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iii - !ōǎǘǊŀŎǘ 
Phycocyanin is an important natural blue photosynthetic accessory protein-chromophore complex 

expressed by classes of cyanobacteria and Rhodophyta. This protein finds significant use in the food 

manufacturing industry as the only natural blue colour with global regulatory approval, as well as 

displaying nutritional value as a protein and nutraceutical benefits through its strong antioxidant 

capability. Despite this, end use in many applications is precluded by its limited stability when exposed 

to heat and light, a direct consequence of the narrow ecological niche of the organism it is currently 

produced at scale from, Arthrospira platensis.  

Our research focuses on production of phycocyanin from the thermoacidophilic Rhodophyte Galderia 

sulphuraria, which displays much improved stability profiles when exposed to high temperatures and 

low pH, a direct result of the volcanic hot acidic spring environment which may reach pH 0 and 55°C, 

and represents DΦ ǎǳƭǇƘǳǊŀǊƛŀΩǎ ecological niche. 

Important process characteristics are exemplified in this research in order to generate very high cell 

densities and phycocyanin productivities, above 40 g.L-1.day-1 and 1.7 g.L-1.day-1 respectively, more 

than double the previously reported highs. Oxygen saturation during semi- and continuous 

heterotrophic cultivations is identified as a key driver for phycocyanin productivity, and a series of 

specially adapted bioreactors are developed in order to achieve this parameter. New ways of 

controlling nitrogen in the process and its implications on production are investigated, along with 

developing sterility into a heterotrophic process without the high cost of autoclaving requirements.  

These techniques are successfully applied to abundant problematic industrial waste streams ς 

unrefined biodiesel-derived glycerol and lignocellulosic biomass, harnessing the extremophilic nature 

of G. sulphuraria and its propensity to grow on a diverse range of organic carbon substrates.  

Learnings from the development and in-house fabrication of specialised equipment for such an 

extremophile are detailed, including the adaptation of modern engineering plastics, recent availability 

and suitability of ad hoc microcontroller systems in the context of simple, high-density, high-

productivity algal cultivation.      
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 LƴǘǊƻŘǳŎǘƛƻƴ 
1.1  Microalgae as bio-producers 

Microalgae represent a metabolically diverse group of unicellular organisms within the Archaeplastida 

with species classified in red algal (Rhodophyta) and green algal (Chlorophyta) and brown algal 

(Chromophyta) and Chryptophyta divisions (Adl et al., 2005). These distinct phyla are primarily 

categorised by their pigmentation: Green algae produce chlorophylls a and b; brown algae produce 

chlorophyll a and carotenoids; whilst red algae present chlorophylls a and d, as well as a mixture of 

the phycobiliproteins c-phycocyanin, allophycocyanin and phycoerythrin.  Cyanidiophyceae 

categorises most of the known extremophilic red algae, sharing a common ancestral lineage with 

other Rhodophyta only up to around 1 billion years ago (Yoon et al., 2004). Over the past decade or 

so, research has intensified into the use of microalgae for the production of a diverse range of 

biotechnological products ranging from low value renewable biodiesel and high-nutrient livestock 

feeds (Hallenbeck et al., 2016, Popp et al., 2016) to the direct extraction of the high-value pigments 

expressed by many species (Perez-Garcia et al., 2011, Del Campo et al., 2007). 

The range of potential bioproducts is complemented by a range of production strategies. Microalgae 

have been cultivated at an industrial scale since the 1950s utilising photoautotrophic growth in 

outdoor pond-style bioreactors. Whilst cheap to set up and operate, outdoor reactors fall host to a 

range of technical problems including contamination issues, temperature control, and reliance on 

weather conditions (Del Campo et al., 2007). Enclosed photobioreactors, usually in tubular or plate 

arrangements to improve light penetration provide a solution to these problems and afford much 

improved system control (temperature, pH, flow rates to name a few), but are associated with much 

higher capital and production costs severely limiting scalability (Carvalho et al., 2006).  

More recently, exploitation of heterotrophic growth of microalgae has attempted to overcome some 

of these challenges. Utilisation of higher capacity energy carbon sources compared to gaseous CO2 

promotes improved growth rates, improved lipid and pigment productivity, and enables the use of 

traditional vat bioreactors with simpler kinetic profiles as those used in bacterial and yeast cultures 

due to removal of a light requirement (Morales-Sanchez et al., 2015). Only a select few microalgal 

species grow effectively in this manner however, limiting the potential products capable of providing 

an investment return. Many desirable pigments may often have reduced expression if algal cells are 

not grown autotrophically, although some more recent commercial strategies seek to exploit this 

effect (Algenuity, 2020). Requirements for more costly mediums containing a suitable carbon source, 

competition from well-established bacterial industrial production schemes that have expertise 
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heritage in biotech companies, and providing fewer environmental benefits in reducing atmospheric 

CO2 levels represent just some of the considerations for choosing autotrophic or heterotrophic 

processes.  

This review will focus on Galdieria sulphuraria as a candidate for industrial biotechnological (IB) use, 

with particular attention to its diverse growth and pigment production capabilities. 
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1.2  Introduction to Galdieria sulphuraria 
Galdieria is one of three genera (with Cyanidium and Cyanidioschyzon) in the Rhodophyta subphylum, 

class Cyanidiophyceae all of which are found in extreme ecological niches: the organism grows 

optimally at high temperatures up to 55°C and low pH down to 0.5 (Gross and Schnarrenberger, 1995, 

Gross et al., 1998). In these environments Galdieria sulphuraria emerges as the predominant 

inhabitant thanks to its adaptive metabolism facilitating both photoauto-trophic and hetero-trophic 

growth under appropriate conditions (Gross and Schnarrenberger, 1995). Morphologically, Galdieria 

is a tough, spherical, non-motile alga 5-10 µm in diameter possessing a strong cell wall, and as such it 

settles rapidly to the bottom of aquatic environments and can also commonly be found growing 

endolithically in the porous igneous rock of volcanic environments (Figure 1.2-1) (Ciniglia et al., 2014). 

Whilst the organism has the capability for photoautotrophy, it mainly scavenges organic carbon 

sources of dying photosynthetic biomass that are hydrolysed by the hot acidic conditions and grows 

heterotrophically (Gross et al., 1998). This hydrolysate may possesses heterogeneous simplified 

carbon sources such as simple sugar alcohols, hexose and pentose sugars, organic acids, short 

peptides, component amino acids and ammonium ions. Indeed, Galdieria has been shown to 

successfully utilise at least 50 different carbon substrates during heterotrophic growth at this time 

(Gross and Schnarrenberger, 1995, Oesterhelt et al., 1999). CO2 dissolves poorly in aqueous solutions 

at low pH values further driving adaptation towards utilising organic growth substrates (Zosel et al., 

2011). 

Resistance to contamination, diverse growth options, greater yields compared to lone 

photoautotrophic growth and resistance to high shear forces provide a strong initial case for the use 

of Galdieria in an IB context.  

Figure 1.2-1 - Endolithic growth of Galdieria sulphuraria 

Landmannalaugar of Hekla, southeastern Iceland. Adapted from (Ciniglia et al., 2004). 
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 Genomic aspects of Galdieria and extreme adaptability 
Two complimentary genomic mechanisms are currently thought to have contributed to the success of 

Galdieria as a highly metabolically adaptable and extremophilic alga: evidence that 5% of its genome 

has originated via horizontal gene transfer (HGT) from extremophilic bacteria (Schönknecht et al., 

2013); and a highly reduced mitogenome displaying the highest guanine-cysteine skew and 

substitution rate of any known eukaryote (Jain et al., 2015). Table 1.2 outlines the genes/gene families 

most likely to have been acquired via HGT. Indeed many of the genes in question contribute directly 

to GaldieriaΩǎ ŜȄǘǊŜƳƻǇƘƛƭƛŎ ƴŀǘǳǊŜ ŀǎ ǿŜƭƭ ŀǎ ƛƳǇǊŜǎǎƛǾŜ ƳŜǘŀōƻƭƛŎ ŎŀǇŀōƛƭƛǘƛŜǎΣ ǎǳŎƘ ŀǎ ƘŜŀǘ ǘƻƭŜǊŀƴǘ 

adenosine triphosphatases from thermophilic archaea and nutrient transporter systems from bacteria 

and fungi (Schönknecht et al., 2013).  Jain et al suggest that the extreme environment itself contributes 

to GaldieriaΩǎ ŀŘŀǇǘŀǘƛƻƴΦ wŜƭƛŀƴŎŜ ŀƴŘ ƘƛƎƘ ƭƻŀŘǎ ǳǇƻƴ ǘƘŜ ƳƛǘƻŎƘƻƴŘǊƛŀ ŀǎ Galdieria grows 

heterotrophically in combination with hot conditions are suggested to present a genomic stress on 

the mitogenome (Jain et al., 2015). It may also be the case that the extreme environments contribute 

to the facilitation of HGT mechanisms itself, although there must have been an initial event to at least 

provide tolerance to probably heat and acid. Galdieria diverged from the other members of  

Cyanidiophyceae 1 billion years ago (Yoon et al., 2004). 

 Galdieria as a product source 
In terms of its use as an IB organism, Galdieria has mainly been investigated for use as a food source 

and a producer of the pigment phycocyanin. Galdieria is poorly suited for biodiesel production ς lipid 

content is reportedly 1.1% for auto-trophic cultures and 1.4% for hetero-trophic cultures (Graziani et 

al., 2013). 70-80% lipid content is generally aimed for in terms of relevance for biodiesel-producing 

microalgae (Hannon et al., 2010). Other compositional elements represented were 27-33% protein, 

63-69% carbohydrates of which 54% was insoluble fibre. Many algae are exploited for the production 

of pigments and encompass a wide range of commercial uses including nutraceutical, colourant, 

pharmaceutical and aquaculture applications (Begum et al., 2016). In terms of Rhodophyta, the key 

differentiation to other clades is the presence of phycobilisomes containing the red and blue 

respective pigments phycoerythrin (typically from Phorphyridium cruentum) and phycocyanin 

(typically from the cyanobacterium Arthrospira platensis). Galdieria also produces phycocyanin and 

allophycocyanin, with a preference towards phycocyanin (discussed further in section 1.4) (Graziani 

et al., 2013). This blue, water soluble, food safe, anti-oxidant protein has numerous uses in the 

biotechnology and nutritional sectors (Eriksen, 2008). Phycocyanin has a sharp excitation-emission 

spectrum (˂ ex609 nm, ˂ em643 nm) making it suitable for confocal microscopy work and driving a high 

price at higher purities: at the time of writing the cost of 1 mg phycocyanin at a concentration of 10 

mg.mL-1 is £111.50 when obtained from Sigma-Aldrich, UK.  
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Trait Affected genes Origin Notes 

Extremophilly    
Heat tolerance ATPase family Archaea ATPase copy number correlates strongly with 

thermophilicity in archaea 

Salt tolerance Cation:proton antiporters Bacteria Help to maintain ionic balances 

Salt tolerance Sarcosine dimethylglycine 
methyltransferase 

Halophilic 
cyanobacteria 

Facilitates production of compatible solute betaine 

Acid tolerance Only one voltage-gated ion channel 
 

Thought to contribute to highly reduced proton 
permeability of the membrane 

Acid tolerance Expanded intracellular chloride channel 
family  

 
This family of chloride transporters are impermeable to 
protons 

Toxic metal tolerance Arsenical membrane protein pump, ArsB Thermoacidophilic 
bacteria 

Facilitates biotransformation of geothermal arsenic 

Toxic metal tolerance Mercuric reductase Proteobacteria Reduces toxic Hg2+ ions into metallic mercury 

Metabolic adaptability 
   

Acetate utilisation Acetate permeases Bacteria 
 

Amino acid uptake Amino acidςpolyamineςorganocation 
transporters 

Thermoacidophilic 
archaea 

 

Glyerol utilisation Glycerol dehydrogenases (3 copies) Various Produces dihydroxyacetone for entry into glycolysis 

Glyerol utilisation Glycerol uptake facilitators (5 copies) Various 
 

External nutrient 
scavenging 

Aspartyl protease Bacteria/fungi Excreted and cleaves peptide bonds optimally at low pH 

External nutrient 
scavenging 

Glucoamylases Bacteria/fungi Excreted and facilitates polysaccharide degradation 

Table 1.2 ς Horizontal gene transfer in Galdieria sulphuraria. Adapted from (Schönknecht et al., 2013) 
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1.3  Phycocyanin as a valuable target 

 Introduction to phycocyanin 

Phycocyanin (C-PC) is a type of light-harvesting protein utilised only by cyanobacteria and Rhodophyta 

species known as a phycobiliprotein, of which many are arranged intracellularly into supramolecular 

complexes known as phycobilisomes (MacColl, 1998). In many eukaryotic autotrophs, phycobilisomes 

contain a range of phycobiliprotein subtypes to complement chlorophyll: phycoerythrin (C-PE), 

phycocyanin and allophycocyanin (A-PC) absorb radiation optimally at wavelengths of 540, 620 and 

652 nm respectively as a consequence of the specific chromophore content of the protein, either 

phycocyanobilin or phycoerythrobilin (Eriksen, 2008). These pigment-protein complexes are 

associated with the surface of the chloroplast intracellularly in Galdieria (Figure 1.3-5) 

Phycobiliprotein chromophores are linear tetrapyrroles sharing homology with bilirubin (Figure 1.3-1), 

a breakdown product of haem (Brown et al., 1989). As such the biosynthetic regulatory controls are 

shared with chlorophylls up to protoporphrinogen IX, a step with a key oxygen requirement (Poulson, 

1976) due to coproporphyrinogen III oxidase. Indeed recent work in Galdieria attributed inhibition of 

phycocyanin production to reduced oxygen availability (Sarian et al., 2016). In Rhodophyta, the genes 

cpcA and cpcB encode the h - and ̡ - chains of phycocyanin which fix the central chromophore and are 

found adjacently on the plastid genome (Ohta et al., 2003, Jain et al., 2015). These genes have light 

responsive elements (Zhang and Lu, 2005) providing inherent control applicable to the translated 

product.  

3 phycocyanobilin chromophores are covalently bonded to each of the 6 ɻɼ monomers, for a total of 

18 chromophores per phycocyanin molecule (Figure 1.3-1, Figure 1.3-2). Alpha and beta strands of the 

monomer are held together mostly between the interaction of the X and Y loops (Figure 1.3-2, 3) 

(Schirmer et al, 1985). In Galdieria, compared to Arthrospira platensis, several ammino acid 

substitutions of smaller from larger amino acids (Table 1.3-1,Figure 1.3-3), lead to a closer link via the 

Figure 1.3-1 - Blue coloured chromophore 
phycocyanobilin 

18 phycocyanobilin molecules (left) are covalently 

bonded to the ɻɼ6 hexamer (3 per monomer) that 

forms phycocyanin 



Phycocyanin as a valuable target Thomas Burns 

25 
 

X and Y loops of the alpha and beta subunits of the ɻɼ monomer by 1.5 Å, and is suggested to improve 

the stability of the final phycocyanin complex (Stec et al., 1999). 

  

1 2 

3 

Figure 1.3-2 - Phycocyanin subunit structure 

1. ɚɼ monomer of phycocyanin 

2. ɚɼ6 hexamer of phycocyanin  

3. Stereoscopic plot of phycocyanin ɻɼ 

monomer adapted from (Schirmer et al., 

1985). Helices are represented by 

ÃÙÌÉÎÄÅÒÓ ÁÎÄ ÃÁÔÅÇÏÒÉÓÅÄ ÂÙ ÃÁÐÉÔÁÌ ɉɼ-

ÓÕÂÕÎÉÔɊ ÁÎÄ ÌÏ×ÅÒÃÁÓÅ ɉɻ-subunit) letters. 

The three phycocyanobilin chromophores 

are marked by PCB annotation 

PCB 
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Across organisms that synthesise phycocyanin, in general low light intensity promotes intracellular 

accumulation whilst production is inhibited at higher intensities (Zhang and Lu, 2005, Chaneva et al., 

2007, Sloth et al., 2006). Reported data remains conflicting for Galdieria, with optimal phycocyanin 

specific productivity demonstrated at 80 µmol.m2.s-1 (20 mg.g-1), severely inhibited beyond 200 

µmol.m2.s-1 (Sloth et al., 2006), whilst a recent study utilised 250 µmol.m2.s-1, for a phycocyanin 

concentration of 13.2%, however including 5% CO2 at 1 VVM (Wan et al., 2016).  

