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Abstract 

The extremophilic nature and metabolic flexibility of Galdieria spp. have major 

potential in several biotechnological applications1. However, limiting research into successful 

large scale continuous cultivation of Galdieria sulphuraria has restricted industrial application 

of the species1. This research focused on investigating the feasibility of light dependant and 

independent continuous cultivation of Galdieria sp. RTK37.1 in various trophic and light 

conditions. Stable growth of Galdieria sp. RTK37.1 was achieved during photoautotrophic, 

mixotrophic and heterotrophic conditions, highlighting the ability to achieve submaximal 

specific growth while continuous collecting biomass for product retrieval. These results have 

potential industrial ramifications as they demonstrate that the growth of Galdieria sp. RTK37.1 

can be manipulated to obtain desired biomass and product yields over long cultivation periods.  

Continuous cultivation of Galdieria sp. RTK37.1 under various light intensities 

highlighted that operating chemostats under non-optimal light conditions not only affect the 

growth of Galdieria sp. RTK37.1 but also the ability to control and achieve desired stable 

growth. Light intensities greater than ~ 101 mol m-2 s-1 increased wall adhesion and decreased 

overall photosynthesis rates in photoautotrophically grown Galdieria sp. RTK37.1. Although 

biomass production increased during cultivation under warm white LED lighting at 191.3 mol 

m-2 s-1, the presence of immobilised cells is not desired during chemostat cultivation as can 

lead to non-optimal operation and the inability to obtain steady state growth.  

Mixotrophic growth is defined as the ability for a cell to combine the mechanisms of 

photoautotrophic and heterotrophic growth, utilising both inorganic carbons through 

photosynthesis and organic carbon through respiration simultaneously6.  Mixotrophic 

cultivation of Galdieria sp. RTK37.1 was shown to be an ideal growth condition for obtaining 

greater biomass production compared to photoautotrophically and heterotrophically grown 

Galdieria sp. RTK37.1. During steady state mixotrophic growth, Galdieria sp. RTK37.1 

achieved a biomass concentration of 1.43 ( 0.12) g L-1, significantly greater than biomass 

concentrations during photoautotrophic and heterotrophic growth, which were only 0.93 ( 

0.01) g L-1 and 0.63 ( 0.02) g L-1 respectively (t-test: p-value < 0.0001). The increased biomass 

production, along with the decreased net specific oxygen evolution rates and crude protein 

percentage (which indicated a decrease in photosynthesis compared with photoautotrophy) lead 

to the conclusion that Galdieria sp. RTK37.1 is a true mixotroph. The results demonstrated a 

synergistic effect between photosynthesis and aerobic respiration during mixotrophy, 
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indicating both metabolism methods being utilised simultaneously in mixotrophic Galdieria 

sp. RTK37.1.  

This research demonstrated that Galdieria sp. RTK37.1 is a promising strain for larger 

scale production, with evidence towards its ability to be used for large scale continuous 

cultivation in a range of applications such as phycocyanin production. Biomass production and 

growth of Galdieria sp. RTK37.1 can be controlled during continuous cultivation by limiting 

nutrients such as carbon or ammonia, or through various light intensity and wavelength 

conditions. Additionally, this research highlighted the ability for Galdieria sp. RTK37.1 to 

adapt to a wide range of conditions, achieving stable growth even under multiply limiting 

factors.  
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1 Chapter 1: Research Introduction  

Anthropogenic activity including rice paddles, domesticated animals, landfills, fossil 

fuel acquisition, and agriculture all account for increasing greenhouse gas 

emissions7. Currently, 50 billion tonnes of greenhouse gases (carbon dioxide equivalents) are 

being emitted into the atmosphere, concentrations 40% greater than in 19908. Greenhouse 

gases, including water vapour, carbon dioxide (CO2), methane (CH4), nitrous oxide and ozone, 

trap heat increasing the temperature within the atmosphere9,10.  This increasing temperature is 

resulting in unpredictable weather patterns, increased natural disaster occurrence, sea level 

rising and an increase in droughts and heatwaves11. CH4 and CO2 are major greenhouse gases 

produced predominantly as by-products associated with hydrocarbon fuel production and use, 

geothermal power generation, animal farming and other agriculture12. CH4 is approximately 

200 times less concentrated in the atmosphere than CO2, although CH4 is 25% more potent in 

terms of heat holding capacity7.  Gas streams produced by geothermal power generation, oil 

and gas production are often too dilute for traditional pollution mitigation devices such as dry 

scrubbers and electrostatic precipitators, therefore are released into the environment through 

ventilation systems7.  

The agricultural industry is the greatest contributor to greenhouse gas emissions. This 

is largely due to methane emissions from livestock, nitrous oxide from fertilisation and limiting 

CO2 reduction by photosynthesis due to land clearing for crop and livestock yielding13. 

Agriculture is the third largest user of fresh water, a major polluter, and accelerates the loss of 

biodiversity driving wildlife extinction13. Although the agricultural industry has significant 

negative effects on the environment there is a major conflict as the industry provides 34% of 

protein and 16% of the energy required in human diets14. With the human population estimated 

to reach 9 billion people in 2024 the requirement for a wider range of nutritional food across 

developing countries is increasing. As a result, the requirement for crops and livestock 

production is estimated to double by 205015. The availability for a regular supply of safe, cost 

effective animal feed is required in order to meet the demands of this ‘livestock revolution’ 

currently occurring14.  

Galdieria spp. is an extremophilic microalgae which due to its growth versatility and 

ability to adapt to a range of environmental conditions, poses a possible solution for the 

greenhouse effect and Livestock Revolution. Galdieria spp. can metabolise CO2 and generate 

high density biomass that has the possibility to be converted into a high protein content 
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feedstock. Galdieria spp. is a thermoacidophilic unicellular microalgae that thrives in acidic 

conditions, hot temperatures and can survive under pure concentrations of CO2
16,17. Studies on 

the industrial application of Galdieria spp. are increasing but lacks research supporting 

successful large scale continuous cultivation. This research aims to investigate the growth of 

Galdieria sp. RTK37.1 during continuous cultivation in different trophic (photoautotrophy, 

mixotrophy and heterotrophy) and light conditions. This will provide evidence around the 

suitability for this strain to be continuously cultivated in larger volumes for commercial 

biotechnical use of this extremophilic species.   
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1.1 Statement of Research Aims and Objectives 

The overall objective of this research is to investigate the feasibility of light 

(in)dependent continuous cultivation of an extremophilic algae species, Galdieria sp. 

RTK37.1. This objective will be achieved by investigating the following hypotheses:  

1. Galdieria sp. RTK37.1 is a true mixotroph. 

Galdieria sp. RTK37.1 will be grown mixotrophically, in both batch and continuous cultivation 

to determine if Galdieria sp. RTK37.1 is a true mixotroph. Mixotrophic growth is the ability 

of a cell to combine the mechanisms of photoautotrophic and heterotrophic growth, utilising 

both inorganic carbons through photosynthesis and organic carbon through respiration 

simultaneously6. True mixotrophy will be concluded based on steady state biomass production, 

nutritional compositions and net specific oxygen evolution rates. Although it has been 

concluded that some strains of G. sulphuraria are capable of mixotrophy, it has not been 

concluded whether Galdieria sp. RTK37.1 is a mixotroph.  

2. Stable continuous cultivation of Galdieria sp. RTK37.1 is achievable during 

photoautotrophic, mixotrophic and heterotrophic growth conditions.  

Galdieria sp. RTK37.1 will be grown in continuous chemostats to achieve steady state 

growth in different trophic growth conditions including photoautotrophic, mixotrophic and 

heterotrophic. Biomass will be collected over the duration of steady state growth to investigate 

growth yields, nutritional composition and phycocyanin production. Providing evidence in the 

successful stable growth of Galdieria sp. RTK37.1 in chemostats shows scale up potentially 

for numerous biotechnical applications.  

3. The growth and pigment production of Galdieria sp. RTK37.1 depends on the light 

intensity and wavelength condition during continuous cultivation 

During continuous photoautotrophic cultivation of Galdieria sp. RTK37.1, the effect of 

varying light intensity and wavelength has on the overall growth and pigment production 

of Galdieria sp. RTK37.1 will be investigated. The light dependence of Galdieria sp. 

RTK37.1 photosynthesis rates will also be investigated through oxygen evolution 

experiments.  
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2 Chapter 2: Microalgae - Literature Background 

2.1 The Ecology and Taxonomic Classification of Algae 

Algae are defined as a heterogeneous group of photosynthetic, oxygen-producing 

eukaryotic organisms present in diverse habitats throughout the world18. Algae have been found 

growing in both aquatic and terrestrial environments, and can also grow as an epiphyte (ability 

to grow on another plant species), endophyte (ability to grow inside another plant species) and 

in extreme conditions19. Aquatic algae are found in both fresh and saline water, with ranging 

conditions in pH, temperature, turbidity, O2 and CO2 concentrations18. Terrestrial algae can 

survive in habitats such as rocks, soil and other dry environments, forming stable relationships 

with fungi and other organisms18. Algae aid in oxygen and complex nutrient supply to these 

organisms in return for protection and simple nutrients18.  

Taxonomic classification of algae species is based on a number of factors including 

morphology, physiology, biochemical factors and more recently molecular characteristics19.  

The hierarchy for the classification of algae follows that of plants, including division, class, 

order, family, genus, and species. Current algae classification was proposed in 1935 by 

Fritsch20, which groups different algae species into 11 classes based on the occurrence of the 

species in specific environments (e.g. Aquatic, Terrestrial etc.), photosynthetic pigments 

produced, reserved food material, cell structure, presence of flagella and reproductive 

method19,20.  

2.1.1 Extremophilic Microalgae  

Extremophiles are those organisms that thrive in conditions beyond that considered to 

be “normal” from an anthropocentric perspective21,22. Environmental conditions considered 

“normal” include temperatures between 4-40 °C, pH conditions between 5-8.5 and saturated 

salinity concentrations21,22.  

Cyanidiaceae 

The Cyanidiaceae (within the order Cyandiales) are a class of thermoacidophilic 

unicellular algae, which grow in volcanic and thermal environments in acidic pH (0.05 – 5) 

and hot temperature (35 – 56˚C) conditions1,16,23. The first isolation of Cyanidiaceae (1933) led 

to a large investigation into the taxonomic position to which Cyanidiaceae belong1,16. This is 

due to the simple morphology and pigment colour resulting in the Cyanidiaceae class being 
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placed in various taxon groups, including cyanobacteria (blue-green algae)1,16,24, 

Chlorophyta1,25, Cryptophyta1,26 and Glaucophyta1,278. The Cyanidiaceae were officially 

recognised within the phylum Rhodophyta in 19581,16,17, due to the presence of several 

characteristics of Rhodophyceae28. These features include lack of flagella, production of 

phycobiliprotein pigments, unstacked thylakoids and chloroplasts lacking an external 

endoplasmic reticulum28,29.  

Phylogenetic analysis of Cyanidiaceace (including Galdieria spp., Cyanidium spp. and 

Cyandioschyzon spp.) supported the division into four distinct lineages, as described in Merola 

et al, 198128,30,31. The first lineage is the Galdieria lineage, which is divided into clades A and 

B28. Galdieria A clade contains Galdieria sulphuraria, while Galdieria B clade contains 

Galdieria phlegrea. G. phlegrea was described by Pinto et al. in 2007 and differs from G. 

sulphuraria due to the relative number of substitutions in the plasmid encoded rbcL (subunit 

of ribulose 1, 5 bisphosphate carboxylase) gene28 32. Galdieria A clade contains strains that are 

globally distributed, whereas Galdieria B clade has only been isolated from endolithic habitats 

exclusively in Italy28. The Galdieria clades do not differ in morphological features but differ 

in terms of ecophysiology as Galdieria clade B has an optimal growth temperature at 25˚C 

compared with Galdieria clade A (Optimal growth temperature at 45˚C)28,32. This is likely an 

adaptation for endolithic environments28,32. The second lineage within the class Cyanidiaceae 

is Cyanidium caldarium followed alongside mesophilic Cyanidium spp. Mesophilic Cyanidium 

spp. are isolated from nonacidic, nonthermal caves within Italy. The fourth lineage includes 

Cyandioschyzon merolae and Galdieria maxima. Cyandioschyzon merolae is physiologically 

distinct due to the absence of a cell wall, division through binary fission and lack of vacuole.  

The phylogenetic relationship between the four lineages was determined through 16s 

rRNA and three plasmid genes (rbcL, psaA and psbA)28, revealing that the Galdieria lineage 

diverged initially followed by mesophilic Cyanidium spp., then Cyandioschyzon merolae and 

Galdieria maxima and the finally diverged was the Cyanidium caldarium lineage28,30. The 

relationships are outlined in the schematic drawing in Figure 1.  

The three genera within the Cyanidiaceae class (Galdieria, Cyanidium and 

Cyanidioschyzon) have well defined ecophysiological, morphological and biochemical 

differences16,28. The genus Cyanidium, which contains mesophilic Cyanidium spp. and 

Cyanidium caldarium, has spherical shaped cells, reproduces through endospores and has an 

average cell size of 1 µm16,28. The genus Cyanidioschyzon, which contains the species 
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Cyandioschyzon merolae and Galdieria maxima, has oval club shaped cells, reproduces 

through binary fission and has an average cell size of 3 µm16,28. Both Cyanidium spp. and 

Cyanidioschyzon spp. can utilise both nitrate and ammonium as nitrogen sources28. Galdieria 

is the largest of the three genera in terms of cell size, with spherical cells averaging around 6 

µm16. Galdieria spp. reproduce through endospores and is only able to grow on ammonium 

and not nitrate28. Galdieria spp. possess the greatest metabolic flexibility, with the ability to 

grow photoautotrophically and heterotrophically, whereas Cyanidium spp. and 

Cyanidioschyzon spp. are only reported to grow photoautotrophically16,33. The major 

differences between the three genera are summarised in Table 1.   

Table 1: General morphological and physiological characteristics of genera within the class Cyandiales28. 

 

  

 Galdieria spp. Cyanidium spp. Cyanidioschyzon spp. 

Cell Shape Spherical Spherical Oval, club shapes cells 

Cell Size 6 µm16 1 µm16 3 µm16 

Reproduction Method Endospores Endospores Binary Fission 

Vacuole Yes No No 

Cell Wall Yes Yes No 

Facultative Heterotrophy Yes No No 

Nitrogen Source Ammonia only Ammonia and Nitrate Ammonia and Nitrate 
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2.2 The genus Galdieria  

Galdieria spp. possess the greatest metabolic flexibility compared to the other genera 

of Cyandiales, leading to an increase in biotechnical research surrounding the species. As 

mentioned previously, the Galdieria genus contains two described species, Galdieria A clade 

which has a worldwide distribution, including locations in Italy, the United States, Mexico, 

Indonesia, Russia and New Zealand, and Galdieria B clade which is restricted to Italy30.  

The Galdieria A clade was originally defined as containing four species by Sentsova et 

al in 1991 after isolations were obtained from acid-thermal springs in Russia34-36. These species 

included Galdieria sulphuraria, Galdieria maxima, Galdieria partitia and Galdieria 

daedala34,35. The four species of Galdieria were not easily distinguishable due to very small 

variations in critical morphological features used for the identification of microalgae34,35. 

Therefore, Sentsova used the form and number of chloroplasts to distinguish between the four 

species of the Galdieria Clade A34,36. These results were then contradicted by Cozzolino et al. 

in 200036, who assessed the phylogenic relationship for Galdieria spp. based on geographical 

distribution36. A selected region of rbcL was sequenced from Galdieria spp. collected from 

various locations36. This region was chosen as it contained the greatest level of sequence 

divergence between the four genera after alignment of the rbcL units published in the literature.  

Figure 1: Schematic representation of the Cyanidiophyceae lineage. Based off the schematic representation in Reeb et al.1. 
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Cozzolino et al. found that the spacers between Galdieria maxima, Galdieria partitia and 

Galdieria daedala were identical, and shared the same deletion of the 5’ 10 bp as other strains 

of G. sulphuraria isolated from California (USA), Yellowstone (USA) and Naples (Italy) 36. It 

was concluded that Galdieria maxima, Galdieria partitia and Galdieria daedala were strains 

of G. sulphuraria. This resulted in the genus Galdieria being defined as monospecific36, 

containing only the species G. sulphuraria.  The phylogenetic results obtained from Cozzolino 

et al. showed a pattern that aligned with the geographical distribution of Galdieria spp. and 

showed a distinct latitudinal gradient36. 

2.2.1 Introduction to Galdieria sulphuraria (G. sulphuraria) 

G. sulphuraria is a unicellular, spherical species of extremophilic algae within the 

genus Galdieria, Clade A16. G. sulphuraria lives predominantly in sulphuric acidic hot springs 

or anthropogenic hostile environments, in temperatures ranging from 35-56°C and pH 

conditions ranging from 0.05-21. Growth of G. sulphuraria, although slow, has been reported 

at temperatures as cold as 20°C1. G. sulphuraria displays high salt and metal tolerance, along 

with extensive metabolic flexibility. Due to the growth versatility of G. sulphuraria and the 

ability to grow and adapt to a range of extreme environmental conditions,  the species is 

becoming more heavily studied4. 

Genomic sequencing of G. sulphuraria was first completed in 2013 by Schonknecht 

et al37. Originally, the only other member within Cyanidiaceae to be genome sequenced was 

Cyanidioschzon merolae, which is estimated to have diverged from G. sulphuraria lineage 

over a billion years ago37. Genome sequencing of G. sulphuraria revealed that the metabolic 

versatility and tolerance to extreme conditions was facilitated by horizontal gene transfer 

from several critical genes within extremophilic proteobacteria37,38. These bacteria are 

believed to include Leptospirillm ferriphilum, Thiomonas, and Acidthiobacillus, as they live 

in the same environment as isolated G. sulphuraria.  
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2.3 Metabolic Flexibility of G. sulphuraria 

G. sulphuraria has been reported to grow photoautotrophically, heterotrophically and 

mixotrophically39-42, with each trophic condition affecting the overall growth, biomass yield, 

and biochemical products39-43.  

2.3.1 Photoautotrophy 

Photoautotrophic growth necessitates the use of solar radiation to generate adenosine 

triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH) for the 

reduction of inorganic carbon (CO2) into biomass3. In Eukaryotes, photosynthesis occurs in the 

chloroplast. Photosynthesis is operated by a series of light-dependent and light-independent 

reactions, which can occur simultaneously in the presence of light3. The relationship between 

electron transportation and carbon fixation in the production of energy was first suggested by 

studies completed by Robert Hill44,45. An overview of photosynthesis is shown in Figure 23. 

In the light-dependent reactions, two membrane protein complexes, known as photosystem I 

(PSI) and photosystem II (PSII), catalyse the conversion of light energy into chemical 

energy46,47.  Initially, photons of light are absorbed by pigments within PSII, which results in 

the formation of high energy electrons46. These energised electrons are transferred by 

electron carriers in an electron transport chain to PSI46. The energised electrons that were 

transferred are then replaced by oxygen and protons via hydrolysis46. The protons are 

released to the lumen (interior) side within the thylakoid membrane and the oxygen ions 

combine to form O2 which gets released into the atmosphere or utilised in respiration46. High 

concentrations of protons inside the lumen causes the flow of protons across the 

photosynthetic membrane (proton motive force), providing the energy required to drive the 

synthesis of ATP3,48. Within PSI, light energy is used to catalyses the electron transfer from 

electron carrier complexes on the lumen side of the thylakoid membrane, to ferredoxin 

complexes at the stromal (exterior) side47. The reduced ferredoxin then reduces NADP+ to 

NADPH. This reducing power and ATP is used by the cell to fuel the light-independent 

reactions3,48.  
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The light-independent reactions are described by the Calvin-Bassham-Benson (CBB) 

cycle44,49.  The light-independent reaction occurs in the stroma of the chloroplast, where CO2 

fixation occurs producing glucose3. The glucose produced in the CBB cycle is then used as the 

main energy source for growth50 and in algae, is directly converted to glycogen without 

conversion to GAP (Glyceraldehyde phosphate)48.  

The basic overall photoautotrophic metabolic reaction is described below51. 

6𝐻2𝑂 + 6𝐶𝑂2  
ℎ𝑣
→ 𝐶6𝐻12𝑂6 + 6𝑂2 (1)  

Equation 1: Overall photoautotrophic metabolic reaction. 

Photoautotrophic growth is limited by the external light supply available3. Light cannot 

be homogeneously distributed through microalgae cultures and therefore the light energy is 

absorbed within a narrow photic zone3,52. The light intensity is the greatest within the photic 

zone, increasing photosynthesis rates within that region3,52. This results in lower photosynthetic 

efficiencies in the overall culture52. Therefore, for photoautotrophic cultures to be successful 

Figure 2: An overview of photosynthesis illustrating the light-dependent and light-independent reactions which occur in the 

chloroplasts typically found in Cyandiales3. 
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the biomass concentration must remain low, which results in lower overall biomass 

production52. 

There is limited knowledge on the photosystems of G. sulphuraria although studies 

completed by Vanselow et al. concluded that the photosystem of G. sulphuraria has a common 

ancestor with cyanobacteria, green algae and plants47,53. This is further confirmed by analysis 

completed on other Cyanidiaceaes, which found that the photosynthesis apparatus appeared as 

an intermediate between plants and cyanobacteria47. Growth rates for photoautotrophic G. 

sulphuraria have been reported to reach 0.16 day-1, achieving biomass dry weights up to 

1.1 g L-1 (dependant on the illumination intensity provided, further discussed in Section 

2.4.4)54,55.  

2.3.2 Heterotrophy 

Heterotrophic growth involves harnessing organic carbon dissolved within the external 

environment in the absence of light56. Heterotrophs will derive the energy required for growth 

and maintenance through the oxidation of organic compounds during respiration, resulting in 

the formation of CO2
38,57,59.   

 For the cell to utilise organic carbon substrates it requires numerous enzymatic systems 

to aid with transportation, activation through phosphorylation, and the ability to generate 

energy through respiration58,59. To introduce organic carbons into the central respiratory 

metabolism system, a range of sugar kinases are required within the cell38,59. Kinases play a 

role in sugar sensing and direct phosphorylation of sugars60. The organic carbons are then 

metabolised by glycolysis (also known as the Embden-Meyerhof-Parnas pathway)59. The 

process of glycolysis involves glucose being broken down into pyruvate. The initial stage of 

glycolysis involves preparatory reactions beginning with the phosphorylation of glucose which 

requires ATP59.  The second stage of glycolysis involves the production of NADH, ATP and 

pyruvate through redox reactions. The energy released from the redox reactions is conserved 

within the cell as phosphate compounds59.  Glycolysis requires two ATP molecules but 

generates four ATP molecules providing an overall yield of 2 ATP molecules. The process of 

glycolysis is outlined in Figure 3. 
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Figure 3: Process outline for glycolysis, the process where glucose is broken down to form Pyruvate. Glycolysis has two 

main stages, the first stage involves preliminary reactions where glucose is phosphorylated by ATP, producing the molecule 

glucose 6-phosphate59. Glucose 6-phosphate is then isomerized, forming fructose 6-phosphate which is phosphorylated to 

produce fructose 1,6-bisphosphate59. The enzyme aldolase splits fructose 1, 6-bisphosphate into two 3 carbon molecules 

called glyceraldehyde 3-phosphate and the isomer, dihydroxyacetone phosphate, which is converted to glyceraldehyde 3-

phosphate59.  The second stage of glycolysis includes the production of NADH, ATP and Pyruvate. Glyceraldehyde 3-

phosphate is oxidised to 1,3-bishosphglyceric acid, the first redox reaction to occur during Glycolysis. During this reaction, 

the enzyme glyceraldehyde 3-phosphate dehydrogenase reduces the coenzyme NAD+ to NADH59.  This occurs twice, 

generating ATP as 1,3-bishosphglyceric acid is an energy-rich molecule59.  ATP is synthesised when 1,3-bishosphglyceric 

acid is converted to 3-phosphoglyceric acid and when phosphoenolpyruvate is converted to pyruvate. Figure based on 

information sourced from Madigan et al.59. 

Aerobic cellular respiration follows glycolysis, producing a high yield of energy 

through the complete oxidation of glucose to CO2. Cellular respiration involves the TCA cycle, 

which is outlined in Figure 4. The electrons released during the oxidation of intermediates 

within the TCA cycle are used to reduce NAD+ to form NADH or FAD to FADH2
61. An 

electrochemical potential is generated across the membrane during electron transfer, as protons 

are extruded to the outer surface of the membrane. The charge and polarity of the hydroxyl 

proton limits diffusion through the membrane61. This electrochemical potential and difference 

in pH (called the proton motive force) results in the membrane being energised61. The 

combined reactions of the TCA cycle and the proton motive force allows for the complete 
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oxidation of glucose. The entire process of aerobic respiration results in a total of 38 ATP being 

produced by the cell61.  

 

Figure 4: Process outline of the Tricarboxylic Acid Cycle (TCA), also known as the Citric acid cycle.  In the TCA cycle, 

pyruvate is first decarboxylated forming CO2, NADH and the energy rich substance acetyl-CoA. The acetyl group of acetyl-

CoA combines with oxaloacetate forming the citric acid. A series of reactions follow, where two additional CO2 molecules, 

three more NADH molecules and one FADH molecule are formed. Oxaloacetate is regenerated as an acetyl acceptor, 

completing the cycle61. 
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Heterotrophic growth does not require light, therefore the growth is not limited by light 

distribution56. Due to the ability to achieve high density cultures, heterotrophic applications are 

becoming more common commercially for microalgae cultivation48,62. Heterotrophic 

conditions provide a cheaper method for algae cultivation as there is no requirement for 

artificial or natural lighting63. Heterotrophic growth has several advantages including higher 

ATP production, increased growth rates and overall increased quality of biomass compared to 

photoautotrophic growth48,62.   

Galdieria is the only genus within the Cyanidiaceae family that is capable of 

heterotrophic growth39. Galdieria spp. are often found colonised in endolithic habitats, for 

example within pumice rock, where light availability is limited4,40,41,64. The ability for 

Galdieria spp. to grow heterotrophically is critical for survival within these 

environments4,40,41,64. The G. sulphuraria genome encodes for a range of kinases including 

gluco- , galacto-, fructo- , glycerol- , xylulo- , and ribokinase39. G. sulphuraria also encodes 

several polyol dehydrogenases required to introduce sugar alcohols into heterotrophic 

metabolism39. In heterotrophic growth, the sugar and polyols uptake in G. sulphuraria is 

achieved by 14 different transporters, which are induced by only small concentrations of the 

organic substances4,65,66. Heterotrophic growth of G. sulphuraria results in growth rates 85% 

higher than G. sulphuraria grown in photoautotrophic conditions55,67. Heterotrophic growth of 

G. sulphuraria has been reported on several different carbon substrates as shown in Table 239,54. 
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Table 2: Carbon substrates reported to support heterotrophic growth of G. sulphuraria, supplied with 25 mM concentrations 

of the carbon substrate. G. sulphuraria was grown at 45˚C, 100RPM39,54. 

Chemical Subcategory Chemical 

Hexoses 

D-glucose 

D-galactose 

D-fructose 

D-arabinose 

D-mannose 

L-arabinose 

D-fucose 

Pentoses 

D-ribose 

D-xylose 

Disaccharides 

Saccharose 

Lactose 

Maltose 

Organic Acids 

Citrate 

S-malate 

Succinate 

Amino acids 

L-glutamate 

L-alanine 

L-aspartate 

Glycine 

Polyols 

D-xylitol 

D-sorbitol 

D-mannitol 

Glycerol 

Ethylene glycol 
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2.3.3 Mixotrophy 

Mixotrophic growth is the ability for a cell to combine the mechanisms of 

photoautotrophic and heterotrophic growth, utilising both inorganic carbons through 

photosynthesis and organic carbon through respiration simultaneously6. Mixotrophic growth 

has major advantages including the ability to achieve faster growth rates as it utilises both 

heterotrophic and phototrophic metabolic pathways68. For an organism to be defined as a true 

mixotroph, it must invest in the growth and maintenance of both the photosynthesis apparatus 

and uptake machinery of organic carbons simultaneously4.  

