes 

(17).  
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Figure 1.1 The ultrastructure of Synechocystis showing various subcellular components. L, Lipid body; C, Carboxysome; PHB, Polyhydroxybutyrate 
granule; PP, Polyphosphate body; Glyc, Glycogen granule; Cyano, Cyanophycin granule; TC, Thylakoid centre 
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1.1.2 Photosynthesis and respiration in cyanobacteria 

In the majority of cyanobacterial species, photosynthesis occurs in the thylakoid membrane. 

The photosynthetic electron transport chain is largely similar between cyanobacteria, algae 

and plants (Figure 1.2). Photosynthesis is initiated in photosystem II (PSII), which uses light 

energy to split water into oxygen and protons, and the concomitant release of electrons. 

These electrons are then transferred to plastoquinone (PQ), reducing it to plastoquinol. The 

electrons are then transferred to the cytochrome b6f complex (cyt b6f), resulting in transport 

of further protons across the thylakoid membrane to the lumen, and from there, to a soluble 

electron carrier. The soluble electron carrier can be either plastocyanin or cytochrome c6 (cyt 

c6), depending on the species and the availability of copper (18). This reaction occurs on the 

luminal side of the thylakoid membrane. The electron is transferred to photosystem I (PSI), 

where it replaces a newly excited electron which is transferred to ferredoxin (Fd), then 

ferredoxin-NADP+ reductase, leading to production of NADPH. The transfer of electrons 

during photosynthesis leads to the formation of a proton gradient which is utilised by ATP 

synthase for ATP production. The NADPH and ATP formed during these processes is used for 

CO2 fixation and other cellular processes (18,19). CO2 fixation occurs within the carboxysome, 

a compartment that increases the efficiency of carbon assimilation and limits 

photorespiration. The process of photorespiration results in production of 2-

phosphoglycolate, which involves an energetically costly process to recycle. 
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Figure 1.2 Schematic diagram of the (A) photosynthetic and (B) respiratory electron transfer 
chains in cyanobacteria. NDH-2A, NAD(P)H dehydrogenase; SDH, succinate dehydrogenase; NDH-
1-, NAD(P)H dehydrogenase; PQ, plastoquinone; PQH2, plastoquinol; PSII, photosystem II; PBS, 
phycobilisome; OCP, orange carotenoid protein; Cyd, cytochrome bd-quinol oxidase; ARTO, 
alternative plastoquinone oxidase; cyt b6f, cytochrome b6f; c6, cytochrome c6; Pc, plastocyanin; PSI, 
photosystem I; Fdx, ferredoxin; Fld, flavodoxin, COX, cytochrome oxidase; HOX, hydrogenase; 
Flv1/3, flavodiiron 1/3; Flv2/4, flavodiiron 2/4; FNR, ferredoxin-NADP+ reductase; NDH-2C, NAD(P)H 
dehydrogenase. 
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Many cyanobacteria harvest light via large protein complexes called phycobilisomes (PBSs). 

PBSs consist of phycobiliproteins and can associate with PSII or PSI. Phycobiliproteins absorb 

light at different wavelengths from the chlorophyll and carotenoid pigments found in 

photosystems. PBSs are considerably larger than photosystems. This vastly increases the 

spectral range and amount of light harvested by cyanobacteria (20). 

 

In the absence of light, cyanobacteria can switch to generating energy via respiration. The 

thylakoid membrane contains both the photosynthetic and respiratory electron transport chains. 

The cytoplasmic membrane contains a separate electron transport chain solely which may have 

multiple roles in the cell. In the thylakoid membrane there are three complexes, succinate 

dehydrogenase (SDH), NAD(P)H dehydrogenase-like complex I (NDH-1) and NAD(P)H 

dehydrogenase-like complex 2A (NDH-2A), which can donate electrons to PQ (21–23). Following 

the reduction of PQ, electrons are transferred to cytochrome bd-quinol oxidase (Cyd), or to cyt b6f, 

then Pc/cyt c6 before terminating at the cytochrome c oxidase (COX) (23,24). In the cytoplasmic 

membrane, PQ is reduced  by the NAD(P)H dehydrogenase (NDH-2C. It is believed that SDH may 

also play a role in the cytoplasmic membrane, however this is yet to be confirmed. Additional 

protein complexes, flavodiiron 1/3 and 2/4, and a bi-directional hydrogenase, also act as electron 

acceptors from Fd (25,26). 

 
 

1.1.3 Genetic engineering of model and non-model cyanobacteria 

Cyanobacterial research has focused primarily on model organisms that are straightforward to 

culture under laboratory conditions, amenable to genetic modification and can be frozen for long-

term storage (27–30). The uptake of more recalcitrant, non-model species for laboratory research 

can present significant challenges. Some of the basic features that are desirable for culturing and 

engineering cyanobacteria are: 1. Capacity to grow on agar plates and generate isolated colonies; 

2. Amenability to heterologous DNA uptake, either naturally using native DNA import systems 

(31,32), or via conjugation (i.e., tri- or bi-parental mating), or electroporation; 3. Sensitivity to 

antibiotics for selection following DNA uptake (33); 4. Lack of native endonucleases that digest 

heterologous DNA. If present, the efficiency of DNA uptake can be improved by selecting for strains 

where endonucleases have been inactivated (32). Otherwise specific methylases, restriction 

inhibitors and liposomes could be employed during delivery (34–37); 5. Ability to take up broad-

host-range self-replicating plasmids (e.g., RSF1010-based) for heterologous gene expression; 6. 

Capacity for genomic integration via allelic exchange (e.g., homologous recombination to facilitate 

the generation of gene knockouts or genomic integration of gene expression cassettes). Ideally, 
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species will be amenable to the generation of unmarked mutants, which is important for industrial 

applications. Unmarked mutants can be generated using negative selection markers (e.g., sacB) 

(20,38) or by CRISPR/Cas (39). 

 

In this thesis, several model, known “non-model” and new organisms used in cyanobacterial 

research are discussed, A summary table (Table 1.1) gives an overview of genetic manipulation in a 

range of cyanobacterial species with wider applications to the field.  

 
 

1.1.4 Synechocystis sp. PCC 6803 

PCC 6803 is the most widely studied cyanobacterium and an ideal model organism for 

biotechnology. PCC 6803 is commonly used in laboratories due to its ability to naturally take up 

exogenous DNA, which facilitates genetic manipulation (40). It is also the most amenable species 

to generate unmarked mutants (40,41). Generation of unmarked mutants involves introducing 

chromosomal alterations into a strain via insertion of an antibiotic resistance cassette into the 

genomic site of interest, followed by subsequent removal of this cassette using a negative 

selectable marker. It is a particularly powerful technique as unmarked mutants can be genetically 

manipulated repeatedly, allowing as many alterations to be introduced into a strain as desirable. 

The PCC 6803 genome has low operon abundance and most genes are organised as single 

transcriptional genes. Therefore any polar effects on generating knockouts are likely to be minimal 

for most genes (42). PCC 6803 also has the capacity for photoautotrophic, mixotrophic, and 

heterotrophic growth (43). It grows rapidly under high light intensities when carbon saturated, and 

tolerates a wide range of temperatures (42,44), salinity and high pH (>10) conditions 
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Table 1.1 Summary of genetic manipulations carried out in some model and non-model cyanobacterial species. 

Species Strain Transformation Method 
Reported 
Selection/Counter 
SelectionMarkers  

Agar Medium  References 

Synechococcus sp. 

 
 
UTEX 2973 

Conjugation 
CRISPR/Cas 
pilN mutants are naturally 
transformable  

Apramycin 
Chloramphenicol 
Kanamycin 
Spectinomycin 
Streptomycin 

 
 
BG-11 

 
 
(31,42,45,46) 

 
PCC 7002 

 
Naturally transformable 

 
Kanamycin 
Gentamycin  

 
A+ 

 
(47,48) 

 
PCC 11801 
 
PCC 11802 

 
Naturally transformable  
 
Naturally transformable 

 
Spectinomycin 
 
Spectinomycin 

 
BG-11 
 
BG-11 

 
(49) 
 
(50) 

 
PCC 11901 

 
Naturally transformable  

 
Acrylic acid 
Spectinomycin 

 
AD7 

 
(51) 

Nostoc punctiforme ATCC 29133 Conjugation 

Chloramphenicol 
Neomycin 
sacB markers 
Streptomycin  

Allen and Arnon  (52–54) 

Cyanothece sp. 

PCC 7822 Electroporation Spectinomycin  BG-11 (55) 

ATCC 51142 Conjugation Kanamycin  
 
BG-11 
ASP2 

(56) 

Arthrospira platensis C1 Electroporation Spectinomycin  Zarrouk (37) 
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Leptolyngbya sp. BL0902 Conjugation 

Chloramphenicol 
Erythromycin 
Neomycin 
Spectinomycin 
Streptomycin 

BG-11 (57,58) 

Fremyella diplosiphon SF33 Conjugation 
Kanamycin 
Neomycin 
sacB markers 

BG-11/HEPES (59–61) 

Marine Synechococcus sp. 
WH7803 
WH8102 
WH8103 

Conjugation 
Electroporation 

Kanamycin SN  (62–64) 

Marine Prochlorococcus sp.  - Spectinomycin Pro99 (62,65) 

Thermosynechococcus 
elongatus 

BP-1 Naturally transformable 
Chloramphenicol 
Kanamycin 

BG-11 (66) 

PKUAC-SCTE542 Naturally transformable Spectinomycn BG-11 (67) 

Chlorogloeopsis fritschii PCC 6912 
Biolistic 
Conjugation 

Kanamycin 
Neomycin 

Allen and Arnon  (54,68)  

Fischerella muscicola PCC 7414 
Biolistic 
Conjugation 

Kanamycin 
Neomycin 

Allen and Arnon  (54,68) 

Chroococcidiopsis thermalis  Conjugation Neomycin  BG-11 (69) 

Gloeobacter violaceus PCC 7421 Conjugation  Streptomycin  BG-11 (70) 
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1.2 Industrial applications and challenges of cyanobacterial 
biotechnology 

1.2.1 Current industrial products derived from cyanobacteria 

Cyanobacteria are important biotechnology platforms due to their ability to convert solar light 

and CO2 into valuable industrial and pharmaceutical commodities (71,72) (Figure 1.3). They are 

also a source of nutraceuticals, while certain species can be used as a highly nutritious food 

source (73,74). Many species produce secondary metabolites with anticancer (74); 

antibacterial (75); antiviral (76); antiprotozoal (77); antioxidant (78) and anti-inflammatory 

properties (79).  

 

Thus far, the most lucrative use of cyanobacteria in industry has been in the production of dyes 

and food colouring. Chlorophyll, phycobiliproteins and carotenoids have commercial value as 

natural colouring agents, nutraceuticals, dyes within the cosmetic industry and as compounds 

for biomedical research due to their fluorescent properties (80–82). The agricultural industry 

is also aiming to use cyanobacteria as potential biofertilizers or biostimulants for increased 

plant growth and development. Specific applications include: provision of fixed nitrogen via 

heterocyst-forming cyanobacteria, e.g. Anabaena spp.; secreting plant growth promoting 

hormones, e.g. inodole-3-acetic acid, gibberellins and cytokinins (83–85);  secreting plant 

growth promoting vitamins such as cobalamin, folic acid, nicotinic acid and pantothenic acid 

(86,87). 

 
 

1.2.2 Industrial companies utilising cyanobacteria as a biotechnology platform 

Several companies have formed over the last few years with the purpose of using cyanobacteria 

and eukaryotic algae species for industrial purposes. Algenol Biofuels Inc. have filed several patent 

applications for using specific cyanobacterial strains for the bioproduction of ethanol (88–90), 1,2-

propanediol (91), 1,3-propanediol (92), isoprene (93), heme-containing proteins (94) and 

mycosporine-like amino acids (95), as well as methods for the extraction of phycocyanin (96). The 

biomaterials company Living Ink Technologies LLC use a plurality of cyanobacteria, including PCC 

6803, Synechococcus sp. PCC 7002 and Arthrospira spp., to create a bio-based and renewable 

coloured pigment, carbon black, to replace the petroleum-derived product used in printing ink (97–

99). Recently the large sportwear shop, Nike, have collaborated with Living Ink to create a range of 

graphic T-shirts using the carbon black ink (100).  
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In 2008, the confectionery companies Nestlé and Mars replaced the controversial synthetic, 

petroleum-derived blue food colouring Brilliant Blue FCF in their products used to make blue 

Smarties with the natural blue colourant, phycocyanin (101). In 2019, the Japanese chemical 

company, DIC Corporation (DIC), marketed the Linablue® G1 colourant from Arthrospira plantensis, 

which has received approval from the FDA as a food colourant, and, under the COSMetic Organic 

and Natural Standard, for use within the cosmetics industry (102). DIC successfully cultivates 

approximately 1,000 tons of Arthrospira spp. annually in large raceway ponds in China and the USA 

(103).  

 

ScotBio, a UK-based business, also produces blue pigments for cosmetics, food and dyes by growing 

Arthrospira spp. in indoor bioreactors instead of raceway ponds. ScotBio successfully grows A. 

plantensis under a specific wavelength of LED light, which causes A. plantensis to overproduce 

phycocyanin (104). This has resulted in an increase in production of phycocyanin by 4-fold over the 

last two years (105). Additional by-products of the extraction process, such as vegan protein and 

carotenoids, are also valuable commodities available for resale (105).  

 

Arthrospira spp. are also being used within the pharmaceutical sector for the development and 

manufacturing of therapeutics. Lumen Bioscience have exploited the ability of Arthropsira to 

produce high amounts of soluble protein and generated strains capable of producing therapeutic 

molecules, for example antibodies (106). The biomass is dried to form a powder of cells which is 

then packaged into dose-specific capsules. The cells are unable to survive the drying process, 

however the cell membrane protects the therapeutic drug which can then be orally delivered and 

released into the small intestine. This system aims to lower the cost of existing, difficult to procure 

drugs. At present, Lumen Biosciences have five product candidates that are under clinical trials for 

a range of conditions: Clostridioides difficile colitis; SARS-CoV-2; Crohn's disease and ulcerative 

colitis; Cardiometabolic Disease; Traveller’s diarrhoea caused by Campylobacter jejuni and 

Escherichia coli. At present, projects for C. difficile colitis and Traveller’s Diarrhoea are under Phase 

I and Phase II of clinical trials in the US, respectively (107–110).  

 

Despite the large industry drive to use Arthrospira for the production of valuable compounds, the 

species is highly resistant to genetic modification due to an abundance of native restriction–

modification systems that can rapidly degrade heterologous DNA (111). The most efficient 

transformation system reported to date has been the discovery that Arthrospira spp. possess the 

ability of natural competency for transformation when co-cultured with companion 
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microorganisms, specifically Microcella and Sphingomonas species (106). Transformed Arthrospira 

cells were reportedly stable for >3 years. The main issue, along with the new technology only being 

replicated by one group, is the lengthy process of mutant generation, with full segregation taking 8 

– 10 weeks (106).  
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Figure 1.3 Overview of the scaling-up process required when using cyanobacteria as 
photosynthetic biomanufacturing chassis. (I) Laboratory: Lab-scale construction and evaluation of 
cyanobacterial cell factories. (II) Industry: Overview of outdoor ponds and closed system 
photobioreactors (PBRs) used in industry and their associated issues. (III) Processing: Overview of 
the downstream processing challenges associated with cyanobacterial photosynthetic 
biomanufacturing with the increased energy and cost required for biomass harvesting and product 
recoveries. 
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1.2.3 Advantages of using cyanobacteria in industry 

1.2.3.1 Efficient solar capture 

Cyanobacteria have multiple characteristics favourable for green technology. They offer 

distinctive advantages over both plants and most algae as a biotechnology platform due to their 

efficiency at solar energy capture. Cyanobacteria are able to convert as much as 9% of solar 

energy into biomass compared to only 0.5-3% seen in higher plants (112–114). This equates to 

faster growth compared to plants and therefore a higher yield per hectare (115,116). 

 
 

1.2.3.2 Reduced nutrient requirements compared to other industrial microbes 

Unlike many plant species, cyanobacteria can be cultivated on arid or otherwise unfarmable land 

in large-scale photobioreactors (PBRs) or raceway ponds. Cultures only require sunlight, mixing, a 

source of inorganic carbon, freshwater or seawater depending on the species, nitrogen, 

phosphorus and a few mineral nutrients. To further minimise nutrient feedstocks, it has been 

demonstrated that certain species can be grown in reactors using seawater or waste water (117–

120). Another benefit to using cyanobacteria over alternative heterotrophic microorganisms, such 

as Saccharomyces cerevisiae and E. coli, is that cyanobacterial cultures require no carbohydrate 

feedstock, typically derived from an agricultural source. Growing crops as feedstocks for microbial 

cultures utilises land and resources which could be better used for food production or restored to 

natural environments. It also requires transport of the high volume feedstock from the farm to the 

reactor, adding to costs and energy use (121,122). 

 
 

1.2.3.3 Genetic amenability 

Mutant generation is a key tool in bacterial research and for altering species for biotechnology 

applications. Individual research laboratories currently generate mutants of interest via a variety of 

different experimental methods, using a range of plasmid systems in sub-strains that can vary 

significantly at both the phenotypic and genotypic level (e.g., in PCC 6803 (16,123,124)). There are 

many well-developed genetic techniques for cyanobacteria, with the most advanced being a new 

standardised genetic toolset, CyanoGate, based on the Plant Golden Gate Modular Cloning (MoClo) 

kit (42). The MoClo system makes use of plasmid vector assembly standards, along with a library 

consisting of parts, and allows for rapid construction of plasmids. This system enables 

marked/unmarked knockouts to be generated, as well as the integration of  multi-gene expression 

and repression systems using a range of different promoters and terminators. As part of this 
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modular system, a new level of acceptor vectors were designed to enable integrative (i.e. 

chromosomal manipulation) or replicative (plasmid gene expression) transformation. 

 

Similar to other industrially and scientifically important species, such as Arabidopsis thaliana 

(125), Chlamydomonas reinhardtii (126), E. coli (127) and S. cerevisiae (128), a mutant library 

for PCC 6803 is being created to aid and standardise cyanobacterial research. This resource, 

termed CyanoSource, generates plasmids and mutants  using the CyanoGate system (42). The aim 

is to target all 3,456 genes in PCC 6803. The construction of mutant libraries is a consistent and 

efficient method for the study of protein regulation and function. The existence of such a library 

will accelerate the pace of research, avoid unnecessary replication between research groups and 

help improve experimental design. Targeted mutant libraries also provide knowledge on the 

essential gene set required for survival, further avoiding wasteful laboratory replication (129). In 

addition, many research groups, particularly in developing countries, lack the resources to generate 

cyanobacterial mutants (130). 

 
 

1.2.4 Disadvantages of using cyanobacteria in industry 

Despite the many advantages of using cyanobacteria as an industrial phototroph, as well as 

the successful businesses mentioned in Section 1.2.1, the application of cyanobacteria 

compared to heterotrophs in industry is not at similar scale. Although cultivation of 

cyanobacteria, specifically Arthrospira spp., can be dated as far back as the Aztecs in the 16th 

century, scientific research into the biotechnology applications of these organisms only started 

in the late 1960s and is still a relatively small area of research. Because of this, the genetic and 

metabolic networks of cyanobacteria are not as well understood as commonly used 

heterotrophs. Despite PCC 6803 being the fourth organism in history to have its genome 

sequenced (131), only ~30% of the genome has been characterised. Of these coding sequences, 

only a small proportion have been characterised in cyanobacteria, the remainder assigned 

function via homology with characterised genes in heterotrophic bacteria such as E. coli.  

 
 

1.2.4.1 Limitations with current bioreactor designs 

The biological advantages of cyanobacteria have contributed to their success at colonising the 

planet. However, these properties are not always ideal for growing dense cultures in PBRs and 

raceway ponds required for industry (132). Under such industrial conditions, cells at the 

surface-level receive saturating light causing them to absorb more photons than can be 
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utilised. The light intensity may also cause photoinhibition to the surface-level cells which will 

have a detrimental effect on the photosynthetic rate, as well as causing the production of 

reactive oxygen species (ROS) which can affect the whole culture, no matter the depth. There 

is a narrow window for optimum depth, where maximum photosynthesis is achieved, and 

below this at interior depths, the light energy is insufficient for optimal photosynthesis.  

 

In closed-system bioreactors, the essential inorganic carbon source required for phototrophic 

growth is acquired by sparging a CO2 enriched gas through the medium. By sparging cultures 

with CO2, this significantly promotes the gas-liquid mixing of the suspension and therefore 

enhances light acquisition, as well as CO2 and nutrient utilisation by individual cells (133). 

Although CO2 is an additional cost to the overall system, work is being carried out to investigate 

the potential for bioremediation using CO2 from emitting power stations, refineries and 

factories (134–138). Mixing of cultures, by CO2 sparging or alternative methods such as 

mechanical agitation, can also help prevent sedimentation, facilitate heat transfer and ensures  

uniform exposure to nutrients, as well as light (133). It is important to note however, that not 

all cyanobacteria can tolerate vigorous mixing, such as the filamentous species Aphanizomenon 

flos-aquae and A. platensis, due to the hydrodynamic stress caused (139,140). This is an 

important factor when determining the potential of newly discovered species for 

biotechnology. It is also important to note that cyanobacteria are more resistant to shear stress 

compared to microalgae such as haptophytes, diatoms and dinoflagellates thanks to their rigid 

Gram-negative cell walls (Section 1.1.1) (140). 

 
 

1.2.4.2 Cyanobacterial biomass production 

A major issue facing cyanobacterial biotechnology is the limitations associated with the relatively 

low biomass accumulation and slow growth rates compared to well-established industrial 

heterotrophs. Under existing industrial practices, growth of cyanobacterial cells in large scale PBR 

systems results in lower productivity than predicted from in silico laboratory experiments (141). 

Certain traits are now known to inhibit biomass accumulation, such as PBR design (141,142), 

photoinhibition (143), shear stress (140) and biocontamination (144). To overcome some of these 

challenges it is important to identify species and/or strains with fast growth rates and biomass 

accumulation, that grow under a range of light intensities, temperatures, salinity, and that are 

genetically amenable. 
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1.2.4.3 Biocontamination of cultures 

Stable and reliable production of biomass is required by industry for projects to be economically 

feasible. One of the most economically feasible ways of cultivating cyanobacteria is to use, or 

partially use, wastewater, especially nitrogen and phosphorus rich effluent, or seawater as the base 

for growth medium. Over 95% of commercial algae cultivation use open systems, such as raceway 

or open ponds, under non-sterilised conditions (145). While cheaper and easier to run, these 

systems can be rapidly contaminated with non-desirable organisms, especially species adapted to 

the local environment. Biocontaminants can lead to delayed, lower or even completely decimated 

biomass accumulation and therefore production of the bioproduct (146). To reduce contaminants, 

closed system PBRs reduce the contact time the culture has with the external environment. 

However, CO2 must then be efficiently sparged through the culture, and although usually this air is 

filtered via a microporous membrane, maintaining an axenic culture over long periods is likely to 

be challenging. Regardless of whether PBRs or raceway and open ponds are used, if cultures 

become overwhelmed with contaminants, production may need to stop in order for PBRs to ne 

adequately sterilised before reinoculation of cyanobacterial cultures. This is costly and time 

consuming from an industrial standpoint. In conclusion, biological pollutants will inevitably infect 

cultures by water or gas during the mass cultivation of cyanobacteria and so alternative approaches 

of control must be looked at.  

 

A potential method to reduce contamination is to grow cultures under extreme pH conditions. Zhu 

et al. demonstrated that increasing pH to approximately 11 via the addition of sodium bicarbonate 

led to a reduction of the common contaminant, Pannonibacter phragemitetus, which under lower 

pH conditions (pH ~8), would outcompete the cyanobacteria culture and consume the ethanol 

produced from the recombinant, ethanol-synthesising strain of PCC 6803. High pH conditions have 

been successfully used in open pond production, but are limited to a few species, such as 

Synechocystis or the halophilic algae species, Dunaliella (147). Arthrospira spp. optimal pH range is 

pH 9 – 10.5 (148) which also reduces the contamination potential in these cultures (149). The ability 

to grow at extreme pH ranges is an important factor to consider when looking at potential strains 

for biotechnology (146). It has also been shown that manipulating the pH of a suspension can aid 

flocculation of the culture (150). However, the addition of CO2, particularly at high concentrations, 

can lead to an accumulation of inorganic carbon and overall reduction of the pH in the medium. 

This can be overcome by recycling the medium in a semi-continuous culture, as has been performed 

for A. plantensis over 18 days (151).  
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Monocultures have been the preferred route for a long time within the bioindustry, however, 

recent work within the field has shown the promising idea of co-cultivation. Co-cultivation, or co-

culture, makes use of microbial communities, similar to those found in natural conditions. 

Controlled symbiotic co-cultures have been shown to minimise or completely eliminate 

contamination issues within industrial cultures (152–154). Co-cultivation systems have also shown 

to improve yields of biomass, lipids (155) and high-value products (156). Eukaryotic algae and 

cyanobacteria have been noted as good candidates for growth in co-cultures, and work has been 

carried out in wastewater treatment and anaerobic digestion. Research into algal co-culture has 

shown antibiotic compounds produced by the symbiont Phaeobacter inhibens has a mutualistic 

effect on the health of co-culture containing the coccolithophore, Emiliana huxleyi (157). Little work 

has been carried out from a large-scale, biomanufacturing perspective, however, a detailed case 

study has been published by Padmaperuma et al. (158). This method has the potential to work well 

in reducing contamination seen in open ponds systems, as well as aiding closed system bioreactors. 

 

Competition from other phototrophs can be a major issue in cultures as they directly compete for 

light, nutrients and CO2. Species able to sustain fast growth in dense cultures will be particularly 

useful for industrial applications, due to their ability to outcompete slower growing phototrophs. 

Cell size and morphology can also play an important role in protection against grazing 

contaminants. It has been documented that larger or filamentous cyanobacteria have significant 

advantages in resisting predation (159–161). All these factors should be considered when choosing 

a cyanobacterial chassis. 

 
 

1.2.4.4 Harvesting cyanobacterial biomass 

Cyanobacteria can range in size from 0.6 µm in diameter, for some Prochlorococcus species, to 

filaments of cells up to millimetres in length (162). Due to these small size ranges plus the water-

equal densities of cyanobacterial cells, this can make it difficult to separate biomass from liquid 

medium, especially at large industrial-scale volumes. Centrifugation and filtration techniques rely 

on energy demanding equipment. This  can add to the overall cost and carbon footprint..  

 
A review by Beattie et al. concluded that harvesting cellular biomass for product extraction is one 

of the most costly processes in industrial biotechnology, utilising the second largest share of the 

economic burden within a biorefinery, second only to combustion of fuel. This is largely due to the 

high operational costs and electricity consumption, mainly heating delivered by natural gas, of the 

harvesting module (163). Morphology and size of cells can play an important role against predation, 
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but these properties also have importance in biomass recovery. Cells with larger sizes and/or that 

are filamentous in shape are significantly easier to harvest via filtration or sedimentation 

approaches. Particular species, such as Arthrospira sp., possess these desirable characteristics 

(164), but smaller, single celled species may require genetic engineering approaches to manipulate 

morphology. Work has been carried out to increase cell shape, size and morphology in a number of 

cyanobacteria. Jordan et al. were able to increase the size of Synechococcus elongatus PCC 7942 

(PCC 7942) by regulating the Min system allowing for controlled cell extension (165). Hu et al. 

showed that inactivation of MreB, an actin-like protein, increased the cell size of Anabaena sp. PCC 

7120 by ~100% (166). Similar results were seen in Fremylla diplosiphon when the regulation of mreB 

was disrupted and filament length increased by 5-fold (167). Although, these mutants were able to 

produce cell shape morphology that allows for better and easier harvesting of biomass, potential 

negative downstream effects must not be ruled out and further testing to check levels of the final 

product is required.  

 

Cellular surface also plays a role in aiding biomass harvesting of cells. Flocculation is a widely used 

strategy within the field of microbial biotechnology. This strategy uses the addition of chemicals to 

induce aggregation of cellular cultures, henceforth easing the filtration or sedimentation methods 

used for harvesting biomass. Common additives include alum, lime, cellulose, salts, polyacrylamide 

polymers, surfactants and chitosan (147,168–170). The addition of phytic acid increased the 

flocculation efficiency seen in A. plantensis cultures by ~95% (171). Alternatives to chemical 

additives include manipulating the pH of the suspension (150) or co-culturing with another 

organism to induce aggregation, known as bioflocculation (172). Flocculation efficacy can be 

influenced by a variety of physical biological factors of species, including cell size, shape, surface 

charge and exopolymeric substances.  

 
 

1.2.4.5 Extraction of products 

For successful industrial application, the accrued biomass is expected to be easily harvested and 

lysed for product extraction. However, some products are known to be naturally secreted out of 

cells via native transporters or diffusion, which is more desirable for industrial applications. This 

includes organic acids (e.g. lactate (173), succinic acid (174)), some sugars (e.g. glycerol (175)) and 

alcohols (ethanol (176), propanol and butanol (177)). However, a large range of products cannot be 

naturally secreted or transported out of the cell for a variety of reasons including: the existence of 

hydrophobic cellular envelope barriers; lack of native export transporters; size limitations of the 

target product, with larger molecules typically accumulating within cells. With such products, cell 
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disruption by physical, chemical, or electrical means is required. This can add to the overall expense 

of the procedure, as well as increase the environmental impact if chemicals or energy inputs are 

required for cell disruption.  

 

Several mechanisms have been developed to overcome these issues. Controlled autolysis via the 

introduction of bacteriophage genes to lyse cells under the control of a nickel-inducible promoter 

demonstrated by Liu and Curtis in 2009 (178). To avoid the introduction of toxic nickel into the 

environment, as well as the negative associated costs, it was later demonstrated that the 

introduction of a promoter activated under CO2 limiting conditions could also be used to induce cell 

disruption and promote harvesting of fatty acids (179,180). Liu and Curtis reported that by using 

their described ‘thermo-recovery’ strategy they were able to increase yield and efficiency as well 

as reducing the overall costs of production by 80% on a laboratory scale. However, this system 

would only be feasible for closed system bioreactors where the CO2 level can be controlled and may 

be challenging to implement in large scale cultures. 

 

Another strategy is to introduce targeted and controlled expression of transporter proteins. 

However, this can be challenging in cyanobacteria due to our lack of knowledge on how proteins 

are targeted to the plasma membrane and ensuring correct orientation of the protein within the 

membrane to enable export of the compound (181). For a detailed review on all engineered 

transporters attempted in cyanobacteria see Sengupta et al. (182). A detailed description of the 

native transporters, and their cellular location, found in PCC 6803 is described in more detail in 

Chapter 2. For information regarding localisation of specific transporter proteins in PCC 6803, the 

work by Baers et al. (183) and Liberton et al. (184) should be consulted. For this to be considered 

an option, species would need to be amenable to genetic manipulation.  

 

Finally, a third proposal has been suggested by Liu et al. involving the deletion of a peptidoglycan 

assembly protein, thereby weakening the cell wall and improving free fatty acid secretion (185). It 

has been demonstrated that weakening the cell wall could potentially have benefits against 

predation by amoebas (186). However, the strong peptidoglycan layer has also been suggested as 

protection against shear stress within a PBR environment, and further work would need to be 

carried out to ensure that potential negative effects would not outweigh the prospective benefits 

from peptidoglycan synthesis modification.  
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1.3 The discovery of fast-growing and stress-tolerant 
Synechococcus strains 

Cyanobacterial strains that can achieve growth rates comparable with heterotrophic microbes, as 

well as high biomass accumulation, could be of significant value to basic research and the 

biotechnology industry. Synechococcus sp. PCC 7002 (PCC 7002) has long been reported as the 

fastest growing cyanobacterium. However, four new Synechococcus strains have recently been 

reported with similarly high growth rates: Synechococcus elongatus UTEX 2973 (UTEX 2973), 

Synechococcus elongatus PCC 11801 (PCC 11801), Synechococcus elongatus PCC 11802 (PCC 11802) 

and Synechococcus sp. PCC 11901 (PCC 11901).  

 
 

1.3.1 Synechococcus sp. PCC 7002 

PCC 7002 is a facultative unicellular marine organism first isolated in 1961. It requires vitamin B12 

for growth which increases cost for large-sale cultivation. PCC 7002 can tolerate high light 

intensities and has been reported to have higher growth rates compared to other marine 

cyanobacteria (187).The fastest reported doubling time for PCC 7002 is 2.27 hours under the 

growth conditions, 38°C, 1% CO2 and 500 µmol photons m-2 s-1 (51). 

 

One of the main issues with using PCC 7002 as an industrial species has been the lack of counter-

selection methods to generate unmarked mutants. The current system used to generate unmarked 

mutants in cyanobacteria relies on the use of SacB as a negative selection marker when cells are 

grown on plates containing sucrose (20). However, this method is ineffective in PCC 7002 as cells 

expressing SacB are able to grow successfully on sucrose-containing plates (40). Alternative 

negative selection markers including acsA, which confers acrylate sensitivity, have been attempted 

(188). However, this method has not been used by other groups, possibly due to the safety risks 

associated with the use of acrylate or the requirement to delete the native acsA gene via insertion 

of an antibiotic resistance cassette prior to further modifications (188). The latter issue is highly 

undesirable for commercial applications. Recently, a new method has been described which 

exploits the polyploidy nature of cyanobacterial chromosomes by using the Cre-lox recombinase 

system (47). This method integrates an antibiotic resistance cassette (flanked by lox66 and lox71 

recombinase sites) into the chromosomal target site to generate a marked knockout. A second 

plasmid encoding the Cre recombinase is then integrated into the essential rbcLXS locus using a 

second antibiotic resistance cassette. Cre is then expressed which excises the antibiotic resistance 

cassette flanked by the lox sites, resulting in an unmarked mutant, although parts of the lox sites 
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still remain. The final step involves growing the unmarked mutant strain in the absence of the 

second antibiotic. This results in the gene encoding the Cre recombinase being removed from the 

chromosomal population. While this method does not result in production of scarless unmarked 

mutants, strains can be repeatedly genetically manipulated. 