Phycocyanin and other phycobiliprotiens are suggested to be key nitrogen storage compounds for 

cyanobacteria and rhodophyta due to their intracellular abundance (Eriksen, 2008). Indeed, under 

nitrogen limited conditions specific phycocyanin concentrations are found to decrease in both 

cyanobacteria (Allen and Smith, 1969) and Galdieria (Sloth et al., 2006, Selvaratnam et al., 2014, Sloth 

et al., 2017). Phycobilisomes display intracellular motility to external light sources as part of an 

efficient light-harvesting process in many red algal species (Kana et al., 2014, Ueno et al., 2015), 

however Galdieria and other thermophilic algae have no phycobilisome motility, further suggesting 

the antenna complexes are used primarily as storage rather than energy gathering apparatus. This 

lack of motility may have an effect of stabilising the phycobilisome complexes of thermophiles in 

particular: A. platensis phycocyanin has a poor tolerance to high temperatures, a characteristic of 

Table 1.3-1 - Key substitutions of the phycocyanin alpha subunit Y-loop in Galdieria compared to 

Arthrospira platensis 

Arthrospira platensis Phe28 Phe31 Gln33 

Galdieria Asn28 Tyr31 Arg33 

X loop Y loop 

Figure 1.3-3 - Alignment of the first 50 amino acids of the phycocyanin alpha subunit in 
Galdieria and Arthrospira platensis 

Reference proteomes were accessed on Uniprot and alignment of the alpha subunits performed 

using T-Coffee (Notredame et al., 2000)(Galdieria: M2XXW0_GALSU, Proteome identifier 

UP000030680;  Arthrospira: D5A5N9_ARTPN, Proteome identifier UP000006803). The X and Y 

loops are annotated. 
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particular concern during downstream extraction and purification techniques often involving drying 

of wet biomass (Oliveira et al., 2008). Any temperature above 47°C was sufficient to degrade A. 

platensis phycocyanin, with 30 minutes at 59°C leading to 50% degradation (Chaiklahan et al., 2012).  

Conversely, Galdieria phycocyanin has been demonstrated to retain its stability up to 65°C (Figure 

1.3-4) (Moon et al., 2014). More recent studies have indicated increased specific productivity of C-PC 

at lower Galdieria culture temperatures of 25 and 34°C  although at the expense of reduced growth 

rates (Sloth et al., 2017).  

In terms of nitrogen sources, ammonium sulphate is reported for cultivation of Galdieria almost 

exclusively under auto-, hetero-, and mixo-trophic conditions (Allen, 1959, Allen and Smith, 1969, 

Gross and Schnarrenberger, 1995, Schmidt et al., 2005, Wan et al., 2016). Recent evidence suggests 

the capability to utilise amino acids as a sole nitrogen source, although growth and phycocyanin 

production rates were low, only improved by supplementation of ammonium into the medium (Sloth 

et al., 2017). Indeed 28 putative sequences of amino acid transporters are observed in the genome of 

strain SAG 107.79 (Davis et al., 2016). Galdieria may have a requirement beyond nutrition for 

ammonium in terms of its obligate acidophilic nature (Schönknecht et al., 2013). Ammonium uptake 

transporters are now widely accepted to function as ammonia gas pores, wherein the medium NH4
+ 

is deprotonated to NH3 (considered gaseous in solution due to high vapour pressure), facilitatedly 

diffused across the membrane and reprotonated (Yang et al., 2007, Lamoureux et al., 2010). As 

Galdieria is known to acidify the environment during growth (Oesterhelt et al., 2007), the 

deprotonation of ammonium is a likely mechanism. Furthermore, as the intracellular pH is 7.0 

(Oesterhelt et al., 2007), generation of protein stores by using up nitrogen compounds (e.g. 

Figure 1.3-4 - Exposure to excessive temperature degrades phycocyanin 

Loss of Galdieria sulphuraria phycocyanin stability at higher temperatures leads to pigment 

degradation. Adapted from (Moon et al., 2014).  
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phycocyanin) may act to counteract the potential depletion of intracellular protons that have been 

quenched into ammonium ions.   

Organic carbon substrate is also known to affect phycocyanin production in Galdieria. D-glucose 

represses the formation of photosynthetic apparatus in Galdieria partita (Stadnichuk et al., 1998) and 

was initially thought to also have an inhibitory effect on the porphyrin pathway at coproporphyrinogen 

III oxidase, although this is now attributed to oxygen limitation (Sarian et al., 2016). In terms of 

chlorophyll repression, glycerol, D-glucose and D-xylose are most highly repressed whilst xylitol, 

dulcitol and adenitol heterotrophic cultures in the dark had lowest repression of 27 substrates tested 

(Gross and Schnarrenberger, 1995). Additionally a strong correlation between chlorophyll and 

phycocyanin content was reported (Gross and Schnarrenberger, 1995). This is supported by later 

bioreactor/pilot scale studies wherein initial low specific phycocyanin concentrations are observed, in 

accordance with high medium carbon substrates, subsequently increasing as growth leads to reduced 

organic carbon substrate concentrations in the medium (Sloth et al., 2006, Graverholt and Eriksen, 

2007).   
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 Phycocyanin production in Galdieria sulphuraria 
Galdieria is reported to have been successfully cultivated in as diverse conditions as its metabolic 

propensity suggests, as well as a wide range of scales including solid medium (Graverholt and Eriksen, 

2007, Davis et al., 2016, Sloth et al., 2017); 25-500 mL in flask (Gross and Schnarrenberger, 1995, 

Minoda et al., 2004, Sloth et al., 2017); 1.0-3.5 L in pilot scale bioreactors including batch, fed batch 

and continuous modes of operation (Schmidt et al., 2005, Sloth et al., 2006, Graverholt and Eriksen, 

2007, Baer et al., 2016, Wan et al., 2016); and in an outdoor enclosed bioreactor 100 L culture volume 

per m2 land area (Selvaratnam et al., 2014). Table 1.3-2 provides an overview of phycocyanin 

production and growth of Galdieria as well as including Arthrospira platensis (spirulina) for comparison 

as it is the current utilised industrial organism for phycocyanin production. High-density (defined as 

above 50 g.L-1 dry cell weight) cell cultures have been reported in Galdieria with the current maximum 

reaching 109 g.L-1 dry cell weight following fed batch heterotrophic cultivation on D-glucose in the 

dark, and a total substrate of 310 g.L-1 added over the course of 17 days (Graverholt and Eriksen, 

2007). Furthermore this corresponded to the highest concentration of phycocyanin produced in any 

organism at 2.9 g.L-1 or 0.473 g.L-1.day-1. Outdoor industrial scale cultures of A. platensis report daily 

productivities of phycocyanin to range from 0.003 to 0.024 g.L-1.day-1 (Pushparaj et al., 1997, Jimenez 

et al., 2003).  

Figure 1.3-5 - Confocal microscopy image of Galdieria grown in liquid culture 

Galdieria was grown in liquid culture with 260 mM glycerol as a carbon source. Red fluorescence 

identifies intracellular C-PC associated with the thylakoid membrane of the chloroplast. Credit: Dr 

Ewald Hettema 
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Organism/ 
strain Scale 

Trophic 
state 

Carbon 
source 

Scale 
(L) 

Culture 
period 
(Days) 

Light 
intensity 
ό˃ƳƻƭΦƳ2.s-

1) S0 (g.L-1) 

µ 
(day-

1) 
PX (g.L-
1.day-1) 

XFinal 
(g.L-1) Yx/s 

Pc-pc 
(mg.L-
1.day-

1) 

Yc-pc/X 
(mg.g-
1) Ref. 

A. platensis 
Open pond, 
Continuous 

Auto-
trophic - 

135,00
0 365 Sunlight - 0.05  - - 2.94 58.8 

(Jimenez 
et al., 
2003) 

G. sulphuraria 
SAG 108.79 

Bioreactor, 
Continuous 

Auto-
trophic 

3% CO2  
L.min-1 0.7 11 

100; RGB 
60:0:40 % - n.d. 0.262 n.d. - 4.99 19.0 

(Baer et 
al., 2016) 

G. sulphuraria 
074G-G1 

Bioreactor, 
Fed-batch 

Hetero-
trophic D-Glucose 1.2-2.5 8 - 50; 500 <0.6 14.1 109 0.41 473 26.7 

(Graverh
olt and 
Eriksen, 
2007) 

G. sulphuraria 
074G-G2 

Bioreactor, 
Continuous 

Hetero-
trophic D-Glucose 2.5 17 - 

50; 50 - 
150 0.6 14.6-50 

24.4-
83.3 0.43 

163-
861 15.6 

A. platensis 
Bioreactor, 
Fed-batch 

Mixo-
trophic D-Glucose 2.5 12.5 80-160 

2.00 ; 
100 n.d. 0.816 10.2 n.d. 87 125 

(Chen 
and 
Zhang, 
1997) 

G. sulphuraria 
074G Flask 

Mixo-
trophic 

Food waste 
hydrolysate; 
D-glucose 0.15 7 20-30 5.00 1.22 n.d. 2.75 0.55 n.d. 3.00 

(Sloth et 
al., 2017) 

G. sulphuraria 
074G 

Bioreactor, 
Batch 

Mixo-
trophic 

Glucose, 
fructose, 
sucrose 2.5 10 30-50 5 ; 5-500 

1.01-
1.1 n.d. 

72-
100 

0.46-
0.54 n.d. 

8.00-
18.0 

(Sloth et 
al., 2006) 

G. sulphuraria  
CCMEE 5587.1 

Outdoor 
bioreactor 

Mixo-
trophic 

Urban 
wastewater 100 60 

Sunlight 
14:10 n.d. n.d. 0.165 2.5 n.d. n.d. n.d. 

(Selvarat
nam et 
al., 2014) 

Table 1.3-2 - Production of phycocyanin in Galdieria sulphuraria 
S0 initial substrate concentration of batch phase; fed-batch phase, ˃ specific growth rate, PX biomass productivity, XFinal final biomass concentration, YX/S yield 

of biomass on substrate, PC-PC productivity of phycocyanin, YC-PC/X specific phycocyanin yield. Cyanobacterium Arthrospira platensis is the current organism used 

for industrial production of C-PC for comparison. Cells highlighted in bold represent the highest reported value for the corresponding column metric. 
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 Unique growth aspects of Galdieria 
Industrial processes ideally use high substrate and product concentrations in order to reduce process 

volumes and capital costs. Galdieria has been demonstrated to tolerate both high substrate and salt 

concentrations with no impact on growth rate up to 166 g.L-1 glucose (0.9 M) and 22 g.L-1 ammonium 

sulphate (0.17 M) in batch culture (Schmidt et al., 2005). High levels of anions were also not found to 

have an effect on growth rate, with Galdieria sustaining at medium concentrations of 1 % v/v 

concentrated nitric, hydrochloric and phosphoric acid adjusted to pH 2.0 (Davis et al., 2016). It is 

proposed that the acidophilic nature contributes heavily to anion and cation tolerance in two modes: 

ionic impermeability of the cell membrane and a passive effect of the mainly sulphur containing 

natural environment complexing with toxic species (Dopson et al., 2014).  

Evolution in the nutrient poor conditions of hot springs and endolithic regions have resulted in a highly 

efficient organism and there are currently no reports of overflow metabolism (incomplete oxidation 

of growth substrates and wasteful secretion of intermediate metabolites) or by-product formation 

with any organic substrate under high concentration conditions (Gross and Schnarrenberger, 1995, 

Schmidt et al., 2005, Graverholt and Eriksen, 2007). Overflow metabolism of bacterial bioprocesses is 

a widespread limiting factor of high impact to the extent that multiple avenues of investigation are 

proceeding to overcome the problem in Escherichia coli including computational, mutant generation 

and metabolic engineering strategies (Vemuri et al., 2006, Großkopf et al., 2016).     
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1.4  Growth kinetics 

 Batch kinetics 
Growth kinetics of a unicellular organism in a bioreactor are now well understood (Doran, 2013a). In 

general terms, an organism that replicates by binary fission (splits in half, common to many 

microorganisms although there are several alternatives) will grow in suspension as long as several 

requirements are met. These include, but are not limited to: availability of growth substrates including 

carbon and nitrogen sources; an environmental osmotic potential relevant to the organism; an 

(relatively stable) appropriate temperature; access to additional requirements for metabolism, e.g. 

oxygen for aerobes or nitrates, sulphates for anaerobes, carbon dioxide for photoautotrophs; timely 

removal of any waste/toxins or bioproducts generated during growth.  

In ideal conditions, growth may be described in terms of phases and the specific growth rate, ˃ (T-1). 

A lag phase proceeds initially, characterised by no increase in biomass and 0 Ғ  ˃  < ˃ max as the cells 

respond to the new environmental conditions following inoculation by altering enzyme regulation.  

Log phase follows, and cells grow in an exponential manner due to binary fission.  ˃= ˃ max  during log 

phase and the value will depend on the organism and exact cultivation conditions.  ˃may be calculated 

during exponential phase growth as the change in the natural logarithm of biomass (X, g.L-1) between 

two time points (equation 1.4a). 

ὉήόὥὸὭέὲ ρȢτὥ           ‘  
ὒὲὢς ὢρ

ὸς ὸρ
 

 Ὅὲ ὩὼὴέὲὩὲὸὭὥὰ ὴὬὥίὩ ‘  ‘  ὧέὲίὸὥὲὸ 

According to this model, growth proceeds at a constant rate assuming there is no change to 

environmental condition. This is not the case however during the dynamic process of growth as the 

organism is taking up medium components, altering the concentrations of both itself and the medium. 

Eventually a point is reached where one of the requirements becomes limiting and growth is inhibited 

known as the stationary phase (˃ ғm˃ax). In stationary phase cells survive by utilising internal energy 

stores as well as scavenging debris from other dead/dying cells. Once these resources are depleted, 

the cell population will decline known as the death phase.  
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 Semi continuous cultivation 
Nutrients may become growth inhibiting at high concentrations due to changes in osmotic potentials 

and/or contribute to the activation of unwanted metabolic pathways, an effect known as overflow 

metabolism. A semi continuous (also known as fed-batch) growth paradigm aims to overcome these 

ŜŦŦŜŎǘǎ ōȅ ŀŘŘƛƴƎ ƴŜǿ ƴǳǘǊƛŜƴǘǎ όάŦŜŜŘέύ ƛƴǘƻ ǘƘŜ ǊŜŀŎǘƻǊ ŀǘ ŜƛǘƘŜǊ ŀ Ŏƻƴǎǘŀƴǘ ƻǊ ǾŀǊƛŀōƭŜ ǊŀǘŜ ǘƻ 

prolong the log growth phase and enabling much higher productivities than a batch process (Figure 

1.4-1).  

ὉήόὥὸὭέὲ ρȢτὦ     Ὂ  
ὢȢὠȢ‘ȢὸȢὩȢ

ὛȢὣϳ
 

Equation 1.4b demonstrates the exponential feeding equation for semi-continuous cultivations that 

use heterotrophic carbon sources. The feed rate, F (L.day-1), is calculated by determining the initial 

quantity of cells X0 (g.L-1) in a bioreactor of volume V (L), and taking its product of the initial time t0 

(days) and the growth rate µ (day-1). This is multiplied by e to the power of the growth rate µ (day-1) 

multiplied by the elapsed time since X0 was determined t (days). The resultant is divided by the product 

of the substrate concentration in the feed S0 (g.L-1), and the yield of biomass on substrate YX/S (g.g-1).  

B A 

Figure 1.4-1 - Production of penicillin in a semi-continuous (fed-batch) cultivation 

A ς Feed containing growth substrates is added to the main reactor chamber, at a rate either pre-

defined or subject to a feedback control such as biomass concentration, pH, volume. B ς A batch 

phase occurs up to 72 hours before the addition of a glucose-based feed on an exponential basis. A 

second lag phase occurs after the biomass stationary phase following glucose addition, and the cells 

opt to continue to produce penicillin in favour of biomass until 128 hours, allowing a steady rate of 

penicillin production at a relatively low level of (unwanted) biomass (Adapted from (Schmid et al., 

2016)). 
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The most useful application of this equation is in setting an experimenter determined growth rate. 

Under batch conditions, as described, growth will proceed during log phase at the µmax of the set of 

conditions. At the maximum growth rate, it is highly likely that a parameter maybe become limiting 

within a short time period, as growth substrates, oxygen, and nutrients are taken up quickly and 

metabolised by the cellsΦ ¢ƻ ǊŜŀŎƘ άƘƛƎƘ ŎŜƭƭ ŘŜƴǎƛǘȅέ όŀōƻǾŜ рл ƎΦ[-1 biomass), it becomes increasingly 

important to have greater control over the cultivation process, as under these conditions mass 

transport (of both oxygen / carbon dioxide and nutrients to / from the cells) limitations may also come 

into effect. As growth rate limiters arise, our ability to predict future biomass concentrations and 

requirements of feed rates is impaired. Incorrect calculations of feed rates will have much more 

dramatic consequences on the substrate and biomass concentrations in the bioreactor. This could 

potentially incur a negative feedback loop if, for example, feed is added too rapidly as the cells have 

started to grow more slowly due to a lack of substrate mass transport. Substrate concentrations would 

increase at a different rate to the biomass, and could become inhibiting if left unchecked, leading to 

further impairments in the growth rate and the feed rate being further from what it should be.  

Equation 1.4b allows us to introduce limitations in the system ourselves, in a controllable manner. 

Growth rate µ is selected, not measured, for this equation. By choosing a rate much below the 

maximum (e.g. ½ µmax), we ensure carbon substrate (feed) is always limiting, and the cells may only 

grow at the rate selected. Fixing the growth rate in this manner allows more determinable growth 

profiles of cultivations of microorganisms.    