Initially mixotrophic was considered a simple combination of photoautotrophic and 

heterotrophic growth rates. However, in some microalgae species such as Chlorella 

sorokiniana69, the maximum dry biomass weight in mixotrophic conditions is higher than the 

sum of photoautotrophic and heterotrophic biomass weights69,70. This indicates the synergistic 

effects of photosynthesis and aerobic respiration within the cell during mixotrophic growth70,71.  

It was previously unclear whether Galdieria spp. were true mixotrophs until Curien et 

al. (2021) investigated the mixotrophic growth of G. sulphuraria by transferring 

mixotrophically grown cells into heterotrophic conditions and observing the effect the absence 

of light had on the growth rate and biomass yield4,40,54. It was concluded, based on the observed 

reduced biomass yield in cells transferred from mixotrophic conditions to heterotrophic 

conditions, that mixotrophic growth promotes synergistic interactions between light and dark 

energy metabolites54. Greater biomass concentrations after 9 days of batch growth were 

obtained in mixotrophic conditions (dry weight 2 g L-1) compared to heterotrophic (dry weight 

1.4 g L-1) and photoautotrophic (dry weight 0.18 g L-1) conditions54.  

In the natural environment, there is little dissolved inorganic carbon which limits the 

CBB cycle and production of glucose. The ability for an organism to grow mixotrophically 

decreases this limitation as it provides supplemented CO2 via respiration to enhance 

photosynthesis54. The ability for Galdieria spp. to grow mixotrophically ensures all energy 

resources available are exploited for growth54. Due to the interaction between the 

photosynthesis and respiration system, G. sulphuraria can overcome the limitation of CO2 in 

the natural environment to complete the CBB cycle54. 
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2.3.4 Protein Regulation in Different Trophic Conditions 

Curien et al. (2021) completed a complete survey of the metabolic changes, using 

proteomic and metabolic profiling, in G. sulphuraria grown in different trophic conditions 

(mixotrophic, photoautotrophic and heterotrophic)54. It was observed that during mixotrophic 

growth, the photosynthetic proteins, which are complexes of the electron transport chain and 

enzymes of the CBB cycle, were downregulated compared to photoautotrophic conditions54. 

This downregulation of the photosynthetic proteins during mixotrophic growth further 

concluded that respiration provides the CO2 to help supplement the CBB cycle during 

photosynthesis.  The respiratory proteins of G. sulphuraria remained constant throughout 

photoautotrophic, mixotrophic and heterotrophic conditions54.  

There has been no known reported transcriptome analysis for Galdieria spp. grown in 

different trophic conditions, mixotrophic, photoautotrophic and heterotrophic.  
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2.4 G. sulphuraria Growth Factors  

Many factors contribute to microalgae growth and biomass production, including 

nutrients, pH, temperature and light energy68. 

2.4.1 General Organic Nutrient Requirements in Algae   

Nitrogen, phosphorous and carbon are the major macronutrients required for 

microalgae growth68, where cultures often require a minimum 10-4 molarity concentration72. 

Nitrogen and phosphorus account for 10-20% of the total algae biomass68,73 and consumption 

is directly proportional to cell growth68. Carbon is added to microalgae cultures in either 

organic or inorganic forms depending on the metabolic condition68. Nitrogen, phosphorous and 

carbon are building materials for the cell72 and therefore low concentrations of these major 

macronutrients can lead to decreased growth rates and biomass productivity68,74. Other growth 

nutrients are only required in trace amounts (required concentrations 10—5 M or less72) 

including macronutrients; sodium, magnesium, calcium and potassium and micronutrients; 

molybdenum, manganese, boron, cobalt, iron and zinc68. The requirements for particular 

nutrients are species-specific, other than the major macronutrients like nitrogen, phosphorous 

and carbon, which are required for all microalgae species68.  

Cyanidium caldarium has been reported to accumulate glycogen under conditions that 

are growth-limiting, such as macronutrient limitation75,76. Glycogen is a glucose 

polysaccharide that serves as an energy source of which the cell can break down to gain glucose 

when required77. Galdieria spp. have been reported to accumulate glycogen at early stages of 

growth, accumulating the polymer up to 50% of dry cell weight75,76. A study completed by 

Sakurai et al. investigated the lipid and glycogen accumulation of G. sulphuraria cells grown 

under different growth conditions76,78. It was observed that during exponential growth of 

G. sulphuraria during mixotrophic, heterotrophic (cells were provided with 25 mM Glucose) 

and photoautotrophic growth, glycogen and lipid content of the cell was similar78. During 

stationary growth, the maximum glycogen content per volume measured during mixotrophic 

growth was reported to be 10- and 2- folds greater than photoautotrophically and 

heterotrophically grown G. sulphuraria cells respectively78. The highest amount of lipid per 

volume was observed in the heterotrophic cultures, where the lipid content was 3- and 2- folds 

greater than photoautotrophic and mixotrophic cultures of G. sulphuraria78. The study 

concluded that the regulation of metabolic carbon flow into glycogen and other fatty acid 

synthesis was largely dependent on the growth conditions of G. sulphuraria78.  
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2.4.2 Acidophily in Algae 

pH is a critical growth condition of microalgae as it impacts the solubility, CO2 

availability and metabolism rate79. Each microalgae species has an optimal pH, and when the 

pH is at an extreme, the growth rate rapidly decreases and ultimately leads to cell death79. 

Optimal pH is strain specific and can be a relatively narrow spectrum compared to the 

temperature range algae can be successfully cultivated in79. The optimal pH for Galdieria spp. 

is reported to be between pH 0.5-2.51. 

During photoautotrophic cultivation, pH is a particularly important factor as it is a 

determinant of the relative concentration of CO2 in solution, impacting the carbon fixation rate 

during photosynthesis79,80.  The concentration of dissolved CO2 is inversely proportional to the 

pH79, therefore as pH increases the concentration of carbonate increases while the 

concentration of CO2 decreases80.  Extracellular pH also affects the electrochemical potential 

in the proton motive force, impacting the generation of ATP in photosynthesis81. Depending 

on the optimal pH of the microorganisms, any major shift from the reported optimal can result 

in a decrease of the electrochemical potential reducing the drive for protons to transport across 

the photosynthetic membrane81.  

Oesterhelt et al. (2007) investigated the effect the media pH had on the doubling rate 

of G. sulphuraria in photoautotrophic and heterotrophic conditions, as shown in Figure 54. 

Cells grown in heterotrophic conditions exhibited growth until a pH 8, with a minimum 

doubling time measured a pH 2, while photoautotrophic cells exhibited no growth above a pH 

7 with a minimum doubling rate within the pH range of 1 – 54. Heterotrophic cells also had a 

higher acidification capacity, reducing the media pH from 8 to 3, whereas photoautotrophic 

cells were only capable of reducing the media pH from 6 to 34.  
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2.4.3 Thermophily in Algae 

Temperature is an important growth parameter to consider when cultivating 

microalgae, as although many algae species can grow under a wide range of temperatures each 

species has an optimal temperature for growth84. The optimal temperature of Galdieria spp. is 

between a 45-50°C1, with growth observed at temperatures as high as 55˚C85.  

The growth rate of microalgae as a function of the temperature is expressed as a bell 

curve86. When the temperature is significantly less than the optimal temperature, the growth 

rate of the microalgae declines until they reach an inactivated state86. When below the optimal 

conditions, the temperature is proportional to cell division and the photosynthesis rate due to 

increasing enzymatic activity28,29. This relationship is described by the Arrhenius function, 

where for every 10°C increase in temperature the rate of photosynthesis, cell division and 

growth are estimated to double up until the optimal temperature is reached86,87.  

When the temperature is significantly hotter than the optimal temperature of the cell, it 

has a more detrimental effect on the microalgae86. Cell growth declines rapidly due to enzyme 

denaturation and protein modification inhibiting photosynthesis, ultimately leading to the death 

of the microalgae species86.  

Rossoni et al. looked at changes in G. sulphuraria gene expression through RNA 

sequencing during a temperature shift, with temperatures ranging from 42°C to 28°C in 3 day 

time periods85. The experiment was conducted by following the expression of 21 highly 

Figure 5: Doubling rate of exponentially grown G. sulphuraria at different initial media pH levels. Photoautotrophic cells 

(o) were illuminated with white incandescent light (120 µmol m-2 s-1) and supplied with 2% (v/v) CO2. Heterotrophic 

cultures (•) were supplied with 25 mM of glucose. Experiment was operated at ambient temperature, in a shaking incubator 

set at 120 RPM. Figure sourced from Oesterhelt et al.4. 
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expressed G. sulphuraria genes85. The growth rate remained constant throughout the 

temperature shifts85. It was observed that only one gene exhibited a rapid 4.5-fold upregulation 

in response to the reduction in temperature, while most other transcriptome factor genes had 

decreased expression85. These results showed that in lower temperatures there was a decrease 

in protein biosynthesis rates and an increase in expression of ribosomal protein85. This showed 

that G. sulphuraria is thermophilic and not a thermotolerant organism, as the cells reacted to 

the reduction in temperature and reduced the protein biosynthesis rates as a stress response85.  

2.4.4 Light Requirements in Algae 

Light intensity is of primary importance during photoautotrophic microalgae 

cultivation, as it is directly proportional to the maximum possible rate of photosynthesis and 

biomass production68. In natural habitats, light conditions are dependent on geographical 

location,  seasonal changes and the effect of light scattering by the atmosphere82. Microalgae 

species must dynamically adapt to their environment depending on variable light conditions. 

In contrast, during cultivation, artificial lighting sources is often used allowing control over the 

productivity of biomass and pigments82. Light requirements vary for microalgae species, 

therefore the optimal light intensity and wavelength should be identified to maximise 

photosynthesis and biomass accumulation during cultivation68. At lower light intensities, there 

is a linear correlation between intensity and photosynthetic rates82. As light intensity increases, 

however, there is the risk of overexposing causing photoinhibition68 where radiation damage 

to the photosynthesis apparatus decreases photosynthesis production rates83. Oesterhelt et al. 

(2007) reported that light intensities greater than 225 𝜇E m-2 s-1 (E represents Einstein’s, which 

is equivalent to mol m-2 s-1) results in a slower photosynthesis rate of oxygen production due 

to photoinhibition in G. sulphuraria (Figure 6) 4. This maximal light intensity for G. 

sulphuraria is significantly lesser than that reported for Chlorella spp., which have a maximal 

light intensity of 2000  𝜇E m-2 s-1 4.  
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The abrupt decrease in oxygen evolution rate observed in G. sulphuraria (Figure 6) is 

likely as a result of the algae often living in endolithic ecosystems where light availability is 

compromised4. Therefore, the species does not require high light intensities as it is adapted to 

these lower light conditions. Due to this Galdieria spp. often undertake heterotrophic 

metabolism in their natural environment4. Interestingly, G. sulphuraria have a similar observed 

maximum photosynthesis rate to photosynthesis rates reported for Chlorella spp. Maximum 

photosynthesis rates for G. sulphuraria observed were 330 mol O2 h-1 mg-1 Chlorophyll (Chl) 

(at light intensity 225 𝜇E m-2 s-1)4, while for Chlorella spp. the maximum reported 

photosynthesis rate was 350 mol O2 h-1 mg-1 Chl (at light intensity 200 𝜇E m-2 s-1)4. This 

makes Galdieria spp. ideal candidates for biotechnical applications due to the lesser 

requirement for expensive lighting88. 

Oesterhelt et al. (2007) reported oxygen evolution rates ranging from 40-50 mol O2
 h-1 

(109 cells)-1 for photoautotrophically grown G. sulphuraria (pH 1-6, under illumination 120 

 m-2 s-1)4, whereas a negative oxygen production rate was observed during heterotrophic and 

mixotrophic conditions (i.e. O2 consumption due to respiration) (25 mM glucose)4. 

Oesterhelt et al. concluded that the PSII was not active in these cells, likely the reason for the 

reduction in the CBB cycle enzyme RuBisCO (ribulose bisphosphate carboxylase/oxygenase) 

in both heterotrophic and mixotrophic grown cells4. RuDisCO activase is an enzyme that 

converts RuBisCO from an inactive state to an active state54 during the CBB cycle, outlining 

why it was the prominent protein in extracts from photoautotrophic cells. Due to the decrease 

in RuBisCO protein and negative oxygen evolution rate measured during mixotrophic growth, 

Figure 6: The light intensity dependence of photosynthesis in G. sulphuraria. The rate of photosynthesis was measured as 

oxygen evolution, where 160 𝜇g Chl 109 cells-1. The experiment was operated at ambient temperature, in a shaking incubator 

set at 120 RPM. Figure sourced from Oesterhelt et al4. 
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Oesterhelt et al. (2007) concluded that the G.sulphuraria 074W strain was not a true 

mixotroph4. Although, it is important to note that this experiment was conducted at ambient 

temperature, not the reported optimal growth temperature for Galdieria spp.1,4,85.  

Pigments within microalgae allow light energy to be absorbed. Once pigment molecules 

become excited and are converted into a higher energy state, energy is released due to 

photochemical transformations resulting in net ATP production82. Each microalgae species 

contains a photosystem containing a distinct light harvesting pigment which provides the cell 

with an absorption spectrum (Figure 7)82. As a result of this, not all wavelengths are absorbed 

by the photosynthetic apparatus and therefore cannot be used for photosynthesis. For Galdieria 

spp. the absorption peaks are at 618 nm (phycocyanin), 450 nm and 680 nm (chlorophyll-), 

Chlorophyll- and phycocyanin are the primary absorbing pigments found within 

G. sulphuraria 5.  

  

Figure 7: Absorption spectra for G. sulphuraria grown in various growth conditions, at pH 2.0, 40˚C. Mixotrophic and 

heterotrophic cells were grown with the addition of 50 mM glucose. The absorption peak at 618 nm corresponds to the 

phycocyanin pigment, and the absorption peaks at 450 nm and 680 nm correspond to chlorophyll- pigment. The absorption 

peak at 400 nm observed in the oxygen-limited mixotrophic sample corresponds to porphyrin- like compounds. Figure 

sourced from Sarian et al.5 
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Exposure to different wavelengths impacts the biomass and pigment production in 

Galdieria spp., as investigated by Baer et al. (2016)71.  It was found that the maximum biomass 

productivity was achieved when G. sulphuraria were grown under red light, while green and 

blue light decreased the biomass production71.  

Unfortunately, the majority of research into the effect light has on the growth and 

biomass yield of G. sulphuraria were performed in batch conditions4,5,71 and therefore it is 

unknown what impact limiting nutrients during continuous cultivation has on Galdieria spp. 

under various light conditions.  
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2.5 Biotechnology Application of Galdieria spp.   

Galdieria spp. offer a range of potential biotechnology applications due to their ability 

to grow in extreme conditions and their metabolic flexibility1. As Galdieria spp. grows under 

extreme conditions (pH 2.5 and 45°C1), this precludes contamination of non-extreme taxa88. 

Additionally, the ability to grow at hotter temperatures results in increased biomass growth 

rates compared to microalgae that grow in cooler temperatures (e.g. mesophiles)86. Hotter 

temperatures increase enzymatic activity leading to increased rates of photosynthesis and 

biomass productivity86,88.   

The metabolic versatility of Galdieria spp. is another advantage, as they are capable of 

growing heterotrophically and mixotrophically. Light requirements are a constraint for the 

industrial cultivation of microalgae and can contribute to increased operating costs for a 

process88.  Photoautotrophic cultures are limited by exposure to ultraviolet light and the ability 

to obtain inorganic carbon (CO2)
88. Approximately 90% of photons are absorbed by the 

uppermost 10% of cultures, prohibiting the deeper layers from optimal photosynthesis88. The 

large surface area to volume ratio for open raceway ponds leads to unrealistic amounts of land 

required for photoautotrophic algae cultivation88. The ability to grow without the requirement 

of light greatly reduces cost and results in greater production rates, resulting in easier scale up 

in terms of reactor size, mixing, and gas transfer89. 

2.5.1 Phycocyanin Production 

Phycocyanin (PC) is a blue, multi-chained light-harvesting holo-protein pigment within 

a group of proteins called phycobiliproteins. PC is produced solely from microalgae and 

cyanobacteria90. The major role of phycobiliproteins within cyanobacteria and Rhodophyta is 

photosynthetic light-harvesting and the ability to absorb light at wavelengths ranging from 

approximately 540-650 nm89. Although phycobiliproteins are highly abundant within 

cyanobacteria and Rhodophyta, they are not required for cell functions and therefore when the 

cells are starved of nitrogen, phycobiliproteins are selectively degraded89. PC has major 

industrially use as a fluorescent marker in diagnostic histochemistry and as a dye in the food 

and cosmetic industry90,75. 

As PC is a photosynthetic pigment, it is largely produced under photoautotrophic conditions 

making it expensive to produce due to lighting requirements90,42,91,92. Currently, PC is 

commercially produced from photoautotrophic cultivation of the cyanobacteria species, 
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Arthrospira (Spirulina) platensis90. Current limitations for PC production in Spirulina platensis 

include the requirement for a light supply and the efficiency by which the light energy is 

utilised89. Open raceways, the primary process in which Spirulina platensis is commercially 

cultivated, have a limited depth to ensure that light can penetrate through the culture89. Cells 

located near the top surface are exposed to high light intensities which can result in an overload 

of the reaction centres and can cause photoinhibition resulting in low photosynthetic 

efficiency89. Spirulina platensis has been reported to grow mixotrophically, but it has not been 

reported as to whether this provides an advantage in PC production and growth89. Spirulina 

platensis can also grow heterotrophically on glucose and fructose, but PC production rates in 

heterotrophic conditions are not viable for commercial use89. In contrast, G. sulphuraria can 

produce PC under heterotrophic conditions making it an economically feasible option for PC 

synthesis40,42. G. sulphuraria is also able to achieve greater biomass concentrations of PC 

compared to S. platensis42,93. G. sulphuraria has been reported to produce PC in heterotrophic 

conditions at rates 1.7-13.6 times faster than photoautotrophic S. platensis PC production 

rates42,90. It has also been reported that the greatest phycocyanin production was achieved at a 

ratio of 60:0:40 (red; green; blue), 5.4% higher than red light alone71. 

Despite the potential for industrial PC production using Galdieria spp., very few studies 

have investigated PC production in chemostat (continuous) photobioreactors or concerning 

different trophic modes.  
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2.6 Cultivation Techniques for Galdieria spp.  

The ability to cultivate a microalgae species in large scale cultivation methods is critical 

in order to utilise the species in biotechnical applications. In general, microalgae cultivation 

methods range from small scale laboratory techniques, such as solid media plating methods, to 

large scale industrial bioreactors94. 

2.6.1 Batch Cultivation 

Batch cultivation is undertaken in a closed system, where required growth nutrients are 

provided at the beginning of the cultivation process and no additional nutrients are added 

throughout94. The main advantages of batch cultivation include short duration, less chance of 

contamination as no additional nutrient is added, and easier management95. The disadvantage 

of batch cultivation is that results are dependent on the time of harvest95.   

 Galdieria spp. have been successfully cultivated in several different batch systems, both liquid 

and solid media. Solid cultivation is often used to generate axenic cultures, as it allows for the 

presence of bacterial contamination to be easily verified within algae cultures96-98. Axenic 

cultures of G. sulphuraria have been successfully generated using Luria Broth agar plates96-98. 

The most common system used to cultivate Galdieria spp. is a laboratory flask, often placed 

on a shaker set at 150 RPM99. Microalgae cultivation in laboratory flasks results in lower 

biomass growth and photosynthetic performance compared to other suspended systems but the 

reduced volume provides an effective cultivation technique for laboratory scale research99. 

Another common cultivation method is an airlift photobioreactor which is an enclosed glass 

column surrounded by a light source, where culture mixing is achieved by an aeration system99.  

  

 

 

 

 



 28 

 

 

 

 

 

 

 

 

An ultra-flat bioreactor contains panels spaced between silicone sheets, with the front 

panel housing the microalgae species (exposed to light) and the back panel contains a cooling 

jacket to control the temperature of the system99,100.  

 

Figure 9: Ultra-flat bioreactor configuration. Figure based on Carbone et al. 99. 

Figure 8: Example of common airlift bioreactor configurations. A is a concentric tube, B is an external draught and C is a 

split tube. Figure based on Christi et al2.  
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A twin-layer system consists of an immobilised photobioreactor, where the 

microalgae are inoculated onto a substrate layer99. Media containing nutrients flows past the 

immobilised culture, allowing nutrients to diffusion through. Twin layer systems are 

successful systems to cultivate Galdieria spp. as they mimic the natural habitat of the genus, 

as Galdieria spp. are often found living in rocks and soil40,85,99. Photoinhibition is reduced in 

twin layer systems due to mutual shading from the upper layers of culture, resulting in higher 

growth rates and photosynthetic performance compared to suspended systems99. Twin layer 

systems offer economic advantages due to better space utilisation, ease of harvesting 

biomass, and lower water consumption compared to suspended cultures 99. 

 

 

 

 

 

 

 

 

 

Figure 10: Twin layer photobioreactor configuration. Based on Carbone et al.99. 

An investigation conducted by Carbone et al. (2020) surrounding the growth and 

photosynthetic activity of G. sulphuraria in different culture systems concluded that the highest 

growth, productivity and photosynthesis performance was achieved when the microalgae 

species were grown in suspended systems99. The research investigated the use of different 

reactors, including suspended systems (laboratory flask, ultra-flat photobioreactor, and an 

airlift bioreactor) and an immobilised system (twin layer system)99. Among the suspended 

cultivation systems investigated by Carbone et al., G. sulphuraria cultivated in the airlift 

bioreactor had the highest growth and photosynthetic performance99. The maximum growth 

rate was 0.119 d-1, achieved in the airlift photobioreactor99. The ultra-flat bioreactor system 

used to cultivate G. sulphuraria achieved a similar growth rate but lower photosynthetic 

activity compared to the airlift bioreactor99. 
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2.6.2 Large Scale Batch Cultivation 

Due to the numerous biotechnological applications of Galdieria spp., large scale 

production is highly desired4. Raceway configuration serves well in cultivating large scale 

production of biomass, although growth is limited by light availability and gas sparging 

required to provide the cells with CO2
101. Raceway systems must be shallow enough to ensure 

light can penetrate through the culture, which requires a larger footprint to obtain high biomass 

yields101. Henkanatte - Gedera et al. investigated the potential for an enclosed 700 L 

photobioreactor configuration, cultivating G. sulphuraria in conditions that imitate raw urban 

primary effluent101. Mixotrophic conditions were used to produce high biomass yields, 

eliminating the limitation of light availability which photoautotrophic conditions pose101. 

G. sulphuraria was successfully cultivated in a large volume, removing organic carbon and 

nutrients from the urban wastewater101.  

2.7 Continuous Cultivation 

A major drawback of batch cultures systems is that steady state cannot be achieved, 

therefore the results will be dependent on the time of harvest95. This limits the ability to obtain 

knowledge and information surrounding the general physiology of microorganisms95. 

Continuous culture techniques allow submaximal growth rates to be achieved in 

microorganism cultivation under defined, nutrient-limited conditions95. This allows the culture 

conditions to remain virtually constant, achieving a steady state which is beneficial for 

metabolic studies95. In continuous cultivation, the media reservoir contains all components 

required for growth in excess apart from the growth-limiting factor (s)95. Microorganisms will 

continue to grow at a maximum growth rate until this one essential substrate becomes limiting, 

which then results in steady state growth95. The observed growth rate () of the microorganisms 

is dependent on the concentration of the growth-limiting substrate according to Monod’s 

equation, as shown below in Equation 295.  

𝜇 =
𝜇𝑚𝑎𝑥𝑠

𝐾𝑠 + 𝑠
 (2) 

Equation 2: Monod's Equation, where μ is the growth rate, μmax is the maximum growth rate, s is the concentration of the 

growth-limiting substrate and Ks is the Monod saturation concentration (which is numerically equal to the substrate 

concentration at ½ μmax)95.  

G. sulphuraria is highly suited for continuous flow cultures, achieving higher 

phycocyanin production rates compared to fed-batch cultivation conditions90. Steady state 
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growth of G. sulphuraria has been achieved in mixotrophic conditions with the carbon 

substrate, glucose, being the limiting nutrient in the system102. A dilution rate of 0.63 day-1 was 

used102.  

There is currently no known large scale continuous cultivation using Galdieria spp. for 

commercial purposes. 

2.8 Literature Review Summary  

Due to the extremophilic nature and metabolic flexibility, Galdieria spp. offer major 

potential in several biotechnological applications4. However, due to limiting research into the 

growth of G. sulphuraria within continuous cultivation systems, commercial cultivation has 

not been successful on a large scale99.  As discussed in this literature review, the lighting 

requirements of photoautotrophic cultivation are a major constraint in the industry, contributing 

to increased operating costs88. Additionally, critical gaps in the ability to upscale and 

continuously cultivate Galdieria spp. limits industrial application. To provide insight into the 

ability to upscale Galdieria spp., this research project grow Galdieria sp. RTK37.1 in a 

continuous culture system to obtain steady state growth conditions to investigate several light 

(in)-dependant growth factors. This provided an understanding of the effect light has on the 

physiology of Galdieria sp. RTK37.1 and provided additional insight into the optimal growth 

conditions aiding in achieving large scale production of Galdieria sp. RTK37.1. 

The specific hypothesises of this research were: 

1. Galdieria sp. RTK37.1 is a true mixotroph. 

2. Stable continuous cultivation of Galdieria sp. RTK37.1 is achievable during 

photoautotrophic, mixotrophic and heterotrophic growth conditions.  

3. The growth and pigment production of Galdieria sp. RTK37.1 depends on the light 

intensity and wavelength condition during continuous cultivation 
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3 Chapter 3: General Method and Materials 

The methods and materials presented in this chapter are general and can be applied 

unless otherwise stated, to forthcoming research chapters 4, 5 & 6. 

3.1 Cultivation and Routine Maintenance 

Xenic cultures of Galdieria sp. RTK37.1 were received (courtesy of Scion, Rotorua), 

known to be contaminated with low concentrations of an unknown bacterium. After isolation 

(Section 3.4), Galdieria sp. RTK37.1 were maintained under photoautotrophic conditions in 

warm white LED lights operating at 170 µmol m-2 s-1, with a constant supply of 3% (v/v) CO2 

(unless otherwise stated).   

Maintenance cells were grown in 250 mL baffled glass shake flasks (KIMAX, Kimble, 

USA), in V4 medium at a pH 2.5 in a shaking incubator (150 rpm, 45°C). Culture stocks were 

continuously inoculated (initial concentration of OD 0.1) into fresh V4 medium during the 

duration of the research to ensure a supply of active Galdieria sp. RTK37.1 cells were readily 

available. Culture stocks were typically discarded after four weeks of growth.  

3.2 Medium Preparation 

Galdieria sp. RTK37.1 cells were grown in V4 mineral salts growth medium as 

described by Dunfield et al103, in Appendix C. Solid medium for plating methods was made 

using double concentrated V4 medium with 15 g L-1 Phytagel solution, as described in 

Appendix D. All medium used was autoclaved at 121°C and 103 kPa (15 psi) for 30 minutes. 

3.3 Sterilisation and Aseptic Techniques 

All glassware used during this research was autoclaved at 121°C and 103 kPa (15 psi) 

for 30 minutes. Spent cultures and contaminated glassware was first sterilised using 4 wt% 

sodium hypochlorite prior to autoclaving. Handling of cultures was completed in laminar flow 

biohoods to avoid contamination with any airborne microorganisms. All materials including 

pipettes, syringe needles and inoculation loops were flame sterilised before being utilised on 

cultures. Disinfection of the biohoods was completed using 70% (v/v) ethanol solution.  
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3.4 Isolation of Galdieria sp. RTK37.1 

An axenic culture of Galdieria sp. RTK37.1 was generated by completing three rounds 

of dilution to extinction experiments (to 10-9). The presence of bacterial contamination within 

samples was confirmed under a Primo Star microscope (Zeiss, Germany) at 1000x 

magnification.  

Galdieria sp. RTK37.1 was also grown on Phytagel plates to determine the presence of 

bacterial contamination. Plating the samples was an effective way to confirm bacterial 

contamination as the bacterial species had a shorter lag time compared to Galdieria sp. 