 
 

1.3.2 Synechococcus elongatus UTEX 2973 

UTEX 2973 was first described in 2015 as a fast-growing, stress-tolerant strain under high light (>500 

µmol photons m−2 s−1) and temperature (38 – 42°C). It was reported that UTEX 2973 can achieve 

doubling times similar to that of S. cerevisiae (ca. 2 h). UTEX 2973 is not naturally competent, 

however mutant strains have been engineered to confer natural transformability by substituting 

pilN and rpaA alleles from PCC 7942 (189). The wild-type UTEX 2973 is naturally amenable to 

conjugation and genome editing by CRISPR/Cas (45,46). The shortest doubling time has been 

reported as 1.5 hrs in BG11 medium at 42°C under continuous light of 1,500 μmol photons m−2 s−1 

and sparged with 5% CO2/air. However, at lower temperatures and light intensities this fast growth 

trait has not been observed (42). Therefore, this species may not be suitable for most biotechnology 

applications as species cultured in outdoor PBRs will be exposed to a wide range of temperatures 

and light intensities.  

 

In these initial experiments analysing UTEX 2973, growth was only measured for 12-30 hours 

without allowing cells to surpass an OD730nm= ~1 (45,190,191). For biotechnology applications, fast 

growth of the strain needs to be maintained over a longer time period so sufficient biomass and a 

high cell density is obtained. It is also important to study growth over a similar period of time that 

is viable for industrial bioreactors to function (3 - 12 days (146,192)), as well as good scientific 

practice to determine when stationary phase, and therefore maximal growth, is obtained. Further 

issues with these studies is the particularly low staring OD730nm of 0.025, seen in Ungerer et al. (191), 

when exposing cultures to a high light intensity of 900 μmol photons m−2 s−1. Combining a high light 

intensity with a low cell concentration of cells may result in selection of mutants that can resist 

these conditions while inhibiting growth of less light tolerant species that may show improved 

growth in dense cultures and therefore be more suitable for biotechnology. This makes comparison 

of different species under these conditions less relevant when trying to identify the most suitable 

for large scale growth. Another issue from these studies was the high light intensity (500 – 900 µmol 

photons m−2 s−1 for liquid stocks; 125 µmol photons m−2 s−1 for agar plates) used for maintaining the 

strains. Again, this will select for high light tolerant strains that may not be ideal for high cell density 

growth. This rapid strain selection is a well-documented phenomenon within laboratory strains 
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(124). These concerns were reported in a response (193) to the original Ungerer et al. paper (191) 

and raises questions about the suitability of this strain for further biotechnology work.  

 
 

1.3.3 Synechococcus elongatus PCC 11801 and PCC 11802 

PCC 11801 was isolated from India and first described in 2018 (49). PCC 11801 is tolerant of high 

NaCl conditions (i.e. it can grow at sea salt concentrations) and is naturally transformable. The 

genome sequence of PCC 11801 is highly similar to PCC 7942 and UTEX 2973 (ca. 83%). Thus, 

existing plasmid vectors used for engineering PCC 7942 are widely compatible in PCC 11801. Similar 

to UTEX 2973, PCC 11801 is tolerant to high light and temperatures and exhibits fast growth rates 

(i.e., a doubling time of 2.3 h). However, fast growth has only been observed at lower CO2 

conditions (~1% CO2), reducing the potential for bioremediation of CO2 from industrial waste plants. 

Furthermore, growth of the species has only been measured for 10 hours and the biomass plateaus 

at ~1 mg DW/mL after 24 hours of growth (49). 

 

PCC 11802 was also isolated from the same location in India as PCC 11801. First reported in 2020, 

this organism has a close phylogenetic relationship with PCC 11801 (~97% genome identity and 

~97% average protein identity) but has distinctly different metabolic and genomic characteristics 

(50). Exponential growth rates are much higher compared to PCC 11801 under high light-low CO2, 

low light-high CO2 and high light-high CO2 conditions. This strain is also naturally transformable, 

similar to PCC 11801. However, there are issues with this study, similar to those outlined for the 

UTEX 2973 work: growth conditions were never compared directly against other species; growth 

was only reported for ~16 hours at high light (1000 µmol photons m-2 s-1)/high CO2 concentrations 

(1% CO2); and biomass only reached ~2 mg DW/mL under optimal conditions for the species. 

 

Metabolomic studies of the two strains suggest that PCC 11802 may be a good candidate for 

production of compounds primarily derived from intermediates of the Calvin-Benson-Bassham 

(CBB) cycle due to the increased production of CBB metabolites when CO2 levels were raised from 

ambient (~0.04%) to 1% CO2 (50). PCC 11801, on the other hand, might be a good candidate for 

production of compounds derived from substrates in the TCA cycle due to increased levels of 

associated metabolites observed (50). There has been further efforts to isolate and test a range of 

wild-type and well-established cyanobacterial promoters in both strains in an attempt to develop 

them as potential biotechnology chassis (194).  
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1.4 Synechococcus sp. PCC 11901 

One of the fastest growing species reported to date is PCC 11901, which was isolated in Singapore 

from an estuarine environment enriched with nitrogen and phosphorus compounds (51). PCC 

11901 is tolerant to high light levels, achieves fast growth rates comparable to UTEX 2973, and is 

tolerant to a wide range of salinities, similar to PCC 11801 and PCC 11802. PCC 11901 is naturally 

transformable with efficiencies similar to that of PCC 7002 (51,188). PCC 11901 demonstrates 

promising characteristics as a potential chassis for biotechnology. It has a doubling time of ~2 hours, 

which was achieved at 38°C under 660 µmol photons m-2 s-1. High growth rates were seen at a range 

of high light intensities and a range of salinities. The most remarkable result is the large 

accumulation of cellular biomass, ~33 g DW/L. This was around 1.7 to 3 times more than other 

strains (UTEX 2973, PCC 7942, PCC 6803, PCC 7002) tested in this experiment (51).  

 

Apart from this initial study, there has been no further work on PCC 11901 and our understanding 

of this organism is limited. Although the original paper was a thorough and in-depth analysis of this 

new species, there is still potential avenues to explore to determine whether this is a suitable 

species for industry before larger scale experiments are conducted. One such issue is the lack of a 

developed method for generating unmarked mutants, similar to that which is available for PCC 

6803. This would be a major advantage for developing the strain for industrial applications. The 

growth rate of PCC 11901 has only been compared with the fast-growing UTEX 2973 at light 

intensities ranging from 100 - 660 µmol photons m-2 s-1, and not in direct comparison with UTEX 

2973’s reported optimal growth conditions of 900 µmol photons m-2 s-1 at 38°C. It is therefore 

difficult to conclude which species may demonstrate the fastest growth and biomass accumulation 

under these conditions. 

 

PCC 11901 is also a cobalamin auxotroph, similar to 7002, and a common trait seen in marine 

species due to the abundant availability of cobalamin (vitamin B12) in seawater. To be grown at an 

industrial scale using artificial media rather than seawater, the strain would need to be cobalamin 

independent due to the expense of adding large amounts of vitamin B12. Recently, it was reported 

that vitamin B12 independent strains were generated quickly and efficiently by driving the evolution 

of strains by growing cells on medium deficient in vitamin B12 (195). When growth rates were 

tested, strains independent of vitamin B12 requirements reached equivalent optical density of 

cultures as the wild-type strain after 120 hours. Interestingly, the wild-type control growing in 

medium without the addition of vitamin B12 was capable of entering log phase at ~72 hours, 

showing substantial growth with a similar exponential slope as the vitamin B12 independent strain 
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at this time point. It has been previously hypothesised that the loss of cobalamin-synthesis is a 

relatively recent evolutionary event due to the presence of the metE gene on one of the 

endogenous plasmids (51) but this species may also be able to rapidly mutate to adapt to differing 

environmental conditions.  

 
 

1.5 Project aims 

This study will focus on improving our understanding of PCC 11901, quantifying its growth and 

photosynthetic capacity against a range of model cyanobacteria, and the development of tools to 

generate unmarked knockouts. One major issue facing cyanobacterial research is the lack of 

knowledge regarding genetic and metabolic pathways. The first aim of this project is to further 

understand the biochemical pathways of the model organism Synechocystis sp. PCC 6803 (chapter 

2). This will aid future work and computational modelling within the community, as well as being 

used as a reference marker for future species that are discovered.  

 

Another main issue with cyanobacterial uptake in industry is the species that are currently used 

have slow growth rates and low biomass accumulation. In this chapter we have highlighted several 

issues with existing model and non-model strains, as well as mentioning strains with the potential 

as future industrial chassis. This thesis will also aim to confirm whether PCC 11901 can outcompete 

the growth rates seen by UTEX 2973 at the optimal conditions that have been reported for UTEX 

2973, as well as suggesting potential metabolic and genetic reasons for this fast growth.  

 

Once the suitability of PCC 11901 growth rates has been confirmed, the aim will be to demonstrate 

the potential for genetically manipulating PCC 11901, as well as suggesting the optimal growth 

conditions for biomass accumulation. The overall aim of this thesis is to comprehensively analyse 

and evaluate the suitability PCC 11901 as a candidate species for biotechnology. 

 



Chapter 2 1 

Characterisation of metabolism and transport in Synechocystis sp. PCC 6803 via 2 
comparative genomics with Escherichia coli  3 

 4 

A published version of this chapter can be found in Biosciences Report 40 (4) 5 

Current knowledge and recent advances in understanding metabolism of the model cyanobacterium 6 
Synechocystis sp. PCC 6803. LA Mills, AJ McCormick, DJ Lea-Smith. Bioscience reports 40 (4), 7 
BSR20193325 8 
  9 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=U2NEbg4AAAAJ&citation_for_view=U2NEbg4AAAAJ:9yKSN-GCB0IC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=U2NEbg4AAAAJ&citation_for_view=U2NEbg4AAAAJ:9yKSN-GCB0IC
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Chapter 2: Characterisation of metabolism 1 

and transport in Synechocystis sp. PCC 2 

6803 via comparative genomics with 3 

Escherichia coli 4 

 5 

2.1 Introduction 6 

2.1.1 Current understanding of metabolism in Synechocystis sp. PCC 6803 7 

Despite their importance, our understanding of many key features of cyanobacterial physiology and 8 

biochemistry is poor. For example, in Synechocystis sp. PCC 6803 (PCC 6803), less than 1200 coding 9 

sequences (∼30%) have assigned function (469 in metabolism and 115 in transport: Highlighted in 10 

red in Appendix Table 2.1; ∼558 in other cellular processes (including transposons and transposon 11 

related functions): Highlighted in red in Appendix Table 2.3), which is less than half compared with 12 

E. coli (196). Of these 1200 coding sequences, only a small proportion have been characterised in a 13 

cyanobacterium (197), with the majority of assigned functions based on studies of homologues in 14 

other bacteria, even though the function, catalytic activity and importance of characterised genes 15 

may differ significantly between phototrophic and heterotrophic bacteria. It is also likely that a 16 

proportion of these coding sequences have incorrectly assigned functions. Several examples of PCC 17 

6803 genes that were experimentally validated as having functions different to the original assigned 18 

function, based on homology with genes from heterotrophic bacteria, are discussed throughout 19 

this chapter. 20 

 21 
 22 

2.1.2 Chapter aims and objectives 23 

The aim of this chapter was to perform a comprehensive analysis of metabolism and transport in 24 

cyanobacteria via a review of the literature and comparative genomics with E. coli. This chapter will 25 

focus on the model unicellular species PCC 6803 and to a lesser degree, PCC 7942. 26 

 27 

Each results section will highlight recent findings pertaining to specific metabolic pathways, 28 

including central carbon and sugar metabolism, amino acid, nucleotide, cofactor and vitamin, lipid 29 

and membrane components, isoprenoid and pigment biosynthesis, and the transporters localized 30 

in the different membrane compartments.  31 
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In the interest of brevity, the majority of enzymatic steps will not be mentioned in the text but 1 

outlined in subsequent figures. Steps to which an enzyme from PCC 6803 has not been assigned are 2 

indicated by only an arrow with no abbreviated protein name in close proximity. The discussion will 3 

primarily focus on reactions that differ in cyanobacteria compared with model heterotrophs or have 4 

been specifically investigated in model cyanobacteria. In most cases, only the abbreviated protein 5 

name is included in the text, although full names are outlined in Appendix Table 2.1 (Column C). 6 

 7 

This chapter will also describe a comprehensive bioinformatic analysis comparing the PCC 6803 8 

predicted proteome to E. coli K12. This information has been incorporated into four tables, with 9 

the aim of helping to guide future work on identifying homologues and assigning putative protein 10 

function. Appendix Table 2.1 lists the PCC 6803 proteins for each metabolic process, in the order 11 

outlined in this chapter. Also shown are the E. coli K12 proteins demonstrating the highest sequence 12 

similarity to individual PCC 6803 proteins. Appendix Table 2.2 is in the opposite format and includes 13 

a list of E. coli K12 proteins with assigned functions, and the PCC 6803 proteins with the highest 14 

homology to each E. coli protein. Appendix Table 2.3 includes a list of PCC 6803 proteins potentially 15 

involved in processes other than metabolism and transport, while Appendix Table 2.4 includes all 16 

remaining PCC 6803 proteins that, at the time of analysis, have no assigned function. I will also 17 

highlight the aspects of cyanobacterial physiology and biochemistry that have yet to be elucidated.  18 

  19 



 29 

2.2  Materials and Methods 1 

2.2.1 CyanoBLAST: A new computational tool for cyanobacterial proteome 2 

comparison 3 

Here, we describe an applied method of performing an all vs. all proteome comparison. The tool is 4 

used to compare the proteome of species against PCC 6803. The analysis incorporates the use of 5 

the National Centre for Biotechnology Information’s (NCBI) Basic Local Alignment Search Tool 6 

(BLAST) (198). The heuristic algorithm is much faster than other approaches, such as calculating an 7 

optimal alignment using the Smith-Waterman algorithm (199). The emphasis on speed is vital to 8 

making the algorithm practical due to the huge proteome databases currently available and for 9 

enabling people to carry out analysis on personal computers rather than using expensive high-10 

performance computing (HPC) resources. CyanoBLAST can be accessed via the GitHub repository: 11 

https://github.com/laurenmills300/CyanoBLAST  12 

 13 
 14 

2.2.1.1 Initial modification of the input data for CyanoBLAST 15 

2.2.1.1.1 Modifying the Baers et al. Table 16 

Initially, we set out to compare the proteome of the well-documented model organism E. coli K12 17 

against the well-documented cyanobacterial species, PCC 6803. The initial input data for PCC 6803’s 18 

proteome was based upon the findings from Baers et al. (2019) (183). A modified version of 19 

Supplementary Table 3 (Appendix Table 2.5) from the Baers et al. paper was created and formed 20 

the starting point for all the input data required for PCC 6803’s proteome information for the 21 

following algorithm. This table included the important information regarding PCC 6803’s proteome, 22 

including localisation and the molecular weight of proteins. 23 

 24 

First, Appendix Table 2.5 was edited in Microsoft Excel (Version 2110 Build 16.0.14527.20234), 25 

removing column K, titled Marker Protein, as this information was deemed irrelevant for the 26 

subsequent analysis. New columns inserted at the column B position contained the corresponding 27 

Uniprot ID (200). This was performed by searching the list of KEGG IDs using Uniprot’s Retrieve/ID 28 

Mapping tool which can be found (www.uniprot.org/uploadlists/). To check that these had been 29 

converted correctly, a random sample of 50 KEGG IDs and the corresponding Uniprot IDs were 30 

taken and manually checked to ensure the correct conversion of IDs had taken place. For an outline 31 

of the columns and the corresponding data, see Table 2.1. 32 

 33 
 34 

https://github.com/laurenmills300/CyanoBLAST
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Table 2.1 Table showing the modified input from Appendix Table 2.5 with the column names and 1 
description of the corresponding data for each column. 2 

Column Title  Column Name Description 

Column A Accession KEGG IDs taken from 
https://www.genome.jp/kegg/. 

Column B Uniprot Accession  Uniprot Accession taken from the Uniprot's 
Retrieve/ID Mapping tool 
(https://www.uniprot.org/uploadlists/). 

Column C Gene Product Gene product associated with corresponding 
accession numbers. 

Column D Gene Name The gene name as assigned by Baers et al. 
(2019) (183). 

Column E Gene Names in Literature  All corresponding gene names found in the 
literature 

Column F Functional Sub-Category The functional sub-category of the gene as 
assigned by Baers et al. (2019) (183). 

Column G Functional Category The functional category of the gene as 
assigned by Baers et al. (2019) (183). 

Column H Localisation The localisation of the gene product as 
discovered by Baers et al. (2019) (183). 

Column I SVM Score Support Vector Matrix Score which shows the 
percentage of confidence that the gene 
product is localised to the area as calculated 
by Baers et al. (2019) (183). 

Column J  MW (kDa) Molecular Weight of the gene product in kilo-
Daltons 

Column K No. of TMH's Number of transmembrane helical domains 
(TMHs) present 

 3 
 4 

2.2.1.1.2 Modifying the second input tables 5 

A second input file was taken from either Appendix Table 2.6, Appendix Table 2.7 or Appendix Table 6 

2.8. These three tables are split into different classes of PCC 6803’s proteome: central metabolism 7 

and transport; characterised proteins not involved in central metabolism; uncharacterised proteins. 8 

These tables were used to split the protein information from the Appendix Table 2.5 table into 9 

further sub-categories. 10 

 11 

The second input table used for comparison depends on the desired output by the user. For 12 

example, Appendix Table 2.6 can be used to compare PCC 6803’s central metabolism and 13 

transporter proteins, which are further categorised by the appropriate metabolic pathways; 14 

Appendix Table 2.7 allows for the comparison of PCC 6803’s characterised proteins that are not 15 

involved in metabolism or transport; and Appendix Table 2.8 can be used for the comparison of 16 

PCC 6803’s uncharacterised proteins against a proteome of any species.  17 

https://www.genome.jp/kegg/
https://www.uniprot.org/uploadlists/
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 1 

For sake of brevity, further description of the methods will focus on using Appendix Table 2.6 which 2 

focuses on central metabolism for comparison against E. coli K12. The table was modified in 3 

Microsoft Excel to remove the information after column H in Appendix Table 2.6. 4 

 5 
 6 

2.2.1.1.3 Manipulating the input data 7 

Both tables modified from Section 2.2.1.1.1 and Section 2.2.1.1.2 were loaded into the PyCharm 8 

(2021.1.1 (Professional Edition)) environment using the Python programming language (v. 3.8.2) 9 

and converted to a specific dataframe type using the pandas module (201). The two dataframes 10 

were then converted to individual arrays using the NumPy module (202). The arrays were then 11 

concatenated together. 12 

 13 
 14 

2.2.1.2 Creating a local BLAST database for E. coli K12 15 

In order to run a local BLAST search from a personal computer, a BLAST database must first be 16 

created. The code outlined in this chapter uses E. coli K12 proteome for comparison against PCC 17 

6803. To create the local database, the most recent proteome of E. coli K12 (NC_000913.3) was 18 

downloaded from the NCBI database in the format of a .faa FASTA file. The most recent NCBI 19 

BLAST+ software (v.2.11.0) was also downloaded from the NCBI website. The Python subprocess 20 

module was used to access the terminal and the -makeblastdb function via BLAST+. 21 

CyanoBLAST will automatically create a local database for any new organism of interest.  22 

 23 
 24 

2.2.1.3 Using PCC 6803’s proteome to BLAST against E. coli K12 25 

Uniprot IDs taken from the input dataframe and the bioservices module was then used to 26 

search IDs against the Uniprot database to access the corresponding amino acid sequence. This 27 

amino acid sequence was then “BLASTed” against the local database, see Section 2.2.1.2, using the 28 

built-in subprocess function. Parameters for the BLAST search are given below: 29 

 30 
blastp -outfmt 7 -query blasting.fa -db input files\E.coliK12.faa -evalue 1 31 
 32 
The output format is automatically set to -outfmt 7, which displays the alignment as tabular with 33 

comments (203). The E-value is set to a maximum of 1, a liberal value to aid future downstream 34 

processing. Note that the -evalue option sets the significance threshold for reporting hits. 35 



 32 

CyanoBLAST allows for this number to be changed by the user if a stricter significance threshold is 1 

required.  2 

 3 
  4 
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2.3 Results 1 

2.3.1 Central metabolism  2 

In this chapter, cyanobacterial central metabolism will include glycolysis/ gluconeogenesis, the 3 

tricarboxylic acid (TCA) cycle, the pentose phosphate (PP) pathway and the Calvin-Benson-Bassham 4 

(CBB) cycle, including carbon fixation, in addition to pathways for production of storage 5 

compounds, fermentation products and chorismate, a key intermediate for other pathways (Figure 6 

2.1). Many enzymes involved in these pathways are conserved between PCC 6803 and E. coli 7 

(Appendix Table 2.1). Therefore, research related to protein function has primarily focused on the 8 

processes and enzymatic steps that differ in cyanobacteria compared to model heterotrophs. 9 

  10 



 34 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Schematic detailing the pathways involved in central metabolism. Biosynthetic steps involved in glycolysis and gluconeogenesis 
are highlighted in red and blue respectively. Steps in the Entner-Doudoroff pathway are highlighted in green. Steps involved in the oxidative 
pentose phosphate pathway and the Calvin-Benson-Bassham cycle are highlighted in orange and purple, respectively. Fermentation 
pathways are highlighted in pink. Photorespiration pathways are highlighted in olive. Where enzymes catalyse reactions in two pathways, 
the arrows are split between their respective colours. The carboyxsome is represented as a purple octagon. Cofactors in each reaction are 
shown with the exception of protons, water, oxygen and inorganic phosphate. 
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2.3.1.1 Catabolism of glucose and glycogen 

Carbon based inputs into central metabolism can be derived from carbon fixation, catabolism of 

glycogen or via the import of glucose. The ability to import glucose enables some cyanobacteria, 

including certain Synechocystis substrains, to grow heterotrophically or mixotrophically (204). 

Glucose is imported into the cell via the transporter, GlcP (205). There are three proposed 

degradation pathways, which may be active under different environmental conditions (206). 

Enzymes in the first two, glycolysis (the Embden-Meyerhof-Parnas (EMP) pathway) and the 

oxidative pentose phosphate (OPP) pathway, are generally highly conserved between PCC 6803 and 

E. coli (Appendix Table 2.1), and consequently these processes have not been extensively 

investigated in cyanobacteria. However, there are some differences and additional enzymes found 

in cyanobacteria. For example, homology between the PCC 6803 and E. coli PdhA and PdhB subunits 

of pyruvate dehydrogenase is low (E-value = 0.007 and 5.59E-04, respectively), and this complex 

has not been characterised in a cyanobacterium. E. coli encodes only a class II fructose-1,6-

bisphophosphate aldolase (Fbp2) for glycolysis, while PCC 6803 also encodes a class I isoform 

(Fbp1). While the role of Fbp1 has not been determined in PCC 6803, expression of the native Fbp1 

in the cyanobacterium Halothece sp. PCC 7418 expressed in PCC 7942 has been demonstrated to 

confer salt tolerance in this species (207). The PCC 6803 genome also encodes a protein, OpcA, 

which is not present in E. coli and has been suggested to be key for glucose-6-phosphate 

dehydrogenase (Zwf) activity, the first step of the oxidative PP pathway (208). However, glucose-6-

phosphate dehydrogenase activity was similar to wild-type when opcA was deleted in PCC 6803 

(209). Recently, an alternative glycolytic pathway was identified in PCC 6803 (the Entner-Doudoroff 

(ED) pathway) (206). This pathway allows conversion of glucose to the oxidative PP intermediate 6-

P-gluconate, which is then converted to glyceraldehyde-3-P. The ED pathway is required for optimal 

photoautotrophic growth and glycogen catabolism, and possibly also optimal activity of the CBB 

cycle (210). 

 
 

2.3.1.2 Carbon fixation and the Calvin-Benson-Bassham cycle 

As the enzymes of the CBB cycle are not isolated in a sub-cellular organelle as in eukaryotes (i.e. 

the chloroplast), some reactions are shared with EMP and OPP pathways. The CBB cycle can be 

divided into two stages: 1) Conversion of ribulose-1,5-P and CO2 into two molecules of glycerate-3-

P via ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), located in the carboxysomes; 2) 

Regeneration of the precursor, ribulose-1,5-P, consuming ATP and NADPH predominantly derived 

from photosynthesis. The requirement to regenerate ribulose-1,5-P leads to one major difference 
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in the EMP pathway between cyanobacteria and heterotrophs. In E. coli, glyceraldehyde-3-P 

dehydrogenase (Gap) catalyses the reversible oxidative phosphorylation of glyceraldehyde-3-P to 

glycerate-1,3-P, resulting in interconversion between NAD+ to NADH. In contrast, PCC 6803 Gap1 

displays only glycolytic activity and a strict affinity for NAD+. A second isoform, Gap2, catalyses the 

reverse reaction required for the CBB cycle using NADH and potentially also NADPH, which is 

generated in large amounts via photosynthesis (211).  

 
 

2.3.1.3 Photorespiration 

RuBisCO can assimilate O2 instead of CO2, resulting in the production of one molecule each of 

glycerate-3-P and glycolate-2-P. The latter product is toxic to chloroplast metabolism in 

photosynthetic eukaryotes and likely also to PCC 6803 at high concentrations (212). Therefore, 

glycolate-2-P is converted to glycerate-3-P via the photorespiratory salvage pathway, a multi-step 

process conserved in most organisms that perform oxygenic photosynthesis (213). Glycolate-2-P is 

first converted to glyoxylate by GlcD1 or GlcD2. Three subsequent photorespiratory pathways for 

catabolism of glyoxylate have been proposed in PCC 6803 and deletion of genes in each pathway 

results in a mutant that requires high CO2 conditions for survival (212). The first involves conversion 

of glyoxylate to glycerate-3-P via tartonic semialdehyde biosynthesis, the second, conversion of 

glyoxylate to glycerate-3-P via glycine and L-serine interconversion, and the third conversion of 

glyoxylate to oxalate, which is subsequently converted to formate. The enzymes involved in several 

of these pathways have been predominantly identified in A. thaliana, with putative homologs 

present in cyanobacteria (214). Of these, Shm, involved in the second pathway, and GlcD1, have 

been shown to display similar enzymatic activity to their A. thaliana homologs (214). Deletion of 

GlcD1 and GlcD2 in PCC 6803 results in a complete loss of photorespiratory activity (212). However, 

the role of the other putative cyanobacterial homologs has not been determined and many proteins 

currently assigned to photorespiration, as outlined in Eisenhut et al. (212), have been suggested to 

catalyse alternative reactions. Moreover, in the third pathway, only one putative enzyme, Odc, has 

been identified. 

 
 

2.3.1.4 Synthesis of carbon storage compounds 

Cyanobacteria require carbon storage compounds for periods when photosynthesis is not sufficient 

for cellular energy and metabolic requirements. In PCC 6803, under conditions where cells are 

accumulating excess sugars, a high proportion of glycerate-3-P generated via CO2 fixation is 

converted to glycogen (reviewed by Zilliges (215)). In E. coli, ADP-glucose is used as the substrate 
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to generate the primary, unbranched polymer via GlgA. However, two GlgA isoforms are present in 

PCC 6803 with likely roles in elongating the polymer at varying length (216). Glycogen catabolism 

in PCC 6803 is likely catalysed by two isoforms of GlgX (GlgX1 and GlgX2) and GlgP (GlgP1 and 

GlgP2). The individual roles of GlgX1 and GlgX2 have not been determined. The GlgP proteins 

perform the same catalytic activity under different environmental conditions, cleavage of glycogen 

to individual glucose-1-P molecules (217). When PCC 6803 is exposed to certain stress conditions, 

an additional carbon storage compound, the polymer polyhydroxybutyrate, is synthesised from 

acetyl-CoA via PhaA, PhaB, and the PhaC/PhaE complex (218–220). 

 
 

2.3.1.5 The tricarboxylic acid cycle 

The tricarboxylic acid (TCA) cycle differs in cyanobacteria compared to heterotrophic bacteria, as 

highlighted by work in the last decade. Cyanobacteria lack the enzyme α-ketoglutarate 

dehydrogenase, which catalyses the fourth step of the TCA cycle in E. coli: conversion of α-

ketoglutarate to succinyl-CoA. Instead, some cyanobacteria, including PCC 6803, have genes 

encoding two enzymes, α-ketoglutarate decarboxylase (2-OGDC) and succinic semialdehyde 

dehydrogenase (SSADH), which convert α-ketoglutarate to succinic semialdehyde, then succinic 

semialdehyde to succinate, respectively (221). Compared to the standard TCA cycle, where 

conversion of α-ketoglutarate to succinate results in production of one NADH and one GTP, the 2-

OGDC/SSADH pathway results in production of one NADPH (221). Only the soluble subunits of 

succinate dehydrogenase, catalysing the sixth step, have been identified in cyanobacteria (73). 

Succinate dehydrogenase is integrated into the thylakoid membrane interlinked photosynthetic 

and respiratory electron chain (22). PCC 6803 also encodes a succinyl-CoA synthetase complex 

(SucC/SucD), which likely catalyses the reversible conversion of succinate to succinyl-CoA in 

cyanobacteria (222), and is potentially required for biosynthesis of methionine and lysine. Several 

recent papers have investigated the enzymatic properties of TCA enzymes conserved between 

cyanobacteria and heterotrophic bacteria (223–225). In contrast to many heterotrophic bacteria, 

PCC 6803 citrate synthase (GltA) was shown only to catalyse generation of citrate, not its cleavage. 

PCC 6803 GltA has a lower substrate affinity and turnover rate than the E. coli homologue, is not 

inhibited by ATP and NADH, but is inhibited by phosphoenolpyruvate (223).  
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2.3.1.6 Alternate biosynthetic pathways linking metabolites of the tricarboxylic acid cycle, 
photorespiration and glycolysis 

A range of additional pathways link the TCA cycle with glycolysis and photorespiration. Glyoxylate, 

produced via photorespiration, also plays a role in the glyoxylate cycle. This cycle consists of three 

TCA enzymes and two additional enzymes unique to this pathway: the first, isocitrate lyase (Icl), 

converts the TCA cycle intermediate isocitrate to succinate and glyoxylate; the second, malate 

synthase (Msy), converts glyoxylate and acetyl-CoA to the TCA cycle intermediate, malate. While 

activity of glyoxylate cycle enzymes has been detected in some cyanobacteria (reviewed by Knoop 

et al. (226)), it is unclear whether PCC 6803 encodes active variants of Icl and Msy. 

 

Phosphoenolpyruvate carboxylase (PepC) catalyses the conversion of phosphoenolpyruvate, a 

glycolysis intermediate, and HCO3
- to oxaloacetate, a TCA intermediate (227). PepC can therefore 

be considered an inorganic carbon fixing enzyme (i.e. akin to RuBisCO). Metabolic flux analysis has 

shown that as much as 25% of all inorganic carbon fixation occurs via PepC in PCC 6803 cultured 

under mixotrophic or heterotrophic conditions (228). An additional protein, malic enzyme (ME), 

catalyses the reversible conversion of malate, a TCA intermediate, and pyruvate (229). Deletion of 

ME in PCC 6803 results in a mutant that displays poor growth when exposed to continuous but not 

diurnal light (230). It was hypothesised that ME is required for pyruvate biosynthesis under 

continuous light. 

 
 

2.3.1.7 Fermentation pathways 

Three possible fermentation pathways are present in PCC 6803 that generate D-lactate, acetate or 

succinate, respectively. Presumably fermentation plays a role in energy generation when 

cyanobacteria are exposed to long periods of darkness under anoxic conditions, but the importance 

of these pathways during changing environmental conditions has not been determined. D-lactate, 

acetate and succinate production has been observed in wild-type PCC 6803 cells but only after three 

days growth under dark, anaerobic conditions (174). A homolog of lactate dehydrogenase (Ddh), 

which converts pyruvate and NADH to lactate and NAD+, is encoded by PCC 6803. Two possible 

pathways for acetate production may be present in PCC 6803: 1) Conversion of acetyl-CoA to acetyl-

P, then acetate, via phosphotransacetylase (Pta) and acetate kinase (Ack), respectively; 2) Direct 

reversible conversion of acetyl-CoA to acetate via acetyl-CoA synthetase (Acs) (174). Production of 

succinate relies primarily on phosphoenolpyruvate as the initial substrate, which is subsequently 

converted to oxaloacetate via PepC and then fed into the reverse TCA cycle (231).  
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2.3.1.8 Chorismate biosynthesis 

Chorismate is the precursor for biosynthesis of a range of amino acids and cofactors, and has 

further importance in cyanobacteria as the substrate for production of phylloquinone, 

plastoquinone, phenylalanine, tyrosine, folate and molybdopterin, in addition to tocopherols and 

carotenoids. The glycolytic and PP pathway intermediates phosphenolpyruvate and erythrose-4-P 

are the substrates for production of chorismate via a 7-step pathway in E. coli. However, the 

enzyme catalysing the first step, condensation of phosphoenolpyruvate and erythrose-4-P, has not 

been identified in PCC 6803 (232). PCC 6803 proteins demonstrating high sequence similarity to 

five other enzymes in the E. coli pathway have been identified (Appendix Table 2.1) with the 

exception of the third enzyme, AroQ (No BLAST match). It is unclear from the literature how 

function was assigned to PCC 6803 AroQ, putatively encoded by sll1112 in the KEGG database. 

 
 

2.3.2 Metabolism and degradation of nucleotide sugars and sugar osmolytes 

A range of nucleotide sugars required for lipopolysaccharide (LPS) biosynthesis or as cofactors for 

other reactions (i.e. UDP-glucose), are synthesised by PCC 6803 (Figure 2.2). LPSs contain a range 

of sugar residues including rhamnose, galactose, glucosamine, mannose and fucose, which in PCC 

6803 are incorporated as 2,3-di-methyl-fucose and 2-methyl-fucose. 2-methylxylose has also been 

reported in PCC 6803 (233). Only some of the biosynthetic pathways synthesising the LPS sugar 

precursors have been identified in cyanobacteria, although predominantly on the basis of 

identifying proteins with high sequence similarity to characterised enzymes from heterotrophic 

bacteria. TDP-β-L-rhamnose is synthesised by a four step pathway from glucose-1-P. There are two 

potential homologs in PCC 6803 for the last three enzymes in the pathway, RfbB, RfbC and RfbD, 

but the function of these isoenzymes has not been determined. UDP-N-acetylglucosamine is 

synthesised by a three step pathway from fructose-6-P and is the precursor not just for LPSs but 

also peptidoglycan. UDP-glucose is synthesised from glucose-1-P by CugP, a non-GalU UDP-glucose 

pyrophosphorylase, which differs from the GalU UDP-glucose pyrophosphorylase reaction 

conducted in most proteobacteria, including E. coli (234). A UDP-glucose 4-epimerase (GalE) then 

catalyses the conversion of UDP-glucose to UDP-galactose. GDP-mannose is synthesised from 

fructose-6-P by a three step reaction and GDP-fucose from GDP-mannose by a two-step pathway. 