  Continuous cultivation 
The kinetics of continuous cultivations are much more simple than that of batch or fed-batch growth 

paradigms, owing to the fact that rather being dynamic processes with changing concentrations, 

steady states may be reached for all growth parameters under the appropriate conditions (Figure 

1.4-2). The most important parameter of a continuous cultivation is the dilution rate, D (day-1), which 

describes the relationship between the rate at which feed medium is flowing into a bioreactor, and 

cells are flowing out (both rates of which are the same), F (L.day-1), and the total volume of the 

bioreactor, V (L) (Equation 1.4c) 

ὉήόὥὸὭέὲ ρȢτὧ                                  Ὀ  
Ὂ

ὠ
 

As such, the dilution rate represents the amount of the total volume that has changed over the course 

of time, in this case 1 day. If the incoming feed containing carbon and nitrogen growth substrates and 

other nutrients is kept with fixed concentrations of those substrates, a steady biomass concentration 
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will be reached. The mechanism to this is similar to that applied in semi-continuous cultivations ς if 

one keeps the feed carbon concentration below the product of maximum supported biomass for the 

system (Xmax) divided by the yield of biomass on substrate (YX/S), the dilution rate acts as the growth 

rate µ. Cells leaving the bioreactor are replaced by those growing by binary fission on the incoming 

carbon sources. To improve the productivity of biomass, the dilution rate may be increased, causing a 

more rapid exit of cells from the reactor (production), but also increasing the availability of growth 

substrates increasing the rate of cell growth in the reactor. Dilution rate as such has a maximum value 

for any given system and microorganism, equal to µmax.   

Typically, a steady state is said to be reached once the biomass concentration in the reactor becomes 

stable during continuous flow conditions. As mentioned, this is determined by the YX/S, allowing us to 

predictively calculate the steady state biomass concentration with equation 1.4d, wherein the 

difference between the substrate concentration entering and leaving the bioreactor is multiplied by 

the yield. 

ὉήόὥὸὭέὲ ρȢτὨ                ὢ  Ὓ Ὓ Ȣὣϳ  

  

Figure 1.4-2 - Process parameters of a 
continuous stirred tank reactor cultivation 

A determined flow rate F, of medium 

containing an initial biomass concentration 

(Xi), initial substrate concentration (Si) and 

initial product concentration (Pi), into a 

vessel of volume V, is used to support 

growth of a microorganism. Under steady 

state conditions, the concentrations of 

biomass, substrate and produce flowing out 

of the reactor, are the same as those within 

the bioreactor, assuming perfect mixing 

occurs. Adapted from (Doran, 2013c). 
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1.5  Oxygen transport 
Several factors affect the transport of oxygen from sparged air into the medium of a bioreactor and 

the rate of oxygen transfer may be described by equation 1.5, where NA is the rate of oxygen transfer 

per unit medium volume, also known as oxygen transfer rate OTR (gmol.m-3.s-1), kL is the liquid-phase 

mass transfer coefficient (m.s-1), a is the gas-liquid interfacial area per unit volume of fluid (m2.m-3), 

CAL is the oxygen concentration in the medium (gmol.m-3), and ὅᶻ is the medium oxygen 

concentration in equilibrium with the gas phase (gmol.m-3) also described as the oxygen solubility 

(Doran, 2013b). The difference between the actual and potential oxygen concentrations represents 

the driving force for oxygen transfer. 

             ὉήόὥὸὭέὲ ρȢυ                  ὔ  Ὧὥὅᶻ ὅ  

The actual solubility of oxygen, ὅᶻ, is negatively affected by increases in both temperature and ion 

concentration (Narita et al., 1983). In terms of the importance to Galdieria high density cultivation, 

ὅᶻ is affected by almost all of the unique conditional aspects with a high temperature compared to 

most bioprocesses and high concentrations of sulphate and ammonia ions (Table 1.5-1). pH also 

affects ὅᶻ , however through an indirect mechanism once again involving ion concentrations ς 

increased proton concentrations as well as equilibrium shifts of NH3 Ą NH4
+ and HSO4- Ą SO4

2-. Due 

to difficulties in measuring kL and a separately, the product is generally considered together as kLa to 

describe the mass transfer index of oxygen (Gómez Sánchez et al., 2012). Figure 1.5-1 demonstrates 

the kinetic stages involved during the transfer of gas molecules to an intracellular location (Doran, 

2013b). Diffusion of oxygen to the gas-liquid interface is quick and effectively negligible (i), as is the 

transfer across (ii), whilst the liquid film boundary layer represents the majority of oxygen transfer 

resistance (iii). Oxygen transfer through the bulk medium phase may be assumed to be rapid in a well-

mixed reactor (iv), contributing negligible resistance. Galdieria does not form cellular clumps or flocs, 

and remaining transfer occurs through the liquid-cell interface (v) rapidly due to the small size of the 

cells (~10 ˃m compared to ~1 mm for an air bubble) and high surface area ratio.  Transfer 

into the cell (vi) and utilisation for metabolism (vii) also occur rapidly.  

In this model, the greatest transfer resistance is accrued during oxygen transport through the liquid 

film interface (iii) to the bulk liquid phase, and is represented as a (m2.m-3) in equation 1.5. Reducing 

the volume/diameter of the bubbles will increase the surface area to volume ratio, increasing the 

value of a.  
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Electrolyte  Electrolyte 
concentration 
(mol.dm-3) 

Oxygen partial 
pressure (atm) 

Solubility of oxygen (mg.dm-3) 

298 K  323 K  348 K 

Meas. Meas. Calc. Meas. Calc. 

H2O - 1.0 40.6 29.1 28.6 20.6 21.0 

(NH4)2SO4 1 1.0 25.2 17.8 18.0 12.4 13.3 

H2SO4 1 1.0 33.7 24.6 24.1 - - 

  2 1.0 28.2 21.5 20.2 - - 

Table 1.5-1 - Temperature and medium components affect the solubility of oxygen 

Adapted from (Narita et al., 1983) 

 

  

Figure 1.5-1 - Stages of oxygen transport from air bubble to cell 

Adapted from (Doran, 2013b) 
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1.6  Work presented in Thesis 
Chapter 3 investigates phycocyanin production in Galdieria, and explores process techniques in 

optimising that production. Various scales of cultivation are presented, from flask to 4 L bioreactors, 

and the effects of physical parameters, in particular oxygen saturation, are investigated.  

Chapter 4 explores techniques to maintain sterile heterotrophic cultures of Galdieria, without the 

application of sterile technique. Nitrogen supply to the cell is critical in this endeavour, and specific 

growth characteristics of Galdieria are exploited. 

Chapter 5 explores two low cost and abundant carbon resources, biodiesel derived glycerol and 

lignocellulose, for their propensity to support cultivation of Galdieria, in order to produce 

phycocyanin.  

Chapter 6 describes the ad hoc airlift bioreactors, and their fabrication, used to achieve the very high 

biomass and phycocyanin productivities presented in this Thesis, as well as the control systems 

required to supply basic forms of nitrogen to Galdieria.   
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 aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ 
2.1  Materials and Methods 

All reagents and materials were obtained from Sigma Aldrich, UK unless otherwise stated. 

 Strains and growth media 
6 Strains of Galdieria sulphuraria were kindly provided by Professor Seth Davis (University of York, UK) 

as shown in table 2.1.1 below. Low-pH autotrophic media όaƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ ƳŜŘƛǳƳΣ a!aύ for both 

ǇƭŀǘŜ ŀƴŘ ƭƛǉǳƛŘ ŎǳƭǘǳǊŜǎ ŀǊŜ ōŀǎŜŘ ƻƴ !ƭƭŜƴΩǎ ƻǊƛƎƛƴŀƭ Galdieria studies (Allen, 1959) including more 

recent modifications (Gross and Schnarrenberger, 1995, Minoda et al., 2004). Final components and 

concentrations are as follows (g.L-1): (NH4)2SO4 2.62, KH2PO4 0.54, MgSO4.7H2O 0.5, CaCl2.2H2O 0.056, 

FeCl3 0.028, EDTA.Na2 0.016; with trace elements to a final concentration of (mg.L-1): H3BO3 5.72, 

MnCl2.4H2O 3.64, ZnCl2 0.21, Na2MoO2.2H2O 0.78, CoCl2.6H2O 0.08, CuCl2 0.086. For plate preparation, 

double concentrated solutions of medium and agar were sterilised separately by autoclave and 

combined in a 1:1 ratio. In hetero- and mixo-trophic growth studies additional carbon sources were 

added to the above autotrophic medium as described in the relevant studies. Unless otherwise stated, 

more concentrated heterotrophic media have their inorganic components scaled from the above 

concentrations used at 10 g.L-1 carbon growth substrates.  

 

Table 2.1.1 - Strain designations of the Algal Collection University Federico II (ACUF) 
 

Strain Notes Origin Notable 

references 

ACUF 141.Y / 

SAG 108.79 

Yellow bank strain Wyoming, Yellowstone Natl. 

Park, USA 

(Toplin et al., 

2008) 

ACUF 141.G Spontaneous mutant of 141.Y with a 

strong green colour 

Wyoming, Yellowstone Natl. 

Park, USA / University of York 

 

ACUF 141.DG Spontaneous mutant of 141.Y with a 

strong dark blue-green colour 

Wyoming, Yellowstone Natl. 

Park, USA / University of York 

 

SAG 107.79 Yellow-green strain used in Allen's 

original pigment studies in 1959 

CA, Sonoma County, USA (Allen, 1959) 

ACUF 021 Brown coloured strain, fastest 

reported growth rate in hetero-

trophic conditions 

Isola di Vulcano, Lipari (ME), 

Italy 

(Ciniglia et al., 

2004, Graziani 

et al., 2013) 

ACUF 074W White coloured strain, rapid growth 

in hetero-trophic conditions 

Mount Lawu, Java, Indonesia (Graverholt and 

Eriksen, 2007) 
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 Cryopreservation 
Strains were cryopreserved in autotrophic medium containing a final concentration of 5% glycerol, 5% 

dimethyl sulfoxide (DMSO) and 5% proline in a protocol adapted from (Morschett et al., 2016). Briefly, 

an ice-water bath was used to cool a falcon tube (15 mL) containing 7.5 mL cell suspension in MAM, 

and 7.5 mL of double concentrated cryopreservation solution was added at a rate of 0.2 mL.min-1 up 

to 15 mL total volume. The final cell suspension was added in 2 mL aliquots to cryopreservation locking 

tubes and stored at -20°C for 1 hour, before transferring to -80°C for long term storage. 

 Cultivation 
Galdieria was cultivated in a range of conditions and scales with some constants. Temperature was 

maintained at 42°C for all cultures as well as constant photosynthetic active radiation between 40-70 

m˃ol.m2.s-1 in auto- and mixo-trophic cultures, hetero-trophic cultures were maintained in the dark. 

Where necessary, Antifoam A (Sigma, UK) was added to the medium at an initial concentration of 50 

ppm. A condenser at 4°C was connected to the air outflow to prevent excessive evaporation, and 

whenever necessary, reactor cultures were topped up with deionised water to maintain the relevant 

working volumes.  

 Bioreactor scale cultivations 
Two differing types of bioreactors were used to cultivate Galdieria. A 2.0 L working volume stirred 

tank reactor containing two four-bladed Rushton turbines (Minifors 2, Infors, CH) is used for all stirred 

tank reactor experiments. A series of airlift reactors were developed and used and their specific details 

and operations are described with the relevant studies. Chapter 6 discusses the development of these 

custom reactors, and some of their control systems at length. 

 Growth monitoring 

2.1.e.i  Absorbance 
Growth was monitored in a time-dependent basis using three main parameters. Cell suspension 

absorbance was measured at 800 nm to prevent any pigment interactions (Gross et al., 1998) using 

an S-200 spectrophotometer (Boeco, Germany) with a light path of 1 cm and a blank of deionised 

water. Where necessary, cells were diluted with deionised water to ensure absorbance measurements 

below 0.7 cm-1.  

2.1.e.ii  Dry cell weight 
1 ς 10 mL of cells (or 5 ς 50 mg dry cells) were taken in triplicate unless otherwise stated for 

determination of dry cell weight (DCW). Cells were centrifuged at 18,000 x g for 15 seconds, the 

supernatant discarded, and repeated twice with a resuspension in deionised water to remove medium 

components. Washed cells were resuspended in 1 mL deionised water and frozen at -80°C at least 

overnight for subsequent lyophilisation for 24 hours under vacuum.  



Materials and Methods  Thomas Burns 

 

41 
 

 Phycocyanin extraction and assay 
In terms of Galdieria as a biotechnological organism, the blue water-soluble dye phycocyanin (C-PC) 

was focused on as a model product.  

2.1.f.i  Extraction and purification techniques 
Unless otherwise stated, lyophilised cells as described in section 2.1.e.ii were resuspended in 1.5 mL 

of 100 mM potassium phosphate buffer at pH 7.2. Mechanical disruption was performed using cell 

disruption tubes (2 mL capacity, 0.5 mm Zirconium beads, Sigma-Aldrich, USA) and a BeadBug 

homogeniser (Benchmark Scientific Inc., USA) at a speed of 4000 rpm in 5-8 60 second cycles, with 

tubes cooled at 4°C between cycles.  

Cell lysate was centrifuged at 18,000 x g for 60 minutes at 4°C, and 500 µL of blue supernatant was 

removed and diluted as necessary for spectrophotometric analysis as described below.  

Wherein the volume of cell suspensions was larger (50 ς 1000 mL), cells were disrupted using a 

continuous cell press at 40,000 kPa (Constant systems, UK). Lysate was transferred to 500 mL Beckman 

centrifuge tubes at 350-400 mL volume for centrifugation at 5000 x g for 5 minutes to remove the 

majority of cell debris. Ammonium sulphate extraction was performed at 21°C with an initial 1.2 M 

solvation step for 30 minutes, centrifugation at 18,000 x g for 30 minutes to remove insoluble debris. 

Ammonium sulphate concentration was then increased to 1.6 M to precipitate the phycocyanin, 

stirring for at least 30 minutes before a final 18,000 x g 30-minute centrifugation step. Supernatant 

containing mostly carotenoids was removed, and the pelleted phycocyanin resuspended in phosphate 

buffer.  

2.1.f.ii  Phycocyanin quantification 
Phycocyanin extracts were transferred to a 1 cm light path cuvette to undergo analysis. Absorbance 

was read by spectrophotometer at 320, 562, 620 and 652 nm, and the C-PC content estimated as 

described previously, and demonstrated with equation 2.1a (Kursar and Alberte, 1983, Moon et al., 

2014). Where necessary, Equation 2.1b was used for the determination of C-PC purity. This is not a 

άǘǊǳŜέ ǇǳǊƛǘȅ ŎŀƭŎǳƭŀǘƛƻƴ ǿƘƛŎƘ ǎƘƻǳƭŘ ǳǎŜ ŀōǎƻǊōŀƴŎŜ ŀǘ нул ƴƳ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƻǘŀƭ ǇǊƻǘŜƛƴΣ ŀs the 

ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ Ψǎ ƳƛƴƛƳǳƳ ǿŀǾŜƭŜƴƎǘƘ ƛǎ онлΦ Lǘ Ƴŀȅ ōŜ ǳǎŜŘ ǘƻ ǇǊƻǾƛŘŜ ǊŜƭŀǘƛǾŜ ŎƻƳǇŀǊƛǎƻƴǎ ƛƴ 

this study however.  
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 Glycerol 

Glycerol concentration of the medium was monitored when glycerol was supplemented into the 

medium. Glycerol free reagent (Sigma-!ƭŘǊƛŎƘύ ǿŀǎ ǳǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ 

which is an enzymatic assay leading to the production of a green quinoneimine from glycerol. Medium 

samples were diluted 100x and final absorbance read at 540 nm.  

 Ammonium 

Ammonium concentration of the growth medium was determined using a modified version of the 

Berlethot reaction (Rhine et al., 1998) wherein a solution containing ammonium is made basic, 

producing ammonia, which reacts with 2-phenylphenol to produce a blue indophenol complex.     

Initial samples were diluted 250-1000x with ultra-pure water and absorbance was read at 660 nm 

following reaction mixture incubation of 1 hour using a plate reader (Victor2 1420, Wallac).  The full 

protocol used may be found in appendix 8.1 .  
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 LƳǇǊƻǾƛƴƎ ǇƘȅŎƻŎȅŀƴƛƴ 
ǇǊƻŘǳŎǘƛƻƴ ƛƴ DŀƭŘƛŜǊƛŀ ǎǳƭǇƘǳǊŀǊƛŀ 

3.1  Introduction 
There is only a limited set of literature exploring high phycocyanin productivity in heterotrophic 

cultures of Galdieria sulphuraria. Despite this, reports are very encouraging with, up to this point, a 

highest productivity of over 800 mg.L.day-1 phycocyanin and 50 g.L-1.day-1 biomass (Graverholt and 

Eriksen, 2007). More recent research has focused on adding light to the heterotrophic cultivation 

process in order to successfully boost the intracellular concentration of phycocyanin (Wan et al., 2016, 

Baer et al., 2016, Cagnac et al., 2018, Carbone et al., 2020), but at the detriment of overall phycocyanin 

productivity due to increased equipment and process complexity. Indeed, early research identified 

that true mixotrophic growth does not occur in Galdieria (Oesterhelt et al., 2007), suggesting that 

addition of light only has a regulatory effect on the expression of phycocyanin.  