RTK37.1 cells, appearing as large yellow colonies compared to the significantly smaller green 

algae growth on the plates (Figure 11). The presence of bacterial growth on the plates took 3 

days, while Galdieria sp. RTK37.1 colonies were not typically observed until 10 days post-

inoculation.  

 

 

 

 

 

 

 

 

 

Figure 11: Galdieria sp. RTK37.1 colony growth on Phytagel V4 medium plates, grown at 45˚C, pH 2.5 under 

400 µmol m-2 s-1. 

 Figure 11. A shows an axenic culture of Galdieria sp. RTK 37.1. 

 Figure 11. B shows bacterial contamination, with no observed Galdieria sp. RTK37.1 growth.   

A B 
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3.5 Molecular Characterisation and Taxonomic Classification 

Once an axenic culture of Galdieria sp. RTK37.1 was generated, genomic DNA was 

extracted to confirm the identity. For DNA extractions, 1 mL samples of Galdieria sp. 

RTK37.1 were microcentrifuged at 12,000 rpm for 10 minutes at 4°C (GYROZEN 1730R, 

Germany).  DNA extraction was then completed using the NucleoSpin® Microbial DNA kit 

(Macherey - Nagel, Germany) following the manufacturer's recommended protocol. 

Mechanical lysis was achieved with a bead mill at 5 m s-1 for 10 minutes. DNA elution protocol 

was done using 25 µL of elution buffer (Tris-HCI).  The purity recovered was assessed using 

Nanodrop UV Spectrophotometry (Thermo Fisher Scientific, USA) at an absorbance ratio of 

260/230 nm and 260/280 nm. DNA extraction was also undertaken on the unknown bacterial 

isolate using the same method used for Galdieria sp. RTK37.1.  

To taxonomically place the isolated Galdieria sp. RTK37.1 and bacterial contaminate, 

PCR was performed on the targeted housekeeping genes as summarised in Table 3. These target 

genes and primers used were based on research conducted by Colsell (2020)104. 

Table 3: Specific primers and target genes used during PCR. The genes targeted in Galdieria sp. RTK37.1 were the 18s 

rRNA, rbcL, and psaA. The gene targeted for Alicyclobacillus sp. EB1 was 16s rRNA. 

Target Gene Forward Primer Reverse Primer 

18s rRNA105 

CdmF 

GTCAGAGGTGAAATTCTTGGATTTA 

CdmR 

AAGGGCAGGGACGTAATCAACG 

rbcL106 
RbcL1F 

AACCTTTCATGCGTTGGAGAGA 

RbcL1R 

CCTGCATGAATACCACCAGAAGC 

psaA107 

psaA130F 

AACWACWACTTGGATTTGGAA 

psaA130R 

CCTCTWCCWGGWCCATCRCAWGG 

16s rRNA107 

9F 

AGAGTTGATCMTGGCTCAG 

1492R 

GGHTACCTTGTTACGACTT 

 

PCR amplification reaction mixtures contained 12 µL MyFi Mix (Bioline, USA), 4 µL 

forward primer (10 µM), 4 µL reverse primer (10 µM), 20 µL of PCR grade water and 10 µL 

of template DNA (40 ng µL-1). Cycling conditions for the PCR reaction were specified by the 

MyFi Mix kit (Bioline, USA). The cycling conditions are outlined in Table 4. 
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Table 4: PCR cycling conditions for the specific primers used during this research to target genes within 

Galdieria sp. RTK37.1 and the bacterial contaminate.  

Genes 
Initial 

Denaturation 
Denaturation Annealing Extension 

Final 

Extension 

Denaturation, 

Annealing & 

Extension 

Cycles 

18s rRNA105 

95°C 

3 min 

95°C  

15 sec 

55°C 

15 sec 

72°C 

25 sec 

72°C 

2 min 
30 

rbcL106 

95°C 

3 min 

95°C 

15 sec 

55°C 

15 sec 

72°C 

25 sec 

72°C 

2 min 
30 

psaA107 

95°C 

3 min 

95°C 

15 sec 

50°C 

15 sec 

72°C 

25 sec 

72°C 

2 min 
35 

16s rRNA107 

95°C 

3 min 

95°C 

15 sec 

50°C 

15 sec 

72°C 

25 sec 

72°C 

2 min 
35 

 

Amplification of a PCR product was confirmed by gel electrophoresis using 1% (w/w) 

agarose gel. The PCR products were then cleaned using a DNA Clean and Concentrator kit 

(Zymo Research, USA) following the manufacturer's recommended protocol. Cleaned PCR 

products were sequenced via the Sanger Reaction Method for both the forward and reverse 

primers at Macrogen Ez-Seq (Seoul, South Korea).  

For each primer-paired reaction, a consensus sequence was generated from raw 

sequence data on Geneious Prime (version 2022.0.1, Biomatters LTD, NZ) and poor-quality 

base cells were removed.   
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3.6 Optical Density Measurements  

Cell growth was measured by a UV- visible spectrophotometer (Ultrospec 2100 pro, 

Amersham Biosciences, UK). The radiation absorbed by the biomass was directly related to 

the concentration of the biomass in the solution, providing a quantitative measurement108.  A 

wavelength of 600 nm was used to ensure that the absorbance from cell pigmentation was 

decreased67. If required, the samples were diluted in sterile deionised water to values below 1.0 

absorbance (AU600 nm)67. 

The specific growth rate, µ, was determined using Equation 3.  

𝜇 =
ln(𝐶1)− ln(𝐶𝑖)

𝑡1 − 𝑡𝑖
(3) 

 

Equation 3: The specific growth rate of a culture at a given time, where Ci is the initial concentration of the cells, C1 is the 

concentration of the cells at t1, ti is the initial time and t1 is the end time for the measurement. 

3.7 Biomass Yield 

Dry cell biomass weights were determined by collecting known volumes of effluent 

culture and centrifuging (Centrifuge 5810 C, Eppendorf, Germany) at 10,000 RPM for 

5 minutes at 4°C in a pre-dried and weighed 50 mL Eppendorf tube. The supernatant was 

decanted and the cell pellet was washed three times with deionised water to remove remaining 

salts within the pellet. The cell pellet was frozen at -18°C for a minimum of 12 hours before 

the sample was dried in a vacuum oven (ATP Line, Binder, Germany) for 3 days, at 75°C and 

a vacuum pressure of 0.385 psi. Samples were confirmed dry when the weight did not change 

over the course of three days.   

The dry cell weight (DCW) was calculated using Equation 4.  

𝐷𝐶𝑊 =
𝑤2 −𝑤1
𝑉

(4) 

Equation 4: Dry cell weight equation, where w2 is the mass after the sample has been dried (g), w1 is the mass of the empty 

Eppendorf tube (g) and V is the volume of the initial sample (L) 
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3.8 Cell Counting 

Cell counts were done using the haemocytometer counting method as described by 

LeGresley et al.109. The haemocytometer used was an Improved Neubauer (0.1 mm deep) 

haemocytometer (Bright Line, Hausser Scientific, USA). Initially, the haemocytometer and 

glass slide was washed with 70% (v/v) ethanol and dried using lint-free tissue paper. The glass 

slide was then placed on top of the haemocytometer. Samples were initially diluted (10 x 

dilution) with deionised water in an Eppendorf tube, then 20 µL was pipetted under the glass 

slide onto the haemocytometer. The cells were counted using an optical Olympus BX60 

microscope (Olympus, Japan) at 400 x magnification paired Amscope Digital Camera using 

the Amscope Software (Version 64.0, United Scope, USA). The cells were counted in the large 

four squares (Figure 12) representing a volume of 1 x 10-4 mL. The total cells in each square 

were counted and then an average of the four squares was reported.  

 

Figure 12: Haemocytometer counting diagram, where the grey squares represent the squares that were counted. The blue 

line outlines where, if cells were on these lines, they were ignored. Based on a diagram from LeGresley et al.109. 

Equation 5 was used to calculate the total number of cells: 

𝐶𝑐𝑒𝑙𝑙 = 1 × 10
4 𝑑𝑓𝑛𝑎𝑣𝑔 (5) 

Equation 5: Total cell count equation, where Ccell is the total number of cells per volume, df is the dilution factor used and 

navg is the average number of cells counted in the large squares.   
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3.9 HPLC Substrate Concentration 

The concentration of organic carbon substrates (i.e. glucose, succinate, galactose, 

sorbitol and acetate) was measured using High-Performance Chromatographic analysis. During 

heterotrophic and mixotrophic experiments (those which contained an organic carbon 

substrate), 1 mL samples were taken daily and micro-centrifuged at 12,000 rpm for 10 minutes 

at 4°C (GYROZEN 1730R, Korea).  The supernatant was filtered through a 0.2 µm syringe 

filter (0.22 µm Nylon Membrane Filters, BIOFIL) and transferred into a 0.2 mL septum capped 

glass vial. The filtered supernatant was then analysed using high-performance liquid 

chromatography (HPLC) (UltiMate 3000 UPHLC, Thermo Fisher Scientific, USA) combined 

with a refractive index and UV-visible spectrophotometer set at a wavelength of 210 nm. The 

column used was an Aminex HPX-87H column 300 x 7.8 mm (BIORAD, USA). The mobile 

phase used was 5 mM H2SO4 with a set flow rate of 0.5 mL min-1. The column temperature 

and pressure were set to 50°C and 1000 psi respectively. Results were analysed using 

Chromeleon software (version 7.3, ThermoFisher Scientific, USA).  

Calibration curves for determining substrate concentration were generated using serial 

dilution stocks of known concentrations, as attached in Appendix E. 

3.10 Ammonia Analysis Method 

The dissolved ammonium concentration was measured to determine when Galdieria 

sp. RTK37.1 was limited in ammonia. Samples (10 mL) were centrifuged (Eppendorf 

Centrifuge 5810 C, Eppendorf, Germany) at 10,000 RPM for 5 minutes at 4°C to avoid the 

presence of cells interfering with measurements. The supernatant was then decanted and placed 

on a magnetic stirrer (500 RPM). The potential difference was determined by an Ammonia 

Electrode (ThermoFisher Scientific, USA) after 10 M of sodium chloride was added to the 

sample.  Medium pH was measured using a Eutech pH Probe (Thermo Fisher Scientific, USA) 

after the measurement to confirm that the solution was above a pH 13, following the 

manufacturer's recommended protocol.   

The ammonium concentration was then determined using a calibration curve. 

Calibration standards were generated through a serial dilution of V4 medium containing 0.4 g 

L-1 of ammonia chloride with V4 medium containing no ammonia chloride. Calibration curves 

are attached in Appendix F.  
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3.11 Oxygen Evolution Rate Measurement 

The oxygen evolution rate was measured as a function of the light intensity, allowing 

insight into the ability for Galdieria sp. RTK37.1 to adapt to changes in trophic conditions and 

light intensity. The rate of oxygen evolution quantifies the concentration of dissolved oxygen 

generated by a population through photosynthesis.  

The apparatus and method for this experiment were based on that reported and designed 

by Smith (2020)110. The apparatus set up consisted of a culture vessel, surrounded by a 10 mm 

thick water jacket, which was connected to a circuiting water bath through silica tubing. The 

temperature of the sample was maintained at a constant temperature of 45°C by a water bath 

controlled within ± 0.1°C. The culture vessel was placed on a magnetic stirrer, set at 800 RPM. 

A lighting array, consisting of warm white LED strips, surrounded the culture vessel and were 

connected to a dimmer control allowing the light intensity to be varied from 

46 – 642 µmol m-2 s-1. The oxygen evolution apparatus set up is shown below in Figure 13.  

 

Figure 13: Experimental setup for Oxygen Evolution measurements, designed by Smith110. 

Dissolved oxygen concentration was measured using a polarographic style probe 

(Orion 083005MD, Thermo Fisher Scientific, USA) paired with a dissolved oxygen datalogger 

(Orion Star A223, Thermo Fisher Scientific, USA). Dissolved oxygen data was logged on a 

computer, through the StarCom software (version 1.0, Thermo Fisher Scientific, USA), 

allowing continuous timed measurements to be taken. The oxygen evolution rate was 
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determined by taking the linear regression of observed oxygen concentration with respect to 

time over 100 seconds.  

Prior to any measurement being taken, the dissolved oxygen probe was calibrated using 

the water-saturated air method, as described in the user manual (Thermo Fisher, Scientific, 

USA). The electrolyte solution in the probe was changed before each measurement, and then 

the probe was polarized for 1 hour prior to ensure readings were consistent.  

Fresh V4 medium was saturated with pure CO2 for 1 hour by sparging before 

measurements. This ensured that the dissolved oxygen was set at 100% air saturation and the 

medium was only saturated with dissolved CO2. This ensured that carbon limitation was 

avoided during the experiment. After saturation, 100 mL of medium was transferred into the 

culture vessel, and mixed (800 RPM) until the temperature and dissolved oxygen level were 

stabilised. Once equilibrium was achieved, 10 mL of fresh inoculum (Galdieria sp. RTK37.1, 

OD 3-6.5) was added to the culture vessel. Inoculum for the oxygen evolution rate experiment 

was grown in continuous chemostats until steady state conditions were achieved.  

The temperature and dissolved oxygen concentration were measured every 3 seconds 

for 30 minutes. The experiment was repeated using fresh inoculum each time.  

3.12 Light Intensity Measurement 

Light intensities were measured using an MQ-610 extended range photon flux density 

meter (Apogee, USA). Measurements were taken in a dark room to avoid external light 

interfering with the results. The light intensities measured were recorded in µmol m-2 s-1 and 

were correlated to calibrated measurements taken using a spherical quantum sensor (Li-COR 

Spherical LI-193, USA) which was connected to a light sensor data logger. All light intensities 

mentioned in this research have been correlated to the spherical quantum sensor, as attached in 

Appendix G. 

3.13 Relative Pigment Measurement 

The relative pigment emitted by the cells was estimated using Cytations Imaging 

Reader (Biotek, USA), through Gen5 Software (version 1.02, Biotek, USA).  

Samples were diluted in deionised water to an OD600nm 0.6 and then 200 µL was 

pipetted into a Co-Star 96 welled plate.  The linear shake duration was set at 10 s, the gain was 
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set at 80 and the total number of flashes was set to 3. The plate reader measured the absorbance 

at 600nm and completed a wavelength spectra scan from 300 nm – 800 nm in increments of 10 

nm111. Fluorescence emitted by phycocyanin and chlorophyll- were estimated by exciting the 

sample and measuring the emissions. To measure the relative amount of phycocyanin, samples 

were excited at 590 nm and the emissions measured at 670 nm111. For chlorophyll- , the 

sample was excited at 485 nm and the emissions measured at 670 nm111.  

There was a discrepancy between the OD600nm measurement between the UV 

spectrophotometer and the imaging reader, therefore a discrepancy curve was generated 

(Appendix H). All optical density measurements reported in this report are based on 

measurements provided by the UV- visible spectrophotometer (Ultrospec 2100 pro, Amersham 

Biosciences, UK).  All measurements taken using the Cytations Imaging Reader (Biotek, USA) 

were adjusted using the discrepancy curve attached in Appendix H. 

3.14 Nutritional Analysis 

Effluent biomass was collected during steady state chemostat operation and centrifuged 

(Centrifuge 5810 C, Eppendorf, Germany) at 10,000 RPM for 5 minutes at 4°C in a pre-dried 

and weighed 50 mL Eppendorf tube. The supernatant was decanted and the cell pellet was 

washed three times with deionised water to remove remaining salts within the pellet. The cell 

pellet was frozen at -18°C for a minimum of 12 hours before the sample was dried in a vacuum 

oven (ATP Line, Binder, Germany) for 3 days, at 75°C and a vacuum pressure of 0.385 psi. 

Nutritional characterisation of Galdieria sp. RTK37.1 biomass was performed at the College 

of Sciences, Massey University (accredited to ISO 17025; New Zealand) following official 

methods of analysis of the Association of Official Analytical Communities (AOAC, 2005) 

international. Total crude protein and ash (w/w %) were determined via the Dumas method 

(AOAC method 986.06)112 and furnace method (AOAC method 942.05)113 respectively. 

Moisture and fat content was determined (w/w %) via the Air Oven method (AOAC 925.10, 

930.15)114 and the Mojonnier method (AOAC 922.06)115 respectively. Carbohydrate (w/w %) 

was calculated by difference.  
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3.15 Data Analysis 

Statistical analysis for the results was completed in GraphPad Prism (version 9.3.1) 

using data analysis functions. Results were considered to be statistically significant at 95% 

confidence levels using two-tailed unpaired t-tests and ANOVA, p ≤ 0.05. Uncertainty was 

measured by standard deviation, by completing each measurement as either biologically or 

technical triplicates, as stated.  

3.16 Batch Cultivation of Galdieria sp. RTK37.1  

3.16.1 Incubator Set up  

Batch experiments were completed in a modified MaxQ 600 incubator (Thermo Fisher 

Scientific, USA). LED lighting strips and a gas flow supply manifold had been added to the 

incubator to accommodate photoautotrophic and mixotrophic growth conditions. Mass flow 

controllers (MCS series, Alicat Scientific, USA) controlled the flow rate for compressed air 

and CO2. Gas flowrates were maintained at 600 SCCM and 20 SCCM respectively, to maintain 

~ a 3% (v/v) CO2 concentration when gas sparging was required. Gas was humified through 

deionised water and filtered (0.2 𝜇m PTFE filter) before entering the reactor.  

The incubator was maintained at 45°C and 150 RPM throughout all batch experiments. 

LED lighting supplied the system with warm white light which was maintained at 

170 µmol m-2 s-1 for photoautotrophic and mixotrophic growth experiments.  

All cell manipulation and inoculation for batch experiments were completed in a 

laminar flow biohood to avoid contamination. All batch cultures were inoculated to AU600nm 

of 0.1 and completed in triplicates. Negative controls were applied for each experiment.  

3.16.2 Photoautotrophic Cultivation Experiments 

During the photoautotrophic batch experiment, 100 mL serum bottles with septum caps 

were used. The serum bottles contained 50 mL of V4 medium. Filtered (0.2 µm PTFE syringe 

filter) compressed air and 3% (v/v) CO2 was supplied through sterile needles (21 G, 120 mm) 

at 600 SCCM and 20 SCCM respectively (divided between triplicates). Ventilation of the 

system was provided by an additional needle covered in aluminium foil (23 G, 32 mm). LED 

warm white lighting surrounding the incubator was maintained at 170 µmol m-2 s-1. 
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3.16.3 Mixotrophic Cultivation Experiments 

During mixotrophic batch experiments, Galdieria sp. RTK 37.1 cells were grown in 

100 mL serum bottles with a septum capped. The serum bottles contained 50 mL of V4 medium 

with the addition of 10 mM of an organic carbon source. Filtered (0.2 µm PTFE syringe filter) 

compressed air and 3% (v/v) CO2 was supplied through sterile needles (21 G, 120 mm) at 

600 SCCM and 20 SCCM respectively (divided between triplicates). Ventilation of the system 

was provided by an additional needle covered in aluminium foil (23 G, 32 mm). As with 

photoautotrophic samples, LED warm white lighting surrounding the incubator was maintained 

at 170 µmol m-2 s-1. 

3.16.4 Heterotrophic Cultivation Experiments 

During heterotrophic batch experiments, Galdieria sp. RTK 37.1 cells were grown as 

described in mixotrophic batch experiments, with the exception that serum bottles were 

covered with aluminium foil to prevent exposure to light and no CO2 or compressed air was 

sparged into the samples.   
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3.17 Continuous Cultivation of Galdieria sp. RTK37.1 

After the completion of batch experiments, continuous cultivation of Galdieria sp. 

RTK37.1 was performed to investigate several light (in)dependant growth factors surrounding 

Galdieria sp. RTK37.1. This was completed to provide an understanding of the effect light has 

on the physiology of Galdieria sp. RTK37.1 and provide additional insight into the optimal 

growth conditions aiding in achieving large scale production of Galdieria sp. RTK37.1. 

3.17.1 Airlift Photobioreactor Apparatus 

The airlift photobioreactor used during this research was designed and constructed by 

Smith (2020)110, based on designs by Mazumda (2015)116 and Gopalakrishnan (2018)110,116,117.  

The airlift photobioreactor consisted of a 1500 mL concentric glass tube surrounded by 

a water jacket. The temperature inside the reactor was maintained through water circulation, 

which was controlled by a refrigerating water bath and submersion pump. A butyl rubber 

stopper was placed on the top of the reactor, containing stainless steel tubing for gas sparging, 

sampling and ventilation. LED lighting strips placed around a plastic circular tube was placed 

on the outside of the reactor.  

The temperature inside the reactor was maintained at 45°C for all experiments. The 

LED lighting was on warm white light at an intensity of 94.6 μmol m-2 s-1, unless stated 

otherwise. Gas sparging into the reactor was controlled by mass flow controllers (MCS series, 

Alicat Scientific, USA). A total gas flow rate (compressed air and CO2) of approximately 

2000 ml min-1 was used, maintaining a concentration of 3% (v/v) CO2. The gas was split 

between two rotameters to ensure a constant gas flow rate of 1000 mL min-1 was maintained. 

Gas was humified through deionised water and filtered (0.2 𝜇m PTFE filter) before entering 

the reactor.  

3.17.2 Chemostat Design for Continuous Cultivation Experiments 

For continuous cultivation experiments, two additional stainless steel tubes were added 

to the butyl rubber stoppers to allow for an inlet feed and outlet effluent ports. The outlet 

effluent tube height in the reactor was chosen to set the desired volume of culture, which was 

1400 mL.  
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Fresh V4 medium was supplied into the reactor by a peristaltic pump (Huiyu Fluid, 

Beijing, China; Appendix I), which set the desired dilution rate (D = 0.12 d-1) for the chemostat 

(Inlet flow rate 250 mL d-1, outlet flow rate 500 mL d-1). All media transferred was via sterilised 

silicon tubing (#14).  

Sterilisation of the Chemostat Reactors 

The chemostat reactors were initially rinsed with 4 wt% sodium hypochlorite to 

dislodge biofilm from the sides of the reactor, then rinsed with deionised water to remove the 

biomass and other contaminates. The inlet and outlet tubing of the reactor were then covered 

in aluminium foiling, ensuring the rubber bund was not placed on the reactor tightly to avoid 

pressure build-up within the system. The reactor was then autoclaved (dry sterilisation) at 

134°C, 15 psi for 30 minutes. After sterilisation was complete the butyl rubber stopper was not 

removed from the reactor until all experiments were completed to avoid contamination.  

Fresh V4 medium was sterilised by autoclaving at 121°C, 15 psi for 30 minutes. The 

butyl rubber stoppers remained on the bottles during sterilisation with the silicon tubing 

connected. After sterilisation, the inlet feed and outlet effluent tubing were attached to the 

reactor after being further sterilised with 70% (v/v) ethanol to limit airborne contamination. 

Sterile V4 medium was then pumped into the reactor until the desired volume was achieved.  

3.17.3 Chemostat Reactor Experimental Method 

The V4 medium was heated inside the reactor to 45°C. The total gas flow rate was set 

at approximately 2000 mL min-1 (1000 mL min-1 into each chemostat reactor), using 

1900 mL min-1 compressed air and 60 mL min-1 CO2 to maintain a 3% (v/v) CO2 concentration. 

Once the reactors were at the desired conditions, axenic Galdieria sp. RTK 37.1 cells were 

inoculated into the reactors to achieved a desired OD600nm of 0.1. The reactors were maintained 

in batch operation until an OD600nm of ~ 3 was achieved, then the reactors were changed into 

continuous operation. A dilution rate of 0.12 d-1 (250 mL d-1) was used during this research, 

which was based on the exponential growth rate measured during photoautotrophic batch 

growth experiments. Triplicate samples were collected from both reactors daily to measure the 

cell growth using UV- visible spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences, 

UK). The temperature, ammonia concentration and pH were also measured throughout 

chemostat operation.  
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Photoautotrophic Cultivation Experiments 

During photoautotrophic growth conditions of the chemostat reactors, warm white LED 

lighting was maintained at an intensity of 94.6 mol m-2 s-1. The reactors contained different 

initial inlet ammonia concentrations (Reactor 1 contained 0.2 g L-1 ammonia chloride (NH4Cl) 

and Reactor 2 contained 0.4 g L-1 NH4Cl) to investigate the effect ammonia limitation would 

have on the photoautotrophic steady state of Galdieria sp. RTK 37.1. During steady state 

conditions, pigment production analysis and cell counts were completed.   Biomass was 

collected over 5 days to obtain dry biomass weights.  

During light intensity and wavelength experiments (Chapter 6), reactor 1 was cultivated 

under warm white LED light at an intensity of 94.6 mol m-2 s-1. The light intensity was 

increased to 191.4 mol m-2 s-1 then decreased to 8.1 mol m-2 s-1. Galdieria sp. RTK37.1 was 

then cultivated under red light (629 nm, 33.8 mol m-2 s-1) and then blue light (464 nm, 86.5 

mol m-2 s-1). During steady state conditions, pigment production analysis and optical density 

were measured.   

Mixotrophic Cultivation Experiments 

To transfer to mixotrophic growth, 10 mM of glucose was added to the inlet V4 medium 

and this was pumped into the reactor. Warm white LED lighting was maintained at an intensity 

of 94.6 mol m-2 s-1. The reactor contained an inlet ammonia concentration of 0.4 g L-1 NH4Cl. 

During steady state conditions, HPLC samples, pigment production analysis and cell counts 

were completed. Biomass was collected over 5 days to obtain dry biomass weights.  

Heterotrophic Cultivation Experiments 

Following mixotrophic growth experiments, the reactor was transferred to 

heterotrophic growth conditions by covering the reactor in aluminium foil to prevent exposure 

to light. CO2 was still sparged into the reactor but would not impact the growth of 

Galdieria sp. RTK 37.1 due to light limitation. The reactor contained an inlet ammonia 

concentration of 0.4 g L-1 NH4Cl and 10 mM of glucose. During steady state conditions, HPLC 

samples, pigment production analysis and cell counts were completed.   Biomass was collected 

over 5 days to obtain dry biomass weights.  
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4 Chapter 4: Classification and Batch Characterisation of Galdieria sp. 

RTK37.1 

4.1 Introduction and Aim 

Batch cultivation involves a closed system where all required growth and maintenance 

nutrients are provided at the beginning of cultivation and no additional nutrients are added 

throughout94, discussed in Section 2.6.1. During microalgae growth within a closed system, 

growth is exponential until the exhaustion of a limiting factor, typically a nutrient. After 

nutrient exhaustion, growth is no longer exponential as the system enters the stationary phase, 

where the rate of cell growth equals the rate of cell death94. Over time nutrients continue to 

decrease and cells expel toxins, which ultimately results in cell death94.  

During the exponential phase, growth is typically constant, largely depending on the 

species and cultivation parameters such as light intensity, temperature and nutrient 

availability94. Although maximum biomass and product production is achieved during 

exponential growth, this is not maintainable as cells will enter the stationary phase of growth94. 

This is a major consequence of batch cultivation94. To maintain cells in the exponential growth 

phase, cells must be supplied with fresh medium through subculturing94. This decreases cell 

density resulting in inconsistent biomass and product outputs94. Additionally, the requirement 

to subculture increases the likelihood of contamination and requires large amounts of labour 

due to continuous inoculation and harvesting94. Within batch systems cell properties such as 

size, internal composition and metabolic functions are dependent on the time of harvest, 

making metabolic studies difficult and often not an accurate estimate of what occurs 

intracellularly94.  As a result, batch cultivation of algae is not favoured for large scale 

production in biotechnology applications94.   

Batch cultivation does have advantages, particularly surrounding the simplicity and 

low-cost associated with the system. Batch systems are often low volume and are therefore 

easier to manage and identify any remedy defects in the cultivation method. By completing 

batch cultivation of a species, optimal growth conditions can be identified and characterised 

which can then be transferred to larger scale continuous cultivation. During this research, 

Galdieria sp. RTK37.1 was grown in batch conditions to characterise growth during 

photoautotrophic, mixotrophic and heterotrophic conditions. This allowed viable organic 
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carbon substrates, light intensities and pH conditions to be identified and transferred for large 

scale cultivation undertaken in the forthcoming research Chapters 5 & 6. 