None of the proteins in these pathways have been characterised in cyanobacteria although deletion 

of the last gene in this pathway in PCC 6803, WcaG, a GDP-fucose synthase, resulted in production 

of carotenoids lacking fucose, specifically myxoxanthophyll (myxol 2'fucoside) (235). 
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Several sugars act as osmolytes, notably sucrose and glucosylglycerol. Osmolytes play a role in PCC 

6803 in salt tolerance (236,237). In PCC 6803, sucrose is synthesised from UDP-glucose (or ADP-

glucose) and fructose-6-P by two enzymes, SpsA and Spp (238,239). Sucrose breakdown in PCC 6803 

is catalysed by an invertase (Inv) (240), resulting in production of glucose and fructose, which are 

likely phosphorylated to glucose-6-P by Glk and fructose-1-P by FrkA, and cycled back into 

glycolysis. A putative glucose kinase and fructose kinase are encoded in the PCC 6803 genome but 

have not been characterised. Glucosylglycerol is synthesised from ADP-glucose and glycerol-3-P via 

two enzymes, GgpS and GgpP (241). Glycerol-3-P is derived from either the  intermediate 

glycerone-P generated during glycolysis or the Calvin cycle, or it is possibly imported. 
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Figure 2.2 Metabolism and degradation of nucleotide sugars and sugar osmolytes. Compounds highlighted in blue are substrates for 
lipopolysaccharide biosynthesis. Steps highlighted in grey are compounds and reactions not involved in these pathways but detailed in Figure 2.1. 
Cofactors in each reaction are shown with the exception of protons, water, oxygen and inorganic phosphate. 
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2.3.3 Amino acid biosynthesis and degradation 

PCC 6803 synthesises twenty L-amino acids and two D-amino acids (Figure 2.3). The majority of 

enzymes involved in amino acid biosynthesis display high sequence similarity between PCC 6803 

and E. coli (Appendix Table 2.1). Amino acids are synthesised from a range of substrates, including 

pyruvate, the TCA cycle intermediates α-ketoglutarate and oxaloacetate, chorismate, the 

nucleotide intermediate, 5-phosphoribosyl-1-pyrophosphate (discussed further in Section 2.3.4), 

and glycerate-3-P or glyoxylate. Biosynthesis of amino acids is divided into sections below based on 

the substrates utilised. 
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Figure 2.3 Metabolism of amino acids, cyanophycin, glutathione and iron-sulphur clusters. The 
twenty L-amino acids are highlighted in red while amino acids incorporated into peptidoglycan are 
highlighted in blue. The iron-sulphur biosynthetic pathways is highlighted in green. Steps 
highlighted in grey are compounds and reactions not involved in these pathways but detailed in 
Figure 2.1. Cofactors in each reaction are shown with the exception of protons, water, oxygen and 
inorganic phosphate. 
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2.3.3.1 Isoleucine, valine and leucine biosynthesis 

α-ketobutyrate (synthesised from L-threonine by IlvA) and pyruvate are the substrates for 

biosynthesis of L-isoleucine, while pyruvate is the sole substrate for L-valine and L-leucine 

biosynthesis. The enzymatic steps in PCC 6803 are similar to those in E. coli, with the exception of 

the first step. In E. coli biosynthesis of α-acetolactate and α-aceto-β-hydroxybutyrate are typically 

catalysed by the IlvB/IlvN complex. However, in PCC 6803, the homologue for IlvB was identified as 

2-OGDC in the TCA cycle (Section 2.3.1.5) (221). An alternate acetolactate synthase, IlvG, 

demonstrates high sequence similarity to E. coli IlvG (E-value = 0). IlvG may form a complex with 

IlvN and catalyse this step (242) but this requires further verification. 

 
 

2.3.3.2 Glutamate, glutamine and proline biosynthesis 

The TCA cycle intermediate α-ketoglutarate is the substrate for L-glutamate biosynthesis which in 

turn is the substrate for production of L-glutamine, D-glutamate and L-proline. D-glutamate is 

synthesised by MurI and is incorporated into peptidoglycan. Two different glutamine synthetases, 

GlnA and GlnN, convert L-glutamate to L-glutamine (243), and in the process incorporate ammonia 

into amino acid biosynthesis. Alternatively, several enzymes catalyse the opposite reaction where 

L-glutamine is converted to L-glutamate, including an NAD(P)H or possibly ferredoxin-dependent 

glutamate synthase (GltB/GltD) and a ferredoxin-dependent glutamate synthase (GlsF) (244). L-

proline is synthesised via three enzymes (ProA, ProB, ProC). PCC 6803 also encodes a putative 

proline oxidase, PutA, which catabolises L-proline to L-glutamate, reducing NADP+ and possibly a 

quinone in the process (245). 

 
 

2.3.3.3 Arginine biosynthesis 

L-arginine is synthesised from L-glutamate via eight enzymatic steps, the sixth requiring carbomyl-

P, which is synthesised from L-glutamine via CarA/CarB. This pathway is very similar to that in E. 

coli. However, PCC 6803 does not encode ArgA or ArgE, catalysing the first and fifth steps of the 

pathway. Instead, it encodes ArgJ, a bifunctional enzyme which catalyses both these enzymatic 

reactions. Recently, an ornithine-ammonia cycle was identified in PCC 6803 (246). This cycle utilises 

ArgF, ArgG, ArgH, and an additional, alternative enzyme, AgrE. AgrE converts L-arginine to L-

ornithine, releasing ammonia in the process (247). PCC 6803 also encodes two putative SpeA and 

two putative SpeB proteins, which play a role in degradation of L-arginine to putrescine, a 

polyamine. In E. coli, putrescine can be used as a nitrogen and carbon source via conversion to 

succinate (247). Whether putrescine has a similar role in cyanobacteria has not been determined. 
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2.3.3.4 Aspartate, cyanophycin and lysine biosynthesis 

L-aspartate is synthesised from oxaloacetate and L-glutamate by AspC. L-aspartate and L-arginine 

are the substrates for cyanophycin, a nitrogen storage polymer. Cyanophycin is synthesised by 

CphA and then converted back to L-aspartate and L-arginine by CphB and LadC (248). L-aspartate is 

converted to aspartate-4-semialdehyde, which is the substrate for biosynthesis of L-threonine and 

L-lysine. PCC 6803 encodes all the enzymes in the five step diaminopimelate aminotransferase 

pathway required for L-lysine biosynthesis (249,250). The third reaction, conversion of 

tetrahydrodipicolinate to L,L-diaminopimelate, is catalysed by DapL. In contrast, E. coli requires 

three enzymes, DapC, DapD and DapE, for this conversion. L-lysine is the substrate for production 

of the siderophore cadaverine by Cad. Three enzymes, ThrA, ThrB and ThrC, convert aspartate-4-

semialdehyde to L-threonine by a pathway similar to that in E. coli.  

 
 

2.3.3.5 Methionine biosynthesis 

In E. coli, L-methionine is also synthesised from aspartate-4-semialdehyde. However, the PCC 6803 

genome does not encode homologues to MetA, MetB or MetC (Appendix Table 2.2), the first three 

enzymes in the pathway. However, the genome does encode a putative MetH enzyme, which 

catalyses the last step, conversion of homocysteine to L-methionine. The enzymatic steps prior to 

this have not been determined, nor has the original substrate from which L-methionine is 

synthesised. The PCC 6803 genome also encodes a putative MetK enzyme, which converts L-

methionine to S-adenosyl-L-methionine, a cofactor utilised in many other reactions, most notably 

in biosynthesis of cyanocobalamin (Vitamin B12; Section 2.3.8.4). A putative AhcY enzyme is also 

encoded, which converts S-adenosyl-L-homocysteine, the product of reactions which use S-

adenosyl-L-methionine as a cofactor, back to homocysteine.  

 
 

2.3.3.6 Tryptophan, phenylalanine and tyrosine biosynthesis 

Chorismate is the substrate for L-tryptophan, L-phenylalanine and L-tyrosine biosynthesis. The 

majority of enzymes involved in L-tryptophan biosynthesis are highly conserved between E. coli and 

PCC 6803. Attempts to generate an auxotrophic mutant of TrpB, one of the subunits catalysing the 

final step of L-tryptophan biosynthesis, were unsuccessful (251), suggesting that it cannot be 

imported from the external environment. The pathway for L-phenylalanine and L-tyrosine 

biosynthesis differs between the two species and has not been completely determined in 

cyanobacteria. Both amino acids are synthesised from prephenate. However, only the second step 

of tyrosine biosynthesis, conversion of arogenate to L-tyrosine, has been determined, although 
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sll1662 (PheA) has been speculated to catalyse the first step of L-phenylalanine biosynthesis, 

conversion of prephenate to prenylpyruvate (252). 

 
 

2.3.3.7 Histidine biosynthesis 

L-histidine, synthesised from the nucleotide precursor, 5-phosphoribosyl-1-pyrophosphate, is 

synthesised via a nine-step pathway in E. coli. Proteins demonstrating high sequence similarity to 

all characterised histidine biosynthetic enzymes in E. coli have been identified in PCC 6803. 

However, there are two putative HisC and HisD enzymes in PCC 6803. The function of these 

isoenzymes has not been determined. 

 
 

2.3.3.8 Serine, glycine, cysteine and alanine biosynthesis 

L-serine can potentially be synthesised via two routes. The first is via a three step light-independent 

pathway, which has been characterised in PCC 6803 (253). However, the second enzyme in this 

pathway, SerC has also been suggested to catalyse the transanimation reaction in photorespiration 

(Section 2.3.1.3) (212). In the second pathway, L-serine (and also glycine) is synthesised from 

glyoxylate via the photorespiratory pathway or glyoxylate cycle in those species that encode the 

relevant enzymes. L-cysteine is then produced from L-serine via a two-step pathway, the second of 

which could potentially be catalysed by either CysK or CysM. L-cysteine is subsequently 

desulphonated to produce L-alanine by Csd (254), which is subsequently converted to D-alanine, a 

component of peptidoglycan, via Alr. 

 
 

2.3.3.9 Glutathione biosynthesis 

L-cysteine and L-glutamate are the substrates for the first step of glutathione biosynthesis. 

Glutathione is a thiol that plays a key role in metal detoxification and tolerance of oxidative stress 

in PCC 6803 (255). The first step of glutathione biosynthesis is catalysed by GshA, encoded by an 

essential gene in PCC 6803 (256). In contrast, the enzyme catalysing the second step, GshB is non-

essential, suggesting that glutathione is not required for PCC 6803 viability but that the precursor, 

L-γ-glutamyl-L-cysteine, is required (256). 
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2.3.3.10 Iron-sulphur cluster biosynthesis 

Conversion of L-cysteine to L-alanine by Csd releases sulphur which is incorporated into iron-

sulphur clusters. Two additional cysteine desulfarases have been identified in PCC 6803 but unlike 

Csd, neither are essential (257–259). Iron-sulphur clusters are incorporated into many proteins 

involved in photosynthesis, respiration and nitrogen fixation (260). Figure 2.3 outlines iron-sulphur 

biosynthesis (highlighted in green) and subsequent transfer to proteins, based on characterisation 

of proteins in other bacterial species (261). SufE acts as a sulphur donor, and IscA as a Fe2+ donor 

to the scaffold proteins required for cluster formation (SufA/NifU) (262). Additional subunits 

(SufB/SufC/SufD) aid in transfer of the iron-sulphur cluster to proteins. NifU is possibly involved in 

repairing iron-sulphur clusters in proteins but has not been characterised in cyanobacteria. 

 
 

2.3.4 Nucleotide biosynthesis  

Enzymes involved in nucleotide biosynthesis (Figure 2.4) are highly conserved between E. coli and 

PCC 6803 (Appendix Table 2.1), and therefore this pathway has not been investigated in great detail 

in cyanobacteria. Pyrimidines and purines require the same precursor, 5-phosophoribosyl-1-

pyrophosphate, which is synthesised from the PP pathway intermediate, ribose-5P, after which the 

pathways diverge.  
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Figure 2.4 Metabolism of nucleotides. The purine and pyrimidine biosynthesis pathways are 
highlighted in red and blue respectively. Possible nucleotide salvage pathways are highlighted in 
green. Cofactors in each reaction are shown with the exception of protons, water, oxygen and 
inorganic phosphate. 
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2.3.4.1 Purine biosynthesis 

In E. coli, purine biosynthesis requires eleven enzymatic steps for production of inosine 

monophosphate, the precursor of guanosine and adenosine based nucleotides (reviewed by 

Kappock et al. (263)). PCC 6803 encodes genes with high homology to all the purine biosynthetic 

enzymes required for inosine monophosphate in E. coli, including PurN and PurT, which are both 

capable of catalysing the third step (Appendix Table 2.1). PurB and PurH each catalyse two different 

steps in the pathway. In E. coli, inosine monophosphate is converted to guanosine diphosphate by 

GuaB, GuaA and GmpK, and adenosine diphosphate by PurA, PurB and AmpK (264). All nucleoside-

diphosphates are converted to nucleoside-triphosphates via NdkR (265) and to 

deoxyribonucleotides via the NrdA/NrdF complex (266). All these enzymes are highly conserved 

between E. coli and PCC 6803 (Appendix Table 2.1). 

 

 

2.3.4.2 Pyrimidine biosynthesis 

In E. coli, pyrimidine biosynthesis requires six enzymatic steps for production of uridine 

diphosphate, the precursor of cytosine-, uridine- and thymidine-based nucleotides. Carbomyl-P, 

synthesised from glutamine and bicarbonate by CarA/CarB, is the initial substrate. Carbomyl-P is 

converted to orotate via a three-step pathway. Orotate phosophoribosyltransferase (PyrE) 

transfers a ribosyl group from 5-phosophoribosyl-1-pyrophosphate to orotate, forming oritidine-5-

P, which is subsequently converted to uridine diphosphate via PyrF and PyrH. In E. coli, uridine 

diphosphate is converted to uridine triphosphate via NdkR, then cytosine triphosphate via PyrG 

(267). The NrdA/NrdF complex then converts cytosine triphosphate to deoxycytosine triphosphate. 

The pathway for biosynthesis of deoxythymidine nucleotides has not been determined. However, 

enzymes homologous to those identified in the Lactococcus lactis pathway are conserved in PCC 

6803 (268). Via this pathway, deoxycytosine triphosphate is converted to deoxyuridine 

monophosphate via Dcd, which is subsequently converted to deoxythymidine monophosphate via 

ThyX, which in turn is converted to deoxythymidine diphosphate via Tmk. However, experimental 

evidence is required to confirm whether this pathway is utilised by PCC 6803. 

 
 

2.3.4.3 Nucleotide salvage pathways 

PCC 6803 also encodes a number of enzymes that display high sequence similarity to E. coli proteins 

involved in the nucleotide salvage pathway (267). However, the role of the salvage pathway in 

cyanobacteria and how nucleotides are catabolised has not been investigated. 
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2.3.5 Cofactor biosynthesis 

Unlike many cyanobacterial species, PCC 6803 does not require the addition of any vitamins or 

cofactors for growth, suggesting that it encodes complete biosynthetic pathways for each essential 

compound. However, these pathways have not been extensively investigated. The majority of 

proteins in these pathways (Figure 2.5) have been assigned a function in cyanobacteria based on 

their homology to characterised enzymes from E. coli, with only a few enzymes characterised in 

PCC 6803 or other model cyanobacterial species. Tocopherol biosynthesis is discussed in Section 

2.3.7.4, since this cofactor is synthesised from the same initial substrates as other isoprenoids. 

Pseudocobalamin (Vitamin B12) biosynthesis is discussed in Section 2.3.8.4 , since this cofactor is 

synthesised from the same initial substrates as bilins and chlorophyll. 
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Figure 2.5 Metabolism of vitamins and cofactors. Detailed are the pathways for biosynthesis of A) 
Biotin, B) NAD+ and NADP+, C) folate, D) molybdenum cofactors, E) riboflavin and FAD, F) thiamine, 
G) pantothenate and coenzyme A, H) pyridoxal-5P. Vitamins and cofactors are highlighted in blue. 
Cofactors in each reaction are shown with the exception of protons, water, oxygen and inorganic 
phosphate. 
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2.3.5.1 Biotin biosynthesis 

In PCC 6803, biotin (vitamin B7) is an essential cofactor required by acetyl-CoA carboxylase 

(AccA/AccB/AccC/AccD; Section 2.3.6.1), which is involved in fatty acid biosynthesis (269). The 

biotin biosynthetic pathway has been determined in E. coli (270). In E. coli, biotin is synthesised 

from malonyl-ACP-methyl ester, which undergoes two cycles of fatty elongation to form pimeloyl-

ACP-methyl ester. This is subsequently converted to biotin via five enzymatic steps. Synthesis of 

the pimeloyl-ACP precursor has not been determined in PCC 6803 (271). Putative homologues of 

only three enzymes in the biotin biosynthetic pathway, BioF, BioD and BioB (and not BioH, BioC and 

BioA) are encoded in the PCC 6803 genome (Figure 2.5A) (270). Recently, a novel enzyme, BioU, 

was demonstrated to catalyse the same reaction as BioA, conversion of 8-amino-7-oxononoate to 

7,8-diaminononanoate (272). The enzymatic activity of BioU is different from BioA. BioU utilises 

then reforms NADPH, consumes CO2, and acts as a suicide enzyme, meaning it catalyses only a 

single reaction due to loss of a lysine group. PCC 6803 also encodes a putative BirA protein, which 

reacts with biotin to form a biotin-BirA complex that represses biotin biosynthesis (271). 

 
 

2.3.5.2 NAD+ and NADP+ biosynthesis 

Nicotinamide adenine dinucleotide (NAD+) is synthesised in cyanobacteria from L-aspartate by a 

five-step pathway encoded by most bacterial species (Figure 2.5B) (273). The last two enzymes in 

the pathway, NadD and NadE, have low sequence similarity to the equivalent E. coli proteins but 

the activity of the enzymes has been confirmed in PCC 6803 (274). A second two-step pathway for 

NAD+ biosynthesis from nicotinamide has also been proposed (274,275), although how 

nicotinamide is produced has not been determined. NAD+ is converted to NADP+, required as an 

electron acceptor in linear photosynthetic electron transport, by NAD kinases, of which two are 

present in PCC 6803 (NadK1, NadK2) (276). The NAD+/NADP+ ratio is regulated by pyridine 

nucleotide transhydrogenase (PntA/PntB), which catalyses electron transfer between the two 

compounds (277). 

 
 

2.3.5.3 Folate biosynthesis 

Folate (vitamin B9) based cofactors (e.g. tetrahydrofolate, 5-methyl tetrahydrofolate, 5,10-

methylene tetrahydrofolate) are required in certain enzymatic reactions for biosynthesis of the 

amino acids L-methionine, L-serine and glycine (Figure 2.3), the cofactors pantothenate and 

coenzyme A (Figure 2.5G), purine nucleotides and thymidylate pyrimidines (Figure 2.4) and certain 

tRNAs (278). Folate is synthesised from the precursors, chorismate and guanosine triphosphate 
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(Figure 2.5C). A two-step pathway (PabB/PabC) results in conversion of chorismate to 4-

aminobenzoate. A four-step pathway (FolE/FolB/FolK and possibly FolQ) catalyses the conversion 

of guanosine triphosphate to 6-hydroxymethyl-7,8-dihydropteroate-PP, which together with 4-

aminobenzoate, catalyses the formation of 7,8-dihydropteroate. FolQ (designated as NudB in E. 

coli) (279) has not been characterised in PCC 6803 but slr0920 shows low sequence similarity to 

NudB (E-value = 4.56E-06) and may perform FolQ enzymatic activity (Appendix Table 2.2). 7,8-

dihydropteroate is subsequently converted to the different folate variants, although only one 

enzyme catalysing these steps, FolC, has been identified. Whether 5-methyl tetrahydrofolate is 

synthesised by PCC 6803 is unknown, since the genome does not encode MetF, which synthesises 

this compound from 5,10-methylene tetrahydrofolate in E. coli (278). 

 
 

2.3.5.4 Molybdenum cofactor biosynthesis 

Molybdenum cofactors (molybdopterin guanine dinucleotide or molybdopterin-Mo) act as catalytic 

centres in a range of enzymes. In PCC 7942, a molybdenum cofactor is required for nitrate reductase 

(NarB; Section 2.3.9.1) activity (280). Whether any other enzymes in cyanobacteria also require 

molybdenum cofactors has not been determined. Molybdenum cofactors are synthesised from 

guanosine triphosphate (Figure 2.5D). This pathway has been characterised in E. coli and proteins 

demonstrating high sequence similarity to each enzyme have been identified in PCC 6803 (280). 

Moreover, several enzymes in the pathway have been characterised in PCC 7942 (280,281). MoaC 

is likely a bifunctional enzyme catalysing the second step, formation of pyranopterin, and the fifth 

step, synthesis of the cofactor molybdopterin guanine dinucleotide. The third step, conversion of 

cyclic pyranopterin to molybdopterin is catalysed by MPT synthase (MoaD/MoaE), which is 

regenerated by MoeB (282).  

 
 

2.3.5.5 Riboflavin and flavin adenine dinucleotide biosynthesis 

Riboflavin (vitamin B2) and flavin adenine dinucleotide (FAD) are also synthesised from guanosine 

triphosphate (Figure 2.5E). In cyanobacteria, FAD is a cofactor involved in flavoprotein-mediated 

redox reactions. The pathway is similar between E. coli and PCC 6803 and enzymes are highly 

conserved between the species (Appendix Table 2.1). Three enzymes, RibA, RibD and RibF, catalyse 

two separate reactions in the pathway. 
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2.3.5.6 Thiamine biosynthesis 

Thiamine diphosphate (vitamin B1) is a cofactor for several enzymes, including pyruvate 

dehydrogenase (Section 2.3.1.1), transketolase in the OPP/CBB pathways (TktA, Section 2.3.1.2), 

and acetolactate synthase, catalysing the first step of L-valine, L-leucine and L-isoleucine 

biosynthesis (IlvG/IlvN; Section 2.3.3.1) (283). It is synthesised from the purine biosynthetic 

intermediate, 5-aminoimidazole ribonucleotide (Section 2.3.4.1; Figure 2.4), glycine and 1-deoxy-

D-xylulose-5-P (Figure 2.5F). The pathway has been largely characterised in E. coli (284), but in PCC 

6803, homologues have not been identified for every protein in the pathway (Appendix Table 2.1). 

Notably, there is no protein in PCC 6803 with high sequence similarity to ThiD (Appendix Table 2.2), 

which catalyses the second biosynthetic step starting at 5-aminoimidazole ribonucleotide. 

 
 

2.3.5.7 Pantothenate and coenzyme A biosynthesis 

The majority of enzymes involved in biosynthesis of pantothenate (vitamin B5; Figure 2.5G) and 

coenzyme A are highly conserved between E. coli and PCC 6803 (Appendix Table 2.1). Coenzyme A 

is required for formation of acetyl-CoA and in fatty acid biosynthesis. Three enzymes convert α-

ketoisovalerate, an intermediate required for L-valine and L-leucine biosynthesis (Section 2.3.3.1; 

Figure 2.3), to pantothenate. An additional enzyme, PanD, catalyses the third step, conversion of 

L-aspartate to β-alanine (285). The second reaction can be catalysed by PanE, not encoded in the 

PCC 6803 genome (Appendix Table 2.2) or IlvC, which is also involved in L-isoleucine, L-valine and 

L-leucine biosynthesis (Figure 2.3). Coenzyme A is synthesised from pantothenate via five 

enzymatic steps (285). Only the first step (conversion of pantophenate to 4-phosphopantophenate) 

is catalysed by a different enzyme from that in the E. coli pathway, specifically a type III 

pantophenate kinase (CoaX) (286). 

 
 

2.3.5.8 Pyridoxal-5P biosyntheis 

Pyridoxal-5-P (vitamin B6) is a cofactor required by a range of enzymes involved in amino acid 

biosynthesis and catabolism, iron, cell wall component and carbon metabolism, and biosynthesis 

of other cofactors (For a full list refer to Richts et al. (287)). Biosynthesis of pyridoxal-5-P in E. coli 

utilises 1-deoxy-D-xylulose-5-P and 3-amino-2-oxopropyl phosphate as substrates, and is catalysed 

via PdxA/PdxJ, then PdxH (Figure 2.5H) (288). PdxA, PdxJ and PdxH are conserved in PCC 6803 but 

the enzyme pathway for 3-amino-2-oxopropyl phosphate biosynthesis has not been determined.  
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2.3.6 Membrane and cell wall biosynthesis 

Cyanobacterial membrane composition differs from that of heterotrophic bacteria. Five classes of 

lipids accumulate in PCC 6803 plasma and thylakoid membranes: Phosphatidylglycerol, 

monogalactosyl-diacylglycerol, digalactosyl-diacylglycerol, sulfoquinovosyl-diacylglycerol and 

hydrocarbons (289,290). Like other Gram-negative prokaryotes, cyanobacteria are encompassed 

by a peptidoglycan layer and an outer membrane (OM) containing lipopolysaccharides (LPSs). 

 
 

2.3.6.1 Lipid biosynthesis 

Cyanobacterial lipids are synthesised from acyl-ACPs (acyl carrier proteins), which in turn are 

synthesised from acetyl-CoA by a pathway similar to that in E. coli (Appendix Table 2.1; Figure 2.6). 

Predominantly C16 and C18 acyl-ACPs are synthesised with various degrees of saturation catalysed 

by four possible desaturases (DesA, DesB, DesC, DesD) (291). A plasma membrane (PM) associated 

protein, Aas (183), mediates import of acyl-ACPs and fatty acids from the PM and periplasm 

(292,293). 

 

Hydrocarbons are synthesised directly from acyl-ACPs (294,295), with the majority of cyanobacteria 

(including PCC 6803) producing C15 or C17 alkanes via a two-step pathway (Aar/Ado) (296), while 

the remainder produce C17 or C19 alkenes via a polyketide synthase (Ols) (297). The other lipids 

are synthesised from 1,2-diacyl-glycerol-3-P, which is produced from acyl-ACPs via three enzymes 

(PlsX, PlsY, PlsC) (298). A further three enzymatic steps are required for phosphatidylglycerol 

biosynthesis. The enzyme catalysing the second step, PgsA, is non-essential in PCC 6803, when the 

mutant is supplemented with phosphatidylglycerol (299). There is no PCC 6803 protein with any 

sequence similarity to PgpB, the enzyme in E. coli that catalyses the third step (Appendix Table 2.2). 

 

1,2-diacyl-glycerol-3-P is likely converted to diacylglycerol, the common substrate for synthesis of 

the other membrane lipids. The enzyme catalysing this step has not been identified. The reverse 

reaction is likely catalysed by DgkA. MgdA catalyses conversion of diacylglycerol to monoglucosyl-

diacylglycerol, which is likely converted to monogalactosyl-diacylglycerol by an unidentified 

epimerase (300). Monogalactosyl-diacylglycerol is then converted to digalactosyl-diacylglycerol by 

DgdA (301). Sulfoquinovose, synthesised from UDP-glucose and sulphate by SqdB (302,303), is 

reacted with diacylgycerol by SqdX to form sulfoquinovosyl-diacylglycerol (304). 

 

The PCC 6803 genome encodes no proteins with homology to enzymes involved in β-oxidation 

(Appendix Table 2.2), although one report has suggested the capacity for fatty acid catabolism is 
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retained (305). If so, there must be an alternate, uncharacterised pathway responsible for lipid 

degradation. 
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Figure 2.6 Metabolism of membrane lipids, peptidoglycan and lipopolysaccharides. 
Membrane lipids are highlighted in blue. Steps highlighted in grey are compounds and 
reactions not involved in these pathways but detailed in Figure 2.1. Cofactors in each reaction 
are shown with the exception of protons, water, oxygen and inorganic phosphate. 
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2.3.6.2 Lipoic acid biosynthesis 

Lipoic acids are cofactors required for a range of enzymes, including pyruvate dehydrogenase and 

the glycine cleavage system (GcvH/GcvP/GcvT/GcvL; Figure 2.1) (306). The biosynthetic pathway 

has been elucidated in E. coli (307). Lipoic acids are covalently attached to enzymes via LipB and 

then sulfonated via LipA. In contrast to E. coli, there are two putative LipA proteins in PCC 6803 

(Appendix Table 2.1). 

 
 

2.3.6.3 Peptidoglycan biosynthesis and depolymerisation 

The structure of PCC 6803 peptidoglycan has not been determined. However, peptidoglycan in the 

closely related species, Synechocystis sp. PCC 6714, incorporates L-alanine, D-alanine, D-glutamate 

and meso-diaminopimelate into peptide bridges, which are linked to polymers consisting of 

alternating acetylglucosamine and acetylmuramate monomers. The enzymes synthesising 

peptidoglycan monomers (acetylglucosamine-N-acetylmuramate-pentapeptides) from UDP-N-

acetylglucosamine are highly conserved between E. coli and PCC 6803 (Appendix Table 2.1). 

Surprisingly, the last two enzymes in the pathway, MraY and MurG have been localised to the TM 

in PCC 6803 (183,308), suggesting that an additional protein or process must transport these 

monomers to the PM. The flippase involved in translocating the acetylglucosamine-N-

acetylmuramate-pentapeptide monomers to the periplasmic side of the PM in E. coli (MurJ) has 

not been identified in cyanobacteria (309). However, the protein encoded by slr0488 in PCC 6803 

demonstrates some sequence similarity to MurJ (E-value = 1.04E-28; Appendix Table 2.1) but its 

function needs to be confirmed experimentally. 

 

Polymerization of peptidoglycan is catalysed by the penicillin-binding proteins (PBPs) 1-4 and FtsW 

(310), while depolymerisation and recycling of peptidoglycan monomers is catalysed by PBPs 5-8 

and AmiA-C (311). Four proteins in E. coli have been implicated in importing depolymerised 

peptidoglycan components (NagE, MurP, AmpG, Opp) (312), but only Opp, an oligopeptide 

transporter consisting of four subunits, is encoded in the PCC 6803 genome (Appendix Table 2.2). 

A series of cytosolic enzymes conserved in PCC 6803 (Mpl, NagZ, AnmK, NagK, MurQ) likely recycle 

depolymerised peptidoglycan components back into peptidoglycan biosynthesis (312). Other E. coli 

enzymes involved in recycling (NagA, NagB, AmiD, AmpB) have no homologues in PCC 6803 

(Appendix Table 2.2). 
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2.3.6.4 Lipopolysaccharide biosynthesis 

LPSs are incorporated into the OM of cyanobacteria, including PCC 6803 (233). Four enzymes 

synthesise the Lipid A disaccharide core of the LPS and are highly conserved between E. coli and 

PCC 6803 (Appendix Table 2.1). The protein involved in translocating Lipid A disaccharide to the 

periplasmic side of the PM has not been identified, although four PM localised proteins with high 

sequence similarity to MsbA (slr2019: E-value = 8.64E-91; sll1276: E-value = 2.28E-84; sll1725: E-

value = 7.22E-83; slr1149: E-value = 1.82E-73; Appendix Table 2.2), the characterised Lipid A 

disaccharide flippase from E. coli (313), are encoded in the PCC 6803 genome (183). Biosynthesis of 

the polysaccharide portion of the LPS has not been determined in cyanobacteria (314). Five PM-

localised glycosyltransferases are encoded by the PCC 6803 genome which may play a role in 

saccharide polymerisation (Appendix Table 2.1). However, the PCC 6803 genome encodes no 

proteins with homology to those in E. coli involved in transporting polysaccharides across the PM 

(i.e. Wzm/Wzt or Wzx), ligation of the polysaccharide to the Lipid A disaccharide core (WaaL) or 

transport of the fully synthesised LPS to the OM (LptA, LptC, LptD, LptE), with the possible exception 

of LptB (Appendix Table 2.2). 

 
 

2.3.7 Isoprenoid, quinol and carotenoid biosynthesis 

Isoprenoids play a key role in electron transport, photoprotection, light harvesting, membrane 

integrity and organisation, and are incorporated into a range of compounds including LPSs, 

peptidoglycan and chlorophyll. 
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Figure 2.7 Metabolism of isoprenoids, quinols and carotenoids. Carotenoids are highlighted in blue. Cofactors in each reaction are shown with the 
exception of protons, water, oxygen and inorganic phosphate. 
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2.3.7.1 Isoprenoid biosynthesis 

Isoprenoids, specifically undecaprenyl diphosphate, farnesyl diphosphate and geranylgeranyl 

diphosphate, are substrates required for biosynthesis of a wide range of compounds including 

hopenes, LPSs, peptidoglycan, carotenoids, phylloquinone, plastoquinone, chlorophyll and 

tocopherols. Geranylgeranyl diphosphate is synthesised from pyruvate and glyceraldehyde-3-P via 

eight enzymes, all of which are highly conserved between E. coli and PCC 6803 (Appendix Table 2.1; 

Figure 2.7) (315). An additional enzyme, Ipi, is involved in isomerisation of isopentenyl diphosphate 

and dimethylallyl diphosphate (316). PCC 6803 mutants lacking Ipi demonstrate deficient 

isoprenoid biosynthesis, smaller cell size and reduced TMs, and an altered cell wall (317). 

 
 

2.3.7.2 Hopene biosynthesis 

Hopenes are synthesised from farnesyl diphosphate in PCC 6803 via two enzymes, Sqs and Shc 

(318). While the exact role of hopenes has not been determined in cyanobacteria, they have been 

suggested to play a role in membrane integrity in non-sulphur purple photosynthetic bacteria (319). 

Hopenes have been detected in the TM, PM and OM of Synechocystis sp. PCC 6714 (320). Sqs and 

Shc are expressed under photoautotrophic conditions in PCC 6803 (183). 