In order for a process to be reliable and scalable, it should be as simple as possible. In that ethos, we 

opt in this chapter to explore alternative techniques to improve phycocyanin productivity in Galdieria 

without resorting to the addition of a light step, in order to make a case for a commercial switch from 

the established Arthrospira commercial production systems to a more modern, controllable, 

bioreactor-based production process. 
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3.2  Stable phycocyanin from Galdieria 

 Extraction of phycocyanin 
Extraction and purification of phycocyanin from Arthrospira platensis and Galdieria sulphuraria was 

performed as commonly suggested in the literature ς two step ammonium sulphate precipitation. A 

continuous French Press was used at 40 kPa to disrupt 100 g of cells suspended in 100 mM phosphate 

buffer, pH 7.2. One cycle was sufficient to disrupt over 90 % of cells as determined by microscopy. 

Lysate (Figure 3.2-2 A) was centrifuged at 17,000 g for 1 minute producing a blue coloured supernatant 

and brown-green pellet (Figure 3.2-2 B), and the supernatant separated. Ammonium sulphate was 

added under stirring in an ice-water bath to a concentration of 1.2 M (30% saturation) for 30 minutes 

as suggested by (Sorensen et al., 2013). This concentration provides the highest solubility for 

phycocyanin enabling retention in the supernatant fraction of the subsequent 40 minute 17,000 g 

centrifugation, producing a clearer blue fraction (Figure 3.2-2 D). Ammonium sulphate concentration 

was increased to 1.6 M (50 % saturation), at which point centrifugation facilitated precipitation of the 

protein onto the sides of the centrifuge tubes (Figure 3.2-2 E).  

The precipitated phycocyanin was separated from the supernatant and resuspended in 100 mM 

phosphate buffer, and the resulting solutions absorbance compared to that of the post 30 % saturation 

fraction (Figure 3.2-1). The aforementioned figure clearly identifies chlorophyll a to have been 

removed in the final purification step, due to the loss of a peak at 680 nm, also supported by the green 

colouration of the supernatant (Figure 3.2-2 E). A total of 2584 mg of purified phycocyanin was 

obtained from 100 g of cells. Allophycocyanin was below detectable levels in the purified sample. 
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Figure 3.2-1 - Absorbance traces of purified phycocyanin 

Blue dotted line ς phycocyanin absorbance after 30 % ammonium sulphate saturation and 

centrifugation. An error in the spectrophotometer erased data below 400 nm. Red line ς absorbance 

trace following final 50 % ammonium sulphate precipitation and resuspension in 100 mM phosphate 

buffer. Chlorophyll a is the main photoactive component separated in this procedure as 

characterised by the removal of the peak at 680 nm. The two absorbance curves are normalised to 

620 nm = 1.0. 

Chlorophyll a 



Stable phycocyanin from Galdieria  Thomas Burns 

 

48 
 

  

  

  

 

  

A 

D 

B 

E F

A 

C 

Figure 3.2-2 - Extraction and purification of phycocyanin 

A Lysate ready for centrifugation. B First centrifugation step at 17,000 g for 1 minute. C Phycocyanin 

rich supernatant separated from cell debris. D After 30 % (NH4)2SO4 purification and centrifugation. E 

After 50 % (NH4)2SO4 purification and centrifugation. F Purified phycocyanin samples resuspended in 

100 mM potassium phosphate buffer. 
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 Stability assessments 

3.2.b.i  Arthrospira versus Galdieria 
In order to assess reported stability benefits of phycocyanin from Galdieria over phycocyanin from 

Arthrospira, time dependent stability was investigated using extractions from both species arising 

from the extraction procedure described in 3.2.a . Samples (14 mL) were incubated in a water bath at 

temperatures ranging from 25 - 70°C and absorbance spectra analysed every 10 minutes (Figure 

3.2-3). For each sample 400 µL was taken into 600 µL potassium phosphate buffer in order to facilitate 

rapid cooling to room temperature for analysis. Protein degradation was inferred by loss of 

absorbance at 620 nm, and an increase in absorbance below 400 nm, as the protein precipitates and 

the phycocyanobilin chromophore delinearises during loss of tertiary structures. 

Arthrospira phycocyanin began degrading at 40°C, with an 8% loss of phycocyanin after 30 minutes 

incubation, compared to undetectable loss for Galdieria (Figure 3.2-3 E). Indeed, only 3% of Galdieria 

phycocyanin was lost even at 55°C for 30 minutes, compared to 48% for Arthrospira. Both protein 

variants were characterised by a sharp drop in absorbance once a critical temperature was reached, 

somewhere between 50 and 55°C for Arthrospira and 55 - 60°C for Galdieria. This is similar to the 

critical temperature of 47°C for Arthrospira reported previously (Chaiklahan et al., 2012). Further 

kinetic degradation aspects are suggested when examining time-dependence (e.g. Figure 3.2-3 A), as, 

in that example for Arthrospira at 55°C, over 50% of the total degradation over 60 minutes occurs in 

the first 10 minutes. For the same phycocyanin at 60°C there is nearly 100% of the total loss by the 10 

minute absorbance analysis (Figure 3.2-3 C).       

It is unclear why different temperatures present with a different lower floor for absorbance. 

Comparing Figure 3.2-3 A and C, final sample minima differ with the 55°C test reaching 0.38 ODs at 

620 nm after 60 minutes, whilst this is more acutely reduced at 60°C 50 minutes to 0.22 ODs at 620 

nm. Furthermore, observations do not suggest that an increased time at say 55°C would eventually 

reduce to a 60°C minima, with an attenuated loss over time observed (degradation amount slows over 

time). Interestingly, a shade change is observed during degradation of Arthrospira samples from blue, 

to pale green-blue, whilst the Galdieria samples present with an attenuation of the colour intensity 

but no colour shift (Figure 3.2-4). This is likely to be a consequence of allophycocyanin presence (see 

section 3.2.c )  
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Figure 3.2-3 - Thermal stability profiles of phycocyanin extracts 

A, C, Arthrospira phycocyanin absorbance spectrum at 55 and 60°C over time; B, D Galdieria 

phycocyanin. The top (Blue) traces are of the initial sample, with descending lines representing 10 

minute time interval absorbance samples, down to gold at 60 minutes. E, cuvette phycocyanin 

concentration of 30 minute samples maintained at various temperatures from 25 (RT) to 70°C, 

Arthrospira (blue dotted circles ̧ ) and Galdieria (red squares Â) 
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 lack of allophycocyanin in Galdieria extracts 
Compositional differences are observed between the Arthrospira and Galdieria purified phycocyanin 

extracts, particularly in terms of the lack of allophycocyanin in Galdieria. Figure 3.2-5 A demonstrates 

ŀ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ άǎƘƻǳƭŘŜǊέ ŀŎǊƻǎǎ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ǎǇŜŎǘǊǳƳ ƻŦ ǇƘȅŎƻŎȅŀƴƛƴ ƛƴ ǘƘŜ Arthrospira extract 

caused by overlapping absorbance of phycocyanin and allophycocyanin, notably not present in 

Galdieria extract Figure 3.2-5 B. Allophycocyanin has a sharp peak at 652 nm with a wide absorbance 

between 630 ς 600 nm (Figure 3.2-5 C) causing the normally smooth phycocyanin peak to lean (Heldt 

and Piechulla, 2011). As shown in Figure 3.2-1, the lack of allophycocyanin in the Galdieria sample is 

not a consequence of separation from phycocyanin during the purification procedure, as only 

chlorophyll-a was observed to contaminate the sample prior to ammonium sulphate precipitation.  

This key difference in the quality of phycocyanin extracted from Galdieria has industrial product 

implications for its use as a food dye, particularly considering the differences in stability previously 

demonstrated. As seen in Figure 3.2-3A, and more clearly in Figure 3.2-5 D below, at 55°C, phycocyanin 

is lost at elevated temperatures but the same effect is not observed for allophycocyanin. These data 

suggest allophycocyanin to be more robust, and goes a way to explaining the observed colour changes 

Figure 3.2-4 - Colour changes of phycocyanin at elevated temperatures 

S -Arthrospira, G ς Galdieria, Top row - initial sample, bottom row ς 10 minutes at 55°C (left) or 60°C 

(right). Notice the change from dark blue to green-blue at 60°C for Arthrospira, whilst Galdieria is 

observed with a reduction in blue intensity, but no shade change.  
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in Figure 3.2-4. For use of phycocyanin in products, current, Arthrospira extracts are doubly unsuitable 

for use in situations unfavourable to the stability of the phycobiliprotein. Some loss of starting material 

ingredients may be acceptable in many processes; indeed, no process will have 100% yield, however 

the potential for a change in colour is almost certainly highly disadvantageous as it is not possible to 

simply add more food dye to overcome any processing loss of pigmentation. The Galdieria 

phycocyanin extract therefore holds a two point improvement: possessing a greater natural stability 

over Arthrospira, and no emergence of green allophycocyanin (seemingly more stable) during 

exposure to harsh conditions, which may be overcome by adding more dye.    

Figure 3.2-5 - Allophycocyanin presence in Arthrospira extract compared to Galdieria 

Comparison of extracted phycocyanin (CPC, peak 620 nm) samples exhibiting a presence of allophycocyanin 

(APC) with a peak at 650 nm in Arthrospira (A) compared to Galdieria (B). C ς Individual absorbance spectra of 

phycobiliproteins and chlorophyll-a taken from (Heldt and Piechulla, 2011). D ς Loss of phycocyanin (blue 

circles ̧ ) but not allophycocyanin (green-blue squares Â) over 60 minutes at 55°C of the Arthrospira sample. 
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3.3  Growth paradigm selection 
As demonstrated in section 3.2 there are potential processing benefits for end-use product 

manufacturers for Galdieria phycocyanin over existing Arthrospira based technology. As such, the 

majority of the research forthwith focusses on optimising the production of phycocyanin from 

Galdieria and the aspects involved in order to achieve this goal. 

 Optimisation of phycocyanin analysis 
In order to ensure replicability between experiments, and considering the sensitivity of phycocyanin 

to harsh physical conditions, analysis of common small-scale laboratory cell lysis techniques was 

performed. Whilst the procedure outlined in 3.2.a is highly suited to generating larger samples of 

phycocyanin from 100 g or more quantities of Galdieria biomass, a reliable technique with higher 

throughput of smaller technical replicate samples is required in order to greater understand time and 

condition kinetics of phycocyanin expression and production in Galdieria. Due to the tough cell wall 

compared to Arthrospira (Figure 3.3-3), lysis is not a trivial exercise with most operations generating 

significant heat at higher intensities, potentially misleading analysis of phycocyanin from cell samples 

(Figure 3.3-2).  

Cells could not be disrupted by 10 cycles of freeze-thaw either at -80°C to 30°C or -198°C (liquid 

nitrogen) to 30°C at any cell concentration between 0.2-5.0 g.L-1, at odds with reported procedures 

from (Moon et al., 2014) who used freeze-thaw to great effect, and so sonication and mechanical 

disruption (BeadBug) were focussed on. Figure 3.3-1 D indicates the differences in lysate quality 

between sonication and mechanical disruption with a lack of absorbance peaks at carotenoid (400-

500 nm) and chlorophyll (680 nm) wavelengths, and higher absorbance for phycocyanin (620 nm) in 

BeadBug treated samples. A highest purity ratio (320/680 nm) was obtained at 120 seconds 

mechanical disruption (2.64 ±0.18 SEM) whilst sonication was lower (1.09 ± 0.13 SEM). Longer than 

90 seconds of mechanical disruption reduced C-PC content (Figure 3.3-1 A), as well as increased 

sonication power having a detrimental effect on observable pigments (Figure 3.3-1 B). Utilising a 

cooling period during mechanical disruption prevented reduction of lysate absorbance at 620 nm for 

longer periods of disruption (60 seconds on, 3-5 minutes cooling in an ice bath). 
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Figure 3.3-1 - Analysis of sonication and bead bug homogenisation for phycocyanin extraction 

A - Highest extraction of C-PC from strain 141.DG was observed at 90 seconds of disruption in the 

BeadBug using 0.5 mm zirconium beads (ωύ. B ς Lysate absorbance increases at both 6˂20 nm (ҟ) 

ŀƴŘ ˂сул ƴƳ ό ύ ŀǘ ƛƴŎǊŜŀǎƛƴƎ ǎƻƴƛŎŀǘƛƻƴ ǇƻǿŜǊ ǊŀǘƛƴƎǎ όƻǇŜƴ ǎȅƳōƻƭǎύ ǿƛǘƘ ŀ .ŜŀŘ.ǳƎ ŎƻƴǘǊƻƭ 

(closed symbols). C ς Total absorbance waveform of figure B, indicating highest lysate absorbance 

following 84 µm sonication power. D ς BeadBug comparison at increasing disruption times 

demonstrating lack of chlorophyll and carotenoid impurities compared to sonication. 
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A B 

Figure 3.3-2 - Degraded phycocyanin samples caused by harsh cell lysis operations 

A ς A set of phycocyanin samples displaying complete loss of phycocyanin due to exposure to excessing 

heating during bead-bug cell homogenisation. B ς Intermediate examples of samples exposed to different 

lysis periods.  

Figure 3.3-3 - Confocal microscopy of Galdieria 

Confocal microscopy image of Galdieria grown in liquid culture with 260 mM glycerol as a 

carbon source. The tough cell wall of Galdieria is clear. Red fluorescence identifies intracellular 

C-PC associated with the thylakoid membrane of the chloroplast. Credit: Dr Ewald Hettema. 
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 Strain selection 
Six strains of Galdieria were kindly provided by Professor Seth Davies and compared for growth rates 

and C-PC production in autotrophic cultures using the miniature airlift bioreactors at 100 mL working 

volume (n=1) (Described by Bangert, 2013). Briefly, these simple bioreactors comprised a baffled tube 

with a microporous sparger at the bottom, connect to compressed air at 100 mL.min-1 . A Duran lid 

with three ports for sampling and exhaust were fitted to the cylinder. ¢ƘǊŜŜ ǎǇƻƴǘŀƴŜƻǳǎ άƳǳǘŀƴǘǎέ 

of ACUF 141 had been identified by Davies and are henceforth referred to as Yellow (Y, the original 

strain), Green (G) and Dark Green (DG). ¢ƘŜ ƳŜǘƘƻŘ ŦƻǊ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜǎŜ άƳǳǘŀƴǘǎέ ƛǎ ŎǳǊǊŜƴǘƭȅ 

unknown and seems to be an aspect of Galdieria, as first reported by (Gross and Schnarrenberger, 

1995) whom first identified the widely reported 074G strain which arose from 074W. 

Strains 074W and 021 were unable to grow autotrophically in the reactor and 20 g.L-1 glucose was 

added as an organic carbon source to these two cultures on day 6. Of the autotrophic cultures, 141.G 

had the highest growth rate of 0.25 day-1 whilst 141.DG had the highest specific productivity of 

phycocyanin with 11.13 mg.g DCW-1 and a growth rate of 0.20 day-1 (Table 3.3-1).  

The range of strains analysed had strikingly different pigment phenotypes beyond differences in 

phycocyanin content (Figure 3.3-4), particularly with a lack of chlorophyll in strains 074W (white) and 

021 (orange-yellow) likely contributing to the lack of autotrophic growth. These data are comparable 

to reported literature that found strain 141 to have a shorter autotrophic doubling time of 60 hours 

compared to our 79 hours, but a higher light intensity was also used (150 vs 50-70 µmol.m2.s-1) 

(Graziani et al., 2013). Interestingly 021 was shown to support autotrophic growth, and furthermore 

at a rate greater than 141 (td = 56 hours), but with the greatest variance of any of the 43 tested by 

Graziani (±8.5 hours), suggesting a level of variability for this strain. 

These data, in combination with (Graziani et al., 2013), suggested further investigation of the 141 

straƛƴ άƳǳǘŀƴǘǎέ ŀǎ ǇǊƻƳƛǎƛƴƎ ƛƴŘǳǎǘǊƛŀƭ ŎŀƴŘƛŘŀǘŜǎΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊ мпмΦ5DΣ ŘǳŜ ǘƻ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ 

high growth rates and pigmentation.  

 

Table 3.3-1 - Comparison of 6 strains of Galdieria 

Strain 
Glucose  
(g.L-1) 

Final DCW 
(mg.mL-1) Final OD800  ˃(D-1) YC-PC (mg.g DCW-1) 

141.Y 0.0 0.37 ±0.11 0.99 0.11 21.82 

141.G 0.0 0.98 ±0.03 3.17 0.25 8.45 

141.DG 0.0 1.02 ±0.04 3.24 0.20 11.13 

179.79 0.0 0.43 ±0.01 1.20 0.10 1.11 

074W 20.0 1.26 ±0.54 3.76 0.52 1.13 

021 20.0 4.24 ±0.07 10.92 0.78 0.03 
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Figure 3.3-4 - Pigmentation variation in 6 strains of Galdieria 

A ς Autotrophic (141.G, DG, Y, 179.79) and mixotrophic (021, 074W; +20 g.L-1 glucose) 

cultivation of Galdieria in 100 mL airlift bioreactors at 42°C and 50 ς 70  µmol.m2.s-1 

illumination. B ς Pigmented cell culture samples. 
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 Trophic comparisons of 141.DG 
A comparison was performed comparing auto-, hetero- and mixo-trophic growth of strain 141.DG 

using the miniature airlift bioreactors at 100 mL working volume. Due to previously reported increased 

chlorophyll during heterotrophic cultivation of a different strain using xylitol as a growth substrate 

(Gross and Schnarrenberger, 1995), 183 mM xylitol was added to hetero- and mixotrophic cultures 

(n=3). Table 2.2.4 demonstrates the differences in growth as well as composition of Galdieria. 