The strain Galdieria sp. RTK37.1 used in this research was previously isolated from 

soils in Rotokawa geothermal fields (Taupō, New Zealand) in 2016 and had not previously 

been placed taxonomically. Additionally, due to continuous subculturing occurring over 

several years, an unknown bacterial contaminate was present as a coculture alongside Galdieria 

sp. RTK37.1. As a result, the strain of Galdieria sp. RTK37.1 was isolated, characterised and 

classified. Isolating the strain ensured that any bacterial contamination within culture samples 

did not interfere with the overall growth performance of Galdieria sp. RTK37.1. This is 

particularly important during mixotrophic and heterotrophic growth, as bacterial carbohydrate 

uptake rates, particularly glucose specific uptake, is higher than microalgae118.  

4.2 Experimental Methods and Materials 

Cultures were grown according to Section 3.16. All cultures were grown in V4 medium, 

as described in Appendix C. During these experiments, Galdieria sp. RTK37.1 was cultivation 

in both solid (petri dishes) and liquid medium (laboratory flasks and airlift bioreactors). 

Isolation of Galdieria sp. RTK37.1 was done through dilution to extinction experiments, with 

the successful generation of an axenic culture confirmed by the absence of bacterial colonies 

on Phytagel solid medium plates (Appendix D) and observation under a microscope (Primostar 

star, Zeiss, Germany) at 1000x magnification. Batch experiments in photoautotrophic, 

mixotrophic and heterotrophic growth conditions were completed using 160 mL serum bottles, 

containing 50 mL of V4 mineral medium salts. Organic carbon substrates such as glucose, 

galactose, sorbitol, succinate and acetate, were investigated, at a concentration of 10 mM. 

Growth pH optimisation experiments were completed in 250 mL shake flasks, containing 100 

mL of V4 medium. All experiments were performed as biological triplicates unless stated 

otherwise. All statistical analysis (two-tailed unpaired t-test) was completed in GraphPad Prism 

(version 9.3.1). 
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4.3 Results and Discussion 

4.3.1 Isolation, Characterisation and Classification of Galdieria sp. RTK37.1 

Taxonomic characterisation had not been completed on Galdieria sp. RTK37.1 and 

therefore was undertaken to confirm closely related species within the order Cyandiales. 

Characterisation was completed through genomic sequencing using primers outlined in 

Section 3.5. The primers used were Cdm (F & R), rbcL (1F & 1R) and psaA (130 F & 130 R) 

resulting in sequence data for target gene 18s rRNA, rbcL and psaA.  The retrieved Galdieria 

sp. RTK37.1 sequence was compared with other published sequences via GenBank BLAST 

(NCBI, USA) to determine the most closely related species or strains.  Details outlining the 

species, strain, pair identity and accession numbers are provided in Appendix L.  Gene 

sequences are provided in Appendix J (Galdieria sp. RTK37.1) and Appendix K (Bacterial 

contaminate).  
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The target gene rbcL of Galdieria sp. RTK37.1 most closely relates to the New Zealand Type 

IV Galdieria sp. strains isolated and characterised by Toplin et al119. Specifically, strains 

isolated from the Taupō and Waiotopu regions of New Zealand (#EF675175, 100% sequence 

identity)119. Figure 14 outlines the characterisation placement of Galdieria sp. RTK37.1 among 

other closely related Galdieria sp. and Cyandiales species. Rhodella violacea was used as the 

outgroup.  

 

 

 

  

Figure 14: Neighbour-joining phylogram based on the rbcL gene sequence of Galdieria sp. RTK37.1 and representatives of 

order Cyandiales. The tree was nonstructured via a Jukes-Cantor Model. Bootstrap values for nodes calculated via 1,000 

resampling; where no bootstrap value is provided values < 0.5. Scale bar represents 0.06 substitutions per nucleotide 

position. Rhodella violacea AY119776 was used as the Outgroup. 
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The 18s rRNA gene sequence of Galdieria sp. RTK37.1 closely relates to other G. sulphuraria, 

specifically strains from Yellow Stone National Park, USA, as shown in Figure 15 

(#KP167587, 97.47% sequence identity). Rhodella violacea was used as the outgroup.  

 

 

 

 

 

 

 

 

 

 

  

Figure 15: Neighbour-joining phylogram based on the 18s rRNA gene sequence of Galdieria sp. RTK37.1 and 

representatives of order Cyandiales. The tree was nonstructured via a Jukes-Cantor Model. Bootstrap values for nodes 

calculated via 1,000 resampling; where no bootstrap value is provided values < 0.5. Scale bar represents 0.03 

substitutions per nucleotide position. Rhodella violacea EU861395 was used as the Outgroup. 
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The psaA gene sequence of Galdieria sp. RTK37.1 closely relates to other 

G.  sulphuraria strains, specifically from Sonoma County, California, USA, as shown in Figure 

16 (MN518834, 93.33% sequence identity). Rhodella violacea was used as the outgroup. It 

appears that Galdieria sp. RTK37.1 appears to be forming its own monophyletic grouping, 

likely representing a novel lineage.  

 

Molecular characterisation and taxonomic classification confirm that Galdieria sp. 

RTK37.1 is most closely related to Galdieria sulphuraria, within the genus Galdieria. 

  

Figure 16: Neighbour-joining phylogram based on the psaA gene sequence of Galdieria sp. RTK37.1 and representatives of 

order Cyandiales. The tree was nonstructured via a Jukes-Cantor Model. Bootstrap values for nodes calculated via 1,000 

resampling; where no bootstrap value is provided values < 0.5. Scale bar represents 0.08 substitutions per nucleotide position. 

Rhodella violacea AY119706 was used as the Outgroup. 
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Identification of the Bacterial Contaminate 

As a bacterial contamination was persistent in cultures of Galdieria sp. RTK37.1, 

genomic extractions of the bacterial contaminate were completed to identify the species of 

bacteria successfully growing in co-culture with Galdieria sp. RTK37.1. Through comparative 

analysis of the 16s rRNA gene sequence, the bacterial contaminate was determined most likely 

to be within the Alicyclobacillus genus, most closely related to Alicyclobacillus tengchongensis 

(99.50% sequence identity) as outlined in Figure 17. The microscope image of an axenic 

culture of Alicyclobacillus sp. EB1 isolated from cultures of Galdieria sp. RTK37.1 is shown 

in Figure 18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 17: Neighbour-joining phylogram based on the 16s rRNA gene sequence of Alicyclobacillus sp. EB1 and 

representatives of genus Alicyclobacillus, Tumebacillus and Effusibacillus. The tree was nonstructured via a Jukes-Cantor 

Model. Bootstrap values for nodes calculated via 1,000 resampling; where no bootstrap value is provided values < 0.5. 

Scale bar represents 0.03 substitutions per nucleotide position. E.coli NR024570 was used as the Outgroup.  
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Alicyclobacillus tengchongensis is a Gram-positive, aerobic, acidophilic, endospore-

forming thermotolerant rod-shaped bacterial species120.  Alicyclobacillus tengchongensis has 

very similar optimal growth conditions to Galdieria sp. RTK37.1, highlighting the ability of 

the bacterial species to thrive when grown in the same conditions as Galdieria sp. 

RTK37.1120,121. The growth temperature range for Alicyclobacillus tengchongensis is 30-50°C, 

with the optimal temperature for growth at 45°C120,121. Alicyclobacillus tengchongensis can 

grow in pH conditions ranging from 2 - 6, with the optimal pH for growth at pH 3.2120,121. 

Alicyclobacillus tengchongensis is a heterotroph, commonly cultivated on glucose120. As the 

V4 liquid medium does not contain substrates that support heterotrophic growth of non-

phototrophic microorganisms, it is likely that Alicylcobacillus sp. EB1 grow via the use of 

metabolic byproducts excreted or released from Galdieria sp. RTK37.1120.  

 

 

 

 

 

 

 

Figure 18: Microscope image of axenic cultures of Alicyclobacillus sp. EB1, isolated from cultures of Galdieria sp. 

RTK37.1 at 1000x objective. Alicyclobacillus sp. EB1was grown on 15 g/L phytagel plates, at pH 2.5, 45°C. Red triangles 

indicate vegetative Alicyclobacillus sp. EB1 cells with endospores. Scale bar is 10 µm. 
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4.3.2 Galdieria sp. RTK37.1 growth rate and biomass yield differ in different trophic 

growth conditions  

Galdieria sp. RTK37.1 was grown photoautotrophically, mixotrophically and 

heterotrophically to investigate the maximum growth rate and biomass yields achieved during 

batch growth. The growth curve for Galdieria sp. RTK37.1 grown in these various trophic 

conditions is shown in Figure 19. Biomass yields and maximum growth rates (max) during the 

different trophic growth conditions are summarised in Table 5. 
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Figure 19: Growth curve outlining the optical density and biomass concentration of Galdieria sp. RTK37.1 grown in 

photoautotrophic, mixotrophic and heterotrophic growth conditions. Galdieria sp. RTK37.1 cells were grown at a pH 2.5, 

45°C in 160 mL serum bottle supplied with 50 mL of V4 media. During photoautotrophic and mixotrophic growth conditions, 

cells were provided with 3% (v/v) CO2, under 170 µmol m-2 s-1 warm white LED lighting. During heterotrophic and 

mixotrophic, 10 mM glucose was used as organic carbon substrates. Error bars denote standard deviation.  
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After 216 hours of growth, mixotrophic Galdieria sp. RTK37.1 had the greatest 

biomass concentration (as determined by dry cell weights, DCW) at 0.9 (± 0.02) g L-1compared 

with heterotrophic and photoautotrophic grown cells which had biomass concentration of 

0.4 (± 0.007) g L-1 and 0.2 (± 0.01) g L-1 respectively (t-test: p-value: < 0.0025). This is a 

significant 75% increase in biomass concentration during mixotrophic conditions compared 

with heterotrophic cells (t-test: p-value < 0.04) and a 130% increase from photoautotrophic 

grown cells (t-test: p-value: < 0.0025). These results align with results from previously known 

literature, which stated that after 216 hours, mixotrophic grown G. sulphuraria cells obtained 

biomass yields 42% greater than heterotrophically grown cells, and 100% greater than 

photoautotrophic grown cells. However during this study, 25 mM glucose was used as the 

carbon substrate, and cells were under 30 µmol m-2 s-1 illumination where required54. 

During mixotrophic and heterotrophic growth, the optical density of the cell culture 

followed the same graphical pattern as the biomass yields obtained.  This was not observed 

during photoautotrophic growth conditions, as the biomass yields do not increase at the same 

rate as the optical density measurement observed during mixotrophic and heterotrophic growth 

(Figure 19). This is likely due to the high presence of pigmentation associated with 

photoautotrophic growth in photosynthetic organisms82. During photoautotrophic growth, cells 

require specific pigments to absorb the light energy required for photosynthesis82. These 

pigments are required in lesser concentrations during mixotrophic and heterotrophic growth 

conditions therefore it is likely the cells downregulate them, although as seen in Figure 20 

pigmentation is still visible suggesting that pigments are constitutively expressed82. The 

occurrence of variable pigmentation can result in spectrophotometric inaccuracies when 

determining optical density.  
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The cell pigmentation of Galdieria sp. RTK37.1 grown photoautotrophically, 

mixotrophically and heterotrophically is shown in Figure 20. Photoautotrophic Galdieria sp. 

RTK37.1 exhibits a darker green pigmentation than mixotrophic and heterotrophic Galdieria 

sp. RTK37.1, suggesting that during photoautotrophy the cell has an increased concentration 

of pigments. The presence of these pigments likely impacts spectrophotometric measurements, 

corresponding to a higher optical density during photoautotrophy.  

 

 

 

 

  

Figure 20: Cell pigmentation of Galdieria sp. RTK37.1 grown photoautotrophically (A), mixotrophically (B) and 

heterotrophically (C). Galdieria sp. RTK37.1 cells were grown at a pH 2.5, 45°C in 160 mL serum bottle supplied with 50 mL 

of V4 medium. During photoautotrophic and mixotrophic growth conditions, cells were provided with 3% (v/v) CO2, under 170 

µmol m-2 s-1 warm white LED lighting. During heterotrophic and mixotrophic, 10 mM glucose was used as organic carbon 

substrates.  

Figure 20. A is cell pigmentation for photoautotrophically grown Galdieria sp. RTK37.1.  

Figure 20. B is cell pigmentation for mixotrophically grown Galdieria sp. RTK37.1.  

Figure 20. C is cell pigmentation for heterotrophically grown Galdieria sp. RTK37.1.  

 

A 

B 

C 
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Table 5: Tabulated data of maximum growth rate, biomass production, consumption rates and biomass yields for Galdieria 

sp. RTK37.1 grown photoautotrophically, mixotrophically and heterotrophically. Galdieria sp. RTK37.1 cells were grown at 

a pH 2.5, 45°C in 160 mL serum bottle supplied with 50 mL of V4 medium. During photoautotrophic and mixotrophic 

growth conditions, cells were provided with 3% (v/v) CO2, under 170 µmol m-2 s-1 warm white LED lighting. During 

heterotrophic and mixotrophic growth, galactose and glucose were used as organic carbon substrates (10mM). Uncertainty 

error denotes standard deviation. 

 

ND: Substrate consumption and biomass yields per substrate were not able to be determined for photoautotrophic growth 

conditions due to the limitation in measuring CO2 consumption and light capture of the cells. 

 

The fastest exponential growth rate was achieved by heterotrophic Galdieria sp. 

RTK37.1, growing at rates 4 times faster than photoautotrophic and 1.5 times faster than 

mixotrophic grown cells (Table 5). These observed maximum growth rates concurred with 

previous reported heterotrophic growth rates of G. sulphuraria, which stated that during 

heterotrophic growth G. sulphuraria growth rates were 85% faster than photoautotrophic 

cells55,67. Heterotrophically grown cells appeared to reach the stationary phase of growth after 

100 hours (further discussed in Section 4.3.3), due to the complete consumption of glucose 

(Lower detection limit, LDL < 0.75 mM). However, during mixotrophy Galdieria sp. RTK37.1 

did not reach the stationary phase after 100 hours but continued to grow at rates and biomass 

Growth 

Condition 
Substrate 

Maximum 

Growth 

Rate 

Rate of 

Biomass 

Production 

Rate of 

Carbohydrate 

Consumption 

Rate of 

Carbohydrate 

Consumption 

per Biomass 

Weight 

Biomass Yield 

per mole of 

Carbohydrate 

  µmax rb rs rs Yb/s 

  (h-1) 
(mgbiomass L-1 

h-1) 

(molcarbohydrate L-1 

h-1) 

(mmolcarbohydrate 

mgbiomass
-1h-1) 

(mgbiomass 

molcarbohydrate
-1) 

Photoautotrophic 
3% w/w 

CO2 

0.011 ± 

0.004 
2.45 ± 2 ND ND ND 

Mixotrophic 

10 mM 

glucose 

3% w/w 

CO2 

0.030 ± 

0.001 
64.1 ± 4 131 ± 36 33.9 ± 5 0.265 ± 0.04 

10 mM 

galactose 

3% w/w 

CO2 

0.031 ± 

0.002 
74.6 ± 6 139 ± 65 31.6 ± 4 0.254 ± 0.03 

Heterotrophic 

10 mM 

glucose 

0.045 ± 

0.002 
12.7 ± 4 86.7 ± 20 21.5 ± 8 0.105 ± 0.07 

10 mM 

galactose 

0.044 ± 

0.002 
15.3 ± 5 75.5 ± 19 15.7 ± 6 0.122 ± 0.08 
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yields greater than those observed during photoautotrophy. Additionally, there was a 2.5 times 

increase in biomass yield per mole of glucose compared with heterotrophically grown 

Galdieria sp. RTK37.1 (t-test: p-value: < 0.0015). This is evidence in the ability for Galdieria 

sp. RTK37.1 to combine the mechanisms of photoautotrophy and heterotrophy to achieve faster 

growth rates and greater biomass yields during mixotrophic growth conditions.  

Although this data outlines some important conclusions surrounding the biomass yields during 

different trophic conditions, it is important to consider that heterotrophic cells were likely 

limited during batch growth (i.e. as was not continuously supplied glucose). Whereas, 

photoautotrophic and mixotrophic cells were continuously sparged with CO2 and under 

constant LED illumination. As a result, heterotrophic grown Galdieria sp. RTK37.1 were 

cultivated in a batch system while photoautotrophic and mixotrophic grown Galdieria sp. 

RTK37.1 was cultivated in a static liquid continuous gas system. As CO2 was continuously 

supplied into the closed system there would have been a discrepancy between the amount of 

growth substrates available in each trophic condition. This is made clear in the results as 

heterotrophically grown Galdieria sp. RTK37.1 reached a stationary phase after 100 hours, 

while photoautotrophic cells continued to grow linearly. Due to this, is it not justifiable to make 

conclusions based on the final biomass concentrations between the trophic conditions tested, 

unless the substrates were provided in equal molarity (i.e. CO2 should have been provided as 

headspace gas instead of continuously sparged). This would have resulted in equivalence 

between the trophic conditions, allowing for a more conclusive comparison.  
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4.3.3 The metabolism rate of carbon substrates depends on the trophic conditions.  

Prior research has reported that Galdieria spp. are capable of heterotrophic growth on 

glucose, galactose, sorbitol and succinate39,54,  although in this experiment it was confirmed 

that Galdieria sp. RTK37.1 could only grow on glucose and galactose. Growth curves for batch 

cultivated Galdieria sp. RTK37.1 grown mixotrophically and heterotrophically is shown in 

Figure 21, in comparison to the carbohydrate consumption rate profiles for each specific 

substrate. Glucose and galactose were both used to determine whether there was a significant 

difference between the growth rates and final biomass yields of the cells grown in the presence 

of these different substrates. It was concluded that the effect glucose and galactose had on the 

growth rate and biomass yields of the cells were not significantly different (t-test: p-value > 

0.5). Consequently, either substrate would be suitable for continuous cultivation during these 

growth conditions. Optical density measurements and substrate consumption curves for the 

additional carbon substrates investigated (sorbitol, succinate and acetate), in which there was 

no observed growth of Galdieria sp. RTK37.1 are provided in Appendix I. 

During heterotrophic growth of Galdieria sp. RTK37.1, glucose and galactose were 

exhausted after 100 hours of growth (LDL < 0.75 mM). However, in mixotrophic growth 

conditions, glucose and galactose were exhausted after only 70 hours of growth, as were below 

the detectable limit. As summarised in Table 5, the biomass normalised rate of carbohydrate 

consumption in mixotrophic growth was 36% faster for glucose and 50% faster for galactose 

compared with heterotrophically grown cells. This is interesting as it has previously been 

suggested that during mixotrophic growth conditions, algal cells such as Chlorella zofingiensis, 

downregulate the activity of the TCA cycle compared with heterotrophic cells70,122. These 

results suggest that due to the increased carbohydrate consumption rate observed during 

mixotrophic conditions, Galdieria sp. RTK37.1 may not downregulate the activity of the TCA 

cycle. Although further investigation into the mixotrophic regulation of Galdieria sp. RTK37.1 

through transcriptome analysis would be required to confirm this.  

The onset of stationary phase growth coincided with the exhaustion of glucose and 

galactose during heterotrophic growth. Whereas, during mixotrophic growth when the presence 

of glucose or galactose was undetectable, the biomass concentration continued to increase at a 

linear rate. Continued growth is assumed to be due to the continuous supply of CO2 and light, 

indicating the cells' ability to utilise aerobic respiration and photosynthesis to obtain maximum 

biomass yields.  
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Figure 21: Growth curve outlining the biomass yield of Galdieria sp. RTK37.1 and substrate concentration in heterotrophic 

(A) and mixotrophic (B) growth condition. Galdieria sp. RTK37.1 cells were grown at a pH 2.5, 45°C in 160 mL serum 

bottle supplied with 50 mL of V4 medium. 10mM of either glucose and galactose were provided as the organic carbon 

substrates. During mixotrophic growth conditions, cells were provided with 3% (v/v) CO2, under 170 µmol m-2 s-1 warm 

white LED lighting. Error bars denote standard deviation.  

Figure 21. A is the growth curve for heterotrophic growth conditions of Galdieria sp. RTK37.1.  

Figure 21. B is the growth curve for mixotrophic growth conditions of Galdieria sp. RTK37.1.  
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4.3.4 pH conditions impact the growth rate of Galdieria sp. RTK37.1 

Galdieria sp. RTK37.1 was grown in different pH conditions to conclude the optimal 

pH for the maximum growth rate of Galdieria sp. RTK37.1, as shown in Figure 22. Galdieria 

sp. RTK37.1 grow successfully in all pH conditions tested (pH 0.5 – 5). These results agree 

with previous research which reported that Galdieria spp. can grow photoautotrophically in 

pH conditions ranging from 0.5 – 74.  

 

Figure 22: Exponential growth rates of Galdieria sp. RTK37.1 grown photoautotrophically in various pH conditions. 

Galdieria sp. RTK37.1 cells were grown at 45°C in 250 mL shake flasks supplied with 100 mL of V4 media. Cells were 

provided with 3% (v/v) CO2, under 170 µmol m-2 s-1 warm white LED lighting. Error uncertainties denote standard 

deviation. 

In literature, the optimal pH conditions for Galdieria spp. is defined between a pH 

0.5 - 31,4. The growth rate and therefore doubling rate remain relatively constant between these 

varying pH conditions1,4.  This data, however, suggests a clear optimal pH condition which 

results in the highest observed growth rate for Galdieria sp. RTK37.1 at pH 2.5. As shown in 

Figure 22 above, as the pH increases the growth rate increases until pH 2.5, where the fastest 

growth rate was observed corresponding to a doubling time of 40 hours.  As the pH continues 

to increase following pH 2.5, the growth rate slows down again. It is worth noting that it is 

possible that the highest growth rate of Galdieria sp. RTK37.1 was observed at pH 2.5 due to 

the cell adapting over several years of cultivation at this specific pH.  
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4.4 Conclusions 

To determine and identify the taxonomic position of Galdieria sp. RTK37.1, 

sequencing of the rbcL, psaA and 18s rRNA gene were performed. Genomic sequencing 

confirmed that Galdieria sp. RTK37.1 closely relates to other strains of G. sulphuraria, within 

the genus Galdieria. Genomic sequencing of the 16s rRNA gene confirmed that the bacterial 

contaminate, Alicyclobacillus sp. EB1, belongs to the genus Alicyclobacillus, most closely 

relating to Alicyclobacillus tengchongenesis (99.50% sequence identity). 

From batch experiments, it was concluded that Galdieria sp. RTK37.1 can utilise 

glucose and galactose during heterotrophic and mixotrophic growth, but could not utilise 

succinate, sorbitol and acetate as mentioned in previous literature39,54. This is likely due to 

Galdieria sp. RTK37.1 adapting to different conditions results in the cell losing the ability to 

metabolise these substrates. Mixotrophic Galdieria sp. RTK37.1 displayed the greatest 

biomass yield, while heterotrophic Galdieria sp. RTK37.1 had the fastest growth rate. The 

ability for Galdieria sp. RTK37.1 to grow mixotrophically was implied by the continued linear 

growth after no carbon substrate (glucose or galactose) was detected within the system. 

Whereas, in heterotrophic growth, when the available carbon substrate was exhausted this 

resulted in the onset of stationary growth. During the various photoautotrophic pH experiments, 

it was observed that Galdieria sp. RTK37.1 grown at a pH of 2.5 achieved the fastest growth 

rate.  

This investigation into the batch growth performance has characterised the growth of 

Galdieria sp. RTK37.1 photoautotrophically, mixotrophically and heterotrophically. Viable 

carbon substrate and optimal pH conditions for this strain were identified and were utilised to 

successfully grow Galdieria sp. RTK37.1 in a continuous cultivation system in the forthcoming 

research Chapters 5 & 6.  Additionally, growth rate data provided an estimate for dilution rates 

to achieve desired steady states and avoid ‘wash out’ during continuous cultivation.  It is 

concluded that glucose was to be used during mixotrophic and heterotrophic cultivation of 

Galdieria sp. RTK37.1. Although galactose and glucose had a similar effect on the growth and 

biomass production of the cell, glucose is a more reasonable economic choice as is readily 

available in the industry and a cheaper substrate option123. All following Galdieria sp. 

RTK37.1 was cultivated at a pH 2.5.  
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5 Chapter 5: Continuous Cultivation of Galdieria sp. RTK37.1 in a 

Chemostat 

5.1 Introduction and Aim 

A chemostat (Figure 23) is a laboratory apparatus that allows continuous cultivation to 

be achieved in microalgae species124. The apparatus consists of a vessel enclosing liquid media 

to support the growth of the desired species under investigation, with a sterile liquid feed inlet 

(𝐹) and an effluent outflow124. The volume, V, of medium remains constant throughout the 

operation allowing for steady state conditions to be achieved. Mixing of the system can be 

supplied by an impeller or gas sparging124. Continuous culture techniques allow submaximal 

growth rates to be achieved in microorganism cultivation under defined, nutrient-limited 

conditions95. This allows the culture conditions to remain virtually constant, achieving steady 

state95. 

 

 

 

 

 

 

 

 

 

 

 

   

Figure 23: Basic chemostat configuration. 
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Previous research conducted by Graverholt and Eriksen (2007), concluded that 

Galdieria spp. are highly suited for high cell density cultivations but highlighted the lacking 

research surrounding achieving stable growth in continuous cultivation90. Following on from 

this, this research involved continuous cultivation of Galdieria sp. RTK37.1 to investigate 

growth in different trophic conditions, including photoautotrophy, mixotrophy and 

heterotrophy. Initially the suitability of Galdieria sp. RTK37.1 to achieve steady state during 

continuous cultivation was explored. The effect various trophic conditions and growth-limiting 

factors has on the microalgae species was investigated. This provided additional process 

information surrounding the optimal growth conditions for the successful cultivation of 

Galdieria sp. RTK37.1 to assist in large scale production.  

The specific hypothesises investigated in this chapter were: 

1. Galdieria sp. RTK37.1 is a true mixotroph. 

2. Stable continuous cultivation of Galdieria sp. RTK37.1 is achievable during 

photoautotrophic, mixotrophic and heterotrophic growth conditions.  

5.2 Chemostat Theory 

For a chemostat to be considered ideal, homogenous mixing must be achieved by 

effective aeration or stirrers124. This allows the assumption that all contents within the reactor 

have uniform composition124. Therefore, there is no variability in biomass concentration within 

the reactor.  Due to this assumption, the concentration of the effluent stream is equal to the 

concentration within the reactor vessel, defined as C124. Additionally, the concentration of 

dissolved oxygen and CO2 is the same throughout the bulk liquid phase, which is critical for 

photoautotrophic and mixotrophic growth of algae species as inorganic carbon is a growth 

substrate124.  

During steady state conditions within a chemostat reactor, it is assumed that the rate of 

cell addition (through the feed stream) and the rate of cell production is equal to the rate of cell 

removal from the system124. For the chemostat specifically used during this research, the liquid 

feed was sterile of biomass, resulting in the viable cell concentration in the feed stream being 

zero, 𝐶𝑂 =  0. Therefore, the rate of production, rx,  (Equation 6) is solely based on cell 

formation per unit time within the reactor, which is based on the number of viable cells and the 

specific growth rate at that unit time124.  



 66 

 

𝑟𝑥 = 𝜇𝐶 (6) 

Equation 6: Rate of productivity, where  is defined as the specific growth rate, t is defined as time. 

The specific growth rate is defined in Equation 7: 

𝜇 =
(ln 𝐶 − ln 𝐶0)

𝑡 − 𝑡0
(7) 

Equation 7: Specific growth rate, where C is defined as the biomass concentration, t is defined as time. 

The dilution rate, D,  is equal to the liquid vessel volumes (V) which will pass through 

the vessel per unit time (Equation 8)124. This is the reciprocal of the hydraulic retention time, 

which denotes the holding time of viable cells within the system124.  

𝐷 =
𝐹

𝑉
(8) 

Equation 8: Dilution rate, where F is defined as the flow rate, V is reactor volume.  