 
 

2.3.7.3 Carotenoid biosynthesis 

Geranylgeranyl diphosphate is the substrate for carotenoid biosynthesis. Carotenoids play a key 

role in assembly of photosynthetic complexes (321), membrane integrity and thylakoid 

organisation (322), and as light-harvesting and photoprotective pigments. Seven carotenoids have 

been detected in PCC 6803: synechoxanthin, myxol-2’-dimethylfucoside (myxoxanthophyll), 

zeaxanthin, 3’-hydroxy-echinenone, cis-zeaxanthin, echinenone and β-carotene (323). The pathway 

has not been completely elucidated (324–326), but twelve enzymes have been demonstrated to 

play a role in carotenoid biosynthesis. A newly identified enzyme 15-cis-zeta(ζ)-carotene isomerase 

(Z-ISO), was found to catalyse the cis-to-trans isomerization of the central 15–15′ cis double bond 

in 9,15,9′-tri-cis-ζ-carotene to produce 9,9′-di-cis-ζ-carotene during the four-step conversion of 

phytoene to lycopene (327). 

 
 

2.3.7.4 Tocopherol biosynthesis 

Tocopherols (Vitamin E) play a role in protecting cyanobacteria from lipid peroxidation (328), cold 

tolerance (329) and potentially optimising photosynthetic activity (330). All tocopherols are 
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synthesised from the precursor 6-methyl-6-phytyl-1,4-benzoquinol, which is synthesised by Hpt 

utilising the substrates phytyl diphosphate and homogentisate (331–333). Phytyl diphosphate is 

synthesised from geranylgeranyl diphosphate by ChlP (334). Homogentisate is synthesised from 4-

hydroxyphenyl-pyruvate (335), which is typically synthesised from prephenate by TyrA. However, 

PCC 6803 TyrA demonstrates specificity only to arogenate (336), suggesting that 4-hydroxyphenyl-

pyruvate may be synthesised by an alternate route. Four tocopherols (α, β, δ, γ) are produced by 

PCC 6803 (337), although it has not been determined if each has separate roles in the cell. α- and 

γ- tocopherols are synthesised from 6-methyl-6-phytyl-1,4-benzoquinol via VTE1, VTE3 and VTE4, 

while β and δ tocopherols are synthesised via VTE3 and VTE4 (338). 

 
 

2.3.7.5 Phylloquinone and plastoquinone biosynthesis 

Phylloquinone (Vitamin K1) and plastoquinone are synthesised from chorismate. Phylloquinone acts 

as an electron acceptor in photosystem I (339), and while not essential under photoautotrophic 

conditions, loss of this compound results in a severe growth defect when cells are exposed to high 

light conditions (340). Phylloquinone is synthesised by ten enzymes of which several have been 

characterised in PCC 6803 (340,341). The majority have been identified based on homology with 

proteins synthesising menaquinone (Vitamin K2) and characterised in other bacteria (342). The 

second last enzyme in the pathway, MenA, utilises phytyl diphosphate, while the last enzyme 

requires that dimethylphylloquinone be reduced via NAD(P)H dehydrogenase NdbB to 

dimethylphylloquinol, prior to synthesis of phylloquinone by MenG (343). 

 

Plastoquinone is an essential electron carrier required for photosynthesis and respiration (73). 

Despite the importance of plastoquinone, the entire biosynthetic pathway has not been 

determined (344). Catalytic activity of only the first three enzymes in the pathway, UbiC, UbiA and 

UbiX, has been determined by expression of the PCC 6803 genes in E. coli (344,345). Deletion of a 

putative 4-hydroxy-3-solanesylbenzoate decarboxylase, encoded by sll0936, results in reduced 

plastoquinone levels (344), suggesting an uncharacterised role for this protein in its biosynthesis.  

 
 

2.3.8 Chlorophyll, phycobilin and pseudocobalamin biosynthesis 

Chlorophyll and phycobilins are the light harvesting pigments incorporated into photosystems and 

phycobilisomes, respectively. Pseudocobalamin (vitamin B12) is synthesised from the same 

precursor substrate, uroporphyrinogen III, and is therefore included in this section. 
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Figure 2.8 Metabolism of chlorophyll, phycobilin and pseudocobalamin. Proteins involved in 
anaerobic or low oxygen environment enzymatic steps are highlighted in blue. Cofactors in each 
reaction are shown with the exception of protons, water and inorganic phosphate. 
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2.3.8.1 Heme biosynthesis 

Heme, the precursor of phycobilins, is synthesised from L-glutamate and tRNAGlu via ten enzymatic 

steps (Figure 2.8). All enzymes, apart from HemJ, are highly conserved between E. coli and PCC 

6803 (Appendix Table 2.1) (346). In contrast to E. coli, HemJ, not HemG or HemY, is the 

protoporphyrinogen IX oxidase most commonly found in cyanobacteria (347). HemJ likely requires 

plastoquinone as an electron acceptor in C. reinhardtii (348) and localisation of PCC 6803 HemJ to 

the TM (183) suggests a similar enzymatic reaction (347,349). The PCC 6803 genome also encodes 

additional enzymes expressed under micro-oxic conditions, including HemN1 (and possibly HemN2) 

(350), which can catalyse the eighth enzymatic step of heme biosynthesis, in addition to Ho2 

(351,352) and ChlA2 (353), which are involved in bilin and chlorophyll biosynthesis, respectively. It 

should be noted that these enzymes still require oxygen for catalytic activity. However, they may 

bind oxygen with greater affinity than the enzymes catalysing the same step which are expressed 

under non-microoxic conditions. Heme does not accumulate in mutants deficient in Ho1 and Ho2, 

which catalyse the first steps in bilin biosynthesis, suggesting that heme is rapidly degraded by an 

uncharacterised pathway (352) or is exported. 

 
 

2.3.8.2 Bilin biosynthesis 

Heme is the substrate for biosynthesis of biliverdin, which in turn is the substrate for production of 

the pigments phycocyanobilin and phycoerythrobilin. These pigments are subsequently 

incorporated into the light-harvesting phycobilisome complex (354). PCC 6803 only produces 

phycocyanobilin via the enzyme PcyA (354). PCC 6803 also encodes a biliverdin reductase, BvdR, 

resulting in production of bilirubin (355). While the exact role of bilirubin has not been determined, 

deletion of BvdR results in a mutant with severely attenuated phycobilisomes. 

 
 

2.3.8.3 Chlorophyll biosynthesis 

Chlorophyll, the main pigment in photosystems, is synthesised from protoporphyrin IX, the 

immediate precursor of heme, via seven enzymatic steps. The complete pathway has been 

characterised in PCC 6803. The first step of chlorophyll biosynthesis is catalysed by three 

magnesium chelatase enzymes, ChlD, ChlH and ChlI, resulting in production of Mg-protoporphyrin 

IX (356). GUN4 is also essential for magnesium chelatase activity (357–359). The second step is 

catalysed by ChlM (360), while the third is catalysed via ChlA1 (AcsF) or ChlA2 (361). Ycf54 is also 

required for ChlA1 activity (362). Two independent enzymes, a ferredoxin-dependent DPOR 

complex or a light-dependent NADPH:protochlorophyllide reductase (LPOR), can catalyse the 
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following step (363), while BciB catalyses the step after this (364,365). Geranylgeranyl is 

incorporated into chlorophyll by ChlG in the second last step. In a landmark paper, expression of 

ChlDHI and GUN4, ChlM, AcsF, LPOR, BciB, ChlG and ChlP in E. coli was sufficient for chlorophyll 

biosynthesis (366), demonstrating that no other enzymes are required in this pathway.  

 
 

2.3.8.4 Pseudocobalamin biosynthesis 

Cobalamin (Vitamin B12) is required for activity of MetH, involved in methionine biosynthesis (Figure 

2.3), and may be required by certain enzymes in the quinone and folate biosynthesis pathways 

(367). Cyanobacteria produce an alternate form of vitamin B12 termed pseudocobalamin (368). 

Vitamin B12 is synthesised from the heme biosynthetic intermediate, uroporphyrinogen III. The 

cob(II)yrinate a,c-diamide component of vitamin B12 can be synthesised by either an aerobic or 

anaerobic pathway, which share certain enzymes (369). These pathways have been characterised 

in a range of heterotrophic bacteria (369,370) but relatively few cyanobacterial enzymes have been 

investigated. PCC 6803 encodes all the enzymes in the anaerobic pathway but is missing five in the 

aerobic pathway (CobG, CobF, CobK, CobS, CobT), suggesting that this biosynthetic route is not 

utilised (Appendix Table 2.1). Several enzymes involved in converting cob(II)yrinate a,c-diamide to 

pseudocobalamin (CobO, CobQ, CbiB, CobU, CobV) are potentially encoded in the PCC 6803 

genome. However, the exact biosynthetic steps have not been determined and the pathway in PCC 

6803 can only be speculated based on characterised pathways from species that synthesise 

cobalamin (369). 

 

PCC 6803 also has the genetic potential to produce siroheme from the pseudocobalamin 

biosynthetic intermediate, sirohydrochlorin. Siroheme is a cofactor required for nitrite reductase 

(371) and possibly for other enzymes. 

 
 

2.3.9 Transport systems  

The majority of proteins potentially involved in metabolite transport localise to the PM (Figure 2.9) 

(183). However, there are many putative transporters in PCC 6803 with no assigned function 

(Appendix Table 2.4), suggesting that our knowledge of cyanobacterial metabolite transport is still 

incomplete.  
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Figure 2.9 Proteins involved in metabolite transport and conversion of nitrogen, sulfur and 
phosphate based compounds. Localisation of transporters in either the PM or TM is detailed. 
Subunits in each complex may not all be membrane localised but soluble. Cofactors in each 
reaction are shown with the exception of protons, water, oxygen and inorganic phosphate. 
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2.3.9.1 Ammonia, nitrate, nitrite and urea transport 

A range of transporters are responsible for import of nitrogen-based compounds. PCC 6803 

encodes three ammonium transporters (Amt1, Amt2, Amt3), with Amt1 being responsible for the 

majority of uptake (372). Another transporter complex, comprising four subunits, NrtA-D, imports 

nitrate and nitrite (373–375). Nitrate is reduced to nitrite by NarB (376), while NirA converts nitrite 

to ammonium (377). Both enzymes require electrons supplied by ferredoxin (371). PCC 6803 can 

also utilise urea, which is imported into the cell via a transporter complex composed of five 

subunits, UrtA-E (378). Urea is converted to two molecules of ammonia via the urease complex 

comprising three subunits, UreA-C, which is assembled by four accessory proteins, UreD-G (379). 

 
 

2.3.9.2 Amino acid transport 

A range of permeases with affinity for different amino acids have been characterised in PCC 6803 

in an extensive study conducted by Quintero et al. (380). The basic amino acid transporter encoded 

by BgtA and BgtB mediates transport of L-arginine, L-histidine, L-lysine and L-glutamine. Two 

transporters, the Gtr complex composed of GtrA-C, and the single protein GltS system, mediate L-

glutamate transport. The neutral amino acid system encoded by NatA-E mediates transport of L-

alanine, glycine, L-leucine, L-proline, L-serine and L-histidine. A separate study also implicated this 

transporter in import of L-cysteine (381). Whether these transporters can export amino acids or 

transport any of the other ten amino acids is unknown. It is also possible that uncharacterised 

permeases may play a role in transport of other amino acids. 

 
 

2.3.9.3 Metal ion transport 

The PCC 6803 genome encodes a range of transporters mediating import of metal ions into the 

cytosol, and in the case of Cu+, into the thylakoid lumen. Additional transporters are also required 

for metal homeostasis and efflux. 

 
 

2.3.9.3.1 Copper transport 

Three copper (Cu+) transporters, CtaA, PacS and the Cop complex, have been characterised in PCC 

6803. Cyanobacteria require Cu+ in the thylakoid lumen for the electron carrier plastocyanin. 

Proteome mapping of PCC 6803 localised PacS to the PM and CtaA to the TM (183), suggesting 

these are the main Cu+ importers in each membrane (382). A chaperone, Atx1, likely localises to 

the cytosol but possibly also the thylakoid lumen, binds Cu+ and delivers it to proteins requiring it 
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for enzymatic activity (383,384). The Cop complex, composed of CopA-C, is involved in Cu+ efflux 

(385). An additional protein, CopM, binds Cu+ in the periplasm and mutants lacking this protein are 

highly sensitive to elevated levels of Cu+ (386). 

 
 

2.3.9.3.2 Potassium transport 

PCC 6803 encodes two PM localised potassium (K+) uptake systems, Ktr (KtrA/KtrB) and Kdp (KdpA, 

KdpB, KdpC, KdpD) (387). The Ktr system mediates rapid K+ uptake while the Kdp system maintains 

K+ levels under limiting conditions in the environment (387,388). KtrC was initially incorrectly 

assigned as a subunit of the Ktr complex (389), but was later assigned to monoglucosyldiacylglycerol 

synthesis, not K+ import (301). A third TM localised transporter, SynK (390), is responsible for K+ 

efflux from the thylakoid lumen (391). An additional calcium activated transporter, SynCak, 

localised to the PM, may also be involved in potassium transport (392). Deletion of SynCak in PCC 

6803 results in a mutant with altered membrane potential and greater resistance to zinc. 

 
 

2.3.9.3.3 Calcium transport 

Calcium (Ca2+) transport is not well understood in cyanobacteria. A putative Ca2+/H+ antiporter, 

SynCax, has been identified (393,394), and localises to the TM (183). A PM localised Ca2+ importer 

has not been identified. MscL has been proposed to be involved in Ca2+ export (395). 

 
 

2.3.9.3.4 Iron transport 

Iron is potentially imported into PCC 6803 via multiple transporters. FeoB, which imports Fe2+, is 

one of the main iron transporter in PCC 6803 (396). In the Fut system, a periplasmic protein, FutA2, 

bind Fe3+ (397,398) prior to uptake by the FutB/FutC membrane transporter (399). A second FutA 

protein, FutA1, has been postulated to bind Fe3+ in the cytosol (396), although proteome mapping 

localised it to the PM (183). Three ExbB-ExbD complexes identified in PCC 6803, possibly in 

association with TonB and one to three putative FhuA OM transporters, are also required for iron 

uptake (400,401). Once imported, iron is stored in ferritin complexes (BfrA, BfrB) in the cytosol 

(402). PCC 6803 also encodes subunits of a putative Fe3+ dicitrate transporter, although this system 

is reportedly less important for iron import (271). 
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2.3.9.3.5 Manganese, molybdate, zinc and magnesium transport 

Manganese (Mn2+) is imported into PCC 6803 via the MntABC complex (403), although other low-

affinity transport systems may be present. Mn2+ plays a key role in the oxygen evolving centre of 

photosystem II. Mnx, is essential for tolerance of PCC 6803 to high manganese levels and may play 

a role in exporting Mn2+ from the cytosol to the thylakoid lumen (404). The PCC 6803 genome 

encodes proteins (ModA and ModBC) with high homology to the characterised molybdate 

transporter of E. coli (E-values = 6.25E-37 and 9.E-51, respectively) (405), but this complex has not 

been characterised in a cyanobacterium. The zinc (Zn2+) transporter, composed of the ZnuA, ZnuB 

and ZnuC subunits, is highly conserved between E. coli and PCC 6803 (Appendix Table 2.1). Only the 

ZnuA protein has been characterised in PCC 6803 (406). A separate protein, ZiaA, is involved in Zn2+ 

export (407). Atx1 may also act as a Zn2+ chaperone, in addition to its role as a Cu2+ chaperone (408). 

The PCC 6803 genome also encode two putative magnesium transport proteins, MgtC and MgtE 

(409), both of which localise to the PM (183). 

 
 

2.3.9.3.6 Cation efflux systems 

A number of cation efflux systems are encoded by the PCC 6803 genome. The Nrs complex (NrsA, 

NrsB, NrsC, NrsD) was induced when cells were exposed to excess Ni2+, Co2+ and Zn2+, the CoaA 

transporter when cells were exposed to Co2+ and Zn2+, and the ArsB transporter by exposure to 

arsenic (410). 

 
 

2.3.9.3.7 Sulphate transport 

Sulphate is transported into cells by the SbpA/CysA/CysW/CysT system, which is highly conserved 

between E. coli and PCC 6803 (Appendix Table 2.1). Sulphate is converted to sulphide by the 

assimilatory pathway divided into four enzymatic steps. The enzymes catalysing the final three 

steps are conserved between E. coli and PCC 6803. The first enzyme in the pathway, Sat, is widely 

conserved in bacteria capable of sulphate reduction. 

 
 

2.3.9.3.8 Phosphate transport 

PCC 6803 contains two systems for phosphate uptake, Pst1 and Pst2, each composed of four 

subunits (411,412). The PstS subunits of each system, in addition to SphX, bind phosphate in the 

periplasm, prior to uptake (412). Following uptake, phosphate can be stored in polyphosphate, 

which consists of polymers containing tens to hundreds of phosphates. Phosphate is converted to 
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polyphosphate by polyphosphate kinase (Ppk1), via sequential addition of single residues (413). A 

second Ppk enzyme, Ppk2, homologous to an enzyme characterised in Pseudomonas aeruginosa 

(414), likely synthesises polyphosphate from ATP. Ppx catalyses depolymerisation of 

polyphosphate, releasing inorganic phosphate (413). Another enzyme, Ppa, converts diphosphate 

to phosphate and is essential in PCC 6803 (413). 

 
 

2.3.9.4 Sodium antiporters 

PCC 6803 encodes six putative sodium (Na+) antiporters (415), three of which localise to the TM 

(NhaS1, NhaS3, NhaS6) and two to the PM (NhaS2, NhaS5) (183). Only NhaS3 is essential in PCC 

6803 (416). NhaS3 has been suggested to play a role in maintaining not just H+ and Na+, but also K+ 

homeostasis (417). Deletion of the remaining Nha antiporters did not affect growth, even when 

cells were exposed to high salt concentrations, suggesting that these proteins can compensate for 

loss of each other (416). 

 
 

2.3.9.5 Organic and inorganic carbon transport 

PCC 6803 encodes transporters that import a range of organic carbon compounds. These include 

GlcP that imports glucose (205) and the Ggt complex, which imports glucosylglycerol and possibly 

sucrose and trehalose (418,419). A number of transporters for inorganic carbon have been 

characterised in PCC 6803. These play a key role in the CO2-concentrating mechanism during 

photosynthesis, and include the Cmp complex (BCT1 transporter) (420,421), the SbtA transporter 

(422,423) and the BicA transporter (424). 

 
 

2.3.9.6 Water transport 

PCC 6803 encodes an aquaporin water channel, aqpZ, which is required for regulating osmotic 

stress (425), and is essential for mixotrophic growth (426). 

  



 71 

2.4 Discussion  

2.4.1 Future directions in understanding cyanobacterial metabolism  

This work provides a basis for better understanding of cyanobacterial metabolism and transport 

processes. However, gaining a complete understanding of cyanobacterial metabolism will likely be 

dependent on optimising the slow process of mutant generation and characterisation, or 

developing bioinformatics tools which provide better insight into protein function. To bypass the 

laborious step of mutant generation, the novel cyanobacterial mutant library, CyanoSource, has 

been constructed. This mutant library aims to target every gene in PCC 6803. Construction of the 

library is outlined in Gale et al. (130). Building on transformation of PCC 6803 and Modular Cloning 

(MoClo) techniques (40,42) (Section 1.2.3.3), the generation of a whole genome library of gene 

insertion plasmids (representing 3,456 coding sequences (CDSs)), will be transformed into PCC 6803 

to generate the largest available collection of known and novel cyanobacterial mutant strains.  

 

This library will allow the field to determine the essential PCC 6803 gene set, which can be 

compared to the one generated in PCC 7942 via transposon mutagenesis (129). This will provide 

insight into the essential gene set of the phylum. CyanoSource may also provide insights into the 

function of many proteins involved in metabolism within a consistent strain background (427). 

Generation of auxotrophic mutants will provide strong evidence that the encoded protein is 

involved in the same pathway as putative characterised homologues from other species. However, 

deletion of these genes may only be possible if the metabolite the encoded protein plays a role in 

synthesising can be imported into the cell. Research groups with expertise in enzyme and pathway 

characterisation but lacking expertise in generation of cyanobacterial mutants may also be 

encouraged to investigate the function and enzymatic activity of cyanobacterial proteins, especially 

in light of recent high-impact publications on characterisation of PCC 6803 enzymes and pathways 

(246,272). The formation of detailed metabolic pathways and maps will also aid future 

bioinformaticians and computational biologists in their work, such as modelling of flux within 

cyanobacteria. 

 
 

2.4.2 Applying this dataset to understanding metabolism and transport in other 
cyanobacteria 

As mentioned above, Section 1.1.4, PCC 6803 is a model organism for studying cyanobacteria due 

to a number of traits. Since it is likely that a high proportion of the pathways discussed in this 

chapter are conserved throughout the phylum, understanding PCC 6803 metabolism, along with 
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detailed metabolic maps, will aid our characterisation of cyanobacterial species that play a key role 

in the environment e.g. marine Prochlorococcus and Synechococcus species or which have 

characteristics ideal for biotechnology, such as the fast growing cyanobacteria, Synechococcus sp. 

PCC 11901 (51). This will be critical in the optimisation of biotechnologically relevant species which 

have the potential as renewable platforms for production of chemicals which are currently derived 

from fossil fuels.  

 
 

2.4.3 Concluding Remarks 

Although this work will aid scientists in better understanding metabolism and transport within the 

model organism PCC 6803, and in cyanobacteria in general, it also highlights the large gaps in our 

knowledge about this phylum. Better understanding will require extensive analysis of the kinetics 

and localisation of enzymes which are homologous to characterised enzymes from heterotrophic 

bacteria but also identification of novel cyanobacterial enzymes that may perform functions specific 

to this phylum.  
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 5 
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  11 
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Chapter 3: Characterisation of growth, 1 

metabolism and the photosynthetic 2 

properties of Synechococcus sp. PCC 11901 3 

 4 

3.1 Introduction 5 

3.1.1 Fast-growing strains with the potential for large biomass accumulation 6 

Developing innovative carbon-neutral technologies to substitute for fossil fuel-derived synthetic 7 

routes for bulk chemical and high-value material production is one of the great challenges of the 8 

21st century. However, commercialisation of cyanobacteria as potential green platforms is 9 

dependent on genetically engineering fast-growing strains with high biomass and compound 10 

production. 11 

 12 

Fast-growing, heterotrophic species already used in industry, such as E. coli and S. cerevisiae, have 13 

doubling times of approximately 20 and 90 minutes, respectively (428,429). In recent years, several 14 

newly discovered cyanobacterial species with faster doubling times similar to S. cerevisiae have 15 

been described including Synechococcus sp. PCC 7002 (PCC 7002) Synechococcus elongatus UTEX 16 

2973 (UTEX 2973) (45) Synechococcus elongatus PCC 11801 (49) and Synechococcus sp. PCC 11901 17 

(PCC 11901) (51). PCC 11901 reportedly maintains fast growth over extended periods and achieves 18 

higher biomass accumulation than PCC 6803, PCC 7942, UTEX 2973 and the closely related species, 19 

PCC 7002, when cultured at 30°C and 38°C (51). In comparison, two separate studies have shown 20 

that the growth of UTEX 2973 was slower than PCC 6803 and PCC 7942 when cultured at 30°C 21 

(42,51). However, PCC 11901 has not been tested under optimal growth conditions for UTEX 2973, 22 

as described in Ungerer et al. (191), at 38°C with 900 µmol photons m-2 s-1 and sparged with 5% CO2. 23 

 24 

Like other model cyanobacteria, PCC 11901 is naturally transformable but has the added advantage 25 

of maintaining a fast growth phenotype over a wide temperature range and can be grown in media 26 

with similar salinity to seawater, suggesting it may be suitable for outdoor cultivation without 27 

utilizing freshwater resources. In contrast, UTEX 2973 is a freshwater species and is sensitive to salt 28 

stress. Although attempts have been made to generate a salt-tolerant mutants by introducing the 29 

glucosylglycerol pathway and overexpression of glycerol-3-phosphate dehydrogenase. The growth 30 

rates of the mutants were still reduced compared to the wild-type UTEX 2973 strain and so 31 

therefore may not be compatible for commercial applications (430,431). 32 
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3.1.2 Synechococcus sp. PCC 11901: truly a better strain for biotechnology? 1 

Although PCC 11901 demonstrates many characteristics that make it potentially useful for 2 

biotechnology, further testing and adaptation of this species is required to determine whether it is 3 

suitable for commercial applications. A further disadvantage is that our understanding of 4 

metabolism and the photosynthetic properties of PCC 11901 is limited. This knowledge is required 5 

to perform metabolic modelling, flux analysis and may also provide insight into the physiological 6 

features underlying the fast, sustained growth phenotype of PCC 11901. Moreover, a recent 7 

analysis suggests that factors other than fast growth are also critical for high phototrophic 8 

productivity, including the rate of light absorption, photosynthetic efficiency and the conversion 9 

rate of photons to biomass (432). 10 

 11 

Although PCC 11901 has shown great potential as a biotechnology platform, only one, in-depth 12 

study has been carried out at the time of writing. Despite its ability to accumulate biomass at an 13 

unprecedented rate, PCC 11901 has not been compared directly with UTEX 2973 at the optimal 14 

growth conditions of UTEX 2973. This is required to determine whether PCC 11901 outperforms 15 

other fast growing species. 16 

 17 
 18 

3.1.3 Chapter aims and objectives 19 

There are two main goals for this chapter. The first is to determine if PCC 11901 grows faster and 20 

accumulates higher biomass compared to a range of model organisms, even under the optimal 21 

growth conditions for UTEX 2973. The second aim is to understand the underlying metabolic, 22 

genetic and biochemical properties which may contribute to the fast growth phenotype seen in PCC 23 

11901. This was carried out using a compilation of bioinformatic and oxygen evolution analysis. 24 

  25 
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3.2 Materials and Methods 1 

3.2.1 Strains and culture conditions 2 

3.2.1.1 Synechocystis sp. PCC 6803 3 

The Synechocystis sp. PCC 6803 glucose tolerant strain (204) was originally obtained from the Saul 4 

Purton laboratory, University College London. 5 

 6 
 7 

3.2.1.1.1 Routine growth conditions 8 

Liquid cultures of PCC 6803 cells were routinely grown at 30°C under continuous 40 µmol photons 9 

m-2 s-1 warm white LED light in liquid BG11 minimal media (433), with shaking at 120 rpm in an 10 

Algaetron Growth Chamber (Photon Systems Instruments). PCC 6803 was maintained on BG11 11 

1.5% (w/v) agar plates supplemented with 10 mM of TES (pH 8.2) and 19 mM Na2S2O3. Plates were 12 

also stored at 30°C under continuous 40 µmol photons m-2 s-1 warm white LED light in an Algaetron 13 

Growth Chamber (Photon Systems Instruments). For long-term storage, 50 mL of culture in 14 

exponential growth phase was pelleted by centrifugation at 3,200 x g, washed twice in BG11 15 

medium, and re-suspended in 0.8 mL BG11 medium. The re-suspended cells were thoroughly mixed 16 

with 0.2 mL filter-sterilised 80% (v/v) glycerol in water, flash-frozen in liquid nitrogen, and stored 17 

at -80°C. Strains were revived by streaking a small amount onto a solid BG11 plate (40).  18 

 19 
 20 

3.2.1.2 Synechococcus sp. UTEX 2973 21 

Two UTEX 2973 strains were used for this study. One strain was obtained from The UTEX Culture 22 

Collection of Algae (434). The other was kindly gifted from the Himadri Pakrasi laboratory, 23 

University of Washington in St Louis. These are henceforth known as UTEX 2973 and UTEX 2973 24 

Washington, respectively. Growth conditions were the same as described in Section 3.2.1.1.1. 25 

 26 
 27 

3.2.1.3 Synechococcus sp. PCC 7942 28 

The Synechococcus sp. PCC 7942 strain was obtained from the Pasteur Culture Collection of 29 

Cyanobacteria (PCC). Growth conditions were the same as described in Section 3.2.1.1.1. 30 

 31 
 32 

3.2.1.4 Synechococcus sp. PCC 11901 33 

The Synechococcus sp. PCC 11901 glucose tolerant strain was a kind gift from the Peter Nixon 34 

laboratory, Imperial College London. 35 



 77 

3.2.1.4.1 Routine growth conditions 1 

Liquid cultures of PCC 11901 cells were grown at 30°C under continuous 40 µmol photons m-2 s-1 2 

warm white LED light in liquid AD7 with shaking at 120 rpm in an Algaetron Growth Chamber 3 

(Photon Systems Instruments). PCC 11901 was maintained on AD7 1.2% (w/v) agar plates 4 

supplemented with 12.6 mM Na2S2O3 as described by Włodarczyk et al. (51). Plates were also stored 5 

at 30°C under continuous 40 µmol photons m-2 s-1 warm white LED light in an Algaetron Growth 6 

Chamber (Photon Systems Instruments). Long-term storage was carried out as described in Section 7 

3.2.1.1.1, but cells were grown in AD7 media instead of BG11. 8 

 9 
 10 

3.2.2 Growth curve conditions 11 

3.2.2.1 Quantification of strains using optical density 12 

To quantify the growth of cells, 1 mL of liquid culture was used to record the optical density (OD) 13 

at 750 nm using a Jenway 6305 Genova spectrophotometer. If the optical density was >1.0, then 14 

cultures were diluted with their corresponding media appropriately. This is due to the linear 15 

relationship between OD and concentration being accurate at low concentrations (OD < 1.0), 16 

according to the laws of Beer-Lambert (435).  17 

 18 
 19 

3.2.2.2 Multicultivator MC-1000 growth conditions 20 

To determine growth rates, starter cultures were used to inoculate 80 mL cultures in cylindrical 21 

cultivation tubes with a diameter of 30 mm to an OD750nm of ~0.1. Tubes were placed into a MC-22 

1000 multicultivator bioreactor (Photon Systems Instruments) and grown at 38°C under 125 µmol 23 

photons m-2 s-1 warm white LED light and sparging with 5% CO2. After 24 hours of growth, the light 24 

intensity was increased to 500 µmol photons m-2 s-1. After a further 24 hours of growth, cultures 25 

were diluted to an OD750nm of ~0.1 to continue log-phase growth and the light intensity was 26 

increased to 900 µmol photons m-2 s-1. The cultures were left for approximately 16 hours at 900 27 

µmol photons m-2 s-1 to adapt cells to the new conditions of the bioreactor.  28 

 29 

Samples were then diluted to an OD750nm of 0.25 to start the growth experiment. Samples were 30 

collected every 12 hours for 72 hours for measurements. Parameters for the growth experiments 31 

were adapted from Ungerer et al. (191). 32 

 33 
 34 
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3.2.2.3 Measuring Biomass 1 

After 72 hours of growth at 900 µmol photons m-2 s-1 and 38°C, 5 mL of culture was harvested from 2 

each strain. Cells were centrifuged at 5,000 x g and washed twice with sterile H2O. Whatman 0.7 3 

μM GF/B Glass Microfibre Filters of 70 mm diameter were measured on a microbalance three times 4 

to obtain an average filter weight. The washed cells were then added to the filter paper and left to 5 

dry for 24 hours at 70°C. Filter papers were then weighed again three times to obtain the average 6 

weight of the filter plus the biomass for each species. A student’s unpaired t test was used to 7 

compare growth and biomass accumulation of PCC 11901 against the other cyanobacterial species, 8 

P < 0.05 being considered statistically significant. 9 

 10 
 11 

3.2.3 Bioinformatic analysis 12 

3.2.3.1 Bioinformatics analysis and generation of a metabolic and electron transport map 13 

for PCC 11901 14 

Analysis similar to that described in Section 2.2, was carried out. However, for this analysis the 15 

proteome of PCC 11901 (CP040360.1) was used instead of E. coli K12. The metabolic pathway maps 16 

described in Chapter 2 were also altered to represent our findings from the analysis.  17 

 18 
 19 

3.2.3.2 Identifying proteins in PCC 11901 that are truly unique when compared to PCC 20 

6803 proteins 21 

A list of all the sequences in PCC 11901's proteins which had no significant BLAST hit against any of 22 

the PCC 6803's proteins was generated. This was performed by extracting all the RefSeq IDs from 23 

the BLAST results taken from the tables generated in Section 3.2.3.1. This list was checked against 24 

the original proteome FASTA file for PCC 11901 downloaded from NCBI's proteome database. Any 25 

NCBI IDs that are present in the proteome FASTA file and not from the list generated from the 26 

BLAST output table were considered as truly unique proteins in the PCC 11901 proteome, compared 27 

to PCC 6803’s proteins. 28 

 29 
 30 

3.2.4 Oxygen electrode measurements 31 

3.2.4.1 Determination of chlorophyll concentration in different species of cyanobacteria 32 

Cultures were grown in an MC-1000 multicultivator bioreactor at 30°C under 125 µmol photons m-33 

2 s-1 warm white LED light and sparging with 5% CO2, until cultures reached an OD750nm = ~1.0. 34 
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Cultures were then diluted/concentrated to an OD750nm range between 0.02 – 10.0. For each sample 1 

the OD750nm and OD680nm was measured and recorded.  2 

 3 

Chlorophyll in each sample was quantified by centrifuging 1 mL at 10,000 x g for 2 minutes. The 4 

supernatant was removed and the cells washed twice with phosphate buffered saline. Pre-cooled 5 

methanol, 1 mL, was then added and the cells were homogenized by vortexing at 2,000 rpm. 6 

Samples were covered in aluminium foil and cooled in the fridge for 20 minutes. Samples were 7 

centrifuged again, and the supernatant was measured at OD665nm and OD720nm. Chlorophyll a 8 

concentration (nmol/mL) was calculated using the equation 14.4892(OD665nm - OD720nm) = Chla 9 

nmol/mL from Ritchie, 2006 (436). Values were plotted to generate standard curves for each 10 

species chlorophyll content. The amount of chlorophyll in each species was determined by 11 

subtracting the 750nm OD value from the 680nm value and multiplying the total by the slope of 12 

the regression line calculated from the standard curves, as previously performed in Lea-Smith et al. 13 

for PCC 6803 (437).  14 

 15 
 16 

3.2.4.2 Standard oxygen electrode conditions  17 

Cultures were grown in an MC-1000 multicultivator bioreactor at 30°C under 125 µmol photons m-18 