Mixotrophy led to the highest growth rate (0.50 day-1), reaching stationary phase at day 8 and a final 

biomass concentration of 5.73 mg.mL-1 (Figure 2.2.4). Heterotrophy led to a similar final biomass of 

5.94 mg.mL-1, but at a slower growth rate of 0.36 day-1. Biomass yield on 183 mM of xylitol (27.85 g.L-

1) was found to be 0.213 and 0.205 g.g-1 for hetero- and mixo-trophic cultures respectively. 

Autotrophic cultures (N=2) grew with a lower growth rate and biomass compared to those 

supplemented with xylitol, but were found to have a higher abundance of chlorophyll and carotenoids 

(table 2.2.4). During this study technical problems were identified in regards to the phycocyanin assay 

prompting the disruption technique investigation discussed in 3.3.a . As such, the YC-PC data in table 

2.2.3 provides only an indication of C-PC production.  

These data are well below growth rates and yields reported previously, with typical mixotrophic and 

heterotrophic rates ranging between 1.0 ς 1.3 day-1 for 100 mL scale cultures (Sloth et al., 2006, 

Graziani et al., 2013, Sloth et al., 2017). As a non motile organism, the mixing rate of the miniature 

bioreactors was found to be unsuitable for Galdieria, as they were originally designed for work with 

Dunaliela salina (Bangert, 2013). Settling of cells at the bottom of the reactor was a known design flaw 

determined from their use with Micractinium inermum, with a previous student designing a timed air 

injection system in an attempt to dislodge cells from the bottom (Smith, 2016). DŀƭŘƛŜǊƛŀΩǎ propensity 

to generate biofilms due to its preference for endolithic growth contributed to unsuccessful 

implementation of this system. Unfortunately, at this stage of the project access to 250 mL flask shaker 

capable of maintaining 42°C, as used in the literature, was not available, precluding reliable flask 

volume studies. As such, larger scale bioreactors were pursued for further investigation due to 

significant reported success in the literature (Graverholt and Eriksen, 2007). 

Table 2.2.4 - Growth comparison in miniature bioreactors for strain 141.DG and 183 mM xylitol 

     Chlorophyll (mg.g DCW-1)  Carotenoids (mg.g DCW-1) 

Trophic 
condition 

Final DCW 
(mg.mL-1) 

˃  
 (day-1) 

 YX/S 
(g.g-1) Exponential Stationary   Exponential Stationary 

Autotrophic 1.28 ±0.38 0.27 - 1.54 ±0.10 2.30 ±0.03  0.46 ±0.09 0.62 ±0.10 

Heterotrophic 5.94 ±1.61 0.36 0.213 2.50 ±0.14 1.10 ±0.30  0.40 ±0.09 0.44 ±0.09 

Mixotrophic 5.73 ±0.61 0.50  0.205 0.72 ±0.25 0.94 ±0.22   0.28 ±0.08 0.40 ±0.12 
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Figure 2.2.4 ς Comparison of growth conditions 

Strain 141.DG was cultivated at 42°C in 130 mL (100 mL working) miniature bioreactors with an 

air flow rate of 40 cm3.min-1. A ς Auto-trophic (ω, N=2) and mixo-trophic (ƶ, N=3) cultures were 

maintained under constant illumination of 50-60 ˃ mol photons.m2.s-1. Hetero-trophic ( , N=3) 

and mixo-trophic cultures also contained 183 mM xylitol as a carbon source. Inset B 

demonstrates the logarithmic transform of the dry cell weight. 
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3.4  Heterotrophic cultivation at bioreactor scale 

 Introduction 
Two bioreactors were applied in order to investigate high density cultivation strategies as well as the 

propensity for 141.DG as a candidate industrial phycocyanin production strain following observations 

of its rapid growth rate and strong pigmentation compared to other strains. Experiments in this 

section discuss cultivations using the 3 L (1.2 ς 2.0 L working volume) dual baffled Minifors 2 stirred 

tank reactor, and the 3 L flat plate airlift bioreactor previously designed in house by our laboratory 

(Bangert, 2013). Overall, we observed benefits to phycocyanin production in the airlift system 

outweighed tighter process control available in the stirred tank, primarily as a consequence of 

improved oxygen transport and low shear as demonstrated further in this chapter.  

Despite data supporting optimal growth and phycocyanin production in mixotrophic systems both 

previously (3.3.c ), and in the literature (Wan et al., 2016, Carbone et al., 2020, Cagnac et al., 2018, 

Sloth et al., 2006), we opted to address heterotrophic processes to avoid potential complexity dealing 

with light kinetics and scalability of bioreactors for industrial adoption (e.g. (Cagnac et al., 2018)). This 

is a particularly important process design aspect to consider when high density algal cultivations are 

desired due to extremely low light penetration in such regimes.  

Glycerol was selected as a more novel heterotrophic growth supporting substrate over glucose, which 

up to this point had demonstrated little success in terms of promoting phycocyanin productivity in 

Galdieria at high cell density. Glycerol provides an interesting source of carbon due to excessive global 

production as a by-product of biodiesel transesterification processes, further discussed in section 5.2 

For reference, the maximum values found in the literature are an Xmax 3.5 g.L-1 and 109 g.L-1, with 10 

mg.g-1 and 27 mg.g-1 intracellular phycocyanin for heterotrophic glycerol and glucose cultures 

respectively (Sloth et al., 2006, Graverholt and Eriksen, 2007), although the glycerol experiments in 

question were only performed at flask scale.  
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 Heterotrophic flask studies 
Growth (Figure 3.4-1) and phycocyanin were assessed for heterotrophic glycerol or glucose supported 

growth for strain 141.DG, with either 50 or 100 mM carbon substrate (Table 3.4-1). This experiment 

was performed in a communal temperature controlled growth room at 37°C with 200 rpm shaking at 

100 mL flask scale. Despite the pH 2.0 of Galdieria cultivations, several repeats were required due to 

the occurrence of fungal contamination presumed to arise from the highly unsterile communal growth 

room. In order to prevent this 1 % H2SO4 was also added to cultures, and these data should only be 

compared  to other 37°C cultivations in the literature with care (e.g. (Sloth et al., 2017)). The 

cultivation was stopped before stationary phase was reached for the 100 mM glucose culture leading 

to a lower biomass yield (Table 3.4-1). 
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Figure 3.4-1 - Flask scale glucose and glycerol cultivation of 141.DG at 37°C 

Strain 141.DG was cultivated at 37°C heterotrophically in the dark using 50 (filled) or 100 mM (open) 

D-glucose (blue circles ̧) or glycerol (red squares Â ) as the carbon source with 1 %H2SO4 to 

prevent contamination (A). The natural logarithm of OD800 was used to determine specific growth 

rates (B).  
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Overall, 141.DG performed similarly well with both glucose and glycerol, with yields ranging between 

0.43 - 0.46 g.g-1 and similar growth rates between 0.74 ς 0.78 day-1. These data are well within 

reported ranges for other strains, with a growth rate of 0.65 day-1 at 34°C for cultivations with 5 g.L-1 

glucose of 074G (Sloth et al., 2017), as well as reported yields between 0.41-0.50 for several carbon 

substrates (Sloth et al., 2006, Eriksen, 2008, Sloth et al., 2017). The phycocyanin productivities of strain 

141.DG are also very high, even on glycerol, at above 20 mg.g-1. Previous flask studies using glycerol 

found phycocyanin severely decreased compared to glucose cultures at only 10 mg.g-1, only recovered 

by use of a mixotrophic system including addition of illumination at 150 µmol.m2.s-1, recovering to 20 

mg.g-1 intracellular phycocyanin. It may be that the lowered temperature also contributed to the high 

phycocyanin concentration in this study, as (Sloth et al., 2017) found that, on glucose, cultivations at 

40°C produced phycocyanin concentrations of 2.3 ± 0.2 mg.g-1, whilst 34°C produced 16.6 ± 0.4. I 

would however argue that the slow growth rate has more of a direct effect on phycocyanin than 

temperature itself produced for various reasons, mainly oxygen available to the culture, as is discussed 

later in this chapter.   

  

Table 3.4-1 - Flask scale glucose and glycerol cultivation of 141.DG at 37°C  

Culture 1  ± 2  ± 3  ± 4  ± 

Replicate Flasks 2  2  2  2  
Carbon source D-glucose  D-glucose  Glycerol  Glycerol  
S0 (mM) 50  100  50  100  
S0 (g.L-1) 9.01  18.02  4.60  9.21  
[(NH4)2SO4] (g.L-1) 5.24  5.24  5.24  5.24  
µmax (day-1) 0.74 0.02 0.78 0.04 0.78 0.04 0.75 0.03 

[X] (g.L-1) 4.32 0.07 5.56 0.13 2.23 0.01 4.66 0.06 

Yx/s 0.432  0.28  0.44  0.46  
YCPC/X (mg.g-1) 21.834 0.43 21.70 0.23 22.83 0.11 19.34 1.06 
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 High-density fed batch cultivations in a stirred tank reactor on glycerol 
Initial study 

Strain 141.DG was cultivated at 42°C heterotrophically 25 g.L-1 (batch) and 500 g.L-1 (feed) glycerol as 

the carbon source with 4 x MA medium at 1.2 L (batch) to 2.0 L post feeding scale (Figure 3.4-2). A lag 

phase of 2 days was observed at which point growth proceeded at a rate of 1.09 day-1 for 3 days until 

feeding was initiated at T=120. 28 hours post initiation of feeding the tubing was observed to be 

blocked as a result of precipitation of the ionic medium components. 98 mL of feeding solution was 

added in total resulting in a final biomass of 23.2 ±0.15 g.L-1 at 167 hours and final volume of 1330 mL, 

representing a yield on substrate of 0.39 g.g-1. Specific C-PC content was 9.2 ±0.20 mg.g-1 at 167 hours, 

giving an overall C-PC concentration of 0.214 ±0.01 g.L-1. It was thought that a saturated solution was 

prepared by heating during the preparation, leading to inorganic substrate crystals blocking the pump, 

and after this point medium and feeding solutions were prepared at room temperature.  
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Figure 3.4-2 - Preliminary fed-batch study with Infors 2.0 L stirred bioreactor 

Strain 141.DG was cultivated at 42°C heterotrophically 25 g.L-1 (batch) and 500 g.L-1 (feed) glycerol as 

the carbon source at 1.2 L (batch) to 2.0 L post feeding scale in a 2.0 L working volume stirred 

reactor. Feed addition was determined by an exponential growth calculation and the rate changed 

manually at sampling. OD800 (black filled squares Â), reactor glycerol concentration (red triangles 

p), specific phycocyanin (blue circles )̧, and NH4+-N equivalent concentration (purple cross ï)is 

presented. The natural logarithm of the OD800 was used to monitor growth rate (B). Error bars 

represent ±SEM where applicable.  At T=150 the feeding tube was found to be blocked and the 

experiment stopped. 



Heterotrophic cultivation at bioreactor scale  Thomas Burns 

 

64 
 

3.4.c.i  Glycerol impairs growth rates at higher concentrations 
 Strain 141.DG was cultivated at 42°C heterotrophically using 40 g.L-1 (batch) and 400 g.L-1 (feed) 

glycerol concentrations to prevent medium precipitation of the feeding solution. Growth was started 

at 1.0 L volume and a lag phase of 1 day was observed at which point growth proceeded at a rate of 

0.80 day-1 for 5 days until feeding was initiated at T=144 (Figure 3.4-3 B). Slow growth compared to 

previous cultivations was caused by excessive glycerol concentrations. Upon further investigation 

glycerol reduced the growth rate of Galdieria above 20 g.L-1 (1.2 day-1)Σ ǊŜŘǳŎŜŘ ǘƻ рл҈ ˃max (0.65 day-

1) at 50 g.L-1 (Figure 3.4-4). The range of glycerol in this experiment fits well with these data, at a 

growth rate of 0.8 and a glycerol concentration between 40 ς 30 g.L-1 during the batch phase. This also 

contrasts directly to hexose and pentose sugars having no effect on growth rate up to 80 g.L-1 (Schmidt 

et al., 2005), with most high-density bioreactor studies of Galdieria using 50 g.L-1 carbon as the initial 

growth substrate. As such, the glycerol concentration in the reactor was higher than predicted and 

the cells were unable to utilise the glycerol at a rate higher than feed added, resulting in a significant 

increase in reactor glycerol concentration up to 90 g.L-1 and inhibition of growth. 208 mL of feeding 
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Figure 3.4-3 - Stirred tank reactor 40 g.L-1 glycerol preliminary study 

Strain 141.DG was cultivated at 42°C heterotrophically 40 g.L-1 (batch) and 400 g.L-1 (feed) glycerol as 

the carbon source at 1.0 L (batch) to 2.0 L post feeding scale in a 2.0 L working volume stirred 

reactor. Feed addition was determined by an exponential growth calculation and the rate changed 

manually at sampling. OD800 (black filled squares Â), dry cell weight (black open squares Ã), reactor 

glycerol concentration (red triangles p), specific phycocyanin (blue circles )̧. The natural logarithm 

of the OD800 was used to monitor growth rate (B). Error bars represent ±SEM where applicable.  
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solution were added in total resulting in a final biomass of 20.47 ±0.75 g.L-1 at 211 hours and final 

volume of 1184 mL, representing a yield on substrate of 0.197 g.g-1. Specific C-PC content was 9.33 

±0.33 mg.g-1, giving an overall reactor phycocyanin concentration of 0.191 ±0.002 g.L-1.  

These data suggested the need for a lower starting glycerol concentration in order to promote more 

rapid growth, as well as a requirement for more tightly controlled feeding regimes compared to the 

previously reported daily alterations of feed pumps into bioreactors as used with glucose cultures 

(Graverholt and Eriksen, 2007). 
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Figure 3.4-4 - Glycerol batch cultivation growth rate comparison in stirred tank reactor 

Strain 141.DG was cultivated at 42°C heterotrophically 20 g.L-1 (open squares Ã) or 50 g.L-1 (closed 

circles ̧ ) glycerol at 1.5 L volume in a stirred tank bioreactor. The natural logarithm of OD800 was 

used to monitor growth rate. 
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 Insufficient mass transfer in stirred tank systems to maintain 

oxygen saturation 
Following improvements in process control in order to prevent excessive glycerol concentrations in 

the reactor, these next experiments demonstrate insufficient oxygen transfer in the two bladed stirred 

tank reactor to support both high cell densities and high intracellular phycocyanin when glycerol is 

used as the carbon source. In a stirred tank system, the impeller velocity primarily contributes to 

oxygen mass transfer, and high-density bacterial cultures at lab bench may operate up to 1600 rpm. 

High velocities exert a shear force into the medium onto both cells and entrapped bubbles, reducing 

the size of the sparged air bubbles, increasing the surface area to volume ratio, and improving oxygen 

mass transport. As a eukaryotic organism Galdieria, despite possessing a strong cell wall, was found 

to be sensitive to impeller exerted shear above 450 rpm, likely due to the cell size of around 10 µm 

being an order of magnitude larger than a typical industrial bacterium. At this velocity, the stirred tank 

system was unable to maintain high oxygen concentrations in the medium, impairing phycocyanin 

production by Galdieria.   
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Figure 3.4-5 - Reduced intracellular phycocyanin under oxygen limited glycerol supported growth 
in continuous stirred tank 

G. sulphuraria grown in continuous flow conditions at 0.6 D-1 with 20 g.L-1 glycerol as the growth 

limiting substrate. Batch phase growth was supported by 10 g.L-1 glucose to provide a high starting 

point of intracellular phycocyanin (Blue circles ω) before initiation of continuous flow at day 4. 

Oxygen saturation of either 50 or 35% were automatically controlled by the reactors computer 

system (green line -). The dry cell weight remained stable throughout the culture during continuous 

flow at around 10 g.L-1 (black squares ).  
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3.4.d.i  Low oxygen in heterotrophic cultures on glycerol reduces phycocyanin 

expression 
Galdieria was grown in continuous flow conditions at 0.6 D-1 with 20 g.L-1 glycerol as the growth 

limiting substrate at 2.0 L working volume in a Minifors 2 (Infors, CH) dualςRushton turbine mixed 

glass bioreactor. Batch phase growth was supported by 10 g.L-1 glucose to provide a high starting point 

of intracellular phycocyanin of 32.8 ±0.8 mg.g-1 dry cell weight before initiation of continuous flow at 

day 4 (Figure 3.4-5). At 50% oxygen saturation and glycerol as the carbon source intracellular 

phycocyanin reduces to around 10 mg.g-1 dry cell weight over the course of four days of continuous 

cultivation. The dry cell weight remained stable throughout the culture (black squares ). At day 11, 

the maximum non damaging settings for the stirred tank reactor of 500 rpm and 2.0 L.min-1 air flow 

were unable to reach close to 100% oxygen saturation, becoming stable at 70% despite the low 

glycerol substrate concentration of 20 g.L-1. This period also correlated with a spiked increased 

concentration of intracellular phycocyanin to 15 mg.g-1, rapidly reducing to around 10 mg.g-1 when 

oxygen is reduced to 35%. As shown by the trace, the system struggled to maintain a stable oxygen 

concentration at 35% saturation, however it does not go above 42%. 