For a chemostat system where the culture is in a state of exponential growth and the 

specific growth rate is independent of the cell concentration, C, and substrate concentration, s, 

the steady state growth can be defined by the material balance in Equation 9. In the case where 

the inlet feed is sterile, then the dilution rate is equal to the specific growth rate124. It is assumed 

that the rate of cell death is negligible compared to cell growth: 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑖𝑛 − 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑜𝑢𝑡 + 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 −  𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

Therefore, the steady state mass balance for biomass: 

𝐹(𝐶0 − 𝐶) + 𝑉𝑟𝑥 = 0 (9) 

𝐷𝐶0 = (𝐷 − 𝜇)𝐶 (9) 

Equation 9: Steady state mass balance 

This model mentioned above does not describe what is observed during continuous 

cultivation when there is a growth-limiting substrate, typically a nutrient. The concentration of 

the growth-limiting substrate is related to the specific growth rate of the species using Monod’s 

equation (Equation 10)125.  
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𝜇 =
𝜇𝑚𝑎𝑥𝑠

𝑠 + 𝐾𝑆
(10) 

Equation 10: Monod’s Equation125. μmax is the maximum achievable growth rate observed when the concentration of the 

growth-limiting substrate is significantly larger than Monod coefficient125, Ks.  

𝐾𝑠 is the concentration of the growth-limiting nutrient where the specific growth rate is 

at half the maximum value, as defined below125.  

𝐾𝑆 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, [𝑠]𝑎𝑡
1

2
𝜇𝑚𝑎𝑥 

When considering Monod’s equation, the steady state material balance for the system 

is then defined as (Equation 11): 

(
𝜇𝑚𝑎𝑥𝑠

𝑠 + 𝐾𝑆
− 𝐷)𝐶 + 𝐷𝐶0 = 0 (11) 

Equation 11: Steady state material balance using Monod’s Equation125. 

The yield factor can then be defined as (Equation 12): 

𝑌 =
𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 
(12) 

Equation 12: Yield Factor. 

 

𝐷(𝐶0 − 𝐶) −
𝜇𝑚𝑎𝑥𝑠𝐶

𝑌(𝑠 + 𝐾𝑠)
= 0 

When the feed stream is sterile, the material balance can be simplified as described 

below (Equation 13): 

𝐶𝑠𝑡𝑒𝑟𝑖𝑙𝑒 𝑓𝑒𝑒𝑑 = 𝑌 (𝐶0 −
𝐷𝐾𝑠

𝜇𝑚𝑎𝑥 − 𝐷
) (13) 

𝑠𝑠𝑡𝑒𝑟𝑖𝑙𝑒 𝑓𝑒𝑒𝑑 =
𝐷𝐾𝑆

𝜇𝑚𝑎𝑥 − 𝐷
(13) 

Equation 13: Steady state material balance when feed stream is sterile. 
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5.2.1 Light Limitation in Chemostats  

During photoautotrophic and mixotrophic growth conditions light limitation is an 

important factor to consider. Light limitation differs from nutrient based limitations within a 

chemostat, as photons cannot be homogeneously mixed. In chemostats, light is often supplied 

externally, resulting in a photon flux that decays exponentially towards the centre of the reactor. 

This results in the theory of light-limited growth differing significantly from substrate limited 

growth. This concept is further discussed in Chapter 6. 

5.2.2 Optimal Operation of Chemostats 

Achieving steady state growth of a microalgae species in a chemostat depends on the 

dilution rate and therefore the flow rate, as stated by Equation 8.  

When a system is operating with a very slow flow rate, the dilution rate exceeds zero 

resulting in the growth-limiting substrate tending to zero causing cell growth to be limited. The 

effluent cell concentration is then dependent on the inlet substrate concentration and the yield 

factor. 

As the dilution rate increases in the system (i.e. with increasing flow rate) the cell 

concentration decreases linearly and then rapidly begins to diminish as the dilution rate tends 

towards the maximum growth rate of the cells124. At the point where the dilution rate equals 

the maximum growth rate, the cell concentration tends to zero124,126. This is due to the dilution 

rate surpassing the maximum growth of the cells, resulting in the only achievable steady state 

condition being when the cell concentration equals zero124,126.  This is called wash out124,126.  

When a system is operated near wash it, it is very sensitive to changes in the dilution rate124,126.  

The critical dilution rate, where the steady state biomass concentration becomes zero due to 

wash out, can be estimated by Equation 14 below: 

𝐷𝑐𝑟𝑖𝑡 =
𝜇𝑚𝑎𝑥𝑠0
𝐾𝑆 + 𝑠0

(14) 

Equation 14: Critical Dilution Rate. Where μmax is the maximum achievable growth rate observed when the 

concentration of the growth-limiting substrate is significantly larger than Monod’s coefficient125, Ks. Ks is Monod’s 

coefficient, at [s] at ½ max, s is defined as the growth-limiting substrate.  

For most cell cultures Ks << s0 therefore Dcrit ≈ µmax. Therefore, to avoid wash out the 

operating dilution rate must always be less than the critical dilution rate (and therefore the 

maximum growth rate)124,126. To optimise a chemostat reactor the system needs to be operated 
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in conditions where the initial concentration of the growth limiting substrate are significantly 

greater than the saturation constant124,126. This will result in the dilution rate being close to the 

maximum growth rate, but slow enough to ensure that wash out will not occur124,126. This will 

result in the greatest achievable biomass production while maintaining steady state 

conditions124,126. The optimal dilution rate of a chemostat, which results in the highest biomass 

production, is defined in Equation 15. Although, operating the chemostat at the optimal dilution 

rate is often not practical due to the optimal dilution rate being near the critical dilution rate 

which results in small variations of the reactor causing large fluctuations in cell 

concentration126.  

𝐷𝑜𝑝𝑡 = 𝜇𝑚𝑎𝑥 (1 − √
𝐾𝑠

𝐾𝑠 + 𝑠𝑖
  ) (15) 

Equation 15: Optimal Dilution Rate. Where 𝜇𝑚𝑎𝑥 is the maximum achievable growth rate observed when the concentration 

of the growth limiting substrate is significantly larger than Monod’s coefficient125, Ks. Ks is Monod’s coefficient, at [s] at ½ 

max, s is defined as the growth limiting substrate. 

5.2.3 Issues in Chemostats 

The most common issues during chemostat operation are caused by slow circulating 

regions resulting in highly dense regions of biomass. This invalidates the assumption of perfect 

mixing124,126. The presence of high density regions within the reactor leads to cell interchange 

between the bulk liquid volume and unmixed regions124,126. This acts as an unsterile feed stream 

into the reactor124,126. This additional feed stream results in a faster obtainable dilution rate, as 

these high density regions will take longer to dilute out of the reactor124,126. This allows wash 

out to be is avoided, but results in an oscillating effect observed in cell growth124,126. A similar 

effect is observed when cell cultures adhere to the reactor wall as a biofilm, resulting in the 

cells diluting from the system at a slower rate124,126. Biomass adhering to the reactor wall can 

be defined as a chemostat with immobilised cells124,126. The concentration of suspended cells 

(Cs) and immobilised cells (Cim) must be considered in the model discussed in Section 2124,126. 

The effect flocculation has on chemostats is an important aspect to consider during operation, 

particularly if a bacterial contaminate is present within cell cultures124,127,128. Research has 

shown that bacterial contamination increases the formation of flocs in algae species and 

increases cell wall adhersion127,128. One study found that the flocculation activity of Chlorella 

vulgaris increased by 98% compared to axenic cultures128. As a result of bacterial 
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contamination, unsteady growth within chemostats can cause oscillating growth patterns and 

higher wash out rates124,127,128. 

5.3 Experimental Methods and Materials 

Cultures were grown according to Section 3.17. All cultures were grown in V4 medium, 

as described in Appendix C. During this research chapter, Galdieria sp. RTK37.1 was 

cultivated in batch airlift reactors until a desired optical density has been achieved 

(OD600nm ~3), and then the reactors will be switched to chemostat operation (D = 0.12 d-1). 

During mixotrophic and heterotrophic growth conditions, 10 mM glucose was used as the 

carbon substrate. This was concluded to be the best substrate option from research conducted 

in Chapter 4. Unless stated otherwise, all experiments were completed as technical replicates. 

All statistical analysis (two-tailed unpaired t-test) was completed in GraphPad Prism (version 

9.3.1).  
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5.4 Results and Discussion 

5.4.1 Galdieria sp. RTK37.1 achieved different steady states during different trophic 

growth conditions.  

Stable growth of Galdieria sp. RTK37.1 in photoautotrophic, mixotrophic and 

heterotrophic growth conditions was possible during continuous cultivation. The growth curve 

for continuously cultivated Galdieria sp. RTK37.1 during these trophic conditions is shown in 

Figure 24. Growth was monitored using biomass concentration, optical density and cell count 

measurements due to the variability in pigment production, glycogen storage and cell size 

observed during growth in the different trophic conditions.  

 

  

Figure 24: Growth curve outlining the optical density, cell count and biomass concentration for Galdieria sp. RTK37.1 grown in 

photoautotrophic, mixotrophic and heterotrophic growth conditions in continuous cultivation. Galdieria sp. RTK37.1 cells were 

grown at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. During photoautotrophic and mixotrophic growth 

conditions, cells were provided with 3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm white LED lighting. During heterotrophic and 

mixotrophic growth conditions, 10 mM glucose was used as the organic carbon substrate. Error bars denote standard deviation. 
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Although, the steady state optical density for photoautotrophic and heterotrophic grown 

Galdieria sp. RTK37.1 are equal, this was not deemed an accurate measurement for cell 

growth. As discussed previously (Section 4.3.2), the occurrence of variable pigmentation can 

result in spectrophotometric inaccuracies when determining optical density82. Relative pigment 

production is dependent on the trophic condition Galdieria sp. RTK37.1 is grown in, as 

observed in Figure 25. During photoautotrophy (A: Reactor 1), Galdieria sp. RTK37.1 emitted 

a greater relative fluorescence amount of pigments, resulting in a darker green culture. While, 

during heterotrophy, the pigment fluorescence emitted was decreased and cultures were a 

lighter shade of green (B: Reactor 2). Pigment production is further discussed in Section 5.4.3.   

 

 

 

 

 

 

Figure 25: Cell pigmentation of Galdieria sp. RTK37.1 grown in photoautotrophic (A: Reactor 1) and heterotrophic 

(B: Reactor 2) growth conditions in continuous cultivation. Galdieria sp. RTK37.1 cells were grown at pH 2.5, 45°C in a 1.5 L 

chemostat reactor, at a dilution rate of 0.12 d-1. During photoautotrophic growth conditions, cells were provided with 3% (v/v) 

CO2 under 94.6 µmol m-2 s-1 warm white LED lighting. During heterotrophic growth conditions, 10 mM glucose was used as the 

organic carbon substrate and the reactor was covered in aluminium foil to exclude light. 

Figure 25. A cell pigmentation for photoautotrophically grown Galdieria sp. RTK37.1.  

Figure 25. B cell pigmentation for heterotrophically grown Galdieria sp. RTK37.1.  

ND: These images were taken after the completion of heterotrophic growth conditions; all aluminium foil had been removed.  
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Biomass concentrations (as determined by DCW) for photoautotrophic Galdieria sp. 

RTK37.1 were 0.93 ( 0.01) g L-1, this concentration significantly increased by 34% to 1.43 ( 

0.02) g L-1 when cells were grown in mixotrophic conditions (t-test: p-value < 0.0001), and 

then decreased by 56% to 0.63 ( 0.02) g L-1 in heterotrophic growth conditions (t-test: p-value 

< 0.0001), as summarised in Table 6. Obtaining greater biomass concentrations during 

photoautotrophy compared with heterotrophy was not observed during batch experiments and 

has not been reported in previous known literature. This inconsistency between biomass 

concentrations is likely due to the differing growth limiting factors during continuous and batch 

cultivation. As discussed in Chapter 4, heterotrophically grown Galdieria sp. RTK37.1 was 

cultivated as a batch system while photoautotrophic and mixotrophic grown Galdieria sp. 

RTK37.1 were cultivated as static liquid continuous systems, continuously sparged CO2 and 

under constant LED illumination. In continuous cultivation, there is a constant inflow of growth 

substrates and removal of effluent. As a result of this, it is not valid to compare batch cultivated 

biomass concentrations with continuously cultivated biomass concentrations. 

As this research represents the first chemostat cultivation of any Galdieria spp. during 

different trophic conditions, it is unclear whether obtaining greater biomass concentrations in 

photoautotrophy compared with heterotrophy is typical during continuous cultivation. In 

heterotrophic growth, glucose was continuously supplied into the reactor at a set concentration 

of 10 mM. During cultivation, no glucose was detected in the reactor (LDL < 0.75 mM), 

therefore it was assumed that glucose had been fully metabolized and was limited, resulting in 

steady state growth. In contrast, during photoautotrophic growth, the cells were continuously 

sparged with CO2 and under constant LED illumination. It was assumed that CO2 was provided 

in excess, and that light was the limiting nutrient (provided light at 96.4 mol m-2 s-1). Light is 

a difficult substrate to quantify due to the presence of the photon flux and mutual shading, 

therefore the discrepancy between the amount of growth substrate provided during each trophic 

condition is unclear. As heterotrophic growth resulted in a lower biomass concentration, the 

ratio between glucose and light likely differed, and light was most likely provided in a greater 

relative amount during photoautotrophy than the equivalent amount of energy available per 

unit concentration of glucose was during heterotrophy.  

 

 



 74 

 

Table 6: Tabulated data of steady state cell counts, rate of biomass production and biomass yield for Galdieria sp. RTK37.1 

growth in photoautotrophic, mixotrophic and heterotrophic growth conditions during continuous cultivation. Galdieria sp. 

RTK37.1 cells were grown at pH 2.5, 45°C in a 1.5 L chemostat reactor. During photoautotrophic and mixotrophic growth 

conditions, cells were provided with 3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm white LED lighting. During heterotrophic 

and mixotrophic growth conditions, 10 mM glucose was used as the organic carbon substrate. Uncertainty errors denote 

standard deviation. 

Growth 

Condition 

Carbon 

Substrate 

Dilution 

Rate 

Cell 

Count 

Biomass 

Dry 

Cell 

Weight 

Rate of 

Biomass 

Production 

Biomass Yield 

per Ammonia 

concentration 

Crude 

Protein Yield 

per 

Ammonia 

concentration 

Biomass 

Yield 

per 

gram of 

Glucose 

  D  Cb rb Yb/a Yp/a Yb/g 

 
 (d-1) 

(Cells 

mL-1) 
(g L-1) (mg L-1 h-1) 

(gbiomass 

gammonia
-1 

(%protein 

gammonia) 

(gbiomass 

gglucose
-1) 

Photoautotrophic 3% w/w 

CO2 
0.12 6.08E+07 

0.93  

0.01 
46.5  12 2.58  0.4 1.55 ND 

Mixotrophic 

10 mM 

Glucose 

3% w/w 

CO2 

0.12 1.17E+08 
1.43  

0.12 
79.9  11 3.71  0.7 

1.77 
7.94  

0.7 

Heterotrophic 10 mM 

Glucose 
0.12 6.98E+07 

0.63  

0.02 
36.3  8 11.8  2 6.61 3.5  0.1 

 
ND: Substrate consumption and biomass yields per substrate were not determined for photoautotrophic growth conditions due to 

the limitation in measuring CO2 consumption and light capture of the cells. 

 

Although heterotrophic Galdieria sp. RTK37.1 cells had lesser biomass concentration 

(as determined by CDW), it achieved the highest yield per mass of ammonia. During 

heterotrophic growth, 87% of the initial ammonia remained (Figure 26), a significantly higher 

concentration compared with photoautotrophic grown Galdieria sp. RTK37.1 cells, where only 

7% of the initial ammonia remained (t-test: p-value < 2E-9). In contrast, mixotrophic Galdieria 

sp. RTK37.1 cells fully exhaust all ammonia (LDL < 0.01 g L-1). Ammonia was likely a growth 

limiting factor during mixotrophic growth. The consumption of ammonia is discussed in more 

detail in Section 5.4.2.  

The increased biomass yields and cell count during mixotrophic growth highlights the 

ability for Galdieria sp. RTK37.1 to adjust and regulate intracellular components to 

metabolism the addition of glucose for additional cell growth. This outlines the growth 

versatility of Galdieria sp. RTK37.1 and its ability to successfully grow in natural 
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environments when access to light and dissolved CO2 is often limited54. These results indicate 

that mixotrophic growth is favoured to obtain high concentrations of biomass production, a 

potential benefit for biotechnological applications requiring high density cultures.  

Following steady state heterotrophic growth, the reactor was switched back to 

photoautotrophic growth to determine if the same initial photoautotrophic steady state could 

be achieved. After removing glucose from the inlet feed bottles, and exposing the cells to 

warm white LED lighting (94.6 mol m-2 s-1) there was an immediate decrease in cell growth. 

This is likely due to the cells having to upregulate photosynthetic pigments and intracellular 

pathways to perform photosynthesis again. After ~ 230 hours of photoautotrophic conditions, 

Galdieria sp. RTK37.1 reached a similar steady state to that observed previously.  

The dilution rate (0.12 d-1) was chosen based on the maximum growth rate observed 

during the initial batch operation. To ensure ‘wash out’ did not occur, the dilution rate chosen 

was approximately half the maximum growth rate (50% max). Using a slower (than optimal) 

dilution rate, and axenic culture of Galdieria sp. RTK37.1 was due to the consequence of a 

previous chemostat experiment (Appendix P). During this initial trial experiment, which used 

Galdieria sp. RTK37.1 contaminated with Alicyclobacillus sp. EB1, significant floc formations 

on the side of the reactor were observed (image not presented). This was likely a result of 

bacterial contamination increasing the flocculation activity of the algae cells124,127,128. Another 

likely reason for the increased flocculation activity was due to the dilution rate (0.3 d-1) 

operating near the maximum growth rate of Galdieria sp. RTK37.1 (max,batch ~ 0.3 d-1). As the 

system was operating near ‘wash out’, this likely increased the flocculation activity to ensure 

cells remained within the reactor. The presence of immobilised cells on the side of the reactor 

would have acted as non-sterile feed, limiting the cells from washing out of the reactor. This 

explains why wash out was not observed, but an oscillating effect as the cells were slowly 

diluted out while the reactor was refed from the floc formations on the reactor wall.   
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5.4.2 Galdieria sp. RTK37.1 consume different amounts of ammonium depending on the 

growth condition 

To investigate growth-limiting factors during continuous cultivation of 

Galdieria sp. RTK37.1, the inlet and effluent reactor concentrations of ammonium were 

monitored during steady state photoautotrophic, mixotrophic and heterotrophic conditions, as 

shown in Figure 26.  

 

Figure 26: Inlet and effluent ammonium concentration measured during steady state growth of Galdieria sp. RTK37.1 

grown in photoautotrophic, mixotrophic and heterotrophic growth conditions during continuous cultivation. Galdieria sp. 

RTK37.1 cells were grown at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. During 

photoautotrophic and mixotrophic growth conditions, cells were provided with 3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm 

white LED lighting. During heterotrophic and mixotrophic growth conditions, 10 mM glucose was used as the organic 

carbon substrate. Error bars denote standard deviation. 

 

During mixotrophic growth, Galdieria sp. RTK37.1 was assumed to be limited in 

ammonia, as no ammonium was detected in the bulk liquid of the reactor (LDL < 0.01 g L-1). 

Interestingly, during steady state heterotrophic growth, Galdieria sp. RTK37.1 only consumed 

12.5% of ammonium from the medium (t-test: p-value < 2E-9) and therefore ammonia was not 

a growth-limiting substrate, resulting in a higher biomass yield per mass of ammonia. It appears 

that during heterotrophic growth conditions, Galdieria sp. RTK37.1 required significantly less 

ammonia for cell growth which has not been discussed in previous known literature. It is 

unclear why Galdieria sp. RTK37.1 consumed significantly less ammonia when grown 

heterotrophically. One hypothesis explaining this phenomenon is that as internal 

concentrations of ammonia rise it can become toxic to the photosynthetic reactions within the 

Photo
auto

tro
phic

Mixotro
phic

Hetero
tro

phic

0.0

0.2

0.4

0.6

N
H

4
+

 (
g

 L
-1

)

Inlet

Effluent



 77 

chloroplast129. Therefore, it is required that ammonia assimilation occurs rapidly within the 

cell, a process carried out by the enzyme glutamine synthetase through the GS-GOGOAT 

(glutamine synthase and glutamine oxoglutarate aminotransferase) pathway129. This leads to 

ammonia assimilation being reported as a photosynthetic process129.  As photosynthetic 

reactions are not required during heterotrophic growth there is a lesser requirement for 

ammonia to be assimilated other than for cell growth. Although ultimately this is only a 

hypothesis.  

Yields calculations adjusted to crude protein percentage per ammonia consumption 

(Table 6) suggest that heterotrophic Galdieria sp. RTK37.1 are more efficiently able to 

assimilate ammonia into protein. Referring back to the maximum growth rates of Galdieria sp. 

RTK37.1 in batch cultivation (Table 5), the fastest growth rate observed was during 

heterotrophy. This suggests an ideal ratio between carbon and ammonia, allowing the cell to 

prioritise cell replication over energy storage. While, during light utilising growth 

(photoautotrophy and mixotrophy), additional energy requirements for photosynthesis and 

carbon fixation compared with aerobic respiration promotes the production and storage of 

glycogen and other carbohydrates. This results in slower growth rates (Table 5), and less crude 

protein yield per percentage of ammonia consumed (Table 6).  

Questions remain unanswered surrounding ammonia metabolism and therefore further 

experiments would need to be completed to fully understand why significantly less ammonia 

is metabolised by heterotrophically grown Galdieria sp. RTK37.1 (t-test: p-value < 2E-9). This 

experiment should be repeated to ensure reproducibility of this result along with batch 

experiments to identify whether these results are continuous cultivation specific. Additionally, 

transcriptome analysis should be completed to identify metabolic differences during each 

trophic condition.  

As ammonia was either fully exhausted or remained in very low concentrations during 

light utilising growth (mixotrophic and photoautotrophic), it suggests Galdieria sp. RTK37.1 

as a feasible option in ammonium removal for biotechnological applications130. Particularly in 

landfill leachate, where ammonium is a more challenging contaminant to remove due to its 

excessive concentration and high biotoxicity130.  
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5.4.3 Relative pigment production is dependent on the trophic condition of Galdieria sp. 

RTK37.1  

In order to understand the pigment production of Galdieria sp. RTK37.1 during 

different growth conditions, the fluorescence emissions of Galdieria sp. RTK37.1 primary 

absorbing pigments,  chlorophyll-  (absorption peaks at 450nm and 680 nm)5,82 and 

phycocyanin (absorption peak at 618 nm)5,82, were measured. These pigments allow the cell to 

absorb light energy and utilise it during photosynthesis5,82. The absorption spectra in Figure 27 

concurs with previously reported absorption spectrums for G. sulphuraria5,82, outlining the 

increased height in absorption peaks for pigments produced during mixotrophic growth and 

photoautotrophic growth conditions compared with the flatter heterotrophic absorption spectra. 

  

Figure 27: Absorbance spectra of steady state Galdieria sp. RTK37.1 grown in photoautotrophic, mixotrophic and 

heterotrophic growth conditions during continuous cultivation. Galdieria sp. RTK37.1 cells were grown at pH 2.5, 45°C in a 

1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. During photoautotrophic and mixotrophic growth conditions, cells were 

provided with 3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm white LED lighting. During heterotrophic and mixotrophic 

growth conditions, 10 mM glucose was used as the organic carbon substrate. Absorption peaks at 450 nm and 680 nm 

corresponds to the chlorophyll-  pigment, while the absorption peak at 618 nm corresponds to the phycocyanin pigment5,82. 

The relative fluorescence intensity of pigments, phycocyanin and chlorophyll-, 

produced by Galdieria sp. RTK37.1 is shown in Figure 28. Phycocyanin and chlorophyll- 

produced during mixotrophic growth was 35% (t-test: p-value < 0.01) and 26% 

(t-test: p-value < 0.007) greater respectively than pigments produced during photoautotrophic 

conditions. While during heterotrophy, the fluorescence intensity of phycocyanin and 

400 450 500 550 600 650 700 750 800

0

2

4

6

8

Wavelength (nm)

O
D

Photoautotrophic

Mixotrophic

Heterotrophic

Phycocyanin

Chlorophyll-
α

Chlorophyll-α



 79 

chlorophyll- produced was significantly less. During mixotrophy, phycocyanin and 

chlorophyll- were 72% (t-test: p-value < 0.0002) and 73% (t-test:  p-value < 6E-5) greater 

respectively. The decrease in pigment expression during heterotrophic growth suggest that the 

cells downregulate light absorbing pigments as photosynthesis is not performed by the cells.  

Figure 28: The relative fluorescence intensity of pigments phycocyanin and chlorophyll- produced by 

Galdieria sp. RTK37.1 during photoautotrophic, mixotrophic and heterotrophic growth, against biomass concentration. 

Galdieria sp. RTK37.1 cells were grown at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. During 

photoautotrophic and mixotrophic growth conditions, cells were provided with 3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm 

white LED lighting. During heterotrophic and mixotrophic growth conditions, 10 mM glucose was used as the organic 

carbon substrate. Error bars denote standard deviation. 

Despite the reduction in pigment fluorescence during heterotrophic growth, the ability for 

Galdieria sp. RTK37.1 to produce pigments, particularly phycocyanin, without light is a major 

industrial advantage. As mentioned previously (Section 2.5.1), phycocyanin is typically 

produced under photoautotrophic conditions which have expensive lighting requirements. 

Lighting is a major limitation for industrial phycocyanin production90,42,91,92, and therefore the 

ability for Galdieria sp. RTK37.1 to produce this pigment without light is a concept that is 

becoming heavily investigated40,42. These results justify using heterotrophic 

Galdieria sp. RTK37.1 for large scale production of phycocyanin, as through continuous 

cultivation high density cultures can be maintained while continuous extracting biomass for 

phycocyanin or chlorophyll-  purification.  
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It has been reported that during ammonia starvation, cells will selectively degrade 

phycobiliproteins decreasing pigment production89. Although, in mixotrophically grown 

Galdieria sp. RTK37.1, which cells were assumed to be limited in ammonia, pigments were 

still produced. The fluorescence intensities during mixotrophic growth were greater than the 

photoautotrophic pigments, likely as a result of the increased biomass concentration from the 

addition of glucose. There is the possibility, that decreasing the light intensity during 

mixotrophic growth while maintaining the addition of an organic carbon, would result in 

similar pigment production to photoautotrophic growth. This would decrease lighting costs 

while maintaining the production output of pigments. Although, this concept would need to be 

validated through further experiments. 
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5.4.4 The nutritional composition of Galdieria sp. RTK37.1 differs in different trophic 

conditions 

To understand the effect trophic condition and limiting substrates has on the nutritional 

composition of Galdieria sp. RTK37.1, nutritional analyse of Galdieria sp. RTK37.1 grown 

photoautotrophically, mixotrophically and heterotrophically was obtained (Table 7). Galdieria 

sp. RTK37.1 was grown in ammonia-limited photoautotrophic conditions to investigate the 

effect limiting ammonia had on the nutritional composition. Ammonia-limited 

photoautotrophic Galdieria sp. RTK37.1 achieved the same overall biomass yield as 

photoautotrophic cells which were not ammonia-limited, as seen in the growth curve in 

Appendix Q.  

Table 7: Nutritional composition of Galdieria sp. RTK37.1 grown in photoautotrophic, mixotrophic and heterotrophic 

growth conditions. Galdieria sp. RTK37.1 was grown at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 

0.12 d-1. During photoautotrophic and mixotrophic growth conditions, cells were provided with 3% (v/v) CO2 under 

94.6 µmol m-2 s-1 warm white LED lighting. During heterotrophic and mixotrophic growth conditions, 10 mM glucose was 

used as the organic carbon substrate. 

Sample Moisture % Ash % Crude Protein % Fat % Carbohydrate % 

Photoautotrophic 

(Ammonia-limited) 
8.2 1.8 49 11.3 29.8 

Photoautotrophic 7.1 1.5 60.4 11.3 19.5 

Mixotrophic 5.1 1.7 47.8 10.3 35.1 

Heterotrophic 5.1 2.2 56.2 10.6 25.8 

 

The nutritional composition of ammonia-limited photoautotrophic Galdieria sp. 