2 s-1 warm white LED light and sparging with 5% CO2. Cells were harvested during log phase at an 19 

OD750nm of ~1 and diluted to 1 nmol Chl-1 mL-1 for analysis of photoinhibition or 4 nmol Chl-1 mL-1 for 20 

photosynthesis and respiration measurements. All oxygen measurements were carried out using 21 

the appropriate media for each strain, and measurements were taken using the Oxytherm+ 22 

photosynthesis Clark-electrode (Hansatech Instruments, Kings Lynn, UK). Samples were maintained 23 

at 30°C and NaHCO3 was added to each sample to a final concentration of 10 μM to act as a carbon 24 

source whilst samples were kept in the chamber.  25 

 26 
 27 

3.2.4.3 Measuring the photosynthetic capacity of each species 28 

For photosynthesis measurements cultures were first dark equilibrated for a 10 minutes dark 29 

period, before being subject to increasing levels of light for 10 minutes at 10, 25, 50, 150, 350, 900 30 

and 2000 µmol photons m-2 s-1, respectively. A 10 minutes dark period preceded each increase in 31 

light intensity. A total of 5-10 biological replicates was tested for each experiment. 32 

 33 
 34 
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3.2.4.4 Measuring the respiratory rate of each species 1 

To determine the respiration rate, oxygen consumption was measured using the output from the 2 

oxygen electrode in the 10 minutes dark periods following the light intensities of 10, 25, 50, 150, 3 

350, 900 and 2000 µmol photons m-2 s-1 for 10 minutes respectively. NaHCO3 was added to each 4 

sample to a final concentration of 10 μM. A total of 5-10 biological replicates was tested for each 5 

experiment. 6 

 7 
 8 

3.2.4.5 Measuring photoinhibition rates in each species 9 

For photoinhibition experiments, samples were kept at 30°C in the oxygen electrode chamber in 10 

the dark for a 10 minutes period before being subjected to 2000 µmol photons m-2 s-1 of light. 11 

Photoinhibition experiments were conducted either in the absence or presence of lincomycin (200 12 

µg mL-1). 13 

  14 
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3.3 Results 1 

3.3.1 PCC 11901 is the fastest growing species at 38°C with 900 µmol photons m-2 2 

s-1 and 5% CO2/Air 3 

In a recently published comparison, PCC 11901 demonstrated faster growth and higher biomass 4 

accumulation than PCC 7002, UTEX 2973, PCC 7942 and PCC 6803 at 30°C under 750 µmol photons 5 

m-2 s-1 continuous light (51). PCC 11901 also outperformed PCC 7002 and UTEX 2973 at a higher 6 

temperature of 38°C and continuous light of 300 and 660 µmol photons m-2 s-1. However, in each 7 

growth experiment 25 mL cultures were grown in 125 mL extra deep baffled flasks (Corning) in a 8 

chamber sparged with air/1% CO2. This differs from the growth conditions in which UTEX 2973 was 9 

demonstrated to have optimal growth, specifically at 38°C under 900 µmol photons m-2 s-1 10 

continuous light and with direct sparging of air/5% CO2, in a MC-1000 multicultivator (191). In this 11 

study, we therefore cultured PCC 11901, UTEX 2973, PCC 7942 and PCC 6803 under these exact 12 

growth conditions to determine whether PCC 11901 would still outperform the other species. Two 13 

different UTEX 2973 strains were examined, one obtained from the UTEX collection, the other from 14 

the laboratory that performed the initial growth studies. Under these growth conditions, both UTEX 15 

2973 strains demonstrated fast growth in the first 24 hours, similar to previous studies (45,191) and 16 

comparable to growth of PCC 11901 (Figure 3.1A). However, after this period, growth of both UTEX 17 

2973 strains was considerably slower than PCC 11901 and by 48 hours had entered stationary phase 18 

at an OD750nm = ~6. In contrast, after 72 hours PCC 11901 was OD750nm = ~10 and growth was still in 19 

exponential phase. As demonstrated previously, growth of UTEX 2973 was faster than PCC 7942 20 

and PCC 6803 (45). Moreover, biomass accumulation was significantly higher in PCC 11901 than the 21 

other species after 72 hours (Figure 3.1B). However, the OD750nm/biomass (g/L) ratio was 1.7 in PCC 22 

11901, compared to 2.88 in PCC 6803, 3.26 in PCC 7942, 2.9 in UTEX 2973 (UTEX) and 2.85 in UTEX 23 

2973 (Washington), suggesting that spectrophotometry alone may not be a good method of 24 

determining growth of PCC 11901. This could be due to an increase in size of PCC 11901 cells, which 25 

has been reported to occur at later stages of growth (51) or to the other species entering or being 26 

in stationary phase when biomass was quantified. Overall, PCC 11901 demonstrated the fastest 27 

sustained growth of the species tested under these conditions, further emphasising its potential 28 

for biotechnology applications. 29 

  30 
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Figure 3.1 (A) Growth and (B) biomass accumulation of cyanobacterial species. Strains were cultured at 38°C under 900 µmol photons m-

2 s-1 continuous light intensity and with direct sparging of air/5% CO2. Error bars indicate standard deviation. Asterisks indicate significant 
differences between PCC 11901 and the other cyanobacterial species (P < 0.05). 
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3.3.2 Metabolism pathways are highly conserved between PCC 11901 and PCC 
6803 

The biological traits of PCC 11901 leading to faster growth have not been identified. To determine 

whether differences in metabolism are potentially responsible for differing growth rates and to 

develop a metabolic network which would aid future modelling, flux balance analysis and metabolic 

engineering, we performed a comparative genomics analysis of PCC 6803 versus PCC 11901 using 

the BLAST local databases (Appendix Table 3.1). To evaluate the metabolic and transport capacity 

of PCC 11901 we compared it to the pathways outlined in Chapter 2. 

 

The PCC 11901 genome contains genes encoding most of the enzymes required for central 

metabolism, with a predicted 3,377 open reading frames (438)(Figure 3.2). However, there are a 

few exceptions. RpiB, a probable ribose phosphate isomerase is absent. However, a homologue 

encoding its isoenzyme, RpiA, is present in PCC 11901 and is likely sufficient for catalysing this 

reaction in the oxidative pentose phosphate (OPP) and Calvin-Benson-Bassham (CBB) pathways. 

Fba1 is also absent but is likely compensated by expression of Fba2. AckA, encoding acetate kinase, 

required for production of acetate via the Pta/AckA pathway is absent, although the homologue for 

Acs, required for an alternative acetate biosynthesis pathway, is present. Poor homology of PCC 

11901 proteins is demonstrated to several enzymes involved in the OPP pathway (Transaldolase 

(Tal): E-value = 8.89e-08), branched glycogen catabolism (Isoamylase (GlgX1 and GlgX2): E-value = 

2.54e-09 and 1.48e-12, respectively) and the TCA cycle (Isocitrate dehydrogenase (NADP+; Icd): E-

value = 3.69e-15). However, a putative NADP+ dependent isocitrate dehydrogenase, encoded by 

WP_138073772.1 in the PCC 11901 genome, likely performs this last function. There are four 

putative phosphoglycolate phosphatase enzymes in PCC 6803, encoded by slr0458, slr0586, 

sll1349, and slr1762 (439), but only two of these (slr0458 and slr1762) have homologues in PCC 

11901 with strong similarity (WP_138072486.1; E-value = 2.32e-62 and WP_030006614.1; 4.19e-

46, respectively). The last enzyme in the photorespiration pathway, GlyK, is also absent in PCC 

11901, which is also the case in PCC 7002. A comparison to PCC 7002 also demonstrated poor 

similarity of Tal (1e-07) and Icd (4e-15) with PCC 6803 homologues. Genes encoding proteins 

involved in polyhydroxybutyate biosynthesis are not present, as previously reported (51).  

 

The majority of proteins involved in metabolism and degradation of nucleotide sugars and sugar 

osmolytes are present (Figure 3.2), except for genes encoding the proteins involved in sucrose 

degradation (Inv, Glk (sll0593)) and possibly FrkA (E-value = 3.4e-19). Homologues to RfbC, the third 
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enzyme in the TDP-rhamnose biosynthetic pathway, are not present in PCC 11901 or PCC 7002 and 

it is not known whether PCC 11901 synthesises rhamnose.  

 

Pathways involved in metabolism of amino acids, cyanophycin, glutathione and iron-sulphur 

clusters are conserved between both species (Figure 3.3), with the exception of gltD, encoding the 

small subunit of the NADH-dependent glutamate synthase. Likewise, pathways involved in 

nucleotide metabolism are highly conserved between both species (Figure 3.4) with the exception 

of the putative thymidylate synthase ThyX. The Dgt and CodA nucleotide salvage pathways (440) 

are absent in PCC 11901. Metabolism of vitamins and co-factors is similar between both species 

(Figure 3.6), except for the absence of homologs encoding NadV and NadM, which convert 

nicotinamide to NAD+.  

 

Compared to PCC 6803, cell wall metabolism in PCC 11901 is similar except it lacks one of the 

desaturases encoded by PCC 6803 (DesD), produces hydrocarbons via the Ols pathway, instead of 

via FAD/FAR, which is similar to  PCC 7002 (Figure 3.7) (294), and does not contain genes encoding 

penicillin binding proteins 6 and 7. Metabolism of isoprenoids, quinols, carotenoids, chlorophyll, 

phycobilin and pseudocobalamin is also similar, except PCC 11901 does not contain genes encoding 

the hopene biosynthetic pathway and as previously reported, it lacks multiple genes in both the 

anaerobic and aerobic pseudocobalamin (vitamin B12) pathway (Figure 3.8, Figure 3.9) (51).  

 

Genes encoding subunits of many transporters are also absent in the PCC 11901 genome (Figure 

3.10). These include transporters importing basic amino acids (Bgt complex) and glutamate (Gtr 

complex, GltS), suggesting that only the Nat complex can import amino acids. Potassium transport 

systems are greatly reduced in PCC 11901, which lack the Kdp K+ import complex and the thylakoid 

membrane localised SynK protein, required in PCC 6803 for optimal photosynthesis (391). Subunits 

of the magnesium (MgtC) and the sulphate import complexes (SbpA) and the Nrs complex, 

exporting nickel, zinc and copper (Figure 3.8) are also absent in PCC 11901. GlcP, involved in glucose 

uptake is absent in PCC 11901, possibly explaining the inability of this species to grow 

heterotrophically on glucose (51). 

 

Genes not encoding proteins involved in central metabolism, electron transport and light 

harvesting, or with unknown function, but conserved in PCC 6803 and PCC 11901, are listed in 

Appendix Table 3.2. We did not investigate pathways absent in PCC 6803 that may be present in 

PCC 11901 (Appendix Table 3.3). There are 353 PCC 11901 genes which are distinctly different from 
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any homologues in PCC 6803 and it is possible that some may encode for enzymes synthesising 

metabolites that could play a role in enhancing growth in this organism. 
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Figure 3.2 Schematic detailing the pathways involved in PCC 11901 central metabolism. Biosynthetic steps involved in glycolysis and 
gluconeogenesis are highlighted in red and blue respectively. Steps in the Entner-Doudoroff pathway are highlighted in green. Steps involved in 
the oxidative pentose phosphate pathway and the Calvin-Benson-Bassham cycle are highlighted in orange and purple, respectively. 
Fermentation pathways are highlighted in pink. Photorespiration pathways are highlighted in olive. Where enzymes catalyse reactions in two 
pathways, the arrows are split between their respective colours. The carboyxsome is represented as a purple octagon. Cofactors in each reaction 
are shown with the exception of protons, water, oxygen and inorganic phosphate. Proteins with low sequence similarity to PCC 6803 enzymes 
are highlighted in red. 
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Figure 3.3 Metabolism and degradation of nucleotide sugars and sugar osmolytes in PCC 11901. Compounds highlighted in blue are substrates for 
lipopolysaccharide biosynthesis. Steps highlighted in grey are compounds and reactions involved in these pathways but detailed in Figure 3.2. 
Cofactors in each reaction are shown with the exception of protons, water, oxygen and inorganic phosphate. Proteins with low sequence similarity 
to PCC 6803 enzymes are highlighted in red. 
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Figure 3.4 Metabolism of amino acids, cyanophycin, glutathione and iron-sulphur clusters in 
PCC 11901. The twenty L-amino acids are highlighted in red while amino acids incorporated into 
peptidoglycan are highlighted in blue. The iron-sulphur biosynthetic pathway is highlighted in 
green. Steps highlighted in grey are compounds and reactions involved in these pathways but 
detailed in Figure 3.2. Cofactors in each reaction are shown with the exception of protons, 
water, oxygen and inorganic phosphate. Proteins with low sequence similarity to PCC 6803 
enzymes are highlighted in red. 
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Figure 3.5 Metabolism of nucleotides in PCC 11901. The purine and pyrimidine biosynthesis 
pathways are highlighted in red and blue respectively. Possible nucleotide salvage pathways are 
highlighted in green. Cofactors in each reaction are shown with the exception of protons, water, 
oxygen and inorganic phosphate. 
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Figure 3.6 Metabolism of vitamins and cofactors in PCC 11901. Detailed are the pathways for 
biosynthesis of A) biotin, B) NAD+ and NADP+, C) folate, D) molybdenum cofactors, E) riboflavin 
and FAD, F) thiamine, G) pantothenate and coenzyme A, H) pyridoxal-5P. Vitamins and cofactors 
are highlighted in blue. Cofactors in each reaction are shown with the exception of protons, 
water, oxygen and inorganic phosphate. Proteins with low sequence similarity to PCC 6803 
enzymes are highlighted in red. 
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Figure 3.7 Metabolism of membrane lipids, peptidoglycan and lipopolysaccharides in PCC 
11901. Membrane lipids are highlighted in blue. Steps highlighted in grey are compounds and 
reactions involved in these pathways but detailed in Figure 3.2. Cofactors in each reaction are 
shown with the exception of protons, water, oxygen and inorganic phosphate. 
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Figure 3.8 Metabolism of isoprenoids, quinols and carotenoids in PCC 11901. Carotenoids are highlighted in blue. Cofactors in each reaction are 
shown with the exception of protons, water, oxygen and inorganic phosphate. 
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Figure 3.9 Metabolism of chlorophyll, phycobilin and pseudocobalamin in PCC 11901. 
Proteins involved in anaerobic or low oxygen environment enzymatic steps are highlighted 
in blue. Cofactors in each reaction are shown with the exception of protons, water and 
inorganic phosphate. Proteins with low sequence similarity to PCC 6803 enzymes are 
highlighted in red. 



 94 

 
 

  

Figure 3.10 Proteins involved in metabolite transport and conversion of nitrogen, sulphur and 
phosphate based compounds in PCC 11901. Localisation of transporters in either the plasma or 
thylakoid membrane is detailed. Subunits in each complex may not all be membrane localised 
but soluble. Cofactors in each reaction are shown with the exception of protons, water, oxygen 
and inorganic phosphate. Proteins with low sequence similarity to PCC 6803 enzymes and 
transporter subunits are highlighted in red. 



 95 

3.3.3 Electron Transport and light harvesting is streamlined in PCC 11901 
compared to PCC 6803 

Next we compared the differences between PCC 11901 and PCC 6803 in cellular processes, 

including electron transport and light harvesting (Appendix Table 3.4; Figure 3.11) (441). All 

subunits of the three main complexes, photosystem II and I, and cytochrome b6f, are present. 

Similar to PCC 7002, PCC 11901 encodes cytochrome c6 (c553) but plastocyanin is not present (442). 

Both electron carriers, ferredoxin (Fdx) and flavodoxin (Fld), required for cyclic electron transport, 

in addition to ferredoxin-NADP+ reductase, are present. Only two flavodiiron proteins are encoded 

in the PCC 11901 genome and these demonstrate the closest similarity to PCC 6803 Flv1 and Flv3, 

suggesting that only the Flv1/Flv3 complex is present in this species. All the subunits of the 

hydrogenase are also present. Other putative electron transport proteins, including the CytM and 

Pgr5 proteins, are present (43,443). Ten putative ferredoxins are also potentially encoded in the 

PCC 11901 genome, of which only Fed2, involved in iron response (444), has been characterised in 

PCC 6803. 

 

Subunits specific to each of the four NAD(P)H dehydrogenase-like complexes (NDH-1L, NDH-1L’, 

NDH-MS, NDH-MS’) are present in PCC 11901 (445). Subunits of succinate dehydrogenase (SDH) 

are present, including the recently discovered putative third subunit encoded by Slr0201 in PCC 

6803 (446). Two NAD(P)H dehydrogenase II proteins (NdbA, NdbB) are also present but there is no 

homologue to NdbC. Of the terminal oxidases, only genes encoding subunits of the quinone 

oxidising bo3-type alternative respiratory terminal oxidase (ARTO) and the aa3-type cytochrome-c 

oxidase complex (COX) are present in the genome. In PCC 7002, deletion of ARTO and COX 

increased reduction rates of photosystem I, suggesting that both complexes are thylakoid 

membrane localised (447). While PCC 6803 incorporates a separate electron transport chain into 

the plasma membrane, the lack of a third terminal oxidase suggests that this chain may not be 

present in PCC 11901. However, proteome mapping, as recently performed in PCC 6803 (183), 

would be required to confirm this. 

 

In terms of light harvesting, the phycobilisome (PBS) has only one CpcC linker protein, suggesting 

that each rod consists of only two stacked disc-shaped phycocyanin hexamers radiating out of the 

allophycocyanin core. This PBS structure is similar to PCC 7002 but differs from PCC 6803, UTEX 

2973 and PCC 7942, which encode two CpcC linker proteins and have three stacked disc-shaped 

phycocyanin hexamers per rod. Given that PCC 7002 and PCC 11901 demonstrate faster sustained 

growth at high cell densities compared to the other three species this suggests that PBSs with two 
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stacked disc-shaped phycocyanin hexamers may be optimal for light harvesting. The orange 

carotenoid protein is also present.  
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Figure 3.11 Schematic diagram of the PCC 11901 light-harvesting complex and thylakoid membrane electron transport chains. NDH-2- NAD(P)H 
dehydrogenase 2, SDH- Succinate dehydrogenase, NDH-1- NAD(P)H dehydrogenase 1, PQ- plastoquinone, PQH2- plastoquinol, PSII- Photosystem 
II, PBS- phycobilisome, OCP- Orange carotenoid protein, ARTO- alternative cytochrome oxidase, cyt b6f- cytochrome b6f, Cyt c6- cytochrome c6,, 
PSI- Photosystem I, Fdx- ferredoxin, Fld- flavodoxin, COX- cytochrome-c oxidase, HOX- hydrogenase, Flv1/3- Flavodiiron 1/3, , FNR- ferredoxin-
NADP+ reductase. 
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3.3.4 PCC 11901 demonstrates higher photosynthetic and respiratory rates, lower 
photoinhibition and higher quantum efficiency compared to other model 
cyanobacteria 

Chlorophyll concentration standard curves were calculated for each species tested in the oxygen 

electrode (Figure 3.12). This allowed for rapid analysis of the chlorophyll content for species and 

adjustment of the sample to ensure that each replicate had similar chlorophyll concentrations. This 

would not be possible with standard measurements of chlorophyll concentration via methanol 

extraction, which typically takes approximately one hour.  
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Figure 3.12 Correlation between the Abs(680nm) - Abs(750nm) value and amounts of 
chlorophyll measured following methanol extraction. Samples were measured at absorbance 
of 750nm and 680nm, followed by extraction with methanol to measure chlorophyll 
concentration. Amount of chlorophyll was correlated with absorbance (A680nm - A750nm). The 
regression line is shown. The slope of the regression line (R2) was then calculated. 
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The next step was to determine whether the photosynthetic properties of PCC 11901 may play a 

role in the higher growth rates observed in this species. This was performed with cultures grown at 

30°C under 125 µmol photons m-2 s-1 warm white LED light and sparging with air/5% CO2 to test 

species under the high carbon saturation conditions optimal for PCC 11901. A lower light intensity 

was selected to avoid stress on the cells whilst the cells were cultured at 30°C to allow direct 

comparison to previous experiments performed on PCC 6803 (20,188) and because this is the 

optimal temperature for PCC 6803 and PCC 7942. UTEX 2973 also demonstrates similar growth to 

PCC 11901 under the first 48 hours of growth at 30°C (51), allowing a direct comparison between 

this species and PCC 11901 during this period. Photosynthetic rates were measured at different 

light intensities to generate a saturation curve, with a dark period preceding each increase in light 

intensity (Figure 3.13A). In such curves, the rate of oxygen evolution levels off as saturating light 

intensity is approached, with the maximum rate of oxygen evolution designated as Pmax. The Pmax of 

PCC 11901 was 32%, 52% and 566% higher than PCC 7942, UTEX 2973 and PCC 6803, respectively. 

The rate of oxygen depletion in the dark after each period of illumination (i.e. cellular respiration) 

can also be plotted as a function of the light intensity prior to the dark period, giving the respiration 

curve (Figure 3.13B). The maximum rate of oxygen depletion was measured after the highest light 

intensity. The maximum rate of oxygen depletion of PCC 11901 was 30%, 212% and 552% higher 

than PCC 7942, UTEX 2973 and PCC 6803, respectively. 

 

To test for photoinhibition, all species were first incubated in the dark for 10 minutes, followed by 

exposure to constant saturating light of 2000 µmol photons m-2 s-1 for 75 minutes in the absence 

and presence of lincomycin (Figure 3.13D and Figure 3.13E, respectively), during which times 

oxygen evolution was measured. Photoinhibition, as determined by a decrease in oxygen evolution, 

was lowest in PCC 11901. In the absence of lincomycin the rate of oxygen evolution decreased to 

85.7% ± 5.5%, 76.6% ± 9.7%, 57.8% ± 8.8% and 33.2% ± 10.5% for PCC 11901, UTEX 2973, PCC 7942 

and PCC 6803, respectively. Addition of lincomycin, an inhibitor of protein synthesis and thus repair 

of PSII, resulted in similar levels of photoinhibition between PCC 11901 and UTEX 2973, with the 

rate of oxygen evolution decreasing to 75.4 ± 5.4% and 73.6% ± 18.3%, respectively. Higher rates 

of photoinhibition were observed in PCC 7942 and PCC 6803, with the rate of oxygen evolution 

decreasing to 45.4 ± 6.9% and 26.1% ± 17.4%, respectively. 
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Figure 3.13 Characterization of the photosynthetic and respiratory rates, light utilization and 
photoinhibition of cyanobacterial species. A) Oxygen evolution was measured at different light 
intensities, and B) oxygen consumption was measured following each light period. C) The 
coefficient of light utilization was calculated by dividing the net rate of oxygen evolution by the 
correspondent light photon flux. Photoinhibition was quantified by determining photosynthetic 
oxygen evolution in the D) absence and E) presence of lincomycin. All results are from three to ten 
biological replicates (number indicated in brackets after species legend). Errors bars indicate SE. 
Colour-coded asterisks indicate significant differences between PCC 11901 and the other 
cyanobacterial species (P < 0.05). 
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3.4 Discussion 

3.4.1 Future work testing growth rates of PCC 11901 for biotechnology 
applications 

PCC 11901 has enormous potential as a chassis for biotechnology and as a model species to identify 

factors leading to high growth and biomass accumulation in photosynthetic organisms. Our data 

confirms that PCC 11901 outperforms all other model cyanobacterial species in terms of sustained 

growth, at least in small-scale laboratory experiments. However, growth of this species has not 

been tested at larger scales and in outdoor photobioreactors. Also, the optimal light intensity for 

growth has not yet been established.  

 
 

3.4.2 Potential factors underlying the fast growth of PCC 11901 

There are several factors identified in this chapter that could underlie the fast growth of this 

species. Photoinhibition was lowest in PCC 11901, although not significantly different from UTEX 

2973 after 20 minutes (Figure 3.13D and Figure 3.13E). This could be one factor underlying the fast 

growth of both species at low cell densities, when photoinhibition has the greatest impact. 

Photosynthetic and respiratory rates, in addition to quantum efficiency, were significantly higher in 

PCC 11901 compared to the other species (Figure 3.13A-C). This could be due to differences in the 

electron transport chain or more efficient light harvesting (Figure 3.11). The photosynthetic rate of 

PCC 6803 was far lower compared to the other species. The negative effect on oxygen generation 

could be due to the conditions which these cells were grown under prior to oxygen measurements 

(i.e. 125 µmol photons m-2 s-1 with 5% CO2 sparging), which may have resulted in higher levels of 

cyclic electron transport. Another possibility is that oxygen generation was impeded by the 

transition from a high CO2 environment to the ambient air level in the oxygen electrode. 

 

Comparative genomics suggest that the PBS of PCC 11901 is smaller than the other species 

examined in this study. This may be advantageous in dense cultures, since it may reduce light 

absorption of cells at the surface, reducing photoinhibition, while allowing additional light to 

penetrate into the interior of the photobioreactor, thereby increasing productivity. This could be a 

major factor leading to the faster growth of PCC 11901 observed at higher cell densities. Many 

studies have tried to attenuate PCC 6803 PBSs to achieve a similar outcome (20,448–450). However, 

PBS attenuation has not always led to an increase in growth in dense cultures, most likely due to 

unintended consequences, such as differences in cell size (20,451), thylakoid membrane 
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morphology (451,452) and altered production of other proteins, including many involved in 

photosynthesis (453).  

 

Metabolic pathways were largely conserved between PCC 6803 and PCC 11901, although carbon 

flux may differ greatly between the two species. Given that PCC 11901 displays its fast growth 

phenotype under high carbon dioxide conditions it is possible that RuBisCO carboxylation rates may 

differ greatly between the species examined in this study. The carboxylation rate of RuBisCO from 

PCC 7002 is higher than that of Synechococcus elongatus PCC 6301 (13.4 vs 11.6, respectively [1/s]) 

(14), a species which is almost identical to PCC 7942 (454). Higher carboxylation rates would result 

in greater turnover of NADP+/NADPH and ADP/ATP, thereby increasing photosynthetic rates and 

limiting over-reduction of the electron transport chain. In-depth carbon flux studies and enzyme 

kinetics of PCC 11901 RuBisCO would be required to resolve this. 

 
 

3.4.3 Future Work 

In this chapter, we demonstrate that PCC 11901 displays the fastest, sustained growth when 

compared to a range of model cyanobacterial species, even under the optimal growth conditions 

for UTEX 2973. This further demonstrates that PCC 11901 is the best candidate identified to date, 

in terms of fast growth, for cyanobacterial biotechnology when cells are cultured under high CO2 

conditions. Moreover, we show that the fast growth phenotype of PCC 11901 is linked to lower 

photoinhibition, higher photosynthetic rates and a higher quantum efficiency compared to other 

model cyanobacteria. Via comprehensive analysis of PCC 11901 central metabolism, we 

demonstrate that most pathways are conserved between this species and PCC 6803. Further 

development of this species for biotechnology applications can be aided by the bioinformatics 

analysis provided in this study. 

 

Overall, this chapter lays the foundation for the use of PCC 11901 as a robust chassis for renewable 

biotechnological applications, paving the way for efficient photosynthetic recovery of industrial CO2 

waste streams and towards carbon-efficient biomanufacturing. 
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Experimental and photo-mechanistic modelling of growth and biomass production for 2 
the cyanobacterium Synechococcus  sp. PCC 11901  3 

 4 
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Chapter 4: Experimental and photo-1 

mechanistic modelling of growth and 2 

biomass production for the 3 

cyanobacterium Synechococcus sp. PCC 4 

11901 5 

 6 

4.1 Introduction 7 

4.1.1 Identifying the optimal light intensity for growth of cyanobacteria 8 

The faster growth and higher biomass accumulation of PCC 11901 could be attributed to lower 9 

photoinhibition, higher photosynthetic rates and higher light utilisation efficiency compared to 10 

other model cyanobacterial strains. In addition, a comprehensive analysis into the central 11 

metabolism of both the PCC 11901 and PCC 6803 concluded that most of the metabolic pathways 12 

were conserved between the two species. Despite these observed similarities, an in-depth analysis 13 

across a range of light intensity parameters could provide additional information on the factors 14 

underlying the fast growth and high biomass accumulation phenotype of PCC 11901, as well as to 15 

aid the construction of mathematical models which could predict the optimal parameters for 16 

growth in larger scale photobioreactors. 17 

 18 

Growth of dense, healthy cultures (i.e. not photolimited) is a prerequisite for bioindustry. Generally 19 

speaking, increasing light intensity results in improved growth till the point at which cells become 20 

photoinhibited (455). Accounting for light attenuation and photomechanisms (i.e., photolimitation, 21 

photosaturation and photoinhibition) in computational models is of utmost importance when 22 

analysing fast growing strains (20,456). Growth of PCC 11901 has only been reported at four 23 

continuous light intensities: 300, 660, 750 and 900 µmol photons m-2 s-1, with only growth at 750 24 

µmol photons m-2 s-1 being tested for longer than 96 hours (51,195) Therefore, the optimal light 25 

intensity for growth and biomass has not been identified. 26 

 27 
 28 

4.1.2 Chapter aims and objectives 29 

The aim of this chapter was to determine the optimal light intensity for sustained growth and 30 

biomass accumulation of PCC 11901 and how this compares to PCC 6803. This may allow us to 31 
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determine the optimal conditions to cultivate PCC 11901 cultures to a high density for industrial 1 

applications. These experiments will also aid systems modelling for optimal light intensities for the 2 

culturing of cyanobacteria at industrial scales as well as improving PBR design for mass cultivation, 3 

conducted by our collaborators at the University of Manchester. 4 

 5 
 6 
  7 
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4.2 Materials and Methods 1 

4.2.1 Strain and culture conditions 2 

PCC 6803 was maintained on BG11 agar plates (40) and PCC 11901 was maintained on AD7 plates 3 

(51) as described in Section 3.2.1.1.1 and Section 3.2.1.4.1, respectively. Liquid cultures used as 4 

starter cultures for growth experiments were grown in their corresponding liquid medium in 50 mL 5 

volumes in 100 mL conical flasks at 30°C under 40 µmol photons m-2 s-1 warm white LED light in an 6 

Algaetron growth chamber (Photon Systems Instruments) and shaken at 120 rpm.  7 

 8 
 9 

4.2.2 Quantification of strains using optical density 10 

To quantify growth of cells, 1 mL of liquid culture was used to record the optical density at 750 nm 11 

using a Jenway 6305 Genova spectrophotometer. If the optical density was >1.0, cultures were 12 

diluted with their corresponding media appropriately.  13 

 14 
 15 

4.2.3 Multicultivator MC-1000 growth conditions 16 

To determine growth rates, starter cultures were used to inoculate 80 mL cultures in cylindrical 17 

cultivation tubes with a diameter of 30 mm to an OD750nm = ~0.1. Tubes were placed into a MC-1000 18 

multicultivator bioreactor (Photon Systems Instruments) and grown at 38°C under 150 µmol 19 

photons m-2 s-1 warm white LED light and sparging with 5% CO2. After 24 hours of growth, the light 20 

intensity was increased gradually depending on the final light intensity (Table 4.1Error! Reference 21 

source not found.). After a further 24 hours of growth, cultures were diluted to an OD750nm of ~0.1 22 

to continue log-phase growth and the light intensity was increased to the final light intensity (Table 23 

4.1Error! Reference source not found.). The cultures were left overnight at this intensity to adapt 24 

samples to the new conditions of the bioreactor. Samples were then diluted to an OD750nm = 0.25 to 25 

start the growth experiment. Samples were collected every 12 hours for 120 hours. Parameters for 26 

the growth experiments were adapted from Chapter 3. 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 
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 1 

Table 4.1 Light intensity increased steps in the PBR dependent to achieve the final desired light 2 
intensity. The light increasing steps were implemented every 24 hours before the experiment was 3 
started. n/a applies to stages where the light intensity was not increased. 4 

Initial light intensity  

(µmol photons m-2 s-1) 

Second step in light intensity 

(µmol photons m-2 s-1) 

Final Light intensity 

(µmol photons m-2 s-1) 

150 n/a 300 

150 300 450 

150 300 600 

150 450 750 

150 500 900 

 5 
 6 

4.2.4 Measuring dry cell weight 7 

After 120 hours of growth at the corresponding light intensities and 38°C, 50 mL of culture was 8 

harvested from each replicate. Cells were centrifuged at 5,000 x g and washed twice with sterile 9 

H2O. Samples were then diluted with sterile H2O to 10%, 20%, 40%, 60%, 80% and 100% of the 10 

original culture. The OD750nm value was measured again for each diluted sample. Whatman GF/B 11 

Glass Microfibre Filters of 70 mm diameter were dried for 48 hours at 70°C and then measured on 12 

a microbalance three times to obtain an average filter weight. Post wash and dilution, 5 mL of each 13 

diluted sample was added to the filter paper, and dried for 24 hours at 70°C. The filter papers were 14 

then weighed again three times to obtain the average weight of the filter plus the dry cell weight 15 

(X) for each species. The biomass concentrations were determined from the standard curves 16 

between X and OD750nm and reported in Eq. (1) and (2) for PCC 11901 and PCC 6803 respectively. 17 

 18 
 19 
 20 

𝑋PCC_11901(g L
−1) = 0.222 ∙ 𝑂𝐷750𝑛𝑚_PCC_11901 ,      R

2 = 0.998 (1) 

𝑋PCC_6803(g L
−1) = 0.2406 ∙ 𝑂𝐷750𝑛𝑚_PCC_6803 ,      R

2 = 0.996 (2) 

 21 
 22 
 23 

4.2.5 Mathematical model construction 24 

The mathematical modelling for predicting the optimal light intensity for the two species used the 25 

biomass concentrations and optical densities from this study. The computational modelling 26 
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(Section Error! Reference source not found.) was carried out by our collaborator, Bovinille Anye 1 

Cho from the Zhang Laboratory at The University of Manchester.  2 

 3 

The constructed dynamic models were used to simulate variables under the influences of (i) 4 

incident light intensity, (ii) light attenuation, and (iii) photomechanisms. However, the differing 5 

levels of light related influences among the two investigated species required their experimental 6 

data sets to be subjected to statistical student t-tests to incorporate either all (i.e., (i), (ii) and (iii)) 7 

or a selective combination (e.g., (i) and (iii) only) of these influences. 8 

 9 
 10 

4.2.5.1 Modelling of biomass concentrations 11 

The two cyanobacterial species were expected to exhibit four distinct growth phases, namely the 12 