These data support previously reported literature for heterotrophic cultivations of Galdieria on 

glycerol, which have been demonstrated to be between 3 ς 10 mg.g-1 phycocyanin (Schmidt et al., 

2005, Sloth et al., 2006), at bioreactor and flask scale respectively. The pre-oxygen deprivation (batch) 

phase phycocyanin concentration is high for a heterotrophic culture, matched only by reported 

mixotrophic systems, ranging from 20 ς 28 mg.g-1 for glycerol (Sloth et al., 2006, Carfagna et al., 2015). 

As glucose was used in this phase, it further supports literature suggesting a less extreme interaction 

between low oxygen saturation and loss of phycocyanin, when glucose was the carbon source 

(Graverholt and Eriksen, 2007) obtained 26.7 mg.g-1 intracellular phycocyanin in fed batch using 

glucose as the growth limiting substrate and 30% oxygen. In continuous flow only 15.6 mg.g-1 was 

reached using glucose in heterotrophy however (Graverholt and Eriksen, 2007).   
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3.4.d.ii   Stirred tank reactor unable to support oxygen tensions required for promotion 

of phycocyanin 
Glycerol (24 g.L-1) was used as the initial starting substrate in a semi continuous cultivation with a feed 

concentration of 400 g.L-1 in the stirred tank reactor at 42°C (Figure 3.4-6). Impeller velocity was 

maintained at 500 rpm with an automated air flow in order to maintain close to 100 % oxygen 

saturation, variable from 0.2 to 4.0 L.min-1. A growth rate of 0.75 day-1 was observed during the batch 

phase, with the feed addition beginning at 3.8 days, facilitating growth at a rate of 0.57 day-1 up to day 

7 at which point feeding was stopped. A total of 341 mL of feed was added, however the pump velocity 

was calculated to support a growth rate of 1.0 day-1. As such, the glycerol concentration in the reactor 

increased to 80 g.L-1 at day 6, inhibiting growth. The excess glycerol was eventually consumed by 8.8 

days supporting a total biomass of 77.7 g (43.7 ±0.49 g.L-1) and a biomass yield on substrate of 0.47. 
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Figure 3.4-6 - Low oxygen during semi-continuous cultivation in stirred tank reactor 

Galdieria cultivated at 1.2 L scale up to 2.0 L with 24 g.L-1 (batch) and 400 g.L-1 (feed) glycerol (red 

triangles p) to support growth. A ς oxygen (Green inverted triangles q) becomes very low from day 

5 as the total biomass (black squares Â, accounts for volume changes in the reactor) reaches >30 g 

at an impeller velocity (orange circles )̧ of 500 rpm and an air flow of 4.0 L.min-1. B ς natural 

logarithm of the total biomass indicated the maintenance of a growth rate of 0.5 day-1 throughout 

the course of the experiment. 
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Oxygen was unable to be maintained close to saturation beyond day 5, at which point the air flow rate 

was 4.0 L.min-1 (11.5 g.L-1biomass), dropping to close to zero by day 7.  

Another experiment indicated impairments to growth rates of Galdieria when the impeller velocity 

increased above around 500 rpm. 15 g.L-1 glycerol was used as the starting carbon substrate in order 

to prevent glycerol-mediated growth inhibition (e.g. Figure 3.4-4), ensuring a high initial growth rate 

of 1.35 day-1 (Figure 3.4-7). Semi-continuous cultivation was initiated at day 4 preventing glycerol 

dropping below 5 g.L-1, and did not go above 12 g.L-1 for the remainder of the experiment. Impeller 

velocity was automatically controlled by the system to maintain > 95 % oxygen saturation, with a 

minimum setting of 400 rpm. Above 10 OD800 (3.25 g.L-1 dry cell weight), the system began increasing 

impeller velocity, leading to reductions in growth rate to 1.05 day-1 for a 24 hour period between 500 

ς 700 rpm, and 0.54 day-1 at 780 ς 700 rpm at 4.5 to 6 days (Figure 3.4-7). A peak impeller velocity is 

observed at 4.5 days at which point the velocity begins to fall. This is likely due to the relationship 

between the density of cells taking up oxygen and those being damaged by the impeller, leading to an 

equilibrium in oxygen requirement.    
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Figure 3.4-7 - Increased impeller velocity impairs growth rate of Galdieria 

A fed batch cultivation in the stirred tank reactor was performed with 15 g.L-1 glycerol as the starting 

growth substrate and 300 g.L-1 glycerol feed. Impeller velocity  (orange circles )̧ was set 

automatically by the system in order to maintain 100% oxygen saturation with 4.0 L.min-1 air. 

Natural logarithm of the biomass concentration was used to calculate growth rates in three sample 

intervals. 
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This experiment was repeated and the data aggregated to produce a curve of growth rate against 

impeller velocity (Figure 3.4-8), demonstrating a departure from µmax (1.2 ς 1.3 day-1) above around 

500 rpm in this system. Cell damage from shear in stirred tank reactors is a complex process, with both 

direct influence from turbulence in the cell culture (which varies in itself depending on locality to the 

impeller and baffles), as well as contributions from bubble bursting and coalescing events at lower 

impeller velocities (Kunas and Papoutsakis, 1990, Doran, 2013a). Alternative types of impeller blades 

may alleviate damaging shear, such as the use of a marine turbine arrangement over a Rushton turbine 

(Figure 3.4-9). An impeller velocity of 500 rpm is most widely reported for use with Galdieria (Schmidt 

et al., 2005, Graverholt and Eriksen, 2007). In particular, examples from Schmidt et al demonstrate 

difficulties in maintaining oxygen saturation, having opted for a feed dosing strategy controlled by a 

rise in pO2 for carbon limited growth, wherein pO2 ranged from 20-40 % during the semi-continuous 

phase, producing a very low final intracellular phycocyanin concentration of 3.8 mg.g-1 and a dry cell 

weight of 72 g.L-1. Another experiment by Schmidt et al used sugar beet molasses as the carbon source 

and had a 150 hour period with pO2 below 15 % saturation. These growth conditions produced 116 

g.L-1 of dry cells, 300 mg.L-1 of phycocyanin with an intracellular phycocyanin concentration of only 2.5 
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Figure 3.4-8 - Aggregated sample to sample growth rate against impeller velocity 

Growth rates (black circles ̧) against impeller velocity taken from several stirred tank 

bioreactor runs at 42°C wherein glycerol concentration ranges from 5 ς 15 g.L-1. Line 

represents the regression mean flanked by 95 % confidence intervals. 
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mg.g-1, an order of magnitude lower than a typical auto or mixotrophic cultivation (Sloth et al., 2006, 

Carfagna et al., 2015).  

These limitations suggest a trade-off would be required for heterotrophic cultivation of Galdieria 

between cell density and phycocyanin content when using a stirred tank reactor. We instead opted to 

explore the capability of airlift reactors to provide sufficient oxygen mass transport as well as not 

impair growth through shear forces.  

 

    

 

Marine turbine / 

propeller 
6-bladed Rushton turbine 

Figure 3.4-9 - Two examples of turbine arrangements for bioprocesses 

Adapted from (Doran, 2013a) 
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3.5  High phycocyanin productivity cultures in custom airlift 

reactors 
Building on previous research in the Gilmour laboratory, which developed a flat plate airlift bioreactor 

adapted for use with microbubble technology available at the University of Sheffield (the reactor is 

further described in Section 6.2 )(Bangert, 2013), the capability for the use of a different type of 

reactor in the cultivation of Galdieria was investigated. With previous studies demonstrating 

drawbacks of stirred tank reactors for a relatively large eukaryote (Section 3.4.d ), it was hypothesised 

that advantages could be determined in terms of oxygen transport whilst not exerting excessive shear 

on the cells, enabling higher growth rates to be achieved in continuous and semi continuous growth 

paradigms, as well as improving overall phycocyanin content of the cells and thus higher 

productivities. 

 3 L Bangert reactor cultivations 

3.5.a.i  Preliminary study in the 3 L Bangert reactor 
A preliminary investigation in the Bangert 3 L reactor was undertaken at 2.5 L working volume using 

260 mM glycerol as the batch substrate and 2.6 M glycerol for feeding, initiated at 120 hours at a non-

variable rate of 150 mL.day-1 (Figure 3.5-1). Excessive evaporation was prevented by a condenser at 

the outlet port, however where necessary culture volume was topped up to 2.5 L with deionised water 

on a daily basis as the culture was run at 42°C and an air flow rate of 3 L.min-1. Dissolved oxygen and 

pH values were not measured due to a lack of instrumentation suitable for the custom airlift reactor 

at the time of performing this study. 

Batch phase growth proceeded at a growth rate of 0.77 day-1, significantly lower than the anticipated 

µmax of 1.2. This low rate may not be fully explained by high glycerol concentrations, with 260 mM 

being 24 g.L-1 glycerol, as observations identified significant settling in dead space at the floor of the 

reactor. This may have been expressed in the variable growth rate somewhat observed during the first 

72 hour (Figure 3.5-1 dashed line of B), as it would be expected that the settling rate would be 

constant, and therefore have a greater effect when biomass is low, attenuated as the culture density 

increased. This is additionally suggested by a slightly lower yield than expected, at 0.38 g.g-1, compared 

to typically 0.42-0.46 in the literature. Settling and other caveats of the Bangert reactor are further 

discussed in section 6.2 . 

The fed-batch phase of the cultivation had a slightly higher growth rate compared to the batch phase 

at 0.87 day-1, representing a maximal productivity biomass of 29.2 g.L-1.day-1. Batch phase specific 

phycocyanin concentration reached a maximum of 12.87 mg.g-1, increasing up to 20.15 mg.g-1 at 144 

hours, subsequently dropping to 10.00 mg.g-1 at 192 hours. It is thought that the decrease in 
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phycocyanin was a consequence of high carbon in the bioreactor, as well as probable contribution by 

low oxygen, although without monitoring these parameters it is hard to say for sure. Stationary phase 

was not reached during the glycerol experiment, as upon reaching very high biomass concentrations 

(OD ~300) excessive foam build-up led to culture overflow via the air exhaust, as observed by the 

sudden drop of biomass at 192 hours, prompting stoppage of the cultivation (again see section 6.2 ). 

Overall, the culture reached a biomass concentration of 76.1 ± 1.56 g.L-1 over 8 days, much faster than 

anything previously reported in the literature, the most rapid of which being 109 g.L-1 for a cultivation 

on glucose in 17 days (Graverholt and Eriksen, 2007).   
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Figure 3.5-1 - Glycerol Bangert airlift bioreactor preliminary study 

260 mM glycerol (batch) and 2.6 M glycerol (feed) semi-continuous cultivation in the Bangert 3 L 

airlift bioreactor at 42°C. A ς biomass (black squares Â) increased exponentially (B) in both batch 

and fed-batch at 120 hours. Phycocyanin (blue circles )̧ generally decreased during the fed-batch 

phase, for a final concentration of 10 mg.g-1 at 192 hours. The black dashed line of B suggested a 

variable growth rate during the batch phase. 
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3.5.a.ii   Monitored glycerol cultivation in 3 L airlift reactor 
The glycerol fed-batch culture was repeated due to the reduction in phycocyanin concentrations 

towards the end as well as early stoppage of the experiment. Modifications were performed on the 

airlift bioreactor, ensuring air-tightness and adding a control rotameter to the exhaust providing air 

flow monitoring, as well as adaptations for an online dissolved oxygen probe.   

Growth proceeded in an exponential manner at a rate of 1.13 day-1 until variable rate feeding was 

initiated at hour 98, proceeding up to hour 165 with a specific growth rate of 0.943 day-1 (Figure 3.5-3 

A). At this stage excessive foam caused overflow of the reactor (Figure 3.5-2), and 500 mL of medium 

without glycerol was added (Figure 3.5-3 A). Growth continued at a limited rate (Figure 3.5-3 D) of 

0.246 day-1. A total of 186.3 g.L-1 of glycerol supported a maximum biomass of 43.1 g.L-1 representing 

a biomass yield on glycerol of 0.23 g.g-1, low due to the large amount of biomass lost.  

 

Feeding was initiated at hour 100 at a rate of 75 mL.day-1 due to a marginal increase in the oxygen 

saturation, however medium glycerol data indicated the batch-phase had not completed (Figure 3.5-3 

A). Specific C-PC concentration increased during cultivation (Figure 3.5-3 B), coinciding with the fall in 

medium glycerol, reaching a maximum of 28.45 mg.g-1 after feed stoppage. Phycocyanin production 

in Galdieria is well characterised to be inhibited by the presence of organic carbon substrates (Gross 

and Schnarrenberger, 1995, Schmidt et al., 2005). This contributes to higher final intracellular 

phycocyanin concentrations obtained during semi-continuous culture over batch, as there is a longer 

time period where growth is occurring and carbon is close to zero if the culture is run as carbon limited 

(Graverholt and Eriksen, 2007).  The phycocyanin content (28.25 mg.g-1) is higher than any reported 

heterotrophic cultivation, particularly for glycerol, of which the highest is 10 mg.g-1 in a batch flask 

scale culture (Sloth et al., 2006). Whilst this experiment did not shade the culture completely from 

incident lab light, the high cell density will have ensured a negligible light penetration. 

 

Medium ammonia dropped to very low levels after 4 days, at which point glycerol had decreased to 

10 g.L-1. Despite a high ammonium concentration in the feeding solution (69.3 g.L-1), ammonium 

remained low during feed (Figure 3.5-3). The ammonium assay was still being optimised at this stage, 

and the standard curve produced was 2nd order instead of 1st as it should be. Sodium hydroxide (5 M) 

was used to dilute the samples instead of water during the assay from this point onwards, ensuring all 

of the NH4
+ is deprotonated into NH3 before the assay is performed (see section 2.1.h ).  

 

Air flow was changed manually on a daily basis, ranging from 2-8 L.min-1, and the high flow rate 

between days 7 and 8 led to excessive foaming, without attenuating the drop in oxygen tension during 
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that period. The ceramic spargers of this bioreactor were aged (originally developed between 2010 ς 

2013 see (Bangert, 2013)) and in poor condition, despite re-sealing efforts with epoxy beforehand, 

and post experimental tests revealed air leakage out of the interface between the metal seat and 

ceramic, particularly at high air flow rates, rather than only through the microporus ceramic. As such 

large coalesced bubbles were produced under high flow, negatively impacting gas-liquid interface and 

oxygen mass transfer. Nevertheless oxygen saturation only dropped below 50 % for a short period 

between days 8 and 9, correlating with a marginal increase in glycerol concentration in the reactor as 

well as a 10 mg.g-1 drop in intracellular phycocyanin over a 12 hour period. This pronounced drop, in 

correlation with other data (e.g. section 3.4.d.i ) demonstrate the condition sensitivity for the 

production of phycocyanin, particularly when high growth rates are used, as any oxygen limitation 

may also impact glycerol utilisation (i.e. respiration rates), compounding limiting effects on 

phycocyanin productivity.      

Figure 3.5-2 - Foam near the top of the Bangert reactor 

Example of foaming near the top of the airlift bioreactor about halfway through experiment 3.5.a.ii . 

As culture density increased, so did the foam until overflow at 160 hours. 
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Figure 3.5-3 - Monitored glycerol semi-continuous cultivation in 3 L Bangert reactor 

Semi-continuous cultivation of strain 141.DG on 260 mM glycerol as initial carbon substrate. A, 

biomass (black squares Â) increased exponentially (D) up to hour 165 at which point excessive 

foaming caused overflow from the reactor prompting replenishment with medium (no glycerol). 

Glycerol (red triangles p) decreased during the culture, even during feeding (orange diamonds Î) 

beginning at hour 100. B, Specific phycocyanin (blue circles )̧ increased throughout the cultivation, 

whilst nitrogen (purple cross ï) decreased to low levels. C, oxygen saturation (green inverted 

triangles q) decreased and prompted feed stoppage at hour 200 whilst air sparging rate was 

adjusted throughout (maroon open circles ¹). 
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3.5.a.iii  Improved process control held back by foaming and identification of 

revertants 
A more accurate control over feed rates during exponential feeding of semi-continuous cultivations 

was required, due to the glycerol sensitivity of phycocyanin production. To this end, an ad hoc 

computerised control system was used in conjunction with the digital pumps of the Minifors 2. 