RTK37.1 had a greater percentage of carbohydrates, and a lesser percentage of crude proteins 

compared to non-ammonia limited photoautotrophic cells. This is likely due to the cell 

repressing growth as a result of limiting conditions, leading to a reduction in crude proteins. 

Following this, Galdieria spp. have been reported to accumulate glycogen under macronutrient 

limiting conditions76,131, which is likely the reason ammonia-limited photoautotrophic cells 

have a greater composition of carbohydrate.  This explains the increased percentage of 

carbohydrates in mixotrophic cells, as cells were not only ammonia-limited but also assumed 



 82 

to be limited in light and glucose (LDL < 0.75 mM). The percentage of carbohydrates in 

heterotrophic Galdieria sp. RTK37.1 differed from previously reported carbohydrate content 

which states that carbohydrate content typically does not change between photoautotrophic and 

heterotrophic G.sulphuraria  cells132. Although, in Galdieria maxima, the metabolism of 

glucose during heterotrophy results in a 4-factor increase in carbohydrate content as a result of 

synthesising a storage polysaccharide which is accumulated in the cytoplasm132,133. There is 

the potential that Galdieria sp. RTK37.1 metabolises glucose and stores a similar 

polysaccharide resulting in the increased carbohydrate content, but further investigation into 

the carbohydrates stored by Galdieria sp. RTK37.1 would be required to confirm this. 

Mixotrophic cells displayed the lowest percentage of crude proteins, which may indicate the 

cells' ability to undertake true mixotrophic growth, utilising both respiration and photosynthesis 

simultaneously. The decrease in crude proteins may be due to a reduction in photosynthetic 

protein abundance, which has been reported to occur in Galdieria spp. when grown 

mixotrophically54, particular the protein RuBisCO activase. This may indicate that mixotrophic 

Galdieria sp. RTK37.1 are less capable of carbon fixation during mixotrophy compared with 

photoautotrophic Galdieria sp. RTK37.1. This shows that the cell is no longer exclusively 

utilising photosynthesis, but coordinating energy and carbon metabolism methods between 

photosynthesis and aerobic respiration which attributes to the higher biomass yield obtained 

during mixotrophy (Figure 24).  

Unfortunately, although triplicates samples were collected for analysis, biomass 

requirements necessitated the pooling of replicates. Hence, statistical analysis was not 

performed to determine if the difference observed were significant. Future investigations into 

the nutritional compositions of Galdieria sp. RTK37.1 is recommended to improve the 

certainty of these results. 
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5.4.5 Net specific oxygen evolution rate is dependent on the growth condition of 

Galdieria sp. RTK37.1  

To further investigate the photosynthetic potential of Galdieria sp. RTK37.1 grown in 

different trophic conditions, the net specific oxygen evolution rate was measured (Table 8). 

Galdieria sp. RTK37.1 grown in photoautotrophic growth conditions had the highest rate of 

photosynthesis, 66% faster than mixotrophically grown cells (t-test: p-value < 0.0006). Due to 

the low oxygen evolution rate of Galdieria sp. RTK37.1 cells grown heterotrophically, it was 

assumed no oxygen was produced, and therefore the cells did not undertake photosynthesis.  

Table 8: The net specific rate of oxygen produced by Galdieria sp. RTK37.1 grown in photoautotrophic, mixotrophic and 

heterotrophic growth conditions during continuous cultivation. The net specific oxygen evolution rate for each growth 

condition is the rate of oxygen measured for that specific steady state minus the rate of oxygen produced by 

Galdieria sp. RTK37.1 under no illumination. Galdieria sp. RTK37.1 was grown at pH 2.5, 45°C in a 1.5 L chemostat 

reactor, at a dilution rate of 0.12 d-1. During photoautotrophic and mixotrophic growth conditions, cells were provided with 

3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm white LED lighting. During heterotrophic and mixotrophic growth conditions, 

10 mM glucose was used as the organic carbon substrate. Uncertainty errors denote standard deviation. 

Growth Condition Substrate 

Net Specific Oxygen 

Evolution Rate 

(nmol O2  mgbiomass
-1 h-1) 

Photoautotrophic 3% w/w CO2 125  20 

Mixotrophic 10 mM Glucose 

3% w/w CO2 
42  1 

Heterotrophic 10 mM Glucose < 0.01 

 

Cells grown under heterotrophic growth conditions had very low rates of oxygen 

evolution, indicating that photosynthesis is repressed during heterotrophic growth. Due to the 

addition of glucose and the cells being in light exclusion, it is likely that heterotrophic 

Galdieria sp. RTK37.1 were respiring by consuming oxygen, instead of undergoing 

photosynthesis.  As observed in Figure 24, the cells require ~230 hours to regulate and produce 

the required photosynthetic proteins to absorb and utilise light energy. During this experiment, 

heterotrophic Galdieria sp. RTK37.1 were not able to adjust to the rapid change in growth 

condition and therefore were not able to upregulate intracellular processes to perform 

photosynthesis. When comparing this result to the pigment fluorescence intensities during 

heterotrophic growth (Figure 28), phycocyanin (t-test: p-value < 2E-6) and chlorophyll- 

(t-test: p-value < 4E-6) were significantly decreased compared with phycocyanin and 

chlorophyll- emitted during photoautotrophy. This further justifies decreased net specific 

oxygen evolution rate during heterotrophy, as the cells lacked photosynthetic proteins required 
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to enable photosynthesis40,42. Additionally, aerobic respiration requires the consumption of 

oxygen, which would have contributed to the decreased oxygen concentration during 

heterotrophy.  

Mixotrophic Galdieria sp. RTK37.1 have a decreased net specific oxygen evolution 

rate compared with photoautotrophic cells. This suggests that during mixotrophic growth 

photosynthesis is downregulated by the addition of glucose, a result observed in previous 

research4, but photosynthesis is not fully repressed like that observed during heterotrophy. This 

is further evidence towards the coordination of photoautotrophic and heterotrophic metabolism 

during mixotrophic growth, outlining the net specific oxygen evolution rate of mixotrophic 

Galdieria sp. RTK37.1 combines the oxygen produced by photosynthesis and the oxygen 

consumed through aerobic respiration.  

Comparing the oxygen evolution rates and the pigment fluorescence intensities 

expressed during mixotrophic growth (Figure 28), there is a discrepancy in the results. The 

highest fluorescence intensity was expressed by mixotrophically grown 

Galdieria sp. RTK37.1, although the oxygen evolution rate of these cells was less than 

photoautotrophically grown cells. This elevated pigment expression from mixotrophic cells is 

likely due to the increased biomass and does not accurately highlight an increased pigment 

production rate per biomass concentration.  
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5.5 Galdieria sp. RTK37.1 is a true Mixotroph 

As discussed, mixotrophic growth was initially considered a combination of 

photoautotrophic and heterotrophic metabolism until it was determined that for cells to be 

considered true mixotrophs, they had to display synergistic effects between photosynthesis and 

respiration6. This often results in the maximum biomass yield exceeding the combined 

photoautotrophic and heterotrophic biomass yields70,71. Although some Galdieria spp. have 

been shown to be true mixotrophs54, the results of this research show that the combined 

maximum biomass concentrations achieved during heterotrophic and photoautotrophic growth 

did not exceed those obtained during mixotrophic growth. But this observation alone is not 

enough to conclude that this strain of Galdieria sp. RTK37.1 is not capable of true mixotrophic 

growth. During photoautotrophic growth, it is likely that the only growth limiting substrate was 

the accessibility to light. Shading from biomass on the outer layer of the reactor would have 

limited the light penetration into the centre of the reactor. During heterotrophic growth, it was 

assumed that all glucose was exhausted as it was not detected in samples collected during 

steady state growth (LDL < 0.75 mM). During mixotrophic, light availability and glucose are 

both factors required for growth and therefore were both assumed to be limited. Additionally, 

ammonia was not detected in mixotrophic effluent samples while was detected during 

photoautotrophic and heterotrophic steady state effluent. Operating a chemostat with three 

growth-limiting substrates generates a complex system. It is likely that due to the number of 

growth-limiting factors, the overall obtainable biomass concentration was limited during 

mixotrophic growth compared with photoautotrophic and heterotrophic conditions which were 

likely only limited in one substrate.  

As biomass concentrations obtained during mixotrophic growth were significantly 

greater than photoautotrophic (t-test: p-value < 0.0001) and heterotrophic biomass yields 

(t-test: p-value < 0.0001), it justifies that Galdieria sp. RTK37.1 is utilising both metabolism 

methods. Although these results alone do not prove that photosynthetic and respiratory 

processes are occurring simultaneously within the cell, they outline mixotrophic conditions as 

a good strategy to increase biomass productivity in Galdieria sp. RTK37.1 There is the 

argument that cells could be alternating between photoautotrophic and heterotrophic 

metabolism methods4. But, due to this research being performed in a chemostat it was assumed 

that the content within the reactor was homogenous124. Therefore, it is valid to assume that all 

cells in the reactor were undertaking the same metabolic mechanisms. If immobilised cells 

were present on the reactor wall, it would be justifiable to conclude that those cells were 
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undertaking photoautotrophic metabolism due to their close proximity to the light source. 

While cells located near the centre of the reactor may be undertaking heterotrophic metabolism 

due to light limitation from mutual shading. As immobilised cells were not present during these 

experiments it is justifiable to conclude that all Galdieria sp. RTK37.1 were undertaking the 

same metabolic mechanism.  

The decreased net specific oxygen evolution rate measured during mixotrophy indicates 

a decrease in photosynthesis oxygen production and suggests oxygen consumption due to 

aerobic respiration (Table 8). This decreased rate is likely due to reduced photosynthetic 

proteins, which is justified by the decrease in mixotrophy crude proteins percentage compared 

with photoautotrophy (Table 7). This reduction in photosynthesis proteins abundance has been 

reported in mixotrophically grown G. sulphuraria through metabolic and proteomic studies54, 

particular the protein RuBisCO activase. RuCisCO activase is an enzyme that converts 

RuBisCO ((ribulose bisphosphate carboxylase/oxygenase) from an inactive state to an active 

state54. During photoautotrophic growth, RuBisCO is required during carbon fixation to 

catalyse the carboxylation of RuBP (ribulose-1, 5-bisphosphate). The activation of RuBisCO 

requires ATP, which is obtained from light dependant reactions (Section 2.3.1). Although, net 

specific oxygen evolution rates and nutritional analysis both indicate a decrease in 

photosynthesis occurring within mixotrophic Galdieria sp. RTK37.1, the cell is still able to 

achieve greater biomass productivity than heterotrophic and photoautotrophic 

Galdieria sp. RTK37.1. This demonstrates the synergistic effect between photosynthesis and 

aerobic respiration during mixotrophy, highlighting that Galdieria sp. RTK37.1 is a true 

mixotrophic.  

The intracellular mechanisms of a cell undertaking true mixotrophy, simultaneously 

utilising photoautotrophy and heterotrophy has not been fully clarified70. As a result, various 

researchers have proposed mixotrophic metabolism networks. Some researchers have 

speculated that CO2 generated from aerobic respiration is reutilised by photosynthesis during 

mixotrophy, thus resulting in higher specific growth rates compared to the combination of 

photoautotrophic and heterotrophic growth rates69,134,135. Zhang et al. (2017) proposed another 

coordination between photosynthesis and aerobic respiration metabolism networks70, which 

results show a clear reduction in photosynthetic reactions, concurring with observations made 

throughout this research. Zhang et al. (2017) observed downregulation of citrate synthesis 

during mixotrophic cultivation of Chlorella zofingiensis compared with heterotrophy, 

indicating that less organic carbon is catabolised by the TCA cycle to produce ATP in 
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mixotrophic conditions70. Although, interestingly this result was not observed during metabolic 

and proteomic studies undertaken by Curien et al. (2021), who observed a constant abundance 

of respiratory proteins in mixotrophic and heterotrophic G. sulphuraria cultures54. Zhang et al. 

(2017) and Curien et al. (2021) both reported that RuBisCO abundance was decreased during 

mixotrophy compared with photoautotrophy demonstrating a decrease in photosynthesis54,70, 

similarly observed during mixotrophic growth of Galdieria sp. RTK37.1. Although evidence 

shows downregulation of both photosynthesis (compare with photoautotrophic cells) and the 

TCA cycle (compared with heterotrophic cells), mixotrophic biomass yields were greater than 

the sum of yields obtained during photoautotrophic and heterotrophic conditions70. It was then 

proposed that only part of the ATP and NADPH produced through photosynthesis is directed 

to carbon reactions, and the remaining is used for cell metabolism70. Glucose consumed from 

the culture medium is likely used for energy storage, which results in the increased biomass 

concentration observed during mixotrophic growth70. Although this is only a proposed 

mechanism, it provides a basis for results obtained during this research70.  

Completing transcriptome analysis would further justify Galdieria sp. RTK37.1 as a 

true mixotrophic, as would highlight the regulation of intracellular components throughout the 

different trophic conditions. Transcriptome analysis on different trophic growth conditions for 

Galdieria spp. has not been investigated and would provide a clearer understanding of the 

different metabolism methods. Additionally, investigating the citrate synthase activity of 

Galdieria sp. RTK37.1 during different trophic conditions by chemical assay kits would further 

justify whether the TCA cycle is downregulated during mixotrophic growth. This would allow 

for further justification around the metabolic networks of mixotrophic Galdieria sp. RTK37.1.   
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5.6 Conclusion 

Investigations into the suitability Galdieria sp. RTK37.1 for continuous cultivation 

during different trophic growth conditions has revealed that stable growth is achievable during 

photoautotrophic, mixotrophic and heterotrophic growth conditions. These results highlight 

that Galdieria sp. RTK37.1 is suitable for continuous cultivation and has the potential to be 

upscaled for larger biotechnology applications.  

Mixotrophic growth conditions resulted in the greatest biomass production, making it 

an ideal condition for achieving high biomass yields. Net specific oxygen evolution rates and 

nutritional analysis both suggested a decrease in photosynthesis occurring within mixotrophic 

Galdieria sp. RTK37.1, although the cell was still able to achieve greater biomass productivity 

than heterotrophic and photoautotrophic Galdieria sp. RTK37.1. This suggests a synergistic 

effect between photosynthesis and aerobic respiration during mixotrophy, highlighting that 

Galdieria sp. RTK37.1 is a true mixotroph.  
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6 Chapter 6: The Effect Light has on the Growth, Oxygen Evolution rate 

and Pigment Yield of Galdieria sp. RTK37.1 

6.1 Introduction  

Light intensity and wavelength condition are some of the most important cultivation 

parameters during photoautotrophic growth. Light affects both the production and composition 

of biomass due to the impact it has on photosynthesis68,82.  

There has been a wide range of research into the effect light has on the growth and 

pigment production of Galdieria spp., although the majority of this research was conducted 

during batch growth4,5,71. This has resulted in limited understanding surrounding the effect  

light intensity and spectral composition has on the growth and biomass yield of Galdieria spp. 

grown in continuous cultivation71.  Additionally, published data outlines that the spectral 

composition of light for algae species is not necessarily transferable between specific strains71. 

Therefore, this research chapter aims to investigate the effect of light intensity and spectral 

composition has on the growth, oxygen evolution rate and pigment yields of continuously 

cultivated Galdieria sp. RTK37.1.  

6.1.1 Light Intensity  

Light intensity is of primary importance during photoautotrophic microalgae 

cultivation, as it is directly proportional to the rate of photosynthesis and biomass production68. 

As discussed in Section 2.4.4, cell concentration will increase exponentially until all photons 

impinging onto the surface of the culture is absorbed136 or the saturation point is exceeded68,82. 

Operating at light intensities beyond the saturation point results in photoinhibition, where 

overexposure to light causes radiation damage to components within the photosynthetic 

apparatus resulting in decreased rates of photosynthesis and cell growth4. Operating at low light 

intensities limits cell growth and results in lower biomass yields136.  
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6.1.2 Wavelength Conditions 

Photosynthetically active radiation is light at wavelengths between 400 – 700 nm137. 

This is the portion of the light spectrum that is used during photosynthesis137. The ability for 

microalgae species to utilise light energy within this photosynthetically active radiation 

spectrum depends on the specific pigment composition of the cell82. This allows the cell to 

absorb light energy, exciting the pigments to a higher energy state resulting in a net ATP 

production82. The distinct photosystem of G. sulphuraria contains light harvesting pigments 

chlorophyll- and phycocyanin5. Due to the presence of these pigments, G. sulphuraria can 

absorb light within the spectrum region at 450 nm and 680 nm, and 618 nm respectively.  The 

spectra of LED lighting used for continuous cultivation of Galdieria sp. RTK37.1 is shown in 

Figure 29110.  

 

Figure 29: Spectra of LED lighting used during continuous cultivation of Galdieria sp. RTK37.1. As reported by Smith 

(2020). Reprinted with permission110.  

Blue and red light have absorption peaks at 464 nm and 629 nm respectively. The 

absorption peak for warm white light (586 nm), the light condition used in the majority of this 

research, has a comparatively wide absorption peak compared with the other coloured LEDs. 

Due to this wide absorption peak, both chlorophyll- and phycocyanin pigments in Galdieria 

sp. RTK37.1 can absorb this light energy and utilise it during photoautotrophic growth. This is 

seen in the absorbance spectra in Figure 27, where absorption peaks for chlorophyll-  and 
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phycocyanin are expressed during the continuous cultivation of Galdieria sp. RTK37.1 in 

photoautotrophic and mixotrophic conditions.  

Previous investigations into the influence different light spectra have on continuously 

cultivated G. sulphuraria (D = 0.29 d-1) by Baer et al. highlighted that light composition has a 

strong effect on biomass and pigment productivity71. It was determined that the highest biomass 

production of G. sulphuraria was under red light illumination (625 nm), while green (525 nm) 

and blue light (490 nm) resulted in reduced biomass production71. Aside from this research, the 

majority of research into the lighting requirements for Galdieria spp. has been performed in 

batch4,5,71 and therefore further investigation into the effect light has on nutrient-limited 

Galdieria sp. RTK37.1 was undertaken.  

6.1.3 Light Limitation in Chemostats 

During microalgae continuous cultivation, nutrient limitation can be eliminated by 

ensuring the growth media contains sufficient amounts of each essential nutrient136. Inorganic 

carbon (CO2) supply is often sufficient through constant sparging and can be monitored through 

total inorganic carbon measurements136. Nutrient limitations within continuous culture systems 

are normally distributed homogenously and can be modelled using Monod’s equation 

(Equation 10). This is not the case for light limitation, which during photoautotrophic growth 

conditions light is often the only limiting factor on cell growth136. Light limitation is a 

significant challenge due to light attenuation, and as photons cannot be homogenously mixed 

a photon flux is formed within reactors138. This results in an exponential decay of light 

availability with increasing distance from the illumination source138. Mutual shading from 

highly concentrated cells at the surface, known as the photic zone, can lead to regions with low 

light energy where cell growth is limited136. The principles of light limitation in chemostats 

differ greatly from usual chemostats which are limited in a nutrient provided through the 

media138. Chemostats, which can be modelled using Monod’s equation (Equation 10), is based 

on the nutrient supply rate becoming directly correlated to the dilution rate. Light-limited 

chemostats supply light independently of the dilution rate. As a result, steady state conditions 

are achieved due to mutual shading from highly concentrated cells at the surface138.  
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6.1.4 Research Aim 

Although the theory and technique behind light-limited chemostats is something that 

requires further investigation, this research focuses on providing an understanding of how light 

intensity and spectra composition impacts growth and biomass yields of Galdieria sp. RTK37.1 

during continuous cultivation. Following on from the research completed by Baer et al. 

(‘Optimization of spectral light quality for growth and product formation in different 

microalgae using a continuous photobioreactor’)71, Galdieria sp. RTK37.1 will be grown 

photoautotrophically in continuous cultivation, operating at a lower dilution rate (D = 0.12 d-1) 

to achieve stable growth71. This provides an understanding of how light affects the overall 

biomass production, oxygen evolution rate and pigment (phycocyanin and chlorophyll-) 

fluorescence intensity of Galdieria sp. RTK37.1.  

The specific hypothesis investigated in this chapter was: 

3. The growth and pigment production of Galdieria sp. RTK37.1 depends on the light 

intensity and wavelength condition during continuous cultivation 

6.2 Experimental Methods and Materials 

Cultures were grown according to Section 3.17. All cultures were grown in V4 medium, 

as described in Appendix C. During these experiments, Galdieria sp. RTK37.1 was cultivated 

in a 1.5 L chemostat photobioreactor (D = 0.12 d-1), under various warm white light intensities 

and different wavelength conditions. Initially, Galdieria sp. RTK37.1 was cultivated 

photoautotrophically under warm light LED at an intensity of 94.6 mol m-2 s-1. During steady 

state growth, pigment emissions and optical density measurements were recorded. Following 

this, the light intensity was increased to 191.3 mol m-2 s-1, then decreased to 8.1 mol m-2 s-1 

until steady state growth was achieved under each light intensity. Galdieria sp. RTK37.1 was 

then cultivated in red light (629 nm, 33.8 mol m-2 s-1) and blue light (464 nm, 

86.5 mol m-2 s-1) to investigate the effect different wavelength conditions had on biomass and 

pigment productivity. Light intensities during the red and blue light were variable due to the 

incapability to alter the intensity. The light intensity dependence of Galdieria sp. RTK37.1 

photosynthesis rate was also investigated, as described in Section 3.11. All experiments were 

completed as technical replicates unless stated otherwise. All statistical analysis (two-tailed 

unpaired t-test) was completed in GraphPad Prism (version 9.3.1). 



 93 

6.3 Results and Discussion 

6.3.1 Galdieria sp. RTK37.1 achieved different steady states during various light 

intensity and wavelength conditions.  

Stable growth of Galdieria sp. RTK37.1 under various light intensity and wavelength 

conditions was achieved during continuous cultivation. The growth curve for continuously 

cultivated photoautotrophic Galdieria sp. RTK37.1 during these light conditions is shown in 

Figure 30. Growth was monitored using optical density and correlated to biomass 

concentrations obtained during initial photoautotrophic Galdieria sp. RTK37.1 cultivated in 

warm white LED lighting (94.6 mol m-2 s-1).  

Figure 30: Growth curve outlining the optical density and biomass concentration for photoautotrophic Galdieria sp. 

RTK37.1 grown in various light intensity and wavelength conditions. Galdieria sp. RTK37.1 cells were grown at pH 2.5, 

45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. Cells were provided with 3% (v/v) CO2 initially under 

94.6 µmol m-2 s-1 warm white LED lighting. The light intensity was increased to 191.3 mol m-2 s-1, then reduced to 8.1 

mol m-2 s-1 as illustrated. Following cultivated in warm white LED, Galdieria sp. RTK37.1 cells were cultivated in red 

light (629 nm, 33.8 mol m-2 s-1) and blue light (464 nm, 86.5 mol m-2 s-1). Error bars denote standard deviation. 



 94 

 

Table 9: Biomass concentrations for Galdieria sp. RTK37.1 grown under various light intensity and wavelength conditions. 

Galdieria sp. RTK37.1 were grown at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. Cells were 

provided with 3% (v/v) CO2 initially under 94.6 µmol m-2 s-1 warm white LED lighting. The light intensity was increased to 

191.3 mol m-2 s-1, then reduced to 8.1 mol m-2 s-1 as illustrated. Following cultivated in warm white LED, 

Galdieria sp. RTK37.1 was cultivated in red light (629 nm, 33.8 mol m-2 s-1) and blue light (464 nm, 86.5 mol m-2 s-1). 

Uncertainty errors denote standard deviation 

 
Warm White 

Light 

Warm White 

Light 

Warm White 

Light  
Red Light Blue Light 

Wavelength 586 nm 586 nm 586 nm 629 nm 464 nm 

Light 

Intensity 
94.6 mol m-2 s-1 191.3 mol m-2 s-1 8.1 mol m-2 s-1 33.8 mol m-2 s-1 86.5 mol m-2 s-1 

Biomass Dry 

Cell Weight 

Cb 

(g L-1) 

0.93  0.01 1.23  0.03 0.17  0.001 0.29  0.002 0.10  0.004 

 

As the light intensity increased from 94.6 mol m-2 s-1 to 191.3 mol m-2 s-1, steady 

state biomass concentration only increased by 24%, while in contrast the biomass 

concentrations of Galdieria sp. RTK37.1 grown under an intensity of 94.6 mol m-2 s-1 was 

82% greater than biomass concentrations during the lower light intensity, 8.1 mol m-2 s-1 

(Table 9). It is likely that biomass concentration during continuous cultivation of 

Galdieria sp. RTK37.1 linearly increases with light intensity to the point where light then 

becomes limited. This limitation is a consequence of mutual shading caused by high density 

cultures located in closer proximity to the light. As biomass concentration increases, light is 

less able to penetrate resulting in greater exponential photon flux.  Therefore, it is likely that 

as the light intensity increases beyond 94.6 mol m-2 s-1 biomass concentration begins to limit 

light availability for photosynthesis.  This observation was further validated by the appearance 

of immobilised cells during cultivation under warm white LED at 191.3 mol m-2 s-1. As the 

light intensity was increased, the flocculation activity of the cells appeared to increase resulting 

in the presence of immobilised cells on the reactor wall. Galdieria sp. RTK37.1 likely increases 

flocculation activity to increase their proximity to the light source and overcome light 

limitations within the reactor. This phenomenon of light dependant adhesion to reactors walls 

is common in photoautotrophic microalgae (i.e. Chlamydomonas reinhardtii) to optimise 

photosynthetic efficiency139. Interestingly, no immobilised cells were observed during 

mixotrophic cultivation (Chapter 5) of Galdieria sp. RTK37.1 (1.43 ( 0.02) g L-1) which 

obtain greater biomass concentrations than Galdieria sp. RTK37.1 (1.23 (  0.03) g L-1) 
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cultivated under 191.3 mol m-2 s-1 warm white LED. This further validates 

Galdieria sp. RTK37.1 as a true mixotroph as the cell utilised glucose during mixotrophic 

cultivation and therefore were not required to adhere to the reactor wall to fulfil photosynthetic 

requirements. Although cultivating Galdieria sp. RTK37.1 under a higher light intensity 

resulted in increased biomass concentrations (Table 9) and pigment production (Figure 31) the 

presence of immobilised cells during continuous cultivation is not desired. As discussed in 

Section 5.2.3, high density regions within a chemostat often result in non-optimal operation as 

the immobilised cells act as non-sterile fed streams. Ultimately, it is deemed more beneficial 

to operate at lower light intensities, sacrificing greater biomass production rates to allow for 

the control and optimal operation during continuous cultivation of Galdieria sp. RTK37.1. 

Biomass concentrations of Galdieria sp. RTK37.1 was decreased when cultivated in 

blue and red light, highlighting that these wavelengths are less optimal than warm light LED 

at higher intensities (94.6 mol m-2 s-1, 191.3 mol m-2 s-1) for the photosynthetic growth of 

Galdieria sp. RTK37.1. Warm white LED light has a wider adsorption peak (Figure 29), 

resulting in both chlorophyll- and phycocyanin pigments of Galdieria sp. RTK37.1 having 

the ability to absorb light energy and utilise it during photoautotrophic growth. Alternately, 

during Galdieria sp. RTK37.1 cultivation under red light, it is likely that only phycocyanin 

pigments were able to utilise the light due to the absorption peak (629 nm) corresponding 

absorption spectra of phycocyanin (618 nm). Furthermore, under blue light, it is likely that only 

the chlorophyll- pigments in Galdieria sp. RTK37.1 were able to utilise the light as the 

absorption peak of red light (464 nm) corresponds to the absorption spectra of chlorophyll-

 (450 nm). This result is further validated by pigment emissions shown in Figure 31.  
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6.3.2 Relative pigment production of Galdieria sp. RTK37.1 is dependent on light  

As completed in Section 5.4.3, the relative pigment production of 

Galdieria sp. RTK37.1 during various light conditions was investigated to determine the effect 

light intensity and wavelength condition has on pigment production. The fluorescence of 

Galdieria sp. RTK37.1 primary absorbing pigments,  chlorophyll- (absorption peaks at 

450 nm and 680 nm)5,82 and phycocyanin (absorption peak at 618 nm)5,82, were measured, as 

shown in Figure 31. 