(i) lag phase, (ii) primary growth phase (iii) secondary growth phase and (iv) stationary phase, as 13 

reported in other studies (20,457,458). The lag phase was not noticeable due to the starter cultures 14 

being adapted to the operational light intensity of the PBR by using the light stepping up strategy 15 

as reported in Table 4.1Error! Reference source not found.. The dynamic model structure in Eq. (3) 16 

was constructed to capture the three remaining phases. This model permits the incorporation of 17 

strain dependent biological knowledge which may influence the trajectories of the state variables.  18 

 19 
 20 
 21 

𝑑𝑋

𝑑𝑡
= 𝑢 (𝐼) ∙ 𝑋 − 𝜇𝑑 ∙ 𝑋

2 
(3) 

Where X is the biomass concentration (g L-1), 𝑢 (𝐼) represents the effects of the PBR’s light 22 

intensities on the biomass growth (h-1) and 𝜇𝑑(𝐼) denotes the specific cell decay rate (L g-1 h-1). 23 

 24 
 25 

4.2.5.2 Modelling of optical densities 26 

Although often disputed as to whether there exist a linear or a non-linear correlation between the 27 

biomass concentration and optical density, the optical density profiles of -PCC 11901 and PCC 6803 28 

strains has been shown (20,51,195) to have sigmoidal shapes typical of bioprocesses. Thus, the 29 

model structure of the optical density and biomass concentration (i.e., Eq. (3)) were assumed to be 30 

similar. Hence, Eq. (4) was constructed to simulate the optical density profiles of the two 31 

cyanobacterial species.  32 

 33 
 34 
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𝑑 OD750
𝑑𝑡

= 𝑢 (𝐼) ∙  OD750 − 𝜇𝑑 ∙  OD750
2 

(4) 

Where OD750nm is the optical density at a wavelength of 750 nm (dimensionless), 𝑢 (𝐼) represents 1 

the effects of the PBR’s light intensities on the optical density build up (h-1) and 𝜇𝑑 denotes the 2 

specific rate of vanishing optical density (h-1).  3 

 4 
 5 

4.2.5.3 Modelling of optical densities 6 

The effect of light on growth rates are often characterised mechanistically by three distinguishable 7 

photomechanisms: (i) photolimitation, (ii) photosaturation and (iii) photoinhibition 8 

(204,457,459,460), via the Aiba model structure (Eq. (5)). These three photomechanisms occur 9 

under low, optimal and high light intensities, respectively. In order to capture all three stages 10 

cultures were grown at different light intensities between 300 and 900 µmol photons m-2 s-1 which 11 

was required to implement a model. Student t-tests were first performed on the experimental data 12 

sets for statistical significance to confirm the validity of the light influences on the two 13 

cyanobacterial strains. 14 

 15 
 16 
 17 

𝑢 (𝐼) = 𝑢𝑚 ∙
𝐼(𝑧)

𝐼(𝑧) + 𝑘𝑠 +
𝐼(𝑧)2

𝑘𝑖

 
(5) 

Where 𝑢𝑚 is the maximum specific growth rate (h-1), 𝐼(𝑧) denotes the light attenuation model (see 18 

Eqs. (6) and (7) below), 𝑘𝑠 and 𝑘𝑖 represent the light saturation (µmol photons m-2 s-1) and light 19 

inhibition (µmol photons m-2 s-1) coefficients. 20 

 21 
 22 

4.2.5.4 Modelling PCC 11901 growth associated terms  23 

From the student’s t-test performed over the wide operational light intensity range (300 to 900 24 

µmol photons m-2 s-1), statistical significance (P<0.05) of light intensity influences were observed in 25 

the data sets of PCC 11901. Eq. (5) was employed to encompass all the above mentioned 26 

photomechanisms on the associated growth terms. Eq. (5)’s light attenuation model, based on the 27 

unidirectional illumination of the PBR, was defined by Eq. (6) for the biomass production model and 28 

Eq. (7) for the optical density model. To overcome light scattering phenomena seen in dense cell 29 

cultures (461,462), the embedded light attenuation model within the biomass model (Eq. (3)) 30 

included both the light absorption and light scattering terms. Only pigment dominated light 31 
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absorption influences were therefore accounted for within the optical density model. These 1 

assumptions were concluded to be rational for a PBR of this size with a short light path length and 2 

low aeration rate (no visible gas bubbles during cultivation experiments). We therefore assumed 3 

light scattering induced by insignificant gas bubbles to be negligible in the models, especially for 4 

the optical density model.  5 

 6 
 7 
 8 

𝐼(𝑧) = 𝐼0 ∙ exp[−(𝜏 ∙ 𝑋 + 𝛽 ) ∙ 𝑧] (6) 

𝐼(𝑧) = 𝐼0 ∙ exp[−(𝜏 ∙ OD750) ∙ 𝑧] (7) 

Where 𝐼0 is the operational incident light intensity (µmol photons m-2 s-1), 𝑧 is the light path length 9 

(mm) and 𝛽 is the light scattering coefficient (mm-1). 𝜏 is the light attenuation coefficient with units 10 

of (mm2 g-1) and (mm-1) for Eq. (6) and Eq. (7) respectively. 11 

 12 

Simplified light attenuation model structures (as seen with Eq. (6) and Eq. (7)) have been reported 13 

by Anye Cho et al., (462) to be numerically stable for dynamic parameter estimation solvers without 14 

compromising the high solution accuracy. However, incorporation of the PBR’s cylindrical curvature 15 

effects in Eq. (6) and Eq. (7) will further increase the model’s complexity and computational burden 16 

for the dynamic parameter estimation solver. Therefore, further simplifications by approximating 17 

the observed circular cross-section with a rectangular cross-sectional area as reported in (462,463), 18 

and altering the light path length to 23.9 mm, was implemented.  19 

 20 

When embedding Eq. (5), Eq. (6), Eq. (7) into Eq. (3) and Eq. (4), the overall predictive model is now 21 

a partial differential equation (PDE) due to the presence of both temporal and spatial dimensions, 22 

thus challenging to resolve both dimensions for the non-linear optimisation solver. To utilise a less 23 

complex ordinary differential equation (ODE) solver, a 20-step trapezoidal rule, as shown in Eq. (8), 24 

was employed to eliminate the spatial dimensions (456,464) in the model. The predictive models 25 

of PCC 11901 required more integration steps to better approximate its spatial dimension related 26 

parameters (i.e., 𝑢𝑚, 𝑘𝑠 and 𝑘𝑖) during the parameter estimation process. Hence, Eqs. (6), (7), and 27 

(8) were then substituted into Eqs. (3) and (4) for the remainder of this study. 28 

 (𝐼) =
𝑢𝑚
40
∙ ∑

(

 
 
 𝐼0

𝐼0 + 𝑘𝑠 +
𝐼0
2

𝑘𝑖

+

2 ∙ 𝐼𝑛∙𝐿
20

𝐼𝑛∙𝐿
20
+ 𝑘𝑠 +

𝐼𝑛∙𝐿
20

2

𝑘𝑖

+
𝐼𝐿

𝐼𝐿 + 𝑘𝑠 +
𝐼𝐿
2

𝑘𝑖
)

 
 
 19

𝑛=1

 

 

(8) 
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4.2.5.5 Modelling PCC 6803 growth associated terms  1 

Contrary to the statistical significance observed in PCC 11901 (P<0.05), the final biomass and optical 2 

density data sets of PCC 6083 showed statistical insignificance (P>0.05) over the light intensity 3 

range (300 - 900 µmol photons m-2 s-1) and was therefore not experiencing the above mentioned 4 

photomechanisms. However, upon performing dynamic student’s t-test(s) over each state 5 

trajectory, two to three discrete time points on each growth trajectory did show some level of 6 

statistical significance as seen in Error! Reference source not found.D, thereby implying a partial 7 

presence of these photomechanisms. Since these points were observed mostly around the 8 

exponential growth phase (i.e., between 20 and 60 hours), light saturation to a smaller extent was 9 

assumed present. Meanwhile, photoinhibition was completely ruled out (i.e., [
𝐼(𝑧)2

𝑘𝑖
] ~0 in Eq. (5)) 10 

as the growth of PCC 6083 was not observed to decline over time and operational light intensities. 11 

However, the very small extent of light saturation implied that the influence of light attenuation on 12 

growth of PCC 6083 was also negligible (i.e., 𝜏 = 𝛽 = 0 in Eqs. (6) and (7)), thereby leading to Eq. 13 

(9). This resulting Monod-like model structure theoretically implies that the growth of PCC 6083 14 

will increase linearly at lower operational light intensity until a saturation threshold is attained 15 

whereby the growth becomes maximal and independent of the operational light intensity. Herein, 16 

the former linear increase was assumed to only occur below 300 µmol photons m-2 s-1, and the 17 

proposed model was therefore valid to simulate the saturating threshold (300 - 900 µmol photons 18 

m-2 s-1) when embedding Eq. (9) into Eq. (3) and (4).  19 

 20 
 21 
 22 

𝑢 (𝐼) = 𝑢𝑚 ∙
𝐼0

𝐼0 + 𝐾𝑠
 

(9) 

Where 𝐾𝑠 represent the light saturation (µmol photons m-2 s-1).  23 

 24 
 25 

4.2.5.6 Model parameter estimation methodology 26 

To estimate the model parameters, a weighted non-linear least-square regression problem (Eqs. 27 

(10a) to (10e)) was formulated. Due to the stiffness and high non-linearity of the proposed biomass 28 

and optical density models, orthogonal collocation over finite elements in time was utilised to 29 

numerically discretise the differential equations, thus transforming them into a series of non-linear 30 

algebraic equations. Thereafter, the resulting non-linear optimisation problem was solved with an 31 

interior point-based solver (i.e., IPOPT (465) version 3.11.1) through an open-source interface 32 

Pyomo (466,467). 33 
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 2 
 3 

𝑚𝑖𝑛
𝑃
𝛷(𝒑) = ∑ ∑∑(

�̂�𝑖,𝑗,𝑘 − 𝑦𝑗,𝑘(𝑡𝑖, 𝒑)

�̂�𝑖,𝑗,𝑘
)

𝟐

∙ 𝑤𝑖,𝑗,𝑘

𝑁𝑃

𝑖=1

𝑁𝑉

𝑗=1

𝑁𝑠𝑝𝑝

𝑘=1

 

(10a) 

             Subject to: 4 

                                                  
𝑑𝒚

𝑑𝑡
= 𝑓(𝒚(𝑡), 𝑝) ,                          𝑡 ∈ [𝑡0, 𝑡𝑓]    

(10b) 

𝒚𝒍𝒃 ≤ 𝒚 ≤ 𝒚𝒖𝒃 (10c) 

𝒑𝒍𝒃 ≤ 𝒑 ≤ 𝒑𝒖𝒃 (10d) 

𝒚(𝑡0) = 𝒚𝟎 (10e) 

 5 
whereby 𝒑 denotes a vector of parameters, 𝑁𝑠𝑝𝑝, 𝑁𝑉 and 𝑁𝑃 are the number of species (i.e., PCC 6 

11901 and PCC 6803), number of state variables (i.e. biomass concentration and optical density) 7 

and number of experimental data points, respectively, 𝒚 denotes dynamic model output, �̂�𝑖,𝑗,𝑘 8 

represents the experimental data point of species 𝑘 with state variable 𝑗 at time instant 𝑡𝑖, 𝑤𝑖 is a 9 

weighting factor of species 𝑘 for the data point of state variable 𝑗 at time instant 𝑡𝑖, 𝒚𝒍𝒃, 𝒚𝒍𝒃, 𝒑𝒍𝒃 10 

and 𝒑𝒖𝒃 denotes the lower and upper bounds of the state variables and parameters, respectively, 11 

𝑡0 and 𝑡𝑓 represents the initial and final cultivation times, 𝒚𝟎 denotes the initial concentration of 12 

the state variables. 13 

 14 

To simultaneously identify all model parameters, as well as their confidence intervals, a 15 

bootstrapping technique was applied. This has increasingly been used in the machine learning 16 

community (468–470) for quantification of uncertainties. By implementing the bootstrapping 17 

methodology, the entire experimental dataset (i.e., 300 - 900 µmol photons m-2 s-1) were 18 

repartitioned into several partitions (i.e., PE1, PE2 and PE3), as illustrated in Table 4.2Error! 19 

Reference source not found.. Eqs. (10a) to (10e) were solved on every partition for the dynamic 20 

model parameter’s estimation. The obtained parameter estimates were statistically aggregated by 21 

averaging for the mean and standard deviation. As a caveat, the upper and lower bounds of the 22 

experimental data sets (i.e., 300 and 900 µmol photons m-2 s-1) were included in all three data 23 

partitions (Table 4.2Error! Reference source not found.). This was to guarantee the models high-24 

fidelity extrapolations within the investigated range. This was later confirmed with a separate cross 25 

validation data set which was not utilised during parameter estimation (Table 4.2Error! Reference 26 

source not found.).  27 

 28 
 29 
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 1 
Table 4.2 Bootstrapping design of experiments for model parameter estimation. 2 

Label  Training data sets 

(µmol photons m-2 s-1) 

Cross validation data sets 

(µmol photons m-2 s-1) 

Parameter estimation 1 (PE 1) 300, 900, 600, 750 450 

Parameter estimation 2 (PE 2) 300, 900, 450, 750 600 

Parameter estimation 3 (PE 3) 300, 900, 450, 600 750 

 3 
 4 
 5 
To evaluate the impact of the parameter confidence intervals on the various model prediction 6 

uncertainties, a Latin Hypercube Sampling methodology was used to draw 100 probabilistic 7 

samples from the confidence intervals. For each probabilistic sample, a dynamic model simulation 8 

was performed thereby amounting to a total of 100 Monte Carlo simulations whereby the mean 9 

prediction was computed and compared against the unseen experimental data sets. This 10 

implementation was carried out in Python version 3.9 using the SMT 1.0.0 and Numpy libraries.  11 

 12 
  13 
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4.3 Results 1 

4.3.1 PCC 11901 demonstrates maximal growth at 750 µmol photons m-2 s-1 2 

In recently published work, PCC 11901 demonstrated faster growth over other model 3 

cyanobacteria at 38°C under 300 and 660 µmol photons m-2 s-1 of continuous light, and at 30°C 4 

under continuous light at 750 µmol photons m-2 s-1, when cultured in 25 mL flasks and sparged with 5 

air/1% CO2 (51). Work documented in this thesis has also demonstrated that PCC 11901 displays 6 

the fastest growth at 900 µmol photons m-2 s-1 of continuous light at 38°C with direct sparging of 7 

air/5% CO2 in an MC-1000 cultivator, compared to other model cyanobacterial species (Chapter 3). 8 

To determine the optimal light intensity for fast growth we cultured PCC 11901 and PCC 6803 for 9 

120 hours under the exact same growth conditions as seen in Chapter 3 but using a range of light 10 

intensities at intervals of 150 µmol photons m-2 s-1 between 300 – 900 µmol photons m-2 s-1. Under 11 

all light intensities, PCC 11901 demonstrated much faster growth rates than PCC 6803 after just 12 12 

hours. PCC 6803 enters stationary phase at an OD750nm = 2-4 after ~48 hours in all tested light 13 

intensities (Figure 4.1). In contrast, PCC 11901 demonstrated slower growth at ~108 hours at an 14 

OD750nm ≥15 at 300 - 600 and 900 µmol photons m-2 s-1 but was still displaying linear growth under 15 

750 µmol photons m-2 s-1 after 120 hours of growth. The maximal growth was observed under 750 16 

µmol photons m-2 s-1, achieving an OD750nm = 24 ± 1.35 after 120 hours. This nonlinear trend 17 

indicates photolimitation at lower light intensities, photosaturation around the optimal light 18 

intensity, and photoinhibition beyond the optimal light intensity range. The same effect was not 19 

observed with biomass accumulation, suggesting that optical density does not correlate directly to 20 

biomass.  21 

 22 
 23 
 24 
  25 
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Figure 4.1 Light intensity influences on biomass production and optical density accumulation in 
the two cyanobacteria strains. A) Final biomass concentration and B) Final optical density 
(OD750nm). Growth of C) PCC 11901 and D) PCC 6803 across a range of light intensities. Strains were 
cultured at 38°C under continuous light with direct sparging of air/5% CO2. Asterisks indicate 
significant differences (P<0.05) at the various light intensities and time instances compared to 750 
µmol photons m-2 s-1 : (i) between PCC 11901 and PCC 6803 as presented in A) and B), and (ii) 
individual growth profiles of PCC 11901 and PCC 6803 as presented in C) and D) respectively. Error 
bars indicate SD, n = 4 
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4.3.2 PCC 11901 and PCC 6803 accumulate maximal biomass at 750 µmol photons 1 

m-2 s-1 2 

Similar to the trends observed with OD750nm measurements, the final biomass (g/L) obtained for 3 

each culture after 120 hours of photoautotrophic growth was more than double in PCC 11901 4 

compared to PCC 6803 under each of the trialled light intensities (Figure 4.1). This further 5 

demonstrates the faster growth and higher biomass accumulation of PCC 11901 shown in previous 6 

findings in this thesis and published work (51,195). The highest biomass accumulated was 5.56 7 

gDW/L ± 0.2 obtained under 750 µmol photons m-2 s-1 of continuous light, followed closely by 5.52 8 

gDW/L ± 0.8 under 900 µmol photons m-2 s-1, correlating with the trends observed with the OD750nm 9 

data. Sustained biomass accumulation at high light intensities suggest PCC 11901 is an excellent 10 

candidate for growth in outdoor bioreactors exposed to environmental light conditions.  11 

 12 
 13 

4.4 Mathematical and mode-based analysis 14 

Analysis from the mathematical models was performed by Bovi Anye Cho from Manchester 15 

University. I interpretated the computational analysis in relation to biological aspects.  16 

4.4.1.1 Parameter estimation of the model is statistically reliable 17 

To ensure the constructed dynamic model was able to yield reliable predictions, the bootstrapping 18 

method, commonly used to calculate the uncertainty quantification in machine learning models, 19 

was adapted for this analysis (468,469,471). Figure 4.2 and Figure 4.4 show the predicted biomass 20 

model fit against the experimental data points from which the optimal parameter results in Table 21 

4.3Error! Reference source not found. were obtained via the bootstrapping technique 22 

(468,469,471). The OD750nm model fittings were presented in Figure 4.3 for PCC 11901 and Figure 23 

4.5 for PCC 6803. Analysis of the model results were carried out by computing the overall average 24 

percentage relative errors (%RE), which showed that the experimental data of PCC 11901 was 25 

13.8% and PCC 6803 18.0%, with equally obtained percentages for cross validation runs were 9.3% 26 

and 18.8%, respectively. Whilst this was expected due to the larger standard deviation between the 27 

experimental data sets observed in PCC 6803 (Figure 4.4 and Figure 4.5), this percentage of error 28 

was deemed acceptable for computational modelling when considering that typical light driven 29 

bioprocesses are often associated with larger uncertainties (462,472). All the model’s trajectories 30 

were seen to represent the experimental data points and thereby captured the underlying complex 31 

behaviours with a small subset of biokinetic parameters. This confirms that the postulated 32 

mechanistic hypothesis during the model construction and implemented model structural 33 

simplifications for the dynamic parameter estimation solver were all valid.   34 
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Figure 4.2 Bootstrapping biomass model fitting results for PCC 11901 at: (A) 300 µmol photons 
m-2 s-1, (B) 450 µmol photons m-2 s-1, (C) 600 µmol photons m-2 s-1, (D) 750 µmol photons m-2 s-

1, (E) 900 µmol photons m-2 s-1. The percentage relative error (%RE) of each fitting is as indicated. 
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Figure 4.3 Bootstrapping optical density (OD750nm) model fitting results for PCC 11901 at: (A) 
300 µmol photons m-2 s-1, (B) 450 µmol photons m-2 s-1, (C) 600 µmol photons m-2 s-1, (D) 750 
µmol photons m-2 s-1, (E) 900 µmol photons m-2 s-1. The percentage relative error (%RE) of each 
fitting is as indicated. 
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Figure 4.4 Bootstrapping biomass model fitting results for PCC 6803 at: (A) 300 µmol photons 
m-2 s-1, (B) 450 µmol photons m-2 s-1, (C) 600 µmol photons m-2 s-1, (D) 750 µmol photons m-2 s-

1, (E) 900 µmol photons m-2 s-1. The percentage relative error (%RE) of each fitting is as indicated. 
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Figure 4.5 Bootstrapping optical density (OD750nm) model fitting results for PCC 6803 at: (A) 
300 µmol photons m-2 s-1, (B) 450 µmol photons m-2 s-1, (C) 600 µmol photons m-2 s-1, (D) 750 
µmol photons m-2 s-1, (E) 900 µmol photons m-2 s-1. The percentage relative error (%RE) of each 
fitting is as indicated. 



 122 

 1 
 2 
Table 4.3 Bootstrapping dynamic parameter estimation results for the optical density (OD750nm) 3 
and biomass models of the two cyanobacterial strains. Parameter estimates represent the mean 4 
of n=3 bootstrapping partitions ± standard deviations as the confidence intervals. 5 

Model parameter OD750 model  Biomass 

model  

Literature range  References 

PCC 11901 

𝑢𝑚 (h-1) 1.99× 10-1 

± 2.86×10-3 

1.99× 10-1 

± 5.39×10-4 

(0.004, 0.28)  (51,458,473) 

𝜇𝑑 (h-1) 6.15× 10-4 

± 8.94×10-6 

2.96× 10-3 

± 2.64×10-4 

(8.559×10-3, 0.005) (457,473,474) 

𝑘𝑠 (μmol photons 

m-2 s-1) 

150.0 ± 4.08 156.67 ± 6.24 (70.0, 347.0) (458,473,475) 

𝑘𝑖 (μmol photons m-

2 s-1) 

 

3523.33 

± 24.94 

3522.33 

± 23.61 

(457.0, 53370)  (474,475) 

𝜏 (mm2 g-1) 48.57 ± 1.03 208.14 ± 6.62 (67, 225)  (473,475) 

β (mm-1) n/a 3.16× 10-7 

± 3.07×10-8 

0.0  (476) 

PCC 6803 

𝑢𝑚 (h-1) 7.9× 10-2 

± 2.65×10-3 

7.9× 10-2 

± 2.65×10-3 

(0.004, 0.28)  (51,458,473) 

𝜇𝑑 (h-1) 1.57× 10-2 

± 3.52×10-4 

6.54× 10-2 

± 1.46×10-3 

(8.559×10-3, 0.005) (457,473,474) 

𝐾𝑠 (μmol photons 

m-2 s-1) 

72.84 ± 12.74 72.84 ± 12.74 (70.0, 347.0) (458,473,475) 

n/a: not included in model structure 
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4.4.1.2 Probabilistic models predictive validations are statistically reliable 1 

The model is also required to estimate optimal growth conditions, as well as simulating, optimising 2 

and controlling long-term bioprocessing within an industrial setting. To ensure the models function 3 

for these required processes, it was necessary to evaluate the models performance for predicting 4 

unseen experimental data sets. Monte Carlo simulations were performed by sampling the model 5 

parameter confidence intervals in Table 4.3Error! Reference source not found. and propagating 6 

their influences on the dynamic models output. Figure 4.6 shows the biomass model predictions 7 

and Figure 4.7 shows the OD750nm model predictions under uncertainty for the two cyanobacterial 8 

strains. Whilst the uncertainty bands reflect the degree of variability imposed by the parameter 9 

confidence intervals, those for the biomass and optical density models were similar. The mean 10 

prediction from the uncertainty bands (in grey) were computed to compare against the 11 

experimental data points. These uncertainty bands are observed to increase in bandwidth size with 12 

time, indicating the model to be responsive to changes of these parameters. To evaluate the 13 

model’s prediction under uncertainty versus the pure model outputs, the overall %RE in Figure 4.6 14 

were computed and compared to that of the bootstrapping cross validation runs. From this analysis, 15 

a 4.5% prediction improvement in PCC 11901 and 3.1% prediction deterioration in PCC 6803, 16 

respectively, were observed under uncertainty. The improvement seen with the predictions for PCC 17 

11901 was expected due to the responsive model parameters which tend to improve accuracy 18 

(462). However, the prediction deterioration in PCC 6803 was unexpected but could potentially be 19 

attributed to the noisy experimental data sets. It is expected that the small prediction deterioration 20 

of 3.1% would be reversed if presented with a less noisy experimental data sets. 21 

  22 
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 12 

 
Figure 4.6 Prediction of biomass models under uncertainty. (A), (C) and (E) for PCC 11901, and 
(B), (D) and (F) for PCC 6803, at 450, 600 and 750 μmol photons m-2 s-1, which were unseen 
experimental data sets during the bootstrapping parameter estimation. The percentage relative 
error (%RE) of each fitting is as indicated in grey. 
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Figure 4.7 Prediction of optical density (OD750nm) models under uncertainty: (A), (C) and (E) for 
PCC 11901, and (B), (D) and (F) for PCC 6803, at 450, 600 and 750 μmol photons m-2 s-1, which 
were unseen experimental data sets during the bootstrapping parameter estimation. The 
percentage relative error (%RE) of each fitting is as indicated in grey. 
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4.4.1.3 Predicted optimal light intensity from computational modelling 1 

From the growth characteristics of the two strains outlined in Table 4.3Error! Reference source not 2 

found., it was observed that the maximum specific growth rate of PCC 11901 was over two-fold 3 

higher than that of PCC 6803. Whilst this increase was consistent with the experimental data sets, 4 

the order of magnitude was however about four-fold higher when comparing the final biomass 5 

concentration and optical densities as illustrated in Error! Reference source not found..  6 

 7 
 8 
 9 
Table 4.4 Analysis of the experimental data sets to determine the magnitude of difference in 10 
biomass and optical density accumulation among the two cyanobacterial strains at various light 11 
intensities. The scale of ratio corresponds to PCC 11901: PCC 6803. 12 

 

Species 

Highest observed value at different light intensities  

(µmol photons m-2 s-1) 

 300 750 900 

Biomass concentration 

PCC 11901 3.91 5.33 4.02 

PCC 6803 1.24 1.37 1.07 

Scale of ratio 3.15 3.89 3.76 

OD750 

PCC 11901 17.61 24 18.13 

PCC 6803 5.40 5.20 4.46 

Scale of ratio 3.26 4.62 4.07 

 13 
 14 
 15 
These disparities indicate that the results outlined in Table 4.4Error! Reference source not found. 16 

are insufficient for characterising the strain specific growth properties as the dynamic model and 17 

estimated parameters is capable of predicting these results, but the reverse is not possible. The 18 

light saturation coefficient of PCC 6803 was about two-fold lower than that of PCC 11901, indicating 19 

superior light affinity and utilisation efficiency. This implies that PCC 6803 should be the faster 20 

growing strain which contradicts previous studies (51,195). Explaining this inconsistency is far 21 

beyond the capabilities of the linearised curve fitting literature methods for estimating and 22 
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comparing maximum specific growth rate. This was addressed with the dynamic mechanistic 1 

modelling approach by analysing the maximum specific growth and decay rates in Table 4.4Error! 2 

Reference source not found.. Those of PCC 6803 were seen to be of similar order of magnitudes 3 

while the decay rate of PCC 11901 was about 67-fold lower than its maximum specific growth rate. 4 

This implies that for the portion of absorbed and utilised light intensities within the 300 to 900 µmol 5 

photons m-2 s-1 range, PCC 11901 was experiencing unbalanced growth dominating Eqs. (3) and (4), 6 

whereas that of PCC 6803 was balanced. Hence, the higher light affinity and utilisation efficiency of 7 

PCC 6803 compared to PCC 11901 was not directed towards growth promoting activities and was 8 

herein interpreted to be either for (i) cell maintenance, and/or (ii) fluorescence heat generation. 9 

Cell maintenance encompasses non-growth related metabolic activities performed by the cells to 10 

stay alive which usually consume energy in the form ATP. Since ATP and NADPH are products of 11 

light dependent reactions (477), it was reasonable to assume that ATP and NADPH generation in 12 

PCC 6803 was mostly directed towards cell maintenance and not for carbon fixation via the Calvin-13 

Benson-Basshan cycle. This hypothesis was validated as the final biomass concentration ultimately 14 

derived from carbon fixation did not change within the investigated 300 to 900 μmol photons m-2 15 

s-1 range. This also suggests that extra absorbed light above 300 μmol photons m-2 s-1 was mostly 16 

wasted as heat and not utilised for growth of PCC 6803 due to the balanced equations of Eqs. (3) 17 

and (4). 18 

 19 

The remaining two questions were only valid for PCC 11901 since the 300 to 900 µmol photons m-20 

2 s-1 range were observed to be above the light intensity saturation threshold for PCC 6803, 21 

suggesting growth is light independent at these intensities. As per the optimal light intensity of PCC 22 

11901, the model derivative with respect to the light intensity was equated to zero, thereby 23 

resulting in optimal light intensities of 727.0 µmol photons m-2 s-1 and 742.9 µmol photons m-2 s-1 24 

for the biomass and optical density models, respectively, and averaging 735.0 µmol photons m-2 s-25 

1 to encompass both aspects. The similar optimal light intensity between the two models (i.e., 26 

biomass and OD750nm) suggest that they can be used interchangeably for (i) optimal design of 27 

experiments, and (ii) online bioprocess control since OD750nm measurements with a UV/VIS 28 

spectrophotometer is easier and quicker to measure than quantifying biomass. The predicted 29 

optimal light intensities are within the range seen in several other cyanobacterial species 30 

(51,195,478), supporting the validity of the models predicted output. Although the predicted light 31 

intensity was slightly lower than the reported experimental optimal intensity of 750.0 µmol 32 

photons m-2 s-1, the 15 µmol photons m-2 s-1 difference was negligibly small (circa 2%) and indicates 33 

the accurate dynamic estimation from the model regarding the PBR light path length. 34 
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4.5 Discussion 1 

4.5.1 PCC 11901 can sustain fast growth and biomass accumulation over a range 2 

of light intensities 3 

From the results reported in Chapter 3, we confirmed that PCC 11901 was the fastest growing 4 

species amongst a range of model cyanobacterial species over 3 days at 38°C with air/5% CO2. 5 

However, growth should be monitored over a range of light intensities to establish the optimal light 6 

intensity and tolerance. Our data demonstrates that PCC 11901 is capable of fast growth and high 7 

biomass accumulation under a wide range of light intensities when grown with 5% CO2/air at 38°C. 8 

Furthermore, maximal biomass accumulation could be maintained in indoor photobioreactors 9 

cultured under the lowest tested light intensity (~300 µmol photons m-2 s-1), potentially reducing 10 

costs for indoor bioreactors by lowering the need for energy intensive lighting. 11 

 12 
 13 

4.5.2 Optimal light intensity can be predicted for PCC 11901 and PCC 6803 under 14 

different PBR growth parameters 15 

Computational modelling was used to determine optimal light intensity for each species when 16 

grown under the conditions described in this chapter. The model can predict two objectives, 17 

biomass accumulation or high growth. Models for OD750nm for PCC 11901 and PCC 6803 were 18 

previously unavailable. The similarities of their growth profile to biomass models justified the 19 

existence of similar model structures and was herein implemented for the first time. The model for 20 

PCC 11901 embedded the complicated influences of incident light intensity, light attenuation and 21 

photomechanisms, whereas the PCC 6803 model was only limited by the incident light intensity 22 

and photosaturation mechanisms. To simultaneously estimate the model parameter values and 23 

their associated confidence intervals, bootstrapping techniques with three-fold cross validations 24 

was implemented. Thereafter, the models predictions under uncertainties were thoroughly 25 

validated against unseen experimental data sets with small simulation errors averaging less than 26 

19%. Of the two species, PCC 11901 showed superior prediction fidelities and faster growth. Whilst 27 

fluorometry measurements are recommended in future for confirming the light-stressed 28 

photosynthetic activities of PCC 6803 within the 300 to 900 μmol photons m-2 s-1 range, further 29 

model-based analysis was carried out on the PCC 11901 model parameters. As a result, 735.0 μmol 30 

photons m-2 s-1 was identified as the optimal cultivation light intensity. These findings will benefit 31 

future biotechnological upscaling, online bioprocess control and exploitation of these strains. 32 

 33 
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The model was also used to predict if upscaling the PBR used to grow PCC 11901 will be severely 1 

impacted by light intensity. The light absorption coefficient (τ) was identified as the main parameter 2 

to be compared against values from photobioreactors of different scales and configurations. This 3 

was motivated by the intrinsic nature of the light absorption coefficient to cyanobacteria and the 4 

light attenuation challenges being the primary limitation for upscaling photobiological processes, 5 

as was investigated by Anye Cho et al., (456). A high light absorption coefficient would indicate 6 

rapid diminishing local light transmissions within the PBR as its diameter was increased for 7 

upscaling, and vice-versa. The PCC 11901 light absorption coefficient compared well to that 8 

observed in previous studies (473,475) (67 ≤ τ ≤ 225 mm2 g-1) outlined in Table 4.3Error! Reference 9 

source not found.. This suggests that upscaling of PCC 11901 cultivation will not be severely 10 

impacted by light intensity since previous studies used PBRs ranging from 0.5 L cylindrical PBRs 11 

(479,480), 1.0 L flat-plate (460,475) and tubular (481) PBRs, to as large as 120.0 L flat-plate PBRs 12 

(482,483). 13 

 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
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Chapter 5 3 

Attempts to develop of a novel method for the production of markerless mutants in 4 
Synechococcus sp. PCC 11901.  5 

 6 

Sections of this chapter have previously been published in Biomolecules 12 (7) 7 

Development of a Biotechnology Platform for the Fast-Growing Cyanobacterium 8 

Synechococcus sp. PCC 11901.  9 

Mills, L.A.; Moreno-Cabezuelo, J.Á.; Włodarczyk, A.; Victoria, A.J.; Mejías, R.; Nenninger, A.; Moxon, 10 
S.; Bombelli, P.; Selão, T.T.; McCormick, A.J.; Lea-Smith, D.J. Biomolecules 12 (7) 11 
 12 
 13 
 14 
  15 



Chapter 5: Attempts to develop a novel 
method for the production of markerless 
mutants in Synechococcus sp. PCC 11901. 