Biodiesel glycerol (discussed thoroughly in section 5.2 ) was used as the growth limiting substrate in 

the 3 L Bangert reactor at an initial 2 % (17 g.L-1) and a feed of 60 % (510 g.L-1), with no nitrogen added, 

instead a separate 10 M NH4OH solution provided nitrogen under control (see chapter 4). A leak in the 

reactor around day 2 required 750 mL deionised water addition delaying the batch phase of the study, 

however growth was still proceeding rapidly, with feeding initiated at day 5, continuing until day 8, at 

which time foam overflow required stoppage of the experiment due to a 1.5 L loss of culture. Despite 

these problems, exponential growth was maintained at a rate of 0.9 day-1, with an exponential feed 

setting of 1.0 day-1. This difference may be explained by the pump rate change only occurring every 

30 minutes, thus consistently slightly under the calculated rate as the cells grew. A final biomass of 

52.2 ± 0.18 g.L-1 was obtained, producing a maximal biomass productivity of 23.7 g.L-1.day-1 and a yield 

of 0.49.  

Glycerol was maintained at undetectable levels from day 6, with specific phycocyanin increasing from 

3.0 mg.g-1 to 10.6 ±0.4 mg.g-1 between days 3.5 ς 8. Air flow rate remained constant throughout the 

study at 3 L.min-1, whilst oxygen saturation reduced in a proportional manner to biomass 

concentration to 55 % by day 8. The specific phycocyanin concentration is much lower than expected 

from previous experiments, eluding to another problematic aspect of Galdieria ς revertion of the 

ƻǾŜǊǇǊƻŘǳŎƛƴƎ мпмΦ5D άƳǳǘŀƴǘέ back to its original 141.Y phenotype. These events are further 

detailed in Section 3.5.c.ii . Overall, the foaming once again prevented completion of the study, and a 

new strategy was required. Despite this the biomass productivities are well above that reported in the 

literature, particularly for glycerol, due to the capability of maintaining much higher growth rates over 

extended periods (0.9 here vs 0.6 day-1 reported), maintaining the hypothesis that the airlift reactors 

may be suitable for heterotrophic cultivations of Galdieria. 
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Figure 3.5-4 - Final glycerol cultivation in the Bangert reactor 

2 % w/v biodiesel derived glycerol (60 % feed) was used to cultivate Galdieria at 2.5 L scale at 42°C 

semi-continuously in the Bangert reactor. Biomass (black squares Â) increased exponentially (B) 

throughout the study at a mean rate of 0.9 day-1. Glycerol (red triangles p) decreased during the 

culture and was maintained below detectible levels during feeding phase, correlating with an 

increase in specific phycocyanin (blue circles )̧. Oxygen saturation (green inverted triangles q) 

dropped in a proportional manner to biomass throughout the study. 
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 Bioreactor design optimisations improve cell and phycocyanin 

productivities 
In order to overcome some of the innate issues facing the use of the 3 L Bangert airlift bioreactor in 

the cultivation of Galdieria, which it was never designed for, the decision was made to develop a new 

bioreactor. The revised bioreactor had improved headspace to combat excessive foaming, a faster 

baffled flow regime with decreased flow deadspace to reduce settling and biofilm build up, as well as 

adaptations for heating, additional probe monitoring and process control systems. The development 

of these revisions is detailed in section 6.3 . 

3.5.b.i  MKII Bioreactor semi-continuous cultivation on glycerol  
The MKII bioreactor has a much larger headspace than the Bangert reactor (total volume 6.5 L, with a 

similar working volume (3.5 L), in order to better handle foam build up as well as volume changes 

during semi-continuous cultivation (detailed in Section 6.3 ). A more concentrated feeding solution 

(700 g.L-1 glycerol) was also used to limit excessive volume changes, which may alter flow dynamics in 

the bioreactor. Feeding was initiated at a rate of 1.0 day-1 on day 3, at which point the initial 15 g.L-1 

glycerol substrate concentration had dropped to 8 g.L-1. The glycerol concentration in the reactor 

continued to drop between days 3 ς 5, correlating with an increase in intracellular phycocyanin from 

16.7 to 26.6 mg.g-1 over the same period. A drop in phycocyanin is observed at day 7, lagged about 12 

hours post a detected increase in glycerol concentration at day 6.5, which is subsequently alleviated 

after feeding is stopped for a final concentration of 23.7 ± 0.25 mg.g-1 phycocyanin. A mean 

phycocyanin productivity of 658.2 ± 44 mg.L.day-1 phycocyanin was obtained during feeding from days 

4 ς 8, and a biomass productivity of 31.8 ± 7.5 g.L.day-1 from days 4 to the end of feeding at day 6.5. 

A total of 450 mL feed was added for a final yield on substrate of 0.57 and a final biomass of 71.7 g.L-

1. 

This experiment provides a further example of the severe and rapid negative effect of carbon in the 

reactor on the intracellular concentration of phycocyanin, as well as its rapid alleviation once carbon 

is limiting (Figure 3.5-5 A). The theory that an improved headspace will allow a stable head of foam, 

without impairing the process is also exemplified. This study represents production of Galdieria 

biomass to high density significantly faster than reported in the literature, with a total cultivation time 

of only 8 days, compared to 17 in the literature, albeit with a lower final biomass of 71.7 g.L-1 compared 

with 109 g.L-1. Phycocyanin productivity is accordingly improved at 658 mg.L.day-1, compared with 473 

mg.L.day-1 reported (Graverholt and Eriksen, 2007). Compared to previous cultivations, the 

phycocyanin in this experiment is still quite low, and it is possible that there were periods where the 

oxygen may have been very low. Unfortunately, the dissolved oxygen saturation was not measured 

during this study. 
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The MKII bioreactor did however have some design flaws borne from some difficulties in its 

fabrication, leading to significant leaks in the bottom causing the stoppage of 6 previous cultivations 

(data not presented). The spargers in this reactor were taken from the Bangert reactor and at this 

stage of the project were in even worse condition, a MKIII reactor, with a simpler, acid-resistant 

sparger made from sintered titanium rather than ceramic was developed (Section 6.3.d ).  
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Figure 3.5-5 - Glycerol based semi-continuous cultivation in the MKII bioreactor 

15 g.L-1 batch and 700 g.L-1 feed glycerol (red triangles p) supported semi-continuous cultivation 

over 8 days to above 80 g.L-1 biomass (black squares Â) through exponential feed addition (orange 

diamonds Î) in the MKII airlift bioreactor at 3.5 ς 4.5 L working volume scale. Intracellular 

phycocyanin (blue circles ̧) was maintained above around 20 mg.g-1 throughout the study. 
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3.5.b.ii  MKIII Bioreactor negatively affected by biofilm build-up on the sparger 
Figure 3.5-6 demonstrates a successful glycerol based cultivation of Galdieria in the MKIII bioreactor 

at 42°C, with a constant air flow rate of 3.0 L.min-1 and a changing volume due to feed addition from 

3.5 ς 4.5 L. An initial starting substrate of 7.0 g.L-1 maintained a growth rate of 1.27 for 2.5 days, at 

which point exponential feed (425 g.L-1) set at 0.9 day-1 maintained a growth rate for the following 4.5 

days at 0.8 day-1, for a final biomass of 74.1 ± 0.22 g.L-1 and a yield of 0.54. 

Glycerol was maintained below detectible levels throughout the duration of feeding, however 

intracellular phycocyanin was found to slowly drop throughout the cultivation from 34.0 ±0.21 to 22.8 

±0.70 mg.g-1. Accordingly, during this period oxygen saturation dropped to 28 % by day 5.5. After the 

experiment, a significant biofilm was observed on the microporous sparger. Despite the use of a new 

sparger compared to the MKII reactor, this bioreactor revision did not allow its removal for cleaning, 

and it is thought that previous debris from other experiments in this reactor had facilitated a more 
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Figure 3.5-6 - Oxygen limited glycerol culture in the MKIII bioreactor 

7 g.L-1 batch and 425 g.L-1 feed glycerol (red triangles p) supported semi-continuous cultivation 

over 6 days to above 74.1 g.L-1 biomass (black squares Â) through exponential feed addition from 

day 2.5 at 3.5 ς 4.5 L working volume scale. Intracellular phycocyanin (blue circles )̧ gradually 

reduced during the semi-continuous phase, as oxygen saturation (green inverted triangles q) also 

decreased to a low of 28 %. 
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rapid adherence, impairing bubble generation and oxygen transport in the reactor at later stages of 

the experiment. Indeed, the continuous cultivation described in section 3.5.c used the MKIII reactor a 

few months before, and did not display significant impairments in oxygen saturation. A later study 

using a cleaner sparger (in the MKIV reactor with a removable sparger Figure 3.5-7) oxygen was 

maintained throughout the study, further supporting this hypothesis.  

Nevertheless, the process parameters continued to show improvement compared with previous 

designs, with very high biomass and phycocyanin productivities 39.72 ± 2.98 g.L-1.day-1 and 936 ± 292 

mg.L.day-1 respectively for the final 24 hours of cultivation.  

 

3.5.b.iii  MKIV reactor successfully demonstrates high intracellular phycocyanin 

with high oxygen saturation 
The MKIV reactor culminated all of the experience in the fabrication and the process of cultivating 

Galdieria, with an antifouling PTFE lined inner, large headspace and flow baffling (detailed in section 

6.5 ). The removability of the sparger ensured it was properly voided of biofilm before the study using 

a variety of solvents in order to reduce bubble coalescence and improve oxygen mass transport. In 

this study ammonia gas was used as the sole nitrogen source, however this is not thought to have a 

direct contribution on phycocyanin productivity compared to either ammonium sulphate or 

ammonium hydroxide, as described in section 4.2 . 

Figure 3.5-7 adds further evidence supporting improvements in phycocyanin production and 

intracellular expression in our airlift system. Exponential growth on glycerol initiated at 20 g.L-1 batch 

substrate concentration was maintained over a period of 7 days averaging a growth rate of 0.81 D-1 

despite feed pump blockage towards the end of the study. Oxygen was maintained at a high saturation 

throughout the study, indeed correlating with a very high intracellular phycocyanin content reaching 

37.7 ± 2.4 mg.g-1 at the end of the batch phase at day 3.5, and 45.2 ± 3.0 mg.g-1 by day 7 when feeding 

was stopped. This compares favourably with our own stirred tank data that reached 32.8 ± 0.8 mg.g-1 

on glucose in the batch phase, the difference suggested to be caused by a short period wherein the 

oxygen concentration dropped between days 2 and 3 (Figure 3.4-5). It is believed that the reduction 

to 50% oxygen saturation around day 6 is an erroneous measurement, as upon inspection a large 

biofilm had clogged the dissolved oxygen probe. Indeed further supporting this conclusion is the fact 

that no effect on phycocyanin was observed. A total of 950 mL of 500 g.L-1 glycerol feed was added 

resulting in a final dry cell weight of 58.0 ± 1.2 g.L-1 and a yield of 0.48, comparable to figures reported 

in the literature.  
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A final 24 hour phycocyanin productivity of 1188 ± 269 mg.L.day-1 was achieved, with a final volumetric 

concentration of 2,619 mg.L-1. Biomass productivity is relatively low due to the lower final biomass 

concentration, at 22.1 ± 0.13 g.L-1.day.-1. This in turn led to a high phycocyanin yield on substrate of 

21.8 mg.g-1 glycerol, significantly higher than the most successful heterotrophic cultivation reported 

in the literature, at 11.5 mg.g-1 glucose (Graverholt and Eriksen, 2007), thanks to the high intracellular 

phycocyanin concentration caused by the high oxygen saturation provided by the airlift reactor 

system.   
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Figure 3.5-7 - Improved MKIV reactor oxygen leads to high intracellular phycocyanin in semi-
continuous cultivation 

G. sulphuraria was cultivated in the 4 L MKIV airlift bioreactor in fed-batch with 20 g.L-1 glycerol as 

initial substrate and 500 g.L-1 glycerol feeding solution initiated at day 3.5. Oxygen (Measured green 

diamonds Î; Trace information from bioreactor green line -) was maintained above 85 % throughout 

the study despite rapid growth and high carbon concentrations. A drop in O2 around day 6 was 

caused by a build-up of biofilm on the dissolved oxygen probe, which returned to >85% after 

cleaning. Dry cell weight (black squares Â) increased exponentially except for a period of pump 

blockage at day 6.  Intracellular phycocyanin (blue circles )̧ reached 42 mg.g-1 following the batch 

phase and 45 mg.g-1 by the end of cultivation. Glycerol (red triangles p) was maintained close to 

zero during fed-batch phase. 
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 Continuous cultivation on glycerol and population changes in 

ǇƘȅŎƻŎȅŀƴƛƴ ƻǾŜǊǇǊƻŘǳŎƛƴƎ άƳǳǘŀƴǘǎέ ƻŦ Galdieria 

3.5.c.i  Continuous cultivation in the MKIII bioreactor 
Galdieria was cultivated over 22 days to investigate phycocyanin productivities on glycerol and 

biodiesel derived glycerol (Table 3.5-1, Figure 3.5-9). Biodiesel glycerol is discussed separately in 

section 5.2.d.ii . The MKIII bioreactor was operated initially at 42°C and 3.5 L working volume, with an 

initial substrate concentration of 10 g.L-1 glucose. Batch phase growth proceeded for 2 days before 

initiation of a semi-continuous exponential phase with a feed concentration of 540 g.L-1 glucose, 

providing a dry cell weight of 27.7 g.L-1 and 31.4 mg.g-1 intracellular phycocyanin at initiation of the 

continuous phase. Dilution rate varied slightly throughout the study, due to wear on the tubing, slight 

differences in the Watson Marlow pumps used, as well as changes in viscosity and entrapped bubbles 

in the culture. As such, outflowed culture volume was measured daily in order to calculate resultant 

dilution rates.  

Biodiesel glycerol at 9 % (90 g.L-1) was used over 3 days at a dilution rate of 0.43, followed by a period 

of rapid dilution at 1.04 day-1 for two days using 10 % biodiesel glycerol feed. The higher growth rate 

did initiate a downwards trend of intracellular phycocyanin (Figure 3.5-9, days 8-9), which recovered 

as the dilution rate was reduced to 0.7 day-1 (days 9 ς 10). 20 % biodiesel feed proved to be a much 

too high glycerol concentration for continuous cultivation (230 g.L-1), leading to an increase in glycerol 

concentration in the medium (days 10 ς 12.5), and a reduction in phycocyanin to 23.6 mg.g-1, as well 

as a lowered yield of biomass of 0.2 (Table 3.5-1).  
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Intracellular phycocyanin recovered to 29.9 mg.g-1 when the feeding solution was changed to 100 g.L-

1 purified glycerol and at a dilution rate of 0.73 day-1 from days 12.5 to 15, leading to the highest 

phycocyanin productivity of the experiment of 1703 ± 203 mg.L.day-1 at 42°C. This is significantly 

higher than that reported in the literature for a continuous heterotrophic cultivation of 861 mg.L-1.day-

1 on 150 g.L-1 glucose at a dilution rate of 0.6 day-1 (Graverholt and Eriksen, 2007). Oxygen was 

maintained above 75 % throughout the study at an air flow rate of 4 L.min-1 (1.3 VVM) compared to 

the 3 VVM used by Graverholt and Eriksen. The higher productivity of phycocyanin compared to the 

literature is a direct consequence of the higher intracellular concentration of 29.9 mg.g-1 compared to 

15.6 mg.g-1 reported in continuous culture, and also coincides with a ratio increase of 45.2 mg.g-1 

compared to 26.7 mg.g-1 reported for semi-continuous cultivation in this chapter and the literature 

respectively (Graverholt and Eriksen, 2007). These data demonstrate the productivity advantages 

achieved by our airlift system over the use of stirred tank reactors for the cultivation of Galdieria.  

  

Table 3.5-1 - Continuous cultivation of Galdieria in the MKIII bioreactor 

Condition 

Interval 

time 

(days) 

Substrate So D (day-1) 

Dry cell 

weight 

(g.L-1) 

Px 

(g.L.day-1) 
YX/S (g.g-1) 

Phycocyanin 

(mg.g-1) 

Pphycocyanin 

(mg.L.day-1) 

        Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

Batch 1.82 Glucose 10 0.00   1.2 0.8 0.0 0.0    14.1 3.2 0 18 

Fed-batch 2.94 Glucose 540 0.00   27.7 0.3 0.0 0.0 0.05 0.0 31.4 1.5 0 107 

BDG 9% 3.05 Biodiesel glycerol 90 0.43 0.0 33.7 0.4 14.5 1.7 0.38 0.0 30.8 2.3 453 161 

BDG 10% 1.98 Biodiesel glycerol 115 1.04 0.1 42.8 2.1 41.7 5.4 0.37 0.0 27.5 3.2 1126 165 

BDG 20% 2.50 Biodiesel glycerol 230 0.70 0.1 53.0 2.6 36.9 4.8 0.20 0.0 23.6 1.2 1210 131 

Gly 100 g.L 42°c 2.69 Lab glycerol 100 0.73 0.0 58.6 2.6 42.8 2.1 0.59 0.0 29.9 1.8 1703 204 

Gly 100 g.L 47°c 3.76 Lab glycerol 100 0.63 0.0 51.6 2.7 32.5 1.9 0.52 0.0 18.4 2.5 949 182 

Gly 100 g.L 37°c 3.05 Lab glycerol 100 0.55 0.0 53.2 2.7 29.1 1.9 0.53 0.0 13.2 0.2 688 100 
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3.5.c.ii  Population changes affect phycocyanin productivity 
Oxygen is not the only physical parameter observed to influence pigmentation changes in Galdieria. 