 

 

 

 

 

 

 

 

 

Figure 31: The relative fluorescence intensity of pigments Phycocyanin and Chlorophyll-  produced by photoautotrophic 

Galdieria sp. RTK37.1 during continuous cultivation, against biomass concentration. Galdieria sp. RTK37.1 was grown at 

pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. Cells were provided with 3% (v/v) CO2 and grown 

under warm white LED light at intensities ranging from 8.1 µmol m-2 s-1, 94.6 µmol m-2 s-1and 191.3 mol m-2 s-1. Following 

cultivated in warm white LED light, Galdieria sp. RTK37.1 was cultivated in red light (629 nm, 33.8 mol m-2 s-1) and blue 

light (464 nm, 86.5 mol m-2 s-1). Error bars denote standard deviation. 

During red light, Galdieria sp. RTK37.1 produced a greater relative amount of 

phycocyanin compared with Galdieria sp. RTK37.1 cultivated in blue light concurring with 

previously reported literature for G. sulphuraria grown in continuous cultivation71. Although 

the relative amount of phycocyanin emitted was greatly decreased compared with phycocyanin 

emitted when Galdieria sp. RTK37.1 was cultivated under warm white LED light 

(94.6 mol m-2 s-1, 191.3 mol m-2 s-1). Under blue light, Galdieria sp. RTK37.1 emitted an 

increased amount of chlorophyll- compared with cultures cultivated in red light71. This is 
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likely a result of blue light wavelength (464 nm) corresponding to the chlorophyll- pigment 

absorption spectrum (480 nm)71.  

The absorption spectrum in Figure 32 outlines the increased height of absorption peaks 

during cultivation under the higher warm white light intensities (94.6 mol m-2 s-1, 

191.3 mol m-2 s-1). The absorption peaks for pigments emitted during cultivation of 

Galdieria sp. RTK37.1 under low intensity warm white, red and blue light is not visible in the 

absorption spectrum. This justifies that these lighting conditions are not viable for 

photoautotrophic growth of Galdieria sp. RTK37.1 when pigment and greater overall biomass 

production is essential.  

 

 

 

 

 

 

 

 

 

Figure 32: Absorbance spectra of steady state Galdieria sp. RTK37.1 grown in various light intensities and wavelength 

conditions.  Galdieria sp. RTK37.1 was grown at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1. 

Cells were provided with 3% (v/v) CO2 and grown under warm white LED light at intensities ranging from 8.1 µmol m-2 s-1, 

94.6 µmol m-2 s-1and 191.3 mol m-2 s-1. Following cultivated in warm white LED light, Galdieria sp. RTK37.1 was 

cultivated in red light (629 nm, 33.8 mol m-2 s-1) and blue light (464 nm, 86.5 mol m-2 s-1). Error bars denote standard 

deviation. 
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6.3.3 Galdieria sp. RTK37.1 photosynthesis rates are dependent on light intensity 

To determine the light dependency on photosynthesis rates during photoautotrophic 

growth of Galdieria sp. RTK37.1 (OD600nm ~ 3.5), cells were illuminated under warm white 

LED lighting ranging from 47 to 642 mol m-2 s-1 and the net specific oxygen evolution rate 

(Figure 33) was measured according to Section 3.11. The maximum net specific oxygen 

evolution rate was 133 ( 9) nmol O2 mgbiomass
-1 h-1 at a light intensity of 101 mol m-2 s-1. 

 

 

Figure 33: The light intensity dependence of photosynthesis in Galdieria sp. RTK37.1 under various warm white LED light 

intensities. Cells used during these experiments was taken from steady state continuously cultivated photoautotrophic 

Galdieria sp. RTK37.1. Cells were maintained at pH 2.5, 45°C in a 1.5 L chemostat reactor, at a dilution rate of 0.12 d-1, 

provided with 3% (v/v) CO2 under 94.6 µmol m-2 s-1 warm white LED lighting. Error bars denote standard deviation. 

Oesterhelt et al. (2007) conducted a similar experiment, investigating the light intensity 

dependence of photosynthesis rates in G. sulphuraria under light intensities ranging from 0 – 

250 µE m-2 s-1 (µE m-2 s-1 is equivalent to µmol m-2 s-1)4. During this experiment, an abrupt 

decrease in the oxygen evolution rate was observed at a light intensity of 225 µmol m-2 s-1, 

which suggested photoinhibition4,68. It was concluded that G. sulphuraria does not require high 

light intensities due to its occurrence within endolithic ecosystems4. Interestingly, the net 

specific oxygen evolution rates of Galdieria sp. RTK37.1 decreased at light intensities higher 

than ~ 101 mol m-2 s-1, lower than that observed by Oesterhelt et al. (2007). Additionally, the 

0 100 200 300 400 500 600 700

0

50

100

150

200

Light Intensity (μmol m
-2

 s
-1

)

N
e

t
O

x
y
g

e
n

E
v
o

lu
ti
o

n
R

a
te

(n
m

o
l
O

2
m

g
b

io
m

a
s
s
-1

h
-1

)



 99 

net oxygen evolution rate of Galdieria sp. RTK37.1 appeared to stabilise as the light intensity 

increased, not decreased abruptly like observed by Oesterhelt et al. (2007). This suggests that 

photoinhibition was not occurring during this experiment68, but indicates that 

Galdieria sp. RTK37.1 has an optimal light intensity at  ~ 101 mol m-2 s-1. This optimal light 

intensity is further justified by the biomass concentration (Table 9) observed during continuous 

cultivation of photoautotrophic Galdieria sp. RTK37.1. Increasing the light intensity from 8.1 

mol m-2 s-1 to 94.6 mol m-2 s-1, increased biomass production by 82% while increasing the 

light intensity to 191.3 mol m-2 s-1 only resulted in a 24% increase in biomass concentration 

justifying that the increase in light intensity did not provide a significant effect into biomass 

productivity and was likely decreasing overall photosynthetic rates.  
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6.4 Conclusion 

It was concluded that the cultivation of Galdieria sp. RTK37.1 under high intensity 

warm white LED light decreased rates of photosynthesis and increased adhesion on the reactor 

wall. Operating chemostats with high density regions often results in oscillating growth 

behaviours, making it difficult to obtain stable growth124,126. Cultivation of 

Galdieria sp. RTK37.1 under blue and red light decreased biomass concentrations and pigment 

production, leading to the conclusion that warm white LED lighting at ~ 101 mol m-2 s-1 was 

optimal.  

Overall, this research chapter has highlighted light intensity and wavelength conditions 

as major considerations for the successful growth of Galdieria sp. RTK37.1 in large scale 

cultivation systems. Operating chemostats under non-optimal light intensities and wavelength 

conditions not only affect microalgae growth but also the ability to control and achieved desired 

stable growth due to increased reactor wall adhesion.  
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7 Chapter 7: General Discussion and Conclusions 

This thesis aimed to investigate light (in)dependant growth of Galdieria sp. RTK37.1 

in a continuous bioreactor to further understand the physiology for large scale cultivation for 

biotechnology application of the species.  

The main hypothesises of this research were:  

1. Galdieria sp. RTK37.1 is a true mixotroph. 

2. Stable continuous cultivation of Galdieria sp. RTK37.1 is achievable during 

photoautotrophic, mixotrophic and heterotrophic growth conditions 

3. The growth and pigment production of Galdieria sp. RTK37.1 depends on the light 

intensity and wavelength condition during continuous cultivation 

7.1 Summary of Key Results 

The following section details key results obtained throughout this research. The strain 

Galdieria sp. RTK37.1 was identified, through isolation and characterisation, to be most 

closely related to other strains of G. sulphuraria, within the genus Galdieria. Specifically 

strains of G. sulphuraria isolated from the Taupō and Waiotopu regions of New Zealand (rbcL 

gene)119. The initial bacterial contaminate, Alicyclobacillus sp. EB1, was determined to be 

closely related to Alicyclobacillus tengchongensis, a Gram-positive, aerobic, acidophilic 

thermotolerant bacterial species. The presence of Alicyclobacillus sp. EB1 suggests 

heterotrophic metabolism as the bacterial cells were capable of growing on excreted 

metabolites from Galdieria sp. RTK37.1. Co-culture between Galdieria spp. and 

Alicyclobacillus spp. has not been reported in previous known literature and therefore 

investigation is required to understand the metabolic relationship between these two species. 

Initial batch experiments determined that Galdieria sp. RTK37.1 can grow in photoautotrophic, 

mixotrophic and heterotrophic growth conditions. Carbon substrates, glucose and galactose, 

were able to support heterotrophic growth. Mixotrophically grown cells obtained the greatest 

biomass yield, with linear growth continuing after the complete exhaustion (LDL < 0.75 mM) 

of the organic carbon source. Additionally, there was a clear optimal pH condition for 

Galdieria sp. RTK37.1, at a pH 2.5. 

After successful batch cultivation (50 mL) of Galdieria sp. RTK37.1, continuous 

cultivation in a 1.5 L bioreactor was pursued. All experimental results obtained during this 
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stage of the research were a major step towards successfully upscaling Galdieria spp. for use 

in biotechnical applications, as achieving stable growth under various continuous trophic 

conditions has not previously been published in the literature. As observed in Figure 24, stable 

growth of Galdieria sp. RTK37.1 in photoautotrophic, mixotrophic and heterotrophic growth 

conditions is possible during continuous cultivation. This is a significant observation and shows 

clear evidence towards successfully upscaling this genus of algae for biotechnical purposes, 

such as phycocyanin production. Cultivation in a continuous chemostat ensures that the growth 

of Galdieria sp. RTK37.1 can be manipulated, allowing the consumption of ammonia, 

carbohydrate and other growth substrates to be controlled. Additionally, the output of products, 

including biomass concentration and pigment production, can be controlled through different 

trophic and light conditions.  

Results indicated that mixotrophic growth is favoured to obtain high density biomass 

production and achieve high relative amounts of pigments phycocyanin and chlorophyll-. 

There is evidence (Figure 28) that reducing the light intensity (a major limiting factor in 

industrial cultivation of photosynthetic microalgae species90,42,91,92) while maintaining the 

addition of an organic carbon, pigment production during mixotrophic growth would be similar 

to what was observed during photoautotrophic growth. This would reduce lighting costs while 

maintaining the production output of pigments making it more economic to utilise mixotrophic 

Galdieria spp. Although, this would need to be quantified through further light dependent 

mixotrophic experiments. Heterotrophic Galdieria sp. RTK37.1 biomass concentration 

(0.63 ± 0.02 g L-1) were lower than photoautotrophic (0.93 ± 0.01 g L-1) and mixotrophic 

(1.43 ± 0.12 g L-1) biomass concentrations, but stable growth was obtainable while maintaining 

the production of pigments. This justifies the biotechnology viability of heterotrophic 

Galdieria sp. RTK37.1 in phycocyanin production. Additionally, this research outlines that 

light is not necessary to achieve high density axenic Galdieria sp. RTK37.1 biomass during 

continuous cultivation.  

One of the most thought-provoking results obtained during this experiment was the 

significantly decreased ammonia consumption during the growth of heterotrophic 

Galdieria sp. RTK37.1 (t-test: p-value < 2E-9). Heterotrophically grown 

Galdieria sp. RTK37.1 only consumed 12.5% of the available ammonia, while 

photoautotrophically grown cells consumed 93% and mixotrophically grown cells consumed 

100% (LDL < 0.01 g L-1 NH4Cl). It appears that during continuous heterotrophic growth 

conditions, Galdieria sp. RTK37.1 required significantly (t-test: p-value < 2E-9) less ammonia 
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for cell growth, which has not been discussed in previous known literature. It is unclear why 

during heterotrophy significantly less ammonia is consumed but one hypothesis outlines that it 

may be due to a decreased requirement for ammonia assimilation129. As photosynthetic 

reactions are no longer required during heterotrophy, the need to assimilate toxic ammonia is 

decreased other than that required for cell growth129. Although ultimately this is only a 

hypothesis, further understanding of ammonia metabolism would need to be investigated to 

fully understand why this result was observed. Additionally, it is unclear whether this 

phenomenon is only observed during continuous cultivation or all heterotrophic growth of 

Galdieria sp. RTK37.1.  

Leading on from this, ammonia was either fully exhausted or nearly completely 

consumed during light utilising growth (mixotrophic and photoautotrophic).  This result 

suggests the usage of Galdieria sp. RTK37.1 as a feasible option for ammonia removal for 

biotechnological applications130. Particularly in landfill leachate, where ammonia is a more 

challenging contaminant to remove due to its excessive concentration and high biotoxicity130.  

Continuous cultivation of Galdieria sp. RTK37.1 under various light intensities and 

wavelength conditions provided a further understanding of light (in)dependant growth of the 

species. It was determined that light intensity and wavelength conditions are major 

considerations for the successful growth of Galdieria sp. RTl37.1 in large scale cultivation 

systems. Operating chemostats under non-optimal light intensities and wavelength conditions 

not only affected the growth of Galdieria sp. RTK37.1 but also the ability to control and 

achieved desired stable growth due to increased reactor wall adhesion. The cultivation of 

Galdieria sp. RTK37.1 under high warm white LED light intensities (191.3 mol m-2 s-1) 

increased adhesion to the reactor wall, likely due to light limitation in the reactor. Although 

cultivating Galdieria sp. RTK37.1 under a higher light intensity resulted in increased biomass 

concentrations (Table 9) and pigment production (Figure 31), the presence of immobilised cells 

during continuous cultivation is not desired as can result in non-optimal operation from 

immobilised cells acting as non-sterile fed streams. Therefore, it was concluded that it is more 

beneficial to operate at lower light intensities, sacrificing higher biomass production rates to 

allow for the control and optimal operation during continuous cultivation of 

Galdieria sp. RTK37.1. Additionally, the cultivation of Galdieria sp. RTK37.1 under blue and 

red light decreased biomass concentrations and pigment production, which lead to the 
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conclusion that warm white LED (586 nm) lighting at ~ 101 mol m-2 s-1 was the most optimal 

light intensity and wavelength conditions for the growth of Galdieria sp. RTK37.1.  

7.1.1 Addressing the Hypotheses 

Galdieria sp. RTK37.1 is a Mixotroph 

Mixotrophic growth is defined as the ability for a cell to combine the mechanisms of 

photoautotrophic and heterotrophic growth, utilising both inorganic carbons through 

photosynthesis and organic carbon through respiration simultaneously6. This research 

concluded that Galdieria sp. RTK37.1 is a true mixotroph. Biomass concentrations obtained 

during mixotrophic growth were significantly greater than concentrations for either 

photoautotrophy or heterotrophy (t-test: p-value < 0.0001), justifying that the cell is utilising 

both metabolism methods. Observed net specific oxygen evolution rates suggest that 

mixotrophic cells were undertaking photosynthesis, although at a decreased rate compared to 

photoautotrophic cells. Nutritional analysis of mixotrophic Galdieria sp. RTK37.1 outlined a 

decrease in crude protein percentage compared with heterotrophic and photoautotrophic cells, 

likely due to a decrease in photosynthesis proteins (particularly RuBisCO). Net specific oxygen 

evolution rates and nutritional analysis both indicate a decrease in photosynthesis occurring 

within mixotrophic Galdieria sp. RTK37.1, but as the cell is still able to achieve greater 

biomass productivity than heterotrophic and photoautotrophic Galdieria sp. RTK37.1 it 

demonstrates the synergistic effect between photosynthesis and aerobic respiration during 

mixotrophy. 

Stable continuous cultivation of Galdieria sp. RTK37.1 is achievable during 

photoautotrophic, mixotrophic and heterotrophic growth conditions 

Stable growth of Galdieria sp. RTK37.1 in photoautotrophic, mixotrophic and 

heterotrophic growth conditions is possible during continuous cultivation.  The ability to grow 

Galdieria sp. RTK37.1 continuously, while achieving submaximal specific growth rates 

indicates that Galdieria sp. RTK37.1 can be grown in larger scale reactors (reactor volume in 

this research was 1.5 L). Stable growth proves that through defined nutrient or light limitations 

the growth of Galdieria sp. RTK37.1 can be controlled. This is a major industrial benefit as 

growth can be manipulated to obtain desired biomass and product yields. Continuous 

cultivation promotes the growth of Galdieria sp. RTK37.1 over a long duration while still 

allowing the biomass to be removed for the retrieval of products, such as phycocyanin.  
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The growth and pigment production of Galdieria sp. RTK37.1 depends on the light intensity 

and wavelength condition during continuous cultivation 

Galdieria sp. RTK37.1 achieved different steady states during various light intensity 

and wavelength conditions, highlighting that light is a major consideration for the successful 

growth of Galdieria sp. RTK37.1 in large scale cultivation systems. This research highlighted 

that operating chemostats under non-optimal light intensities and wavelength conditions not 

only affects microalgae growth but also the ability to control and achieved desired steady states 

due to increased reactor wall adhesion.  
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7.2 Repeatability and Reliability of Results 

Throughout cultivation of Galdieria sp. RTK37.1, the presence of Alicyclobacillus sp. 

EB1 or another contaminating bacterial species was monitored by continuously plating the 

sample on Phytagel plates (Appendix D) and observing it under a microscope. The cultures 

remained axenic until all trophic experiments were completed, which was deemed to be most 

important, as during stages of mixotrophic and heterotrophic growth bacterial carbohydrate 

uptake rates, particularly glucose specific uptake, is higher than microalgae118. It was 

confirmed that samples became contaminated with Alicyclobacillus sp. EB1 during light 

intensity and wavelength experiments (Chapter 6), but it was concluded that the presence of 

this culture would not impact the results as the bacterial species was a heterotroph, likely 

growing on products excreted during cell lysis.  

A lack of previous literature investigating the growth of Galdieria spp. in continuous 

cultivation makes comparing these results to those published challenging (i.e. majority of 

research surrounding Galdieria spp. is in batch conditions). Ideally, the continuous cultivation 

experiments completed in this research should be repeated to ensure the reproducibility of the 

results. Specifically, ammonia concentration analysis should be repeated due to the unexpected 

low consumption of ammonia during heterotrophic growth, which is something not previously 

reported in the literature. Additionally, as the uncertainty around the nutritional composition of 

Galdieria sp. RTK37.1 grown in various trophic conditions was not determined due to lacking 

biomass provided for the analysis, it would be beneficial to repeat experiments and collect 

larger volumes of biomass for nutritional analysis. This would ensure that the results obtained 

were valid and not impacted by low volumes. All other results were taken as either biological 

or technique replicates (as specified) and therefore were assumed to be valid enough to make 

conclusions.  
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7.3 Overall Outcomes and Contributions from this Research 

Prior to this work, continuous cultivation of Galdieria spp. was limited to only 

photoautotrophic conditions71. This research outlined that Galdieria sp. RTK37.1 can be grown 

in continuous cultivation under a range of light (in)dependent conditions. This demonstrates 

Galdieria sp. RTK37.1 as a promising strain for larger scale production, with evidence towards 

its ability to be used for phycocyanin production and as a feasible option in ammonia removal. 

The ability to control the growth of Galdieria sp. RTK37.1 allows product outputs to be 

manipulated through the supply of various light conditions and (in)organic carbon substrates.  

Additionally, this research outlines the ability for Galdieria sp. RTK37.1 to adapt to a wide 

range of conditions, achieving stable growth even under multiply limiting factors.  

This research further validates the conclusions of Curien et al. (2021) that some 

Galdieria spp. are capable of true mixotrophy54, a growth mechanism that has numerous 

industrial benefits. As it is believed that decreasing light availability in mixotrophic conditions 

will still maintain biomass and product yields similar to that observed in photoautotrophic 

Galdieria sp. RTK37.1, this will greatly impact the economics of cultivation, particular for 

phycocyanin production.  

Overall, Galdieria spp. are extremely versatile. As research and scale up work 

continues, the species is likely to be of great benefit biotechnologically speaking. 

Galdieria spp. have the ability to decrease the impact of major issues, such as the greenhouse 

gas effect and livestock evolution (Chapter 1), and the potential to be utilised for other 

economic benefits such as phycocyanin production. This research provides the initial evidence 

towards large scale cultivation of Galdieria spp., justifying future work to take advantage of 

everything this extremophilic microalgae offers.  
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7.4 Future Work 

In terms of continuing the investigation into the feasibility of light (in)dependent 

continuous cultivation of Galdieria sp. RTK37.1, it is suggested that this research be repeated 

in a larger reactor volume. This would further justify large scale cultivation of 

Galdieria sp. RTK37.1, and ensure reproducibility of the results in this research.  

As steady state growth is achieved as a consequence of a growth limiting substrate, it 

would be beneficial to further investigate the effect multiply limiting factors has on the overall 

growth and biomass yield of Galdieria sp. RTK37.1. As detailed in this research, it was 

assumed that during mixotrophy, there were three limiting factors (ammonia, light and 

glucose). Operating the chemostat with three limiting factors would have generated a complex 

system. Therefore, further investigation into how each of these growth limiting factors, both 

individually and combined, impacted the overall growth of mixotrophic Galdieria sp. RTK37.1 

is required.  Furthermore, the theory and technique surrounding light-limited chemostats 

requires further investigation. This would provide a further understanding of how light 

availability is varied during photosynthetic growth to ensure that stable growth would be 

achievable in larger cultivation systems.  

Transcriptome analysis should be completed for the biomass samples collected over 

steady state growth (in photoautotrophic, mixotrophic, and heterotrophic conditions), this 

would further justify Galdieria sp. RTK37.1 as a true mixotrophic. Transcriptome analysis 

would highlight the regulation of intracellular components throughout the different trophic 

conditions. Transcriptome analysis on the different trophic growth conditions for 

Galdieria spp. has not been investigated and would provide a clearer understanding of the 

different metabolism methods of the genus. Isotopic labelling of 13CO2 (through isotope ratio 

mass spectrometry) would show CO2 uptake during mixotrophy, concluding photosynthesis is 

occurring during mixotrophic growth of Galdieria sp. RTK37.1.  

Additionally, further investigation into ammonia consumption under different trophic 

conditions is recommended to justify the results concluded in this research. The minimal 

ammonia consumption observed during heterotrophy has not previously been reported and 

could offer major knowledge surrounding the growth kinetics of Galdieria spp. during 

heterotrophic growth. To further justify the economic feasibility of cultivating Galdieria spp. 

for pigment production, the concentration and purity of pigments, phycocyanin and 
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chlorophyll-, should be quantified. Extracting these pigments will highlight the purity 

obtainable, improving the economic potential of Galdieria spp. for phycocyanin production. 
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Appendix A: Nomenclature 

Acronym/ Abbreviation Full Term 

CH2O Formaldehyde 

CH2OH Hydroxymethyl 

CH4 Methane 

CO2 Carbon Dioxide 

H+ Proton 

HCOOH Formic Acid 

NAD+ Nicotinamide adenine dinucleotide 

NADH Nicotinamide adenine dinucleotide (Reduced) 

O2 Molecular Oxygen 

PQQ Methoxatin (Pyrroloquinoline quinone) 

PQQH2 Methoxatin (Pyrroloquinoline quinone) (Reduced) 

MOB Methane Oxidizing Bacteria 

ATP Adenosine triphosphate 

ADP Adenosine diphosphate 

PSI Photosystem 1 

PSII Photosystem 2 

C6H12O6 Glucose 

RPM Revolutions per Minute 

18s rRNA 18s Ribosomal RNA 

rbcL ribulose-1, 5-bisphosphate carboxylase/oxygenase large subunit 

psaA photosystem I P700 chlorophyll- apoprotein A1 

psbA photosystem II reaction centre protein D1 

16s rRNA 18s Ribosomal RNA 

HPLC High Pressure Liquid Chromatography 
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Appendix B: Data Analysis 

Statistical analysis for the results was completed in GraphPad Prism (version 9.3.1) 

using data analysis functions. Results were considered to be statistically significant at 95% 

confidence levels using two-tailed unpaired t-tests and ANOVA, p ≤ 0.05. Uncertainty was 

measured by standard deviation, by completing each measurement as either biologically or 

technical triplicates, as stated.  

Uncertainty in results was estimated by completing each measurement or experiment 

in triplicates. Uncertainty in calculations was completed using the error formulae below: 

𝑞 = 𝑎𝑥 + 𝑏 

𝑞 = 𝑎𝑥 − 𝑏 

𝑹𝒆𝒔𝒖𝒍𝒕𝒂𝒏𝒕 𝒆𝒓𝒓𝒐𝒓 𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒐𝒏:𝚫𝒒 = 𝒂𝒙 

𝑞 = 𝑥 + 𝑦 

𝑞 = 𝑥 − 𝑦 

𝑹𝒆𝒔𝒖𝒍𝒕𝒂𝒏𝒕 𝒆𝒓𝒓𝒐𝒓 𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒐𝒏: (𝚫𝒒)𝟐 = (𝚫𝒙𝟐) + (𝚫𝒚)𝟐 

𝑞 = 𝑐𝑥𝑦 
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𝑥
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Appendix C: V4 Mineral Salt Growth Media Recipe 

The mineral salt media contains  0.04 g of NH4CI, 0.05 g of KH2PO4, 0.02 g of 

MgSO47H2O, 0.01 g of CaCI26H2O, 0.2 mL of 1 mM Ce(SO4)2, 0.02 mL of 1 mM La2(SO4)3, 

3 mL of FeEDTA solution, 3 mL of trace element solution 1 and 1 mL of trace element solution 

2. The solution was then made up to 1 L with double distilled water (ddH2O). 

The FeEDTA solution contains 90: 

− 1.54 g/L FeSO4. 7H2O 

− 2.06 g/L Na2EDTA 

Trace element solution 1 contains 90: 

− 0.44 g ZnSO4. 7H2O 

− 0.06 g Na2MoO4.2H2O 

− 0.19 g MnCI.4H2O 

− 0.20 g CuSO4. 5H2O 

− 0.10 g H3BO3 

− 0.08 g CoCI2.6H2O 

The solution was then made up to 1 L using ddH2O. 

Trace element solution 2 contained 90: 

− 1.5 g nitrilotriacetic acid 

− 0.2 g Fe(NH4)2(SO4)2.6H2O 

− 0.44 g Na2SeO4.10H2O 

− 0.1 g CoCI2.6H2O 

− 0.12 g MnSO4.4H2O 

− 0.1 g Na2MoO4.2H2O 

− 0.1 g NaWO4.2H2O 

− 0.1 g ZnSO4.7H2O 

− 0.04 g AlCI3.6H2O 

− 0.025 g NiCI2.6H2O 

− 0.1 g H3BO3 

− 0.1 g CuSO4.5H2O 

The solution was then made up to 1 L using ddH2O. 

https://auc-word-edit.officeapps.live.com/we/wordeditorframe.aspx?new=1&ui=en%2DUS&rs=en%2DUS&wdenableroaming=1&mscc=1&wdodb=1&hid=8FD7889F-C097-B000-07E0-6C08FBB0619A&wopisrc=https%3A%2F%2Fucliveac-my.sharepoint.com%2Fpersonal%2Febu32_uclive_ac_nz%2F_vti_bin%2Fwopi.ashx%2Ffiles%2F6f6f3bef614042ca878f763e598f7944&wdorigin=DocLib&wdhostclicktime=1604091387244&jsapi=1&jsapiver=v1&newsession=1&corrid=451f5829-ad34-427c-be14-2cf894114c9f&usid=451f5829-ad34-427c-be14-2cf894114c9f&sftc=1&wdredirectionreason=Unified_SingleFlush&rct=Medium&ctp=LeastProtected#_ENREF_90
https://auc-word-edit.officeapps.live.com/we/wordeditorframe.aspx?new=1&ui=en%2DUS&rs=en%2DUS&wdenableroaming=1&mscc=1&wdodb=1&hid=8FD7889F-C097-B000-07E0-6C08FBB0619A&wopisrc=https%3A%2F%2Fucliveac-my.sharepoint.com%2Fpersonal%2Febu32_uclive_ac_nz%2F_vti_bin%2Fwopi.ashx%2Ffiles%2F6f6f3bef614042ca878f763e598f7944&wdorigin=DocLib&wdhostclicktime=1604091387244&jsapi=1&jsapiver=v1&newsession=1&corrid=451f5829-ad34-427c-be14-2cf894114c9f&usid=451f5829-ad34-427c-be14-2cf894114c9f&sftc=1&wdredirectionreason=Unified_SingleFlush&rct=Medium&ctp=LeastProtected#_ENREF_90
https://auc-word-edit.officeapps.live.com/we/wordeditorframe.aspx?new=1&ui=en%2DUS&rs=en%2DUS&wdenableroaming=1&mscc=1&wdodb=1&hid=8FD7889F-C097-B000-07E0-6C08FBB0619A&wopisrc=https%3A%2F%2Fucliveac-my.sharepoint.com%2Fpersonal%2Febu32_uclive_ac_nz%2F_vti_bin%2Fwopi.ashx%2Ffiles%2F6f6f3bef614042ca878f763e598f7944&wdorigin=DocLib&wdhostclicktime=1604091387244&jsapi=1&jsapiver=v1&newsession=1&corrid=451f5829-ad34-427c-be14-2cf894114c9f&usid=451f5829-ad34-427c-be14-2cf894114c9f&sftc=1&wdredirectionreason=Unified_SingleFlush&rct=Medium&ctp=LeastProtected#_ENREF_90
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Appendix D: Solid Media Preparation 

Solid media for plating methods was made using double concentrated V4 media and 

combined with 15 g L-1 phytagel solution. Phytagel was dissolved in warm deionized water. 