 

5.1 Introduction 

The ability to generate mutants is key to understanding cyanobacterial photosynthesis, 

biochemistry and physiology, and is essential for development of strains for industrial purposes. To 

unlock the full potential of cyanobacteria as a biotechnology chassis it is important to be able to 

genetically manipulate and control gene expression. PCC 11901 demonstrates a multitude of 

attractive traits for genetic amenability: it is naturally transformable; there are synthetic tools 

which already exist for the closely related species PCC 7002 which are compatible with PCC 11901; 

it demonstrates sensitivity against a range of antibiotics (51). Marked genetic manipulation of PCC 

11901 has been demonstrated using selectable markers (kanamycin, spectinomycin, acrylic acid) 

and was used to knock out the fadD gene, thereby increasing the production of industrially relevant 

free fatty acids (51). However, a system for generating unmarked mutants at different 

chromosomal locations in this species has not yet been demonstrated.  

 
 

5.1.1 Markerless mutants and the requirement for their application within 
biotechnology 

The standard method for generating genetically modified strains is via insertion of an antibiotic 

resistance cassette into the site of interest (i.e. a marked mutant). Traditional insertion of antibiotic 

resistance cassettes limits the number of mutations that can be introduced into a strain as only a 

few antibiotic resistance cassettes are available for cyanobacteria (130). The absence of genes 

encoding antibiotic resistance cassettes is  desirable in strains that may be potentially cultured 

outdoors, avoiding the possibility that they may be transferred to environmental species. The 

generation of markerless mutants (or unmarked mutants) overcomes these limitations. Unmarked 

mutants are generated via insertion of an antibiotic resistance cassette into the target site, followed 

by subsequent removal of this cassette using a negative selectable marker. Unmarked mutants 

contain no foreign DNA, unless intentionally included, and can be repeatedly genetically 

manipulated, which is a major advantage for the development of industrial strains (42). In addition, 
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polar effects on genes downstream of the modification site can be minimized, allowing more 

precise modification of the organism (20). 

 

 

5.1.2 Production of markerless mutants using sacB 

The sacB gene, endogenous to Bacillus subtilis, encodes for the enzyme, levansucrase, which 

confers sensitivity to sucrose. Expression of sacB is regulated by the cis-activating regulatory locus 

sacR and is induced by the presence of sucrose (484). Levansucrase transfers fructosyl residues 

from sucrose via hydrolysis to different acceptors, such as levans, water and other sugars (484). 

Levans are branched polymers made up of fructosyl residues which cannot be metabolized by most 

Gram-negative bacteria (484–486). The mechanism of toxicity is still not fully understood. Two 

methods have been proposed, the first being that the fructosyl residues may be transferred to 

metabolically important acceptors and thereby disrupt cell metabolism. The second hypothesis is 

that the levans play a role in cell death by accumulating in the periplasm (38) and are then unable 

to be cleaved or exported out of the cell (486,487). 

 

In order to generate markerless knock-out mutants in PCC 6803 using sacB, marked mutants are 

first produced (Figure 5.1). The suicide plasmid contains two DNA fragments identical to regions in 

the cyanobacterial chromosome flanking the region to be deleted (termed the 5' and 3' flanking 

regions). Two genes, an antibiotic resistance gene and sacB, are inserted between these flanking 

regions. The plasmid is then added to a liquid culture of cyanobacteria where the DNA is naturally 

taken up by the cells. Transformants are selected on agar plates containing the appropriate 

antibiotic and verified via colony PCR. The marked mutant is then mixed with the second plasmid 

containing only the 5’ and 3’ flanking regions. Selection for transformants is then carried out via 

growth on agar plates containing sucrose. Sucrose is lethal to cells expressing sacB, thereby 

facilitating recombination of the antibiotic resistance gene and sacB out of the chromosome and 

onto the plasmid, which is subsequently lost following cell division (40). 

 

The sacB-sucrose method was established in Anabaena sp. PCC 7120 (488) and has been shown to 

successfully generate mutants in glucose tolerant PCC 6803 (40,489). This method, however, has 

been unsuccessful in generating markerless mutants in PCC 7002, an organism with high genetic 

similarity to PCC 11901 (40), as wild-type PCC 7002 is unable to grow on media containing sucrose 

which is required for the counter-selection stage (Figure 5.1).  
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 Figure 5.1 Generation of marked and unmarked mutants in cyanobacteria. Schematic detailing 
recombination and the experimental steps involved in mutant generation. Plasmid A is first mixed 
with cells. Following incubation on agar plates containing kanamycin, colonies in which a 
recombination event occurs between the 5' and 3' flanking regions (indicated in blue and orange, 
respectively) and the homologous sequence in the chromosome, are isolated. In addition, the sacB 
cassette between the 5' and 3' flanking regions is inserted into the chromosome. Following 
segregation, a marked mutant is generated. Marked mutant cells are then mixed with plasmid B 
which contains just the 5' and 3' flanking regions. A second homologous recombination event 
occurs between the 5' and 3' flanking regions and the homologous regions in the chromosome, 
resulting in removal of the antibiotic resistance/sacB cassette and production of an unmarked 
knockout. Insertion of foreign DNA between the 5' and 3' flanking regions in plasmid B will result 
in insertion of this region into the chromosome. Figure adapted from Lea-Smith et al. (2016) (10). 
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5.1.3 Alternative methods used in production of markerless mutants in 
cyanobacteria 

Several methods have been used to produce markerless mutants in cyanobacteria, Table 5.1. These 

can be sub-classed into counter-selection methods and site-specific recombinase systems. 

 
 
 
Table 5.1 Overview of the various methods used to produce markerless transformants in 
cyanobacteria. Adapted from Branco dos Santos et al., 2014 (490) 

 Methods Strains Tested  Reference  

 
 
Counter-
Selection 

sacB-sucrose Synechocystis sp. PCC 6803 (40,489) 

 Anabaena sp. PCC 7120 (488) 

mazF-nickel Synechocystis sp. PCC 6803 (491) 

acsA-acrylate Synechococcus sp. PCC 7002 (188) 

upp-5-Fluorouracil Synechocystis sp. PCC 6803 (492) 

 Synechococcus sp. PCC 7002 (492) 

 Synechococcus elongatus PCC 7942 (493) 

Site-specific 
recombinase 
systems 

FLP/FRT Synechococcus elongatus PCC 7942 (494) 

 Synechocystis sp. PCC 6803 (494) 

Cre/LoxP Anabaena sp. PCC 7120 (495) 

 Synechococcus sp. PCC 7002 (47) 

 
 
 
The mazF-nickel method is based upon the sacB-sucrose technique (Section 5.1.2.) and was 

designed to be used in cyanobacteria that can integrate DNA by homologues recombination but 

are unable to take-up sucrose. Although originally designed for strains which were unable to use 

the sacB-sucrose counter selection method, this system has so far only been successfully 

demonstrated in PCC 6803 (491). Acrylate has been shown as a suitable counter selection 

compound for generating mutants in PCC 7002. Under normal conditions, acrylate inhibits PCC 

7002. However, with the loss of the acsA gene which encodes for acetyl-CoA ligase this inhibition 

can be overcome (188). It is therefore possible to create markerless mutants by selecting for the 

loss of the acsA gene in the presence of acrylate, following a similar protocol to the sacB-sucrose 

method. Although successful mutants were produced, it does require the original acsA gene to be 

knocked out of the species, and to date this method has only been performed in PCC 7002. Similar 

difficulties are also observed using the upp-5-fluorouracil method, which has been performed in 

PCC 6803, PCC 7942 and PCC 7002, but requires the deletion of the upp gene (492,493). The upp 

gene encodes for the enzyme uracil phosphoribosyltransferase, which converts uracil to UMP but 

can also convert 5-fluorouracil to 5-fluoro-UMP, which inhibits protein synthesis and leads to cell 
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death. This method has only been eluded to in patents and is yet to be published in a scientific 

paper.  

 
 

5.1.4 The potential of codA expression as a viable counter-selection marker 

The native E. coli codA gene encodes the cytosine deaminase enzyme which converts cytosine and 

water into uracil and ammonia in prokaryotes, fungi and some eukaryotic microorganisms (Figure 

5.2) (496). In some cases, cytosine deaminase can also convert 5-flurocytosine (5-FC), an anti-fungal 

drug, to 5-fluorouracil, which leads to inhibition of DNA and protein synthesis which  ultimately 

leads to cell death (497). Attempts to use codA-5-FC negative selection in PCC 6803 had mixed 

success, with around 75% of potential markerless mutants still containing the codA or reverting 

back to a wild type genotype (19). However, codA has been successfully used as a negative 

selectable marker in a number of organisms (498–502). Due to its success in other systems, this 

could be a suitable method for generating markerless mutants in PCC 11901. 
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Figure 5.2 Pathway and mode of action of 5-fluorocytosine. Figure adapted from Lui (2017) 
(23). FUMP, 5-fluorouridine monophosphate; FUDP, 5-fluorouridine monophosphate; 
FUTP, 5-fluorouridine triphosphate; FdUMP, 5-fluorodeoxyuridine monophosphate 
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5.1.5 Site-specific recombinase unmarking systems 

Another potential strategy for generating unmarked mutants in cyanobacteria is the use of site-

specific recombinases such as the flippase (FLP) from S. cerevisiae and the Cre recombinase from E. 

coli bacteriophage P1. The FLP system recognises short target DNA sequences known as FLP 

Recognition Targets (FRT) and has been successfully used to generate markerless mutants in PCC 

6803 and PCC 7942 (494). 

 

The Cre recombinase enzyme works via a similar mechanism but recognises short target sequences 

known as lox sites. The method was originally demonstrated in Anabaena sp. PCC 7120 (495) and 

has recently been developed for generating unmarked mutants in PCC 7002 and PCC 6803 (47). This 

system relies on integrating an antibiotic resistance cassette flanked by lox66 and lox71 

recombinase sites into the chromosomal target site to generate a marked knockout (Figure 5.3). A 

second plasmid encoding the Cre recombinase is then integrated into a non-essential region of the 

rbcLXS site (encoding for RuBisCO and the associated chaperone) using a second antibiotic 

resistance marker. Expression of Cre leads to excision of the original antibiotic resistance cassette, 

resulting in the generation of an unmarked mutant at the site of interest, although parts of the 

lox66 and lox71 sites are retained. Finally, culturing this strain in the absence of the second 

antibiotic results in the gene encoding Cre, plus the second antibiotic selection, being removed 

from the population. While this method does not result in production of scarless unmarked mutants 

or precise genetic engineering, strains can be repeatedly genetically manipulated and due to the 

genetic similarity between PCC 7002 and PCC 11901 it could be a viable method of generating 

unmarked mutants. 
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Schematic detailing Cre-lox recombination and the experimental steps involved in mutant 
generation as described for PCC 7002 and PCC 6803 in Jones et al. (47). Plasmid A is first mixed with 
cells. Following incubation on agar plates containing kanamycin, colonies in which a recombination 
event occurs between the 5' and 3' flanking regions (indicated in blue and orange, respectively) and 
the homologous sequence in the chromosome, are isolated. Following segregation by repeated 
streaking a marked mutant is generated. Marked mutant cells are then mixed with plasmid B which 

Figure 5.3 Generation of marked and unmarked mutants in cyanobacteria using the Cre-Lox 
recombinase method. 
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contains the 5' and 3' flanking rbcLXS regions. A second homologous recombination event occurs 
between the 5' and 3' flanking rbcLXS regions and the homologous regions in the chromosome. 
Cells are incubated on agar plates containing spectinomycin with the surviving mutants expressing 
Cre recombinase (indicated in coral) which excises the DNA region between the lox66 (indicated in 
pink) and lox71 sites (indicated in dark purple). The unmarked mutants are then grown on solid 
agar with no antibiotic resistance and the Cre recombinase and spectinomycin resistance genes are 
recombined out of the rbcLXS site. 

 
 

5.1.6 Chapter aims and objectives 

The initial objective of this chapter was to demonstrate the production of markerless mutants in 

PCC 11901 via expression of the non-native codA gene and in the presence of 5-FC. Although 

generation of multiple marked mutants were successfully developed, attempts to create unmarked 

mutants were unsuccessful. This led to the second objective of attempting to generate unmarked 

mutants using the Cre-loxP recombinase system designed for PCC 7002. The work presented in this 

chapter describes the attempts carried out to generate unmarked mutants using the codA-5-FC 

method and the Cre-loxP site-specific recombinase systems in PCC 11901 which would further 

cement its potential as a biotechnology chassis.  
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5.2 Materials and Methods 

5.2.1 Molecular Genetic Methods 

5.2.1.1 Extraction of template DNA 

A small volume of cyanobacterial cells was scraped from a plate and suspended in 50 µL of ultrapure 

water in a PCR tube. Tubes were then placed in a thermocycler (BioRad) at 100°C and left to 

incubate for 5 minutes. 5 µL was then used as template DNA in PCR reactions.  

 
 

5.2.1.2 Amplification of genomic DNA 

Phusion High-Fidelity DNA Polymerase (Phusion HF) (New England BioLabs (NEB)) was used to 

amplify DNA fragments required for plasmid construction, using the corresponding primers listed 

in Table 5.2. All primers used were synthesised by Eurofins Genomics, Germany. A typical 20 µl 

reaction mixture contained: 4 µl 5x Phusion HF Buffer, 0.2 µl Phusion DNA Polymerase, 0.6 µL 

DMSO, 0.4 µl 2’deoxyribonucleoside triphosphate (dNTP) mixture, 1 µl 10 µM forward primer, 1 µl 

10 µM reverse primer, and ~10-100 ng template DNA (or 5 µl cyanobacterial DNA template; see 

4.2.1.1.), made up to 20 µl with ultrapure water.  

 

The standard Phusion HF PCR protocol consisted of an initial denaturation step at 98°C for 30 

seconds, and 35 subsequent cycles of 98°C for 10 seconds (denaturation), 62°C for 30 seconds 

(primer annealing), 72°C for 30 seconds (primer extension), with a final extension at 72°C for 5 

minutes. The annealing temperature varied depending on the primers used. 
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Table 5.2 Oligonucleotide primers used in this work. All primers were purchased from Eurofins Genomics. 

Primer Sequence (5’ – 3’) Purpose 

ARTO_LF ATCGAGGTCTCAGGAGCGGAAACCAACCAGAGAAATTC Generation of left flank for codA-5-FC method 

ARTO_LR AGCTCGGTCTCTTCATGTAATCGCTCACAAACCATGACC Generation of left flank for codA-5-FC method 

ARTO_RF TGCACGGTCTCAATAACATTGGTCACTAAAGCCTCTTG Generation of right flank for codA-5-FC method 

ARTO_RR GCTCAGGTCTCTAGCGTGTATGTCCACGGCACTTTG Generation of right flank for codA-5-FC method 

COX_LF ATCGAGGTCTCAGGAGCCTTTAGTGGTTGACGTGAA Generation of left flank for codA-5-FC method 

COX_LR AGCTCGGTCTCTTCATTCGCAAGTTCTGTGCGGACA Generation of left flank for codA-5-FC method 

COX_RF TGCACGGTCTCAATAAGATGAACCGCCGCATTGCCC Generation of right flank for codA-5-FC method 

COX_RR GCTCAGGTCTCTAGCGATCAGTGCCGTAATCCCGAA Generation of right flank for codA-5-FC method 

COXfor AGGCAATGTTCCCCTAGAGA Confirmation of gene segregation 

COXrev ACCCCGTCAGCACATAGAAA Confirmation of gene segregation 

ARTOfor CGAAGAGTAACATCACCGCC Confirmation of gene segregation 

ARTOrev ATACGATGATTTGGCACGGC Confirmation of gene segregation 

COX_LF_LOX GTACGAAGACTCCATTCCTTTAGTGGTTGACGTGAA Generation of left flank with lox66 sites for Cre-lox method 

COX_LR_LOX GTACGAAGACCTGGAGTCGCAAGTTCTGTGCGG Generation of left flank with lox66 sites for Cre-lox method 

COX_RF_LOX GTACGAAGACCTAGCGGATGAACCGCCGCATT Generation of right flank with lox71 sites for Cre-lox method 

COX_RR_LOX GTACGAAGACCTGCTTATCAGTGCCGTAATCCCGAA Generation of right flank with lox71 sites for Cre-lox method 

ARTO_LF_LOX GTACGAAGACTCCATTCGGAAACCAACCAGAGAAATTC Generation of left flank with lox66 sites for Cre-lox method 

ARTO_LR_LOX GTACGAAGACCTGGAGGTAATCGCTCACAAACCATG Generation of left flank with lox66 sites for Cre-lox method 
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ARTO_RF_LOX GTACGAAGACCTAGCGCATTGGTCACTAAAGCCTCTT Generation of right flank with lox71 sites for Cre-lox method 

ARTO_RR_LOX GTACGAAGACCTGCTTTGTATGTCCACGGCACTTTG Generation of right flank with lox71 sites for Cre-lox method 

acs_LF_LOX GTACGAAGACTCCATTGTATCGCCCACAATTTCCTG Generation of left flank with lox66 sites for Cre-lox method 

acs_LR_LOX GTACGAAGACCTGGAGGGGTTAAGACATCCCCAATA Generation of left flank with lox66 sites for Cre-lox method 

acs_RF_LOX GTACGAAGACCTAGCGCCTCTTCGAGGCGACTG Generation of right flank with lox71 sites for Cre-lox method 

acs_RR_LOX GTACGAAGACCTGCTTTTATGTCCGAACAAAACATT Generation of right flank with lox71 sites for Cre-lox method 

ldhA_LF_LOX GTACGAAGACTCCATTTTTCTAGGGACATAACTGAT Generation of left flank with lox66 sites for Cre-lox method 

ldhA_LR_LOX GTACGAAGACCTGGAGATTTACCAGATTTGCTCACC Generation of left flank with lox66 sites for Cre-lox method 

ldhA_RF_LOX GTACGAAGACCTAGCGTGCATAATTTTGGCAAAGCA Generation of right flank with lox71 sites for Cre-lox method 

ldhA_RR_LOX GTACGAAGACCTGCTTTTTCACCACGAACTGTTCTT Generation of right flank with lox71 sites for Cre-lox method 

sdhA_LF_LOX GTACGAAGACTCCATTGCGCTCTTTGGGTTCAAAAC Generation of left flank with lox66 sites for Cre-lox method 

sdhA_LR_LOX GTACGAAGACCTGGAGATGCCATTAATGAACCGATG Generation of left flank with lox66 sites for Cre-lox method 

sdhA_RF_LOX GTACGAAGACCTAGCGACTGCCTCCGAGATTAAAAC Generation of right flank with lox71 sites for Cre-lox method 

sdhA_RR_LOX GTACGAAGACCTGCTTATGTTGCAACACGACGTCAT Generation of right flank with lox71 sites for Cre-lox method 

COX_LOX_for ATCGCAAATGGACGGACTAC Confirmation of gene segregation 

COX_LOX_rev GGATGATCGTATTCACCGTG Confirmation of gene segregation 

ARTO_LOX_for GCATTGTAAACGGTGCGAT Confirmation of gene segregation 

ARTO_LOX_rev ACTGGTGGATCGGCTCTTTA Confirmation of gene segregation 

acs_LOX_for CACCGGGTAAAGGCGTAATC Confirmation of gene segregation 

acs_LOX_rev ATGGTTTGAGAAATGGGACAA Confirmation of gene segregation 
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ldhA_LOX_for TCAATTAAGCCACCTCGACT Confirmation of gene segregation 

ldhA_LOX_rev CTCTATCGCGCCTACAACC Confirmation of gene segregation 

sdhA_LOX_for CTTTCTTTGCGGTGGTAAGC Confirmation of gene segregation 

sdhA_LOX_rev TGTATCACATCGAAACTGGACAT Confirmation of gene segregation 
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5.2.1.3 Confirmation and visualisation via agarose gel electrophoresis 

DNA fragments were separated according to their size by agarose gel electrophoresis using 1% 

(w/v) agarose dissolved in Tris-acetate-EDTA (TAE; 40 mM Tris-HCl pH 7.6, 20 mM acetic acid, 1 mM 

ethylenediaminetertraacetic acid (EDTA)) with 3.6 µL GelRed® per 100 mL of agarose for 

visualisation of DNA under UV illumination using a G:BOX gel imager (Syngene). DNA samples were 

mixed with 6 x DNA Purple Gel Loading Dye (NEB) to monitor DNA migration. Either 5 µL of 

DirectLoad 1 kb DNA ladder (Sigma) or 2.5 µL of GeneRuler 1 kb plus DNA ladder (Thermo Scientific) 

was used to determine fragment size.  

 
 

5.2.1.4 Gel Extraction of genomic DNA 

DNA fragments from agarose gels were purified using the GENECLEAN® III Kit (MP Biomedicals) 

according to the manufacturer’s instructions. DNA was eluted with 15 µL ultrapure water, and 

stored at -20°C. 

 
 

5.2.1.5 Plasmid Generation 

PCC 11901 knockouts were constructed according to a protocol similar to that utilised in PCC 6803 

and outlined in Lea-Smith et al. (40), except plasmids were constructed using the CyanoGate system 

(42). All primers used for cloning and mutant verification are listed in Table 5.3 and plasmids are 

listed in Table 5.3. 
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Table 5.3 Plasmids used and generated in this chapter. Those highlighted in blue were kindly generated by members of the McCormick Lab Group at the 
University of Edinburgh. Those highlighted in green were generated by other members of the Lea-Smith Lab Group. 

Plasmid  Plasmid design  Purpose 

pUC19:desB 
CodA-Sp 

pUC19 + 5´ flanking region of desB (1000 bp) + codA/SpR cassette (3488 bp) + 
3´ region of desB (1000 bp) 

Marking plasmid: introducing codA-SpR into the DesB 
neutral site 

pUC19: 
Unmark Linker 

pUC19 + 59bp sequence  
Serves as a blank/linker sequence to be inserted 
between the 5' flanking region and 3' flanking 
region of the DesB for unmarking 

pUC19:desB 
Unmark Linker 

pUC19 + 5´ flanking region of desB (1000 bp) + Unmark Linker (59 bp) + 
3´region of desB (1000 bp) 

Unmarking plasmid: introducing a short 60bp 
linker into the marked DesB::codA-SpR 

pICH47742: lox66-
KanR-lox71 

pICH47742 + lox66 sites (34 bp) + KanR cassette (816 bp) + lox71 sites (34 bp) 
Plasmid used to introduce loxP sites into the knockout 
plasmids for the Cre-lox recombinase method. 

pICH47742: lox66-
GmR-lox71 

pICH47742 + lox66 sites (34 bp) + GmR cassette (534 bp) + lox71 sites (34 bp) 
Plasmid used to introduce lloxP sites into the knockout 
plasmids for the Cre-lox recombinase method. 

pUC19:ARTO 
CodA-KanR 

pUC19 + 5´ flanking region of ctaCII (531 bp) + codA/KanR cassette (2949 bp; 
amplified from vector pICH47732) + 3´region of ARTO gene (526 bp) 

Generating marked mutant of CtaCII in PCC 
11901 

pUC19:COX 
CodA-KanR 

pUC19 + 5´ flanking region of ctaDI (745 bp) + codA/KanR cassette (2949 bp; 
amplified from vector pICH47732) + 3´region of ctaDI (658 bp) 

Generating marked mutant of CtaDI in PCC 11901 

pUC19:ARTO 
Unmark Linker 

pUC19 + 5´ flanking region of ctaCII (531bp) + Unmark Linker (59 bp) + 
3´region of ctaCII (526 bp) 

Generating unmarked mutant of CtaCII in PCC 11901 

pUC19:COX 
Unmark Linker 

pUC19 + 5´ flanking region of ctaDI (745 bp) + Unmark Linker (59 bp) + 
3´region of ctaDI (658 bp) 

Generating unmarked mutant of CtaDI in PCC 11901 

pUC19: COX-loxP-
GmR 

pUC19 + 5' flanking region of ctaDI (745 bp) + lox66/GmR/lox71 cassette (933 
bp; amplified from vector pICH47732) + 3' region of ctaDI (658 bp) 

Generating marked mutants of CtaDI and introducing 
loxP sites in PCC 11901 

pUC19: COX-loxP-
KanR 

pUC19 + 5' flanking region of ctaDI (745 bp) + lox66/KanR/lox71 cassette 
(1292 bp; amplified from vector pICH47732) + 3' region of ctaDI (658 bp) 

Generating marked mutants of CtaDI and introducing 
loxP sites in PCC 11901 

pUC19:ARTO-
loxP-GmR 

pUC19 + 5' flanking region of ctaCII (531 bp) + lox66/GmR/lox71 cassette (933 
bp; amplified from vector pICH47732) + 3' region of ctaCII (526 bp) 

Generating marked mutants of CtaCII and introducing 
loxP sites in PCC 11901 

pUC19:acs-loxP-
GmR 

pUC19 + 5' flanking region of acs gene (818 bp) + lox66/GmR/lox71 cassette 
(933 bp; amplified from vector pICH47732) + 3' region of acs gene (568 bp) 

Generating marked mutants of Acs and introducing 
loxP sites in PCC 11901 
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pUC19:acs-loxP-
KanR 

pUC19 + 5' flanking region of acs gene (818 bp) + lox66/KanR/lox71 cassette 
(1292 bp; amplified from vector pICH47732) + 3' region of acs gene (568 bp) 

Generating marked mutants of Acs and introducing 
loxP sites in PCC 11901 

pUC19: ldhA-loxP-
GmR 

pUC19 + 5' flanking region of ldhA gene (428 bp) + lox66/GmR/lox71 cassette 
(933 bp; amplified from vector pICH47732) + 3' region of ldhA gene (425 bp) 

Generating marked mutants of LdhA and introducing 
loxP sites in PCC 11901 

pUC19:sdhA-loxP-
GmR 

pUC19 + 5' flanking region of sdhA gene (716 bp) + lox66/GmR/lox71 cassette 
(933 bp; amplified from vector pICH47732) + 3' region of sdhA gene (743 bp) 

Generating marked mutants of SdhA and introducing 
loxP sites in PCC 11901 

pICH47751:Cre-
enzyme-rbcLXS 

pICH47751 + 5' flanking region of the rbcLXS gene (464 bp) + Cre enzyme 
encoding gene (1032 bp) + SpecR cassette (792 bp; amplified from 
pICH41264) + 3' region of rbcLXS gene (336 bp) 

Introduces the Cre enzyme into the essential rbcLXS site 
in PCC 11901 
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5.2.1.5.1 Marked plasmid assembly for codA-5-FC mutant generation 

Assembly of the plasmid for generating marked mutants was performed using a standard Golden 

Gate one-pot digestion/ligation reaction (503). The codA gene in each cassette was placed under 

control of the strong promoter J23101 from the CyanoGate library of parts(42). The flanking regions 

were amplified using the corresponding primers and PCC 11901 genomic DNA (Section 5.2.1.1).  

 

A 20 µL reaction was prepared by adding 2 µL of Ligase Buffer (10X); 2 µL of bovine serum albumin 

(BSA; 1 mg/mL); 1.5 µL of BsaI (NEB); 0.5 µL of T4 ligase (NEB); 40 ng of the pUC19 backbone vector; 

40 ng of the codA/KanR (conferring kanamycin resistance) cassette, codA/SpecR (conferring 

spectinomycin resistance) or sacB/SpecR cassette; 10 ng of the PCR product of the left-flanking 

region; 10 ng of the PCR product of the right-flanking region. The reaction was then cycled in a 

programmed thermocycler for 35 cycles, first at 37°C for 5 minutes, then 16°C for 5 minutes, with 

a final hold at 60°C for 5 minutes to inactivate the enzymes. 

 
 

5.2.1.5.2 Unmarked plasmid assembly for codA-5-FC mutant generation 

Assembly of the plasmid for generating unmarked mutants was performed using a similar method 

as described above, Section 5.2.1.5.1, however the restriction enzyme used in the Golden Gate 

assembly was BpiI (Thermo Fisher). A 20 µL reaction was generated by adding 2 µL of Ligase Buffer 

(10X); 2 µL of BSA (1 mg/mL); 1.5 µL of BpiI; 0.5 µL of T4 ligase (NEB); 40 ng of the marked plasmid; 

40 ng of the pUC19KL CyanoGate linker. To confirm correct assembly, either a double digest 

involving the restriction enzymes SacI-HF (NEB) and ScaI-HF (NEB), or a single digest with SacI-HF 

was used. 

 
 

5.2.1.5.3 Linearising plasmid DNA for transformation 

The plasmids were linearized by digesting 1 µg of the plasmid with 1 µL of ScaI-HF restriction 

enzyme at 65°C for 2 hours and 85°C for 20 minutes to inactivate the enzyme. The linearized 

plasmid size was checked on a 1% agarose gel and then used for transformation.  

 
 

5.2.1.5.4 Plasmid generation for the Cre-loxP site specific recombinase system 

Assembly of the plasmids for generating the marked mutants containing the loxP sites were 

generated using the standard Golden Gate one-pot digestion/ligation reaction, (Section 5.2.1.5.1) 

(503). The sequences for the lox71 (5’-ATAACTTCGTATAATGTATGCTATACGAACGGTA-3’) and lox66 
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(5’-TACCGTTCGTATAATGTATGCTATACGAAGTTAT-3’) sites were derived from Lambert et al. (504) 

The antibiotic resistance cassette within the plasmids encoded for either kanamycin or gentamycin 

resistance. CyanoGate Level 0 plasmids were generated for both the lox71 (pICH41276) and the 

lox66 site (pICH41295) for future use of these sites, as well as a Level 1 plasmid which contained 

both loxP sites flanking either a kanamycin or gentamycin resistance cassette. These Level 0 and 

Level 1 plasmids were generated by our collaborators at the University of Edinburgh. The Level T 

marking plasmids were generated via the standard Golden Gate digestion/ligation protocol (Section 

5.2.1.5.1), containing the corresponding flanking regions which were produced via PCR 

amplification (Section 5.2.1.2). 

 

The plasmid encoding the genes for the Cre recombinase was generated using the Golden Gate 

method (Section 5.2.1.5.1). The flanking regions targeting the rbcLXS site in PCC 11901 were 

homologous to the sites defined in the PCC 7002 method described in Jones et al. (47). The 5’ flank 

(464 bp) and the 3’ flank (336 bp) were inserted either side of the Cre-recombinase gene (1032 bp) 

and a spectinomycin resistance cassette (792 bp) (Figure 5.4). Flanks were generated via PCR 

amplification (Section 5.2.1.2). 
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Figure 5.4 Plasmid map of the Cre recombinase expression vector. The plasmid contains the pICH47751 
backbone which contains both the 5’ rbcL and 3’ rbcS, part of the rbcLXS chromosomal site, flanking the 
Cre recombinase gene and the spectinomycin resistance cassette. 
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5.2.1.6 Verification of mutants via colony PCR 

Once mutants were generated, colony PCR was used to determine whether full segregation had 

occurred. GoTaq® DNA Polymerase (Promega) was used for colony PCR using the primers listed in 

Table 5.3. A typical 50 µL reaction mixture contained: 10 µL of GoTaq® Reaction Buffer, 0.25 µL 

GoTaq® DNA polymerase, 1 µL dNTP mixture (10 mM of dATP, dCTP, dGTP and dTTP), 1 µL 10 µM 

forward primer, 1 µL 10 µM reverse primer, 5 µL DNA template and made up to 50 µL with ultrapure 

water. 

 

The standard GoTaq® PCR protocol consisted of an initial denaturation step at 95°C for 2 minutes, 

and 35 subsequent cycles of 95°C for 1 minute (denaturation), 60°C for 1 minute (primer annealing), 

72°C for 3 minutes (primer extension), with a final extension at 72°C for 5 minutes. The PCR program 

was varied when the standard procedure did not yield optimal results.  

 
 

5.2.2 DNA transformation of cells 

5.2.2.1 Preparation of Competent DH5α E. coli 

A single E. coli colony was picked from a fresh, re-streaked Luria-Bertani Broth (LB) plate and 

inoculated into 5 mL of LB medium before being incubated overnight at 37°C and shaken at 200 

rpm. The overnight culture was used to inoculate 50 mL of LB by the addition of 0.5 mL of the 

overnight culture to the liquid medium. This was then left to grow at 37°C and shaken at 200 rpm 

until an OD600 of ~0.6 was reached and then the culture was placed on ice for 15 minutes. Cells were 

harvested by centrifugation at 8,200 x g for 8 minutes at 4°C and then resuspended in 20 mL of ice-

cold 0.1 M MgCl2. The culture was then incubated on ice for 30 minutes before the cells were 

harvested by centrifugation at 8,200 x g for 8 minutes at 4°C. Pellets were resuspended in ice-cold 

Solution A (250 µL of 1M CaCl2, 1 mL glycerol (50% w/v) and 1.25 mL ultrapure water). 50 µL aliquots 

of cells were then flash-frozen in liquid nitrogen and stored at -80°C.  

 
 

5.2.2.2 Transformation of DH5α E. coli 

Competent DH5α E. coli cells were thawed on ice for 10 minutes and mixed with ~1 µg plasmid DNA 

and incubated on ice for 30 minutes. The cells were subjected to heat shock at 42°C for 45 seconds 

and incubated for 5 minutes on ice. Cells were recovered by the addition of 950 µL of LB medium 

and incubated at 37°C for 1 hour. 50-200 µL of the mix was spread onto LB 1.5% (w/v) agar plates 

supplemented with appropriate antibiotics and incubated at 37°C overnight. 
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5.2.2.3 Transformation of NEB™ Stable Competent E. coli (High Efficiency) 

When plasmids carrying codA with the corresponding promoter were required for transformation, 

NEB® Stable Competent E. coli (High Efficiency) (C3040H, New England BioLabs) cells were used due 

to their ability to survive under this strong promoter. Competent E. coli cells were thawed on ice 

for 10 minutes and mixed with ~1 µg plasmid DNA and incubated on ice for 30 minutes. The cells 

were subjected to heat shock at 42°C for 30 seconds and incubated for 5 minutes on ice. Cells were 

recovered by the addition of 950 µL of room temperature SOC medium and incubated at 37°C for 

1 hour at 250 rpm. 50-100 µL of the mix was spread onto pre-warmed LB 1.5% (w/v) agar plates 

supplemented with appropriate antibiotics and incubated at 37°C overnight. 