To avoid clumping, a magnetic stirrer was used to generate a large vortex and then the phytagel 

powder was slowly added. Solutions were autoclaved separately and then combined 

immediately to ensure solidification did not occur until after the plates were poured. Plates 

were poured immediately after the solutions were combined and then let cool inside a laminar 

flow biohood.  
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Appendix E: HPLC Carbon Substrate Calibration Curves 

The calibration curve for HPLC analysis is shown below in Figure E. The calibration curves 

were obtained using known concentrations of the standard and the average peak area was 

measured either using UV-visible spectrophotometer at a set wavelength of 210 nm or 

refraction index. Figure E. A shows the calibration curve for sorbitol concentration 

determination, where the average peak area was determined using the refraction index. Figure 

E. B shows the calibration curve for Galactose concentration determination, where the average 

peak area was determined using the refraction index. Figure E. C shows the calibration curve 

for Glucose concentration determination, where the average peak area was determined using 

the refraction index. Figure E. D shows the calibration curve for Succinate concentration 

determination, where the average peak area was determined using UV-visible 

spectrophotometer. Figure E. E shows the calibration curve for Acetate concentration 

determination, where the average peak area was determined using UV-visible 

spectrophotometer. The detection limit for all carbon substrates was 0.75 mM, excluding 

succinate which had a detection limit of 3 mM.  
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Figure E: HPLC Calibration curves for carbon substrate concentration determination based on the measured peak area. Data 

points represent known concentration stock solutions made through serial dilution, a linear regression line was then added. The 

linear relationship of the curve was used to determine the concentration, as expressed in the provided equations. A represents 

Sorbitol, B represents Galactose, C represents Glucose, D represents Succinate and E presents acetate. 
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Appendix F: Ammonia Concentration Calibration Curve 

The calibration curve for ammonia concentration analysis is shown below in Figure F. The 

calibration curves were obtained using serial dilutions concentrations of the ammonia by 

diluting with V4 media containing no ammonia chloride. The potential difference was 

measured using an ammonia electrode, and the concentration of ammonia was determined. The 

limit to ammonia detection was 0.05 g L-1 ammonia chloride.  

 

 

 

 

 

 

 

 

  

Figure F: Ammonia concentration calibration curve for determining the concentration of ammonia. Data points represent 

known concentration stock solutions made through serial dilution, a linear regression line was then added. The linear 

relationship of the curve was used to determine the concentration, as expressed in the provided equation.  
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Appendix G: Quantum Flux Correlation Curve 

All light intensities were measured using an MQ-610 extended range Photon Flux 

density meter and then correlated to calibrated measurements taken using a spherical quantum 

sensor. Figure G below shows the correlation plot used to determine the light intensities 

measured throughout this research. 

  

 

 

 

 

 

  

Figure G: Light intensity correlation plot.  Data points represent measured light intensities using an MQ-610 

extended range photon flux density meter, and correlating these to known light intensities measured using a spherical 

quantum sensor through a linear regression line. The linear relationship of the curve was used to determine the light 

intensity, as expressed in the provided equation. 
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Appendix H: UV Spectrophotometer and Plate Reader Discrepancy 

Calibration Curve 

Due to the discrepancy between the OD600nm measured using the UV spectrophotometer 

and the imaging reader, a discrepancy plot was made as shown in Figure H. All optical density 

measurements reported in this research are based on the UV-visible spectrophotometer 

(Ultrospec 2100 pro, Amersham Biosciences, UK).  

 

 

 

 

 

 

 

 

  

Figure H: Discrepancy plot between the UV-visible spectrophotometer and the imaging reader. All optical density measurements 

reported in this research are correlated to measurements taken on the UV-visible spectrophotometer. Data points represent optical 

density measurements correlated with a linear regression line. The linear relationship was defined by the equation provided.  
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Appendix I: Pump Calibration Curves 

The calibration curve for peristaltic pumps used for continuous cultivation is shown below in 

Figure I. Figure I. A is for pump 5240 and Figure I. B is for pump 5242.  

 

 

 

 

 

Figure I: Calibration curve for the peristaltic pump used during continuous cultivation. The 

linear relationship was defined by the equation provided. 
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Appendix J: Genomic Sequences for 18s rRNA, psaA and rbcL genes of 

Galdieria sp. RTK37.1 

DNA sequence for 18s rRNA gene: 

TCCTCGTTCATAAATACAGTTACAGTATTCAATCCCAAGCACGATGCAAGT

TCAAAGATTACCCAAGTCCTCTAGGAATAGGTAAATGAAAACTCTTTGAGTGCAT

CAGTGTAGCCCGCGTGCAGCCCAGGACATCAAAGGGCATCACAGACCTGTTATT

GCCTACAACTTCCATCCGTGAAAAACGAATAGTACCTCAAAGAAGTAAATATCG

TGCGAAAATACACACAATAYTACTACTTGGCAGGAAAAGGTCTCGTTCGTTAAC

GGAATTAACCAGACAAATCACTCCACCAACTAAGAACGGCCATGCACCACCACC

CATTCAATCAAGAAAGAGCTATCAATCTGTCAATCATAAAAATGTCCGGACCTG

GTAAGTTGCCCCGTGTTGAGTCAAATTAAGCCGCAGGCTCCACTCCTGGTGGTGC

CCTTCCGTCAATTCCTTTAAGTTCCAATCTTGCGACCATACTCCCCCCAGAACCCA

AAAACTTTGGTTTCCCGGAAAAAAAGGGTGTACGATATTTTCTCAGTACACCATC

TTTTAGATGGCATAGTTTATGGTTAAGACTACGACGGTATCTAATCGTCTTCGATC

CCCTAACTTTCGTCCTTGATCAATGGGGATATCCTTGCCAAACSCTTTCCCAACM

GKGKGTCTTCCAWAAATCC 

DNA sequence for psaA: 

TACAAATTCTTTAGAAGAATATCCCGTAAAATTTTTAGCGCTCATTTTGGT

CAATTAGCGATAATTTTTATATGGTTGAGTGGAATGTACTTTCATGGTGCTAAATT

TTCTAATTATGTGGCTTGGTTAAATAATCCTATTAACATCAAACCCAGCGCACAA

GTAGTTTGGCCGATTATAGGTCAAGAAATTTTAAATGCTGATGTTGGTGGAGGCT

TCCAAGGAATTCAAATTACTTCTGGATTATTCCAATTATGGAGAGCTTCAGGAAT

TACTAATGAAATGCAACTATATGTAACTGCAATAGGTGGCTTGTTTATGGCCAGT

TTAATGCTTTTTGCAGGTTGGTTTCATTATCACAAAGCGGCCCCTAAATTGGAAT

GGTTTCAAAACGTTGAATCAATGTTAAATCACCATTTAGCAGGCTTATTAGGCTT

AGGTTCACTGGGTTGGACAGGACACTTGATCCATGTTTCTTTACCAATTAATAAA

TTACTTGATTCTGGTATTTCGCCAGCTCAAATACCGCTACCTCATGAATTTATTTT

GAACCGTAATTTAATGTCAGAATTGTATCCAAGCTTTAGTAAGGGTTTATTACCT

TTCTTTAATTTAAATTGGAATGAATATAATGATTTTTTAACCTTTAAAGGAGGTTT

AAATCCTGTAACCGGAGGCTTATGGTTAACAGACATTGCCCATCATCACTTAGCT

ATAGCAGTGATTTTTATAATCGCTGGTCATATGTATAGAACTAACTGGAACATTG
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GACATAGTTTAAAGGAGATCTTAGATGCTCACAAAGGACCTTTTACAGGTGAAG

GGCATAAAGGATTATTTGAAATACTTACAACTTCTTGGCATGCGCAACTTGCAAT

TAATTTAGCAATGTTAGGATCATTAAGTATAATAGTGGCACATCATATGTATGCT

ATGCCACCTTATCCATATTTAGCTACAGACTATCCAACTCAGCTATCTCTTTTTAC

ACATCATATGTGGATTGGTGGATTCTGTATTGTTGGAGCAGGTGCTCACGCGGCT

ATATTTATGGTAAGAGACTATAGTCCTGCACAAAATTATAATAATTTATTAGATA

GGGTAATAAGACATAGAGATGCAATAATTTCTCATCTAAACTGGGTCTGTATTTT

TCTAGGTTTTCATAGTTTTGGCTTATATATACATAATGATACTATGAGAGCATTAG

GAAGACCACAAGACATGTTTTCAGATGTAGCTATTCAACTGCAACCTATTTTTGC

ACAATGGATACAAAATTCTCATTCACTTGCACCAGGTAATACAGCTCCAAATGTT

CTAGCTACAACTAGCTATGTTTTCGGGGGAGACATTGTGTCAGTAGGAGGGAAA

ATCGGTCTCATGCCTATTTCTCTTGGAACAGCAGATTTTATGGTACATCATATTCA

TGCTTTTACAATTCATGTAACAGCTTTAATTTTATTAAAAGGAGTTTATTGCTCCG

TATCTAGATAATACCAG 

DNA sequence for rbcL: 

TGGAGAGAAAGATATTTGTTTGTAATGGAAGCAGTTAACAAGGCAGCAGC

TGCAACAGGAGAAGTTAAAGGACATTACTTAAATGTAACAGCTGCAACTATGGA

AGAAATGTATGCACGTGCTCAGTTAGCCAAAGAATTAGGTAGTGTAATTATAATG

ATTGATCTTGTTATAGGTTATACTGCTATTCAAACTATGGCAAAATGGGCTAGAG

ATAATGATATGATCCTACATCTACACAGAGCAGGAAATTCTACTTATTCAAGACA

AAAAAACCATGGTATGAATTTTAGAGTAATTTGTAAATGGATGAGAATGGCAGG

CGTAGACCATATTCATGCCGGAACTGTTGTTGGTAAACTAGAAGGAGATCCTATT

ATTACAAGAGGATTTTATAAAACTCTTCTTTTACCTAAACTAGAACGTAATTTAC

AAGAAGGTTTATTCTTCGATATGGACTGGGCCTCACTTAGAAAAGTAATGCCAGT

AGCTTCTG 
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Appendix K: Genomic Sequences for 16s rRNA genes for Alicyclobacillus 

sp. EB1 

DNA sequence for 16s rRNA: 

GCTGGCCCCTTTCGGGTTACCCCACCGACTTCGGGTGTTGCCAACTCTCGT

GGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGGATTCACCGCGGCATGCTG

ATCCGCGATTACTAGCAATTCCGGCTTCATGCAGGCGAGTTGCAGCCTGCAATCC

GAACTACGAGCGGTTTTCAGGGGTTCGCTCCAGATCGCTCTCTCGCTTCCCGTTG

TGCCGCCCATTGTAGCACGTGTGTCGCCCAGGACATCAGGGGCATGATGATTTGA

CGTCATCCCCGCCTTCCTCCGACTTGCGCCGGCAGTCACCTGTGAGTCCCCACCT

CTACGTGCTGGTAACACAGGTCAAGGGTTGCGCTCGTTGCGGGACTTAACCCAAC

ATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCTCCTCTGCCCCGAA

GGGACCTACCATCTCTGGTAGCGTCAGAGGGATGTCAAGCCCTGGTAAGGTTCTT

CGCGTTGCTTCGAATTAAACCACATGCTCCACTGCTTGTGCGGGCCCCCGTCAAT

TCCTTTGAGTTTCAGTCTTGCGACCGTACTCCCCAGGCGGAGTGCTTATTGGGTTT

CCTTCGGCACTGAGGGTGGTACCCCCCAACACCTAGCACTCATCGTTTACGGCGT

GGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGTGCCTCAGCGTC

AGTCACTGTCCAGCAAGGCGCCTTCGCCACTGGTATTCCTCCACATCTCTACGCA

TTTCACCGCTACACGTGGAATTCCCCTTGCCTCTCCAGTACTCAAGTCCTACAGTT

TCCAAGGCATTCCCAAGGTTGAGCCCTGGCCTTTCACCCCAGACTTGCAGAACCG

CCTACGCACCCTTTACGCCCAGTGATTCCGGACAACGCTTGCCCCCTACGTATTA

CCGCGGCTGCTGGCACGTAGTTTGCCGGGGCTTCCTCTCGGGGTACCGTCTCGCA

AAGAGCATTCCCTCTCCTTGCCGCTCTTCCCCCTTGACTGAGCTTTACAACCCGAA

GGCCTTCCTCGCTCACGCGGCGTTGCTCCGTCAGGCTTGCGCCCATTGCGGAAGA

TTCCCTACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGC

CGGTCACCCTCTCAGGTCGGCTACGCATCGTCGCCTTGGTAGGCCTTTACCCTAC

CAACTAGCTAATGCGCCGCGGGGTCCTCTCTCAGCGATGCCTCAGCATCCTTTCC

CGCATCAGGCATGCGCCTCATGCGCCTATCCGGCCTTAGCACCCGTTTCCAGGCG

TTATTCCAGTCTGTTAGGCAGATTCCCCACGTGTTCCTCACCCGTCCGCCGCTGGT

ATCTTTCGATACCCGCTCGACTGCA 
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Appendix L: Accession Numbers for Genomic Sequences used in 

Characterisation Comparison 

Details surrounding the species, strain, pair identity and accession number for all 

organisms used during the characterisation of Galdieria sp. RTK37.1 and the bacterial 

contaminate, Alicyclobacillus sp. EB1 is summarised in Tables L.1 – Table L.4. 

Table L.1: Organism description, strain type, pair identity and accession number for all 16s rRNA genomic sequences used 

in the characterisation of the bacterial contaminate. 

Organism Description Strain Pair Identity Accession Number 

Alicyclobacillus tolerans DSM  16297 99.50% NR_112550.1 

Alicyclobacillus 

tengchongensis 
ACK006 99.43% NR_146350.1 

Alicyclobacillus 

contaminans 
3-A191 93.68% NR _041475.1 

Alicyclobacillus pomorum 3A 93.60% NR_024801.1 

Alicyclobacillus sacchari RB718 93.45% NR_041475 

Alicyclobacillus 

disulfidooxidans 
DSM 12064 93.43% NR_040944.1 

Alicyclobacillus 

ferrooxydans 
TC-34 93.39% NR_044413.1 

Alicyclobacillus 

disulfidooxidans 
SD-11 93.34% NR_040944 

Alicyclobacillus 

hesperidum 
FR-11 93.20% NR_025313.1 

Alicyclobacillus 

cycloheptanicus 
DSM 4006 93.15% NR_024754.1 

Alicyclobacillus 

cycloheptanicus 
NBRC 15310 92.99% NR_113745 

Alicyclobacillus 

cycloheptanicus 
SCH 92.63% NR_118875 

Alicyclobacillus sacchari RB718 92.54% NR041470.1 

Effusibacillus pohliae MP4 89.42% NR_042184 

Effusibacillus consociatus CCUG 53762 89.20% NR_117612 

Effusibacillus lacus skLN1 88.46% NR_125469 

Tumebacillus ginsengisoli  Gsoil 1105 87.94% NR_112564 

Tumebacillus soli CAU 1105 87.80% NR_149286 

Tumebacillus luteolus UC13 87.34% NR_145584 

Escheichia coli U 5/41 79.54% NR_024570.1 
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Table L.2: Organism description, strain type, pair identity and accession number for all 18s rRNA genomic sequences used 

in the characterisation of Galdieria sp. RTK37.1. 

Organism Description Strain Pair Identity Accession Number 

Galdieria sulphuraria Gs72-YNP 97.47% KP167587 

Cyanidium caldarium 182 92.08% AF441374 

Galdieria partita 500 91.99% AF441368 

Galdieria partita K 91.53% AF441372 

Galdieria sulphuraria J 91.12% AF441373 

Galdieria sulphuraria AZ 91.05% AF441360 

Galdieria daedala IPPASP508 90.94% AB090839 

Galdieria maxima P507(IPPAS) 90.80% AB090832 

Galdieria sulphuraria NIES-550 90.48% LC504058 

Galdieria sulphuraria ISG 90.25% AF441363 

Galdieria sulphuraria 074W 89.70% AF441369 

Rhodella violacea SAG 115.79 86.68% EU861395 

Cyanidium caldarium 61D 86.00% AB090833 

Cyanidioschyzon merolae 199 84.16% AF441376 

Cyanidioschyzon merolae 10D 82.57% XR_002461616 

Cyanidioschyzon merolae MS1-YNP 82.57% KP167585 
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Table L.3: Organism description, strain type, pair identity and accession number for all psaA genomic sequences used in the 

characterisation of Galdieria sp. RTK37.1. 

Organism Description Strain Pair Identity Accession Number 

Galdieria sulphuraria SAG 107.79 93.33% MN518834 

Galdieria sulphuraria SAG 108.79 93.19% AY119695 

Galdieria sulphuraria UTEX 2393 93.12% AY541285 

Galdieria sulphuraria 074W 92.96% HM440925 

Galdieria partita THAL024 92.76% MN699561 

Galdieria partita THAL023 92.63% MN518827 

Galdieria daedala IPPAS(P508) 92.60% AY541283 

Galdieria partita IPPAS(P500) 92.52% AY541284 

Batrachospermum 

campyloclonum 87 78.61% KM055289 

Batrachospermum naiadis BHO:A-0076 78.41% MF940789 

Batrachospermum 

macrosporum - 78.12% MF940791 

Rhodella violacea SAG 115.79 78.08% AY119706 
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Table L.4: Organism description, strain type, pair identity and accession number for all rbcL genomic sequences used in the 

characterisation of Galdieria sp. RTK37.1. 

Organism Description Strain Pair Identity Accession Number 

Galdieria sp. CCMEE 5719 100.00% EF675175 

Galdieria sp. CCMEE 5707 99.80% EF675181 

Galdieria sulphuraria Gs72-YNP 99.60% KP167591 

Cyanidiales sp. DJS-2012 CHJ-4 95.77% JQ269635 

Galdieria sp.  CCMEE 5573 95.77% EF675171 

Cyanidiales sp. DJS-2012 SFFL-5 95.56% JQ269630 

Galdieria daedala IPPAS(P508) 93.35% AY541302 

Galdieria partita THAL023 92.94% MN545931 

Galdieria sulphuraria 074W 92.34% NC_024665 

Galdieria phlegrea ACUF788 88.10% KY033447 

Cyanidioschyzon merolae MS1-YNP 78.61% KP167589 

Cyanidioschyzon merolae 10D 75.65% NC_004799 

Rhodella violacea SAG 115.79 - AY119706 

Galdieria maxima IPPAS(P507) - AY391370 

 

Appendix M: Heterotrophic Batch Growth Curve and Consumption 

Profiles 

Growth curves for Galdieria sp. RTK37.1 grown in heterotrophic conditions with 

sorbitol, succinate and acetate are shown in Figure M. The substrate consumption rate profiles 

are also shown. No growth and consumption were observed using these organic carbon 

substrates.  Figure M. A shows the growth curve and carbon substrate concentration for 

Galdieria sp. RTK37.1 grown in heterotrophic conditions with 10 mM of succinate. Figure M. 

B shows the growth curve and carbon substrate concentration for Galdieria sp. RTK37.1 grown 

in heterotrophic conditions with 10 mM of sorbitol. Figure M. C shows the growth curve and 

carbon substrate concentration for Galdieria sp. RTK37.1 grown in heterotrophic conditions 

with 10 mM of acetate. 
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Figure M: Growth curves outlining the optical density and biomass yield of Galdieria sp. RTK37.1 grown in heterotrophic 

growth conditions. Galdieria sp. RTK37.1 cells were grown at a pH 2.5, 45°C in 160 mL serum bottle supplied with 50 mL 

of V4 medium. A represents Succinate, B represents Sorbitol and C represents Acetate. Error bars denote standard deviation. 
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Appendix N: Dry Cell Weight and Optical Density Correlation Curve for 

Batch Growth 

The correlation curve for dry cell weight and optical density during batch growth is shown 

below in Figure N. The calibration curve was obtained using the known steady state optical 

density and correlating this to the dry cell weight for each trophic condition Galdieria sp. 

RTK37.1 was cultivated in.   

Figure N: Calibration curve for the optical density and dry cell weight in the different trophic growth conditions used 

during batch cultivation. The linear relationship was defined by the equation provided.  Galdieria sp. RTK37.1 cells 

were grown at a pH 2.5, 45°C in 160 mL serum bottle supplied with 50 mL of V4 medium. During photoautotrophic 

and mixotrophic growth cells were illuminated under warm white LED lighting at 94.6 mol m-2 s-1 and sparged with 

3% (v/v) CO2. During mixotrophic and heterotrophic growth, 10 mM of glucose to V4 medium.  
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Appendix O: pH Growth Curve for Photoautotrophic grown 

Galdieria sp. RTK37.1 

Growth curves for photoautotrophic grown Galdieria sp. RTK37.1 under various initial 

pH conditions is shown in Figure O.  
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Figure O: Growth curve outlining the photoautotrophic growth of Galdieria sp. RTK37.1 under different pH conditions. 

Galdieria sp. RTK37.1 cells were grown at 45°C in 250 mL shake flasks supplied with 100 mL of V4 medium. Cells were 

provided with 3% (v/v) CO2, under 170 µmol m-2 s-1 warm white LED lighting. Error bars denote standard deviation. 
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Appendix P: Oscillating Growth Curve for Galdieria sp. RTK37.1  

Initially xenic cultures of Galdieria sp. RTK37.1 were cultivated to investigate the 

ability to achieve stable growth during photoautotrophic growth conditions. Both reactors were 

operated identically, initially in batch conditions with gas sparging set at 1000 mL min-1 

(3% w/w CO2), controlled at 500 mL min-1 in both reactors by rotameters. Cells were 

illuminated by warm white LED lighting set at 191.3 µmol m-2 s-1. Initially, it was aimed to 

achieve a steady state OD value of 1 to reduce the error imposed by dilution.  Both reactors 

were switched to chemostat operation, using a dilution rate of 0.38 day-1. The light intensity 

was then reduced to 94.6 µmol m-2 s-1 in pursuit of achieving an OD of 1. A dilution rate of 0.3 

d-1 was used during chemostat operation. Due to significant amounts of flocculation on the 

reactor walls, gas sparging was increased to 2000 mL min-1 (3% v/v CO2), controlled at 1000 

mL min-1 in both reactors by rotameters. The growth curve for xenic cultures 

Galdieria sp. RTK37.1, contaminated with alicyclobacillus sp. EB1 grown in photoautotrophic 

growth conditions is shown in Figure P.  

 

Figure P: Growth curve outlining xenic cultures of Galdieria sp. RTK37.1, contaminated with Alicylcobacbillus sp. EB1 

grown in chemostat reactors at a pH 2.5, 45°C with a dilution rate of 0.3 d-1. Cells were illuminated under warm white 

LED lighting at 94.6 mol m-2 s-1 and sparged with 3% (v/v) CO2. Gas flow rate was increased after 500 hours to 1000 

mL min-1 in each reactor.  
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After analysing the growth of Galdieria sp. RTK37.1 during batch cultivation in the 

reactors, it was determined that the maximum growth rate was near the operating dilution rate. 

As discussed in Section 5.2.2, operating at a dilution rate that is equal or greater than the 

maximum growth rate has only one achievable steady state where the concentration of cell 

growth equals zero. This condition is called washout. Although, as seen in the growth profile 

in Figure P, washout was not observed. Due to the significant amount of biomass on the reactor 

walls, it was theorised that the cells were sticking to the reactor wall as a survival strategy due 

to the presence of bacteria and the dilution rate. The biomass on the wall was not diluted out 

of the reactor as fast as the cells within the bulk liquid solution. This allowed cells to be retained 

in the reactor despite the dilution rate being near the calculated exponential growth rate. This 

is likely the reason an oscillating effect was observed in the cell growth after the increase in 

total gas flow rate. The cell growth would increase as a result of non-sterile feed from the side 

of the reactor, while the decrease in cell growth would have been due to the washout effect. 

These results suggest that to obtain stable growth, the dilution rate must be reduced, which had 

a consequence of an increased hydraulic retention time. 

Due to the presence of the bacterial contamination, alicyclobacillus sp. EB1, and the 

excess biofilm accumulation, the reactors were shut off and restarted after the generation of 

axenic cultures.  
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Appendix Q: Growth Curve for Ammonia Limited Photoautotrophic 

grown Galdieria sp. RTK37.1  

Figure Q outlines the growth curves for photoautotrophic grown 

Galdieria sp. RTK37.1, where Reactor 1 was limited in Ammonia and Reactor 2 was not 

ammonia-limited.  

 

 

 

  

Figure Q: Growth curve outlining axenic cultures of Galdieria sp. RTK37.1, grown in chemostat reactors at a pH 2.5, 

45°C with a dilution rate of 0.12 d-1. Cells were illuminated under warm white LED lighting at 94.6 mol m-2 s-1 and 

sparged with 3% (v/v) CO2. Reactor 1 was ammonia-limited (0.2 g L-1), Reactor 2 was not ammonia-limited (0.4 g L-1). 
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Appendix R: Dry Cell Weight and Optical Density Correlation Curve for 

Chemostat Growth 

The correlation curve for dry cell weight and optical density is shown below in Figure R. The 

calibration curve was obtained using the known steady state optical density and correlating this 

to the dry cell weight for each trophic condition Galdieria sp. RTK37.1 was cultivated in.  
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Figure R: Calibration curve for the optical density and dry cell weight in the different trophic growth conditions used during 

continuous cultivation. The linear relationship was defined by the equation provided.  Galdieria sp. RTK37.1 was grown at a 

pH 2.5, 45°C in 1.5 L chemostat with a dilution rate of 0.12 d-1. During photoautotrophic and mixotrophic growth cells were 

illuminated under warm white LED lighting at 94.6 mol m-2 s-1 and sparged with 3% (v/v) CO2. During mixotrophic and 

heterotrophic growth, 10 mM of glucose was added to inlet V4 Media.  
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Appendix S: Cell Count and Optical Density Correlation Curve 

The correlation curve for cell counts and optical density is shown below in Figure S. The 

calibration curve was obtained using the known steady state optical density and correlating this 

to the cell count for each trophic condition Galdieria sp. RTK37.1 was cultivated in.  
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Figure S: Calibration curve for the optical density and cell counts in the different trophic growth conditions used during 

continuous cultivation. The linear relationship was defined by the equation provided.  Galdieria sp. RTK37.1 was grown at a 

pH 2.5, 45˚C in a 1.5 L chemostat with a dilution rate of 0.12 d-1. During photoautotrophic and mixotrophic growth cells 

were illuminated under warm white LED lighting at 94.6 mol m-2 s-1 and sparged with 3% (v/v) CO2. During mixotrophic 

and heterotrophic growth, 10 mM of glucose was added to inlet V4 Media.  
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