 
 

5.2.2.4 Plasmid extraction and purification from E. coli cells 

E. coli cells were harvested from a 10 mL overnight liquid LB culture by centrifugation of 3 mL at 

17,000 x g for 1 minute. Plasmids were extracted and purified from the cell pellet using the 

GenElute™ Plasmid Miniprep Kit (Sigma Aldrich) according to the manufacturers instructions. 

Plasmids were eluted using ultrapure water and either used immediately or stored at -20°C. 

 
 

5.2.2.5 Electroporation 

Starter cultures prepared as standard (Section 3.2.1.4.1) were washed three times with 50 mL of 

ice-cold, sterile 10% (w/v) glycerol. After washes, cells were resuspended in 1 mL of ice-cold 10% 

glycerol. 100 µL of concentrated cells was added to a pre-chilled 1 mm electroporation cuvette 

(VWR® International). Plasmid DNA (1 µg) was added to the cells in the cuvette and incubated for 

5 minutes on ice. Electrotransformation was performed using an Electro cell manipulator at 1000 

volts, 200 Ωs and 25 μFarads. Cells were then transferred to 15 mL round bottom tube (Costar®) 

and 2 mL of AD7 media was added and left to incubate at 30°C with 50 µmol photons m-2 s-1 of light 

and shaking at 200 rpm. After 4 days, 6 days or 8 days of incubation 50 µL of culture was plated 

onto AD7 + 5-FC (0.25 mg/mL). 

 
 

5.2.3 Mutant Generation 

5.2.3.1 Transformation of PCC 11901 for marked mutant generation 

Initially, to generate marked mutants, cultures were grown under standard growth conditions (as 

described in Section 3.2.1.4.1) to OD750nm = 0.5 – 1.0. Cells were spun down at 3,200 x g for 20 

minutes, washed once in fresh AD7 and resuspended in 1mL of AD7 in a 1.5 mL Eppendorf. 
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Approximately 1 µg of marked knockout plasmid was mixed with PCC 11901 cells for a minimum of 

4 hours in liquid AD7 media and shaken at 180 rpm at 30°C under 50 µmol photons m-2 s-1 

illumination. Cells were pelleted again at 1,500 x g for 5 minutes, decanting 800 µL of supernatant 

and resuspending the pellet in the remaining 200 µL. The resuspended culture was then spread 

onto AD7 agar plates containing the appropriate antibiotic concentration. 

 

To ensure segregation of the marked knockout, the kanamycin concentration was increased from 

50 to 100 µg/mL. This was in accordance with the original paper that stated PCC 11901 showed 

partial resistance at low kanamycin concentrations (below 50 µg/mL) (51). To ensure full 

segregation we conducted ‘reverse’ patching. Using the blunt end of a toothpick, colonies were first 

patched onto the AD7 5-FC (0.1 mg/mL) plates and then onto the AD7 kanamycin (100 µg/mL) 

plates. Those colonies that grew on the kanamycin plates, but not on the 5-FC plates, and then 

verified for the absence of the wild-type band via PCR, were considered fully segregated and were 

used for subsequent unmarked transformation attempts. 

 
 

5.2.3.2 Toxicity tests for CodA and 5-Fluorocytosine negative selection 

Once marked mutants were acquired, it was possible to test the effectiveness of 5-FC as a potential 

negative selection marker. Wild-type, and CtaCII and CtaDI marked mutants were grown under 

standard conditions, as outlined in Section 3.2.1.4.1. Starting cultures with an OD750nm = 0.3 - 0.4 

were used and a series dilution was carried out with 20 µL of dilutions 100, 10-1, 10-2, 10-3 and 10-4 

spotted onto plates with differing concentrations of 5-FC (0; 0.05; 0.1; 0.25; 0.5; and 1 mg/mL).  

 
 

5.2.3.3 Generation of unmarked mutants in Synechococcus sp. PCC 11901 

As a method for generating markerless mutant in PCC 11901 had not been reported, we used the 

well-established protocol for generating unmarked mutants in PCC 6803 (40). Cultures of 11901 

were grown in 40-60 mL of AD7 under standard culture conditions, Section 3.2.1.4.1, to an OD750nm 

= 0.4-0.6. Cells were pelleted by centrifuging at 2,300 x g for 10 minutes and the supernatant was 

discarded. The pellets were washed with AD7 media twice and then resuspended in 200 μL of AD7. 

The cells were then transferred to a 14 mL round-bottomed tube and either 1 or 5 µg of the 

unmarked plasmid was added. Samples were incubated for 5 hours by laying tubes horizontally in 

the photobioreactor at 30°C under 50 µmol photons m-2 s-1 light and shaking at 200 rpm. After the 

incubation period, 1.8 mL of AD7 was added and samples were left to incubate for 4 days. 10 μL, 

50 μL and 100 μL were then plated onto either 0.1 mg/mL 5-FC MAD or 0.1 mg/mL 5-FC AD7 plates. 



 154 

Stock solution of 5-FC (10 mg/mL) was prepared and stored at room temperature; -18°C; or made 

fresh and added directly to the liquid agar solution post-autoclaving. BG-11 (0.1 mg/mL 5-FC) plates 

were also trialled. 

 
 

5.2.4 Site-specific Cre-loxP recombinase mutant generation method 

Marked mutants were generated using the plasmids described in Section 5.2.1.5.1. and 

transformation method described in Section 5.2.3.1. After marked mutants were confirmed as fully 

segregated, cultures were inoculated with the Cre-containing plasmid (Section 5.2.1.5.1; 

pICH47751: Cre-enzyme-rbcLXS, Table 5.3), again using the transformation methods described in 

Section 5.2.3.1. and plated onto AD7 solid agar plates containing the antibiotic corresponding to 

the resistance cassette within the Cre-containing plasmids, in this case spectinomycin (20 µg/mL). 
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5.3 Results 

5.3.1 Generation of sacB knockout plasmids 

Initially, the negative selectable marker sacB was tested to determine whether it was ineffective in 

PCC 11901, similar to what has been demonstrated in PCC 7002. This work was carried out by 

collaborators in the McCormick Lab at the University of Edinburgh. 

 
The omega 3 desaturase gene, desB, a known neutral site in PCC 7002 (505), was targeted, using a 

plasmid in which cassettes containing sacB and a gene conferring spectinomycin resistance, were 

inserted between regions in the chromosome flanking the deletion site. Prior to these experiments, 

desB was confirmed as non-essential in PCC 11901 via deletion using a marked plasmid. This 

counter-selection plasmid (pUC19:desB-CodA-Sp, Table 5.3) was transformed into PCC 11901 using 

spectinomycin to select for potential marked knockouts. However, despite three separate 

transformation attempts, no colonies were observed, suggesting that expression of sacB is lethal 

to PCC 11901 even in the absence of sucrose on agar plates. This is dissimilar to PCC 7002, where 

marked mutants were obtained but sacB expression was ineffective in selecting for unmarked 

mutants (40). Since PCC 11901 also encodes a putative sucrose biosynthesis pathway (Figure 3.3), 

which is typically expressed in cyanobacteria under high-salt conditions (506), we also attempted 

to generate marked mutants on low-salt BG11 medium plates. Despite trying two different 

transformation methods in which the incubation time in liquid BG11 medium was altered (4 and 24 

hours), and the cells plated on either BG11 or AD7 solid medium, no colonies were obtained. 

Therefore, it seems unlikely that this negative selectable marker can be used to generate unmarked 

mutants.  

 
 

5.3.2 Generation of marked mutants in PCC 11901 expressing codA 

Transformation with plasmids in which codA replaced sacB as the negative selectable marker 

resulted in approximately 5-40 colonies per microgram of plasmid. Marked mutants of ctaD1 and 

ctaCII, encoding subunits of cytochrome-c oxidase (COX) and the alternative respiratory terminal 

oxidase (ARTO) respectively, were also generated (Figure 5.4C-D; Figure 5.5E-F) using kanamycin 

for selection. These are the only terminal oxidases in PCC 11901 and were selected because these 

genes are non-essential in PCC 6803 and PCC 7002 (447). Segregation of mutants was not obtained 

after multiple streaking on plates containing 50 μg/mL kanamycin. Segregation was only observed 

when the concentration was increased to 100 μg/mL. It was observed that leaving cells to incubate 

with the plasmid overnight (~16 hours) yielded a higher number of transformants.  
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Figure 5.5A-B Generation of marked knockouts in PCC 11901. DNA ladders are shown in lane 
1 in each panel. A) Schematic representations of locus location in the PCC 11901 genome (top) 
and profiles expected in wild-type and the ∆desB marked and unmarked knockouts. B) 
Amplification of genomic DNA in wildtype (Lane 3; Expected band size: 1477 bp) and ∆desB 
marked mutants (Lanes 4-7) using DesBfor and DesBrev primers. Positive control is shown in 
lane 2  
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Figure 5.6C-D Generation of marked knockouts in PCC 11901. DNA ladders are shown in lane 
1 in each panel. C) Schematic representations of locus location in the PCC 11901 genome (top) 
and profiles expected in wild-type and the ∆ctaD1 marked and unmarked knockouts. D) 
Amplification of genomic DNA in wild-type (Lane 2) and ∆ctaD1 marked mutants (Lanes 4-9) 
using COXfor and COXrev primers. Negative control (no gDNA) is shown in lane 3  
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Figure 5.7E-F Generation of marked knockouts in PCC 11901. DNA ladders are shown in lane 
1 in each panel. E) Schematic representations of locus location in the PCC 11901 genome (top) 
and profiles expected in wild-type and the ∆ctaCII marked and unmarked knockouts. F) 
Amplification of genomic DNA in wild-type (Lane 3) and ∆ctaCII marked mutants (Lanes 4-7) 
using ARTOfor and ARTOrev primers. Negative control (no gDNA) is shown in lane 2.  
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5.3.3 Testing the feasibility of a codA–5-FC method for producing marker-less 
transformants. 

Prior to generating unmarked mutants, wild-type and the ΔctaD1 and ΔctaCII marked mutants were 

cultured on plates with increasing concentrations of 5-FC (Figure 5.6). Wild-type cells grew well up 

to concentrations of 0.5 mg/mL but growth was poor at 1 mg/mL. Marked mutants did not grow, 

even on the lowest concentration of 0.05 mg/mL. This suggests that 5-FC is lethal to PCC 11901 

cells expressing native E. coli CodA and has the potential to work as a negative selectable marker in 

PCC 11901.  
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Figure 5.8 Growth of wild-type 11901 and the ctaD1 and ctaCII marked mutants on plates with increasing 
concentrations of 5-FC. Dilutions are shown above the top row plates. 
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5.3.4 Markerless transformants in PCC 11901 could not be generated using the 
codA-5-FC method 

As described in Section 5.2.4, multiple methods of unmarking were trialled in two different 

laboratories with different alterations applied in each case. Following transformation of at least six 

different marked mutants targeting each of the two loci with the unmarking plasmids (Table 5.3) 

and incubation for four days in a shaking incubator, transformants were selected on plates with 

0.25 mg/mL 5-FC added directly to the plate or to an agar layer added 24 hours after the initial 

plating. No fully segregated unmarked colonies were obtained under any of these conditions at this 

stage. Colonies were then re-streaked on plates with increasing concentrations of 5-FC, up to 1 

mg/mL. However, again no mutants were obtained with the expected unmarked profile (Figure 

5.7A-C). Increasing the incubation time after transformation from four to six or eight days did not 

result in segregated unmarked colonies. Sequencing of one of these clones confirmed that there 

were no mutations in codA, or the regions upstream and downstream of this gene. All mutants 

contained the marked mutation or in some cases also the wild-type profile. This suggests that CodA 

is a poor negative selectable marker and unsuitable for generating unmarked PCC 11901 mutants. 
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Figure 5.9 Attempted generation of unmarked knockouts in PCC 11901. A) Amplification of genomic DNA in the ∆desB marked mutant (Lanes 5) and 
putative DesB unmarked mutants (Lanes 2-4, 6) using DesBfor and DesBrev primers. B) Amplification of genomic DNA in putative ∆ctaD1 unmarked 
mutants (Lanes 2-11) using COXfor and COXrev primers. Negative control (no gDNA) is shown in lane 12. Amplification of wild-type is shown in lane 
13. C) Amplification of genomic DNA in putative ∆ctaCII unmarked mutants (Lanes 2-10) using ARTOfor and ARTOrev primers. Negative control (no 
gDNA) is shown in lane 11. Amplification of wild-type is shown in lane 12. 
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5.3.5 Unsuccessful attempts at producing markerless transformants in PCC 11901 
using the Cre-loxP site-specific recombinase method 

The plasmids containing the loxP sites were effectively used to generate marked mutants, using 

either kanamycin or gentamycin for the selection pressure. Marked mutants were successfully 

generated within the ctaD1 sites, as described above in Section 5.3.2. Alternative marked mutants 

were generated for knockouts of the succinate dehydrogenase/fumarate reductase flavoprotein 

(sdhA) gene, the acetate-CoA ligase (acs) gene, both located within the main chromosomal genome, 

and the 2-hydroxyacid dehydrogenase (ldhA) gene, located on plasmid NZ_CP040361.1. This 

method similarly resulted in approximately 3-50 colonies per microgram of plasmid and were fully-

segregated after two further streaks on either 25 μg/mL gentamycin or 100 μg/mL kanamycin 

plates (Figure 5.8). ∆ctaD1 marked mutant with kanamycin resistance were successfully generated. 

Potential marked ∆ctaD1 mutants with gentamycin resistance were also generated, however the 

primers that were used amplified a product with a similar profile to the wild-type, so these were 

unconfirmed as marked mutants (Figure 5.8B). The ∆ctaD1 marked mutant with kanamycin 

resistance was used for further transformation (Table 5.3). The ΔctaCII mutant was never fully 

segregated (Figure 5.8D). 

 

Once fully segregated mutants were confirmed, these were transformed with the Cre-containing 

plasmid (pICH47751: Cre-enzyme-rbcLXS, Table 5.3). Colonies were never successfully grown on 

AD7 solid agar with spectinomycin (25 μg/mL) plates, despite increasing the plasmid concentration 

to 5 μg, and reducing the spectinomycin concentration to 20 μg/mL. This suggests that all 

chromosomal rbcLXS sites are essential in PCC 11901, unlike in PCC 7002. This could possibly be due 

to a smaller number of chromosomes in this species, although this requires verification. Wild-type 

PCC 11901 was also inoculated with the Cre-containing plasmid to determine whether the rbcLXS 

site was suitable for genetic manipulation in PCC 11901. Again, no colonies were gained, suggesting 

that this site is unsuitable for genetic manipulation within this species.  
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Figure 5.10A-B Generation of marked knockouts in PCC 11901 using lox plasmids. DNA ladders 
are shown in lane 1 in each panel. A) Schematic representations of locus location in the PCC 
11901 genome (top) and profiles expected in wild-type and the ∆ctaD1 marked and unmarked 
knockouts using the Cre-loxP recombinase plasmids. B) Amplification of genomic DNA in wild-
type (Lane 7) and ∆ctaD1 marked mutant with kanamycin resistance (Lane 2) and ∆ctaD1 
potential marked mutants with gentamycin resistance (Lanes 3-7) using COX_LOX_for and 
COX_LOX_rev primers. 
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Figure 5.11C-D Generation of marked knockouts in PCC 11901 using lox plasmids. DNA ladders 
are shown in lane 1 in each panel. E C) Schematic representations of locus location in the PCC 
11901 genome (top) and profiles expected in wild-type and the ∆ctaCII marked and unmarked 
knockouts using the Cre-loxP recombinase plasmids. D) Amplification of genomic DNA in wild-
type (Lane 3) and attempted ∆ctaCII marked mutants with gentamycin resistance (Lanes 4-6) 
using ARTO_LOX_for and ARTO_LOX_rev primers. Negative control (no gDNA) is shown in lane 
2. 
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Figure 5.12E-F Generation of marked knockouts in PCC 11901 using lox plasmids. DNA ladders 
are shown in lane 1 in each panel. E) Schematic representations of locus location in the PCC 
11901 genome (top) and profiles expected in wild-type and the ∆acs marked and unmarked 
knockouts using the Cre-loxP recombinase plasmids. F) Amplification of genomic DNA in wild-
type (Lane 2) and ∆acs marked mutants with gentamycin resistance (Lanes 4-6) using 
acs_LOX_for and acs_LOX_for primers. Negative control (no gDNA) is shown in lane 3. 
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Figure 5.13G-H Generation of marked knockouts in PCC 11901 using lox plasmids. DNA ladders 
are shown in lane 1 in each panel. G) Schematic representations of plasmid NZ_CP040361.1 
location in the PCC 11901 genome (top) and profiles expected in wild-type and the ∆ldhA 
marked and unmarked knockouts using the Cre-loxP recombinase plasmids. H) Amplification of 
genomic DNA in wild-type (Lane 2) and ∆ldhA marked mutants with gentamycin resistance 
(Lanes 4-6) using ldhA_LOX_for and ldhA_LOX_for primers. Negative control (no gDNA) is shown 
in lane 3. 
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Figure 5.14 Generation of marked knockouts in PCC 11901 using Lox plasmids. DNA ladders are 
shown in lane 1 in each panel. I) Schematic representations of locus location in the PCC 11901 
genome (top) and profiles expected in wild-type and the ∆sdhA marked and unmarked 
knockouts using the Cre-loxP recombinase plasmids. J) Amplification of genomic DNA in wild-
type (Lane 3) and ∆sdhA marked mutant with kanamycin resistance (Lanes 4) using 
sdhA_LOX_for and sdhA_LOX_for primers. Negative control (no gDNA) is shown in lane 2. 
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5.4 Discussion 

While genetic manipulation via natural transformation of PCC 11901 has been demonstrated (51), 

including marked gene deletions and chromosomal insertion of gene cassettes, a system for 

repeated chromosomal unmarked modification has not been developed. This is essential for 

biotechnology applications since multiple chromosomal modifications will likely be necessary to 

generate strains of commercial value. Generation of marked mutations in multiple chromosomal 

locations is limited by the number of available cassettes conferring antibiotic resistance. Currently, 

there are five to seven antibiotic resistance cassettes which have been successfully used in model 

cyanobacterial species (130). This limits the number of chromosomal modifications possible, which 

may be inadequate for most biotechnology applications. An additional issue is the potential release 

of organisms containing genes encoding resistance to antibiotics into the environment.  

 
 

5.4.1 Factors underlying failure of SacB as a negative selectable marker in PCC 
11901 

Our inability to generate marked mutants using sacB containing plasmids may be due to a number 

of factors. Native expression of sucrose in cells may be high enough to make expression of sacB 

lethal, even in a suicide plasmid. Reducing the salt concentration in solid BG11 agar did not 

overcome this issue. One possibility might be to delete spp in a marked mutant, encoding the 

protein converting sucrose-6-P to sucrose (Figure 3.3). This gene could then be subsequently 

deleted via a two-step unmarked mutation process and if successful, this strain could then be 

utilised for further unmarked mutations. However, one issue with this approach is the potential to 

render the strain less fit under high salt concentrations and any reduction in growth may outweigh 

the advantages of developing a strain suitable for two-step sacB unmarked mutation. 

 
 

5.4.2 Factors underlying failure of CodA as a negative selectable marker in PCC 
11901 

Our inability to generate fully segregated unmarked mutants using codA containing plasmids seems 

surprising given that 5-FC is lethal to PCC 11901 cells expressing CodA. However, despite multiple 

attempts to generate  unmarked mutants, trialled across two laboratories and at different genetic 

sites of interest, we were unable to generate an unmarked mutant using codA. Future work should 

involve testing novel negative selectable markers in PCC 11901 as and when they are discovered. 
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Potential issues with the codA system could be down to the potentially higher polyploidy in this 

species compared to PCC 6803 or PCC 7002, although our inability to integrate a cassette into 

rbcLXS may suggest that there are less chromosomes in PCC 11901. For example, generation of 

segregated marked knockouts of ctaD1 and ctaCII in PCC 6803 in our laboratory was achieved after 

two streaks on agar plates containing kanamycin at a concentration of 30 μg/mL (502). However, 

in PCC 11901, more streaks on plates containing a higher concentration of kanamycin, up to 100 

μg/mL, was required. Polyploidy needs to be determined in this species under a range of growth 

and nutrient conditions, as has previously been performed for PCC 6803 (427). It is possible that 

growing PCC 11901 on low phosphate media may reduce polyploidy and make it easier and quicker 

to generate marked mutants, as has been shown in PCC 6803 (427). 

 
 

5.4.3 The site specific Cre-loxP recombinase method 

Our inability to incorporate the Cre recombinase coding gene into rbcLXS in the marked mutants or 

wild-type may be due to a number of factors. The rbcLXS locus, homologous to the site used in PCC 

7002 (47), may be unsuitable since the cell may have a strong bias against removing any 

chromosomal copies. Surprisingly, culturing cells with the addition of glycerol did not overcome 

this. An alternative technique would be to focus on a different site, such as psbEFLJ, encoding for 

components of photosystem II, as suggested in Jones et al., (47). 

 
 

5.4.4 Future Work 

The ability to generate unmarked knockouts using available negative selectable markers is crucial 

for the development of PCC 11901 for biotechnology (Section 5.1.1). If new negative selectable 

genes are discovered which can be utilised in bacteria, then these should be tested in PCC 11901 in 

future studies. CRISPR based genome editing, which have been utilised to generate segregated 

mutants in PCC 6803 (290,507,508), PCC 7942 (191,507,509), UTEX 2973 (46,191,507) and 

Anabaena sp. PCC 7120 (507,510), could be a potential alternative strategy for genetic 

modification. This method is currently being investigated by our collaborators in the McCormick 

laboratory at the University of Edinburgh. Alternative recombinase-based approaches using 

alternative essential chromosome locations for insertion of the Cre enzyme or the FLP/FRP method 

also have the potential to successfully generate unmarked mutants. To further improve this 

organism as a biotechnology chassis, mutant generation should be compatible with parts from the 

CyanoGate library (42).  



 

Chapter 6  
General Discussion 
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Chapter 6: General Discussion 

6.1 Overview 

This thesis aimed to provide an in-depth analysis of the newly discovered species PCC 11901, assess 

its relevance for cyanobacterial biotechnology and develop genetic tools for generating strains 

suitable for applied applications. Numerous aims were achieved, including: A) Improved 

understanding of central metabolism and transport in PCC 6803 and PCC 11901; B) Validation of 

PCC 11901 as a fast growing species of potential use in biotechnology; C) Improved understanding 

of the factors potentially responsible for the improved growth of PCC 11901; D) Testing of a wide-

range of methods for genetic manipulation of the species. 

 
 

6.2 Improving our current understanding of cyanobacterial 
metabolism and transport 

The genome of PCC 6803 contains 3,456 genes, of which only ~1,200 are functionally known, less 

than half-compared to E. coli (196). An analysis of the published literature, combined with a 

comparative genome analysis between E. coli and PCC 6803, was used to perform the most 

comprehensive analysis to date of PCC 6803 metabolism and transport. It is likely that many of the 

biochemical pathways are conserved throughout the phylum, and this analysis will aid our 

understanding of other cyanobacteria, including environmentally important species or those with 

potential for biotechnology.  

 

By improving our overall understanding of PCC 6803, we also highlighted steps in cyanobacterial 

metabolism for which no enzyme has been assigned, i.e. methionine and tyrosine metabolism, and 

which may vary between cyanobacteria and other bacteria. Identification of these novel 

cyanobacterial enzymes should be the focus of future research and may require the use of 

comparative genomics to identify candidate genes. Analysis of mutants, possibly derived from 

CyanoSource (130), combined with enzyme assays, would be required to characterise such novel 

cyanobacterial enzymes. These could then be introduced into metabolic maps, thereby aiding 

metabolic engineering and future bioinformatic and computational studies, such as flux balance 

analysis.  
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Mapping of central metabolism and transport was also successfully conducted for PCC 11901. 

Comparative analysis with PCC 6803 did not reveal any major differences that may contribute to 

the fast growth phenotype of PCC 11901 as most metabolic pathways were largely conserved 

between the two species. However, it is possible that differences in carbon flux may play a role in 

the fast growth traits. This would have to be determined via in vivo radioactive carbon labelling 

experiments with 13CO2, combined with metabolomic analysis (511). Preferably, this should be 

performed across a range of growth conditions (e.g. low vs high CO2) in order to identify metabolic 

differences leading to high growth and biomass accumulation. For example, PCC 6803 directs 20 

times more carbon towards synthesis of carbohydrates than for industrially relevant terpenoids 

(512). The knowledge gained from flux experiments would provide insights into how fixed carbon 

could be redirected towards more industrially relevant metabolic pathways. It may also allow us to 

identify differences in expression of certain genes responsible for the fast growth phenotype of PCC 

11901 that could be introduced into other phototrophs.  

 
 

6.3 Confirming the validity of PCC 11901 as an optimal species for 
biotechnology 

PCC 11901 shows great promise as a bioindustry chassis (51). We aimed to test this species further 

with a particular focus on its potential application in a biotechnology environment. One of the 

issues with previously discovered ‘fast growing’ species has been insufficient testing of growth 

under a range of conditions, which is a prerequisite before more expensive and larger scale 

biotechnology experiments are conducted. The prime example of this has been UTEX 2973, which 

we were able to show is not able to sustain its fast growth or accumulate large quantities of biomass 

after 24 hours of growth when compared to PCC 11901 under the reported optimal conditions for 

UTEX 2973.  

 

Our in-depth analysis of PCC 11901 demonstrated that it was able to outcompete a number of 

model cyanobacterial species in both biomass accumulation and growth rates and that fast growth 

was maintained over a broad range of light intensities (Figure 4.1). Combined with modelling, we 

were able to determine the optimum light intensity of 735 µmol photons m-2 s-1 for growth and 

biomass accumulation of PCC 11901 in a PBR under 5% CO2/air. This was accomplished by testing 

the strain against other cyanobacteria in a small, lab-scale PBR, possibly with similar attributes to 

industrial PBRs. Ultimately, this must be validated by growing this species in larger scale outdoor 

PBRs exposed to environmental conditions. 
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6.4 Improved understanding of the fast-growing phenotype of PCC 
11901 

We were also able to identify several factors which could account for the fast growth rate and 

biomass accumulation of PCC 11901. Photoinhibition was lower in PCC 11901 compared to the 

other species tested, although not significantly different from UTEX 2973 after 20 mins. This further 

suggests that UTEX 2973 is a high-light tolerant strain, rather than a fast growing one. 

Photosynthetic and respiratory rates and quantum efficiency were significantly higher in PCC 11901 

compared to the other species. This could be due to differences in the electron transport chain 

(Figure 3.11) or higher light harvesting efficiency in PCC 11901. The faster growth rate under 

elevated CO2 concentrations could also be due to higher carboxylation rates of the native PCC 

11901 RuBisCO. In turn this may result in higher turnover of NADP+/NADPH and ADP/ATP, limiting 

over-reduction of the electron transport chain. Future work should investigate the carboxylation 

rate and CO2/O2 affinity of RuBisCO in PCC 11901 and slower growing cyanobacteria to confirm this. 

As mentioned previously, higher biomass accumulation could also be due to differences in carbon 

flux. Recent work carried out in PCC 6803 demonstrated that overexpression of native RuBisCO, 

sedoheptulose 1,7-biphosphatase, fructose-bisphosphate aldolase and transketolase (enzymes 

within the Calvin-Bassham-Benson cycle) resulted in a 42% increase in biomass (315,513–516).  

 

Comparative genomics suggests that the PBS is smaller in PCC 11901 compared to PCC 6803. This 

may be advantageous for growing PCC 11901 in dense cultures, such as large scale industrial PBRs. 

In theory, an attenuated PBS will result in lower light absorption of cells at the surface, thereby 

reducing photoinhibition, as well as allowing additional light to penetrate into the PBR interior, 

thereby increasing productivity of the overall culture. Reducing the size of PBS has been attempted 

in PCC 6803 via deletion of various components but has had mixed results in terms of increasing 

biomass production (20,448–453).  

 
 

6.5 Development of methods for generation of unmarked mutants 

We were able to generate marked gene knockouts in numerous chromosomal sites in PCC 11901 

using a range of different antibiotics for selection. Unfortunately, attempts to generate an 

unmarked mutant were unsuccessful and we have shown that sacB-sucrose and codA-5-FC 

methods are unsuitable for use in PCC 11901. We also attempted to replicate the Cre-lox site 

specific recombinase method which has been successful in PCC 7002, as described in Jones et al. 



 175 

(47). Attempts at generating marked knockouts with the antibiotic cassettes flanked by the lox66 

and lox71 sites were successful, but we were unable to integrate the Cre expressing gene into the 

essential rbcLXS chromosome site within PCC 11901. It is likely that this method should work in PCC 

11901 due to the success demonstrated in PCC 7002. Alternative essential sites within the genome, 

such as psbEFLJ, or increasing the length of the flanking regions within the knockout plasmid should 

be tested. The flanking regions in our Cre plasmid were 464 bp and 336 bp in length. However, it 

has been shown that increasing flanking regions to >800 bp increased the number of successful 

transformants in PCC 7002 (505). Alternatively the FLP/FRT site specific recombinase method may 

be more efficient at mutant generation in PCC 11901 and should also be tested in the future (494). 

This work could be combined with development of CyanoGate parts for PCC 11901, including 

different combinations of promoters and terminators to achieve optimal production of the desired 

compound or protein.  

 

Other methods for generating unmarked mutants could utilise techniques such as CRISPR/Cas 

genome editing tools. CRISPR has been successfully used in numerous cyanobacterial species, 

including PCC 6803 (290,507,508), PCC 7942 (191,507,509), UTEX 2973 (46,191,507) and Anabaena 

sp. PCC 7120 (507,510). A potential drawback to this method is the toxicity of the Cas enzyme in 

cyanobacteria. The native Cas9 of Streptococcus pyogenes (SpCas9) is the only enzyme from the 

Cas9 family to be successfully expressed in cyanobacterial strains (PCC 6803, PCC 7942 and UTEX 

2973 (46,508,509)). However, expression of SpCas9 has been linked to toxicity and failure to 

recover colonies in all three species, even at low expression levels. The mechanism of toxicity of 

SpCas9 in cyanobacteria is unknown and perhaps other Cas9 enzymes may be more compatible. 

Expression of Cas12a, native to Francisella novicida (FnCas12a), is not toxic to UTEX 2973, PCC 6803, 

PCC 7942 and Anabaena PCC 7120 (191,507,510). New Cas enzymes, such as CasX, continue to be 

identified and these should be tested in PCC 11901 (and other cyanobacteria) (517). CRISPR 

interference (CRISPRi) should also be investigated for repressing native genes to reduce flux 

through competing metabolic pathways and directing energy sources towards a targeted chemical. 

CRISPRi has been successfully used to repress glutamine synthetase, encoded by glnA, in PCC 7002, 

which increased lactate production by two-fold (518). CRISPRi is not only a useful tool for synthetic 

biology but it can also aid studies into natural physiology and metabolism of a species. Since this 

method worked in PCC 7002, it could potentially be used in PCC 11901 in the future. However, the 

long-term stability of repression is unknown. 
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6.6 The future of PCC 11901 for cyanobacterial biotechnology 

The work from this thesis strongly indicates that PCC 11901 should be considered for biotechnology 

applications in the future. However, to avoid repeating past mistakes with cyanobacteria and 

“green” technology, further experiments are required.  

 

One of the main issues with cyanobacterial research has been the cost of scaling from laboratory 

settings to industrial sized PBRs which can house hundreds to thousands of litres of culture. Further 

experiments should focus on growing PCC 11901 in outdoor PBRs under natural sunlight with high 

CO2 containing gas, preferably flue gas from industrial sources, to determine whether fast growth 

and biomass accumulation can be replicated at larger scale. PCC 11901 is yet to be tested under 

diurnal light conditions for long periods which may be vital if the strain is to be grown outdoors. 

Testing the upper and lower limits of temperature is also important to predict the best geographical 

location for outdoor bioreactors. From these experiments we could possibly identify optimal days 

and time for harvesting biomass, the length of the stationary phase, as well as the potential to test 

continuous culturing techniques. As mentioned in Chapter 1, co-culturing with other beneficial 

bacteria may reduce contamination of cultures. This would be useful to investigate, especially if 

outdoor bioreactors prove to be successful for cultivation of PCC 11901. Conversely, since cultures 

grown at larger scale are unlikely to remain axenic, it is important to determine how resistant PCC 

11901 cultures are to contamination and mass death from invasive predators. One of the typical 

issues with culturing marine cyanobacterial and algal species is the requirement of vitamin B12, an 

expensive addition to large-scale cultures which can make synthesis of lower value chemicals 

unfeasible. However, a spontaneous vitamin B12 independent mutant of PCC 11901 has been 

successfully isolated and shown to grow without vitamin B12 at a similar rate to wild-type PCC 11901 

grown with vitamin B12 (195).  

 

Ultimately, PBR design will be one of the main factors that will limit scaling up to an industrial level 

(163,519–521). The modelling carried out as part of this thesis aimed to predict the optimal 

conditions for fast growth and biomass accumulation for PCC 11901 under the specific parameters 

of the MC-1000 multicultivator used in the study. The advantage of modelling is that particular 

constraints can be altered with a few lines of code, thereby saving time and money, thus ensuring 

the limits of particular bioreactors are taken into consideration when growing photoautotrophic 

organisms. As computational models continue to improve with the increasing data from PBR design 

and cyanobacteria research, future PBR design may be less of a limiting factor in scaling up 
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cyanobacteria for biotechnology. However, modelling must be supported by experimental data, 

further emphasising the need for large scale, outdoor PBR growth experiments. 

 
 

6.7 Concluding remarks 

Cyanobacteria have huge potential to be an industrially valuable and renewable biomass source 

and chassis for production of valuable chemicals and proteins. There remain certain challenges in 

scaling up, PBR design and ensuring metabolic pathways can be introduced and controlled in a 

predictable manner. However, the future for cyanobacteria is promising as metabolic engineering 

and synthetic biology approaches continue to increase metabolite production in cyanobacteria, 

novel strains with industrially desirable traits are discovered and technology advances allowing 

more comprehensive computer modelling and better PBR design. With these advancements, 

cyanobacterial biotechnology may expand to a scale which could reduce our reliance on non-

renewable and high polluting sources for a range of products which a growing world population 

requires.  
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