When the dilution rate and feed concentration was maintained at 100 g.L-1 and 0.63 day-1, but the 

temperature increased to 47°C, intracellular phycocyanin concentration reduced from 32.34 ± 3.8 to 

12.44 ± 1.5 mg.g-1 from days 15 ς 19 (Figure 3.5-9). This did not recover when the temperature was 

subsequently reduced, as is observed when phycocyanin in inhibited by low oxygen saturation (e.g. 

Figure 3.4-6). 

Solid media preparations of samples to identify single colonies demonstrate maintenance of the darkly 

pigmented colonies (Figure 3.5-8 A), who overproduce phycocyanin in the dark, with a population shift 

after cultivation at 47°C on day 15 indicating the appearance of less pigmented colonies (Figure 3.5-8 

B, C). This population change coincides with a reduction in specific phycocyanin. It is important to note 

that plate medium is 5 g.L-1 glucose and grown at 37°C in the dark, yet the loss of pigmentation in 

some colonies due to physical parameters in the bioreactor is not able to be reversed. This lack of 

culture recovery implies that any industrial process would require tightly controlled parameters to 

avoid permanent loss of phycocyanin production due to the population shift from 141.DG back to 

141.G and 141.Y less pigmented strain variants. Taking the variant single colonies from the plates and 

subculturing them demonstrates maintenance of the resultant strains (Figure 3.5-10). 
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Figure 3.5-8 - Changes in revertant populations at 47°C 

A predominant dark green (phycocyanin expressing) cell population at 10.9 days. B Day 21, post 47°C 

cultivation, green and pale green colonies express with increased frequency. C population changes 

expressed graphically as a percent of the whole population, Dark green (phycocyanin 

overproducers), green, pale green and yellow coloured colonies.   
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Figure 3.5-9 - Continuous cultivation of Galdieria on glycerol between 37 and 42°C 

A - G. sulphuraria was cultivated in the MK III bioreactor at 3.5 L scale under continuous conditions. Oxygen (green diamonds Î)was maintained above 50 % 

throughout the study. Dry cell weight (black squares Â) and intracellular phycocyanin (blue circles )̧ remained relatively stable throughout the study, 

whilst glycerol (red triangles p) shows a spike between days 10 and 13. B ς Resultant dilution rate (maroon hexagons â) and the glycerol feed substrate 

concentration (Orange diamonds Î) varied throughout the study. Culture temperature was changed at days 15 and 19, and oxygen saturation (green 

inverted triangles q) was maintained as high as possible during the cultivation by 5.0 L.min-1 air flow.  

A 

B 
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Figure 3.5-10 - Single colonies from high temperature cultivation are maintained during subculture 

Pigment phenotypes between 141.Y, G and DG are demonstrated, with Y having the least and DG 

having the most phycocyanin. More information on the strains may be found in section 3.3.b . 



Stable production of phycocyanin over 20 days in the MK 4 bioreactor Thomas Burns 

 

90 
 

3.6  Stable production of phycocyanin over 20 days in the MK 4 

bioreactor 
In order to demonstrate the idealised process determined from the experiments presented in this 

chapter, a longer-term continuous cultivation of Galdieria was performed in order to generate large 

quantities of phycocyanin. Cultivation was initiated on 10.5 g.L-1 glycerol at pH 2.0 and 42°C with 6.0 

L.min-1 air flow at 4.0 L working volume in the MK 4 airlift bioreactor. Batch phase growth proceeded 

at 1.0 day-1 and reached a biomass concentration of 5.6 g.L-1 by day 3. At this point, semi-continuous 

growth was initiated at a rate of 0.6 day-1 with 800 g.L-1 glycerol feed. Nitrogen addition occurred 

automatically under pH feedback control with 10 M NH4OH used to maintain pH 1.9 in the reactor. 

500 mL of semi-continuous feed was added until day 7, at a resultant growth rate of 0.54 day-1 to a 

biomass concentration of 43.4 g.L-1. On day 8, continuous flow of 120 g.L-1 nitrogen free glycerol feed 

was started at a dilution rate of 0.6 day-1. At day 15 the dilution rate and feed glycerol concentration 

was increased to 0.7 day-1 and 130 g.L-1 respectively for the remainder of the experiment (Figure 

3.6-1). 

During the continuous flow period at a dilution rate of 0.6 day-1 a mean biomass productivity of 32.3 

± 0.8 g.L-1.day-1 for a yield on substrate of 0.435, very close to previously reported data (Yx/s 0.43) 

(Graverholt and Eriksen, 2007). The culture produced a high phycocyanin productivity which was 1151 

± 61 mg.L-1.day-1 compared to the literature (861 mg.L.day-1) representing a yield of phycocyanin on 

glycerol of 15.5 mg.g-1. Increasing the dilution rate and feed glycerol increased biomass productivity 

to 40.5 ± 0.6 g.L.day-1, for a Yx/s of 0.45. During this period oxygen dropped slightly compared to at 0.6 

day-1 dilution rate (85 ς 75 % saturation), however, intracellular phycocyanin continued to increase up 

to a high of 41.0 mg.g-1 on day 20, producing a very high phycocyanin productivity over the last three 

days of 1560 ± 57 mg.L.day-1, almost double that previously reported in the literature (Graverholt and 

Eriksen, 2007).  
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Figure 3.6-1 - High phycocyanin productivity continuous cultivation of Galdieria in the MK 4 
bioreactor 

Refined glycerol (800 g.L-1 fed batch, 120 g.L-1 continuous feed) was used to cultivation Galdieria at 

4.0 L scale in the MK 4 bioreactor at 42°C. Biomass (black squares Â) was grown up to 45 g.L-1 in 

semi-continuous conditions up to day 8, at which point continuous flow of feed was started at a 

dilution rate of 0.7 day-1 for a 12 day period. Automatic addition of 10 M NH4OH maintained the pH 

at 2.0 and formed the main nitrogen source for the culture. Phycocyanin (blue circles )̧ is 

maintained above 35 mg.g-1 throughout the continuous phase, accordingly with high oxygen 

saturation (green inverted triangles q) in the reactor throughout the same period. 
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3.7  Discussion and conclusions 
3.7.a.i  Heterotrophic cultivation of Galdieria suggests better industrial performance of 

phycocyanin extracts compared to Arthrospira 
Whilst Galdieria has a far lower intracellular phycocyanin concentration of between 10 ς 40 mg.g-1 

compared to 100 ς 150 mg.g-1 for Arthrospira (Eriksen, 2008), superior stability performance may hold 

benefits for application in its use as a food dye. Current phycocyanin products have limited use due to 

loss of colour if exposed to heat during manufacturing, and generally require refrigeration of products 

at ambient temperature if storage requirements exceed a few weeks. The chromophore of 

phycocyanin (phȅŎƻŎȅŀƴƻōƛƭƛƴύ ƛǎ ŀ ƭƛƴŜŀǊ ǘŜǘǊŀǇȅǊǊƻƭŜ ƘŜƭŘ ƛƴ ǘŜƴǎƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƛƴǘŜǊŦŀŎŜ ƻŦ ǘƘŜ ʰ 

ŀƴŘ ʲ ǎǳōǳƴƛǘǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΣ ǿƛǘƘ ǘƘŜ ŜƭŜŎǘǊƻǎǘŀǘƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘǎ ŜƴǎǳǊƛƴƎ ƭƛƴŜŀǊƛǘȅ 

and electronic structure (Stec et al., 1999). Loss of the tertiary and quaternary structure of the protein 

relaxes the tetrapyrrole, altering electronic interaction and changing absorbance from 620 nm to the 

400 nm range, leading to a colour change from blue to orange (Figure 3.3-2). 

Whilst is has not been identified, it is thought that the thermophilic nature of Galdieria has led to a 

more stable amino acid sequence of its phycocyanin compared to Arthrospira. Indeed, this is observed 

strikingly by the resistance to degradation by heat, even at 55°C compared to Arthrospira, as 

demonstrated in section 3.1 . Along with this stability, a greatly reduced allophycocyanin content is 

observed in heterotrophic cultures of Galdieria, both compared to auto- and mixo-trophic cultivations 

of itself (Stadnichuk et al., 1998), as well as Arthrospira cultivations which are almost always auto- or 

mixo-trophic (Chen and Zhang, 1997). Allophycocyanin is very difficult to separate from phycocyanin, 

as it is a similarly water soluble globular protein and requires expensive chromatographic techniques 

(Sørensen et al., 2013), precluded for use in food manufacturing which is highly dependent on cost 

and throughput. Data demonstrated here additionally shows a compounded problematic effect of 

phycocyanin colour stability when in mixture with allophycocyanin (Figure 3.2-5), further adding to 

desirability of a heterotrophic, non-allophycocyanin producing process, compared to alternatives. 
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3.7.a.ii   Intracellular phycocyanin sensitivity to aspects of heterotrophic cultivation of 

Galdieria 
Three key outcomes of the studies presented had direct effects on the expression of phycocyanin in 

Galdieria: carbon in the medium, oxygen saturation, and population drift of the overproducing strain, 

141.DG. Taken in combination, it may be that these effects are derived from the use of phycocyanin 

by the cells. As a photosynthetic accessory pigment, heterotrophic carbon is well characterised to 

impair photosynthetic apparatus, with the mechanism in part due to the downregulation of ribulose-

1,5-bisphosphate carboxylase/oxygenase (Rubisco) as well as photosystem II reaction centre proteins 

(Oesterhelt et al., 2007). This inhibition of pigmentation normally occurs for most strains of Galdieria, 

with many heterotrophic strains observed as white or brown in colour (Gross and Schnarrenberger, 

1995, Graziani et al., 2013). As such, the phycocyanin overproducing strains seem erroneous, but 

nevertheless a natural phenomenon as they have arisen during normal laboratory cultivation 

spontaneously (Gross and Schnarrenberger, 1995), in at least two strains ACUF 074 and 141. As 

expected these pigment variants grow slower than those with less pigments (Table 3.3-1), and without 

a known technique to produce the variants the strategy must be to maintain them in favourable 

conditions, particularly considering the underlying background of a few revertants observed when 

single colonies are generated (Figure 3.5-8). 

Herein may lie an explanation to the improved expression of phycocyanin by these strain variants 

when maintained at high oxygen saturations in culture. Whilst primarily a photosynthetic pigment, 

phycocyanin also displays significant antioxidant potential, with a variety of studies showing this 

capability both in vitro, ex vivo and in vivo (Graziani et al., 2013, Carfagna et al., 2015, Wu et al., 2016). 

It may be that whilst grown in the dark, high oxygen exerts an oxidative pressure on the alga, favouring 

the expression of higher concentrations of phycocyanin in order to protect from free radical oxidation. 

Indeed, such oxidative stress would also occur during photosynthesis in autotrophic cultivation, as 

well as the direct activation of phycocyanin promotor systems that are activated by light ((Oesterhelt 

et al., 2007)). Further supporting this notion is evidence than under low oxygen (<30 %) heterotrophic 

conditions, phycocyanin expression is promoted by high intensity interval light (Cagnac et al., 2018), 

despite evidence that this would not initiate photosynthesis as mixotrophy does not occur in Galdieria 

(Oesterhelt et al., 2007). 
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3.7.a.iii  Custom airlift bioreactors maintain high oxygen saturation and improve 

phycocyanin productivity of Galdieria 

Table 3.3-1 provides an overview of the bioreactor-scale cultivations presented in this chapter.  

Overall, the set of airlift bioreactors demonstrate much improved biomass and phycocyanin 

productivities (153 ς 1703 mg.L.day-1 and 9.9 ς 40.0 g.L.day-1) compared to our stirred tank 

experiments (51 ς 67 mg.L.day-1 and 5.4 - 8.2 g.L.day-1 respectively), and increased phycocyanin 

productivity compared to the literature (maximum of 861 mg.L.day-1)  (Graverholt and Eriksen, 2007). 

Final biomass concentrations were lower for the airlift bioreactor studies than achieved in the 

literature in stirred tank reactors (40 ς 74 g.L-1 versus  24 ς 109 g.L-1), however the much higher 

intracellular phycocyanin content achieved by the airlift systems (up to 45.2 mg.g-1 versus up to 26.7 

mg.g-1)   offset the differences in biomass productivity. As such, the yield of phycocyanin on substrate 

is greatly improved compared to previously reported data at 17.6 compared to 9.6 mg.g-1 carbon 

substrate. These data provide strong evidence for success of the strategy to improve oxygen 

saturation during the cultivation of Galdieria in order to improve the productivity of phycocyanin.  
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Table 3.7-1 - Comparison of heterotrophic cultivations of Galdieria at bioreactor scale in Chapter 3 

Date Strain Reactor 
Carbon 
source Scale (L) 

Culture 
period 
(Days) 

O2 range 
(mean) 
(%) 

S0 (g.L-
1) 

µ / D 
(day-1) 

PX (g.L-

1.day-1) 

XFinal 
(g.L-
1) Yx/s 

Pc-pc 
(mg.L-
1.day-1) 

Yx/c-pc (mg.g-

1) 
Figure / 
reference 

31/09/2017 141.DG STR; semi-cont Glycerol 1.2 - 2.0 7 n.d. 
25; 
500 1.09 5.4 23.2 0.39 66.8 9.2 

Figure 
3.4-2 

20/10/2017 141.DG STR; semi-cont Glycerol 1.2 - 2.0 9 n.d. 
40; 
500 0.8  20.5 0.197 50.8 9.33 

Figure 
3.4-3 

31/01/2020 141.DG STR; cont 
Glucose; 
glycerol 2 17 50; 35 20 0.6 n.d. 9.1 0.45 54.6 32.8 - 7.8 

Figure 
3.4-5 

22/04/2018 141.DG STR; semi-cont Glycerol 1.2 - 2.0 9 80; <10 24 0.6 8.2 43.7 0.47 n.d. n.d. 
Figure 
3.4-6 

05/04/2017 
141.DG 
reverted 

Bangert airlift; 
semi-cont Glycerol 2.5 - 3.0 11 100 - 10 24 0.95 9.92 43.1 0.23 280.5 28.45 

Figure 
3.5-3 

25/05/2018 
141.DG 
reverted 

Bangert airlift; 
semi-cont 

Biodiesel 
glycerol 2.5 - 3.0 8 100 - 55 

17; 
510 0.9 23.7 52.2 0.49 169.4 3.0 - 10.6 

Figure 
3.5-4 

14/11/2018 141.DG 
MKII airlift; 
semi-cont Glycerol 3.5 - 4.5 8 n.d. 

15; 
700 0.95 31.8 71.7 0.57 658.2 16.7 - 26.7 

Figure 
3.5-5 

12/05/2019 141.DG 
MKIII airlift; 
semi-cont Glycerol 3.5 - 4.5 6 

100 - 28 
(78) 7; 425 0.8 39.72 74.1 0.54 936 22.8 - 35.4 

Figure 
3.5-6 

20/02/2020 141.DG 
MKIV airlift; 
semi-cont Glycerol 4.0 - 5.0 7 

100 - 50 
(90) 20 0.8 22.1 58 0.48 1188 13.8 - 45.2 

Figure 
3.5-7 

02/10/2019 141.DG 
MKIII airlift; 
continuous 

Biodiesel 
glycerol, 
glycerol 3.5 22 

100 - 73 
(84) 

20 - 
540  

0.3 - 
1.2 

14.5 - 
42.8  

0.2 - 
0.52 

0.453 - 
1703 13.2 - 31.4 

Figure 
3.5-9 

14/07/2020 141.DG 
MKIV airlift; 
continuous Glycerol 4.0 20 

100-75 
(86) 

10.5-
130 

0.6, 
0.7 

32.3 ς 
40.5 59.6 

0.44- 
0.45 

1150, 
1560 31.9 - 41.0 

Figure 
3.6-1 
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 9ȄǇƭƻƛǘƛƴƎ ŀŎƛŘƻǇƘƛƭƭȅ ƛƴ ǘƘŜ 
ƴƻƴπǎǘŜǊƛƭŜ ŎǳƭǘƛǾŀǘƛƻƴ ƻŦ DŀƭŘƛŜǊƛŀ 
ǎǳƭǇƘǳǊŀǊƛŀ 

4.1  Introduction 
Acidophilly 

A key property promoting industrial biotechnological use of Galdieria is the low pH in which it thrives. 

This is widely purported to impede culture contamination when exogenous carbon substrates are 

used, as well as providing an optimally soluble environment for its primary nitrogen source of choice 

ς ammonium (in the form of ammonium sulphate). Evidence has demonstrated that the uptake of 

ammonium ions in many eukaryotic organisms is mediated through facilitated diffusion of ammonia 

gas through transporters similar to the AMT ammonium transporter systems (Lamoureux et al., 2010), 

resulting in a proton being left behind outside of the cell during uptake (Figure 4.2-3).  

Observations demonstrated that even under very low pHs, Galdieria is still susceptible to fungal 

contamination when grown in unsterile environments in heterotrophic conditions (Carbone et al., 

2020), particularly when glycerol is used as the carbon source. Using an automated nitrogen system 

further prevents contamination by separating carbon and nitrogen (mixing is performed directly in the 

bioreactor), as well as allowing the use of even more acidic (contamination resistant) media for 

continuous bioreactor operation without affecting growth rate or phycocyanin production of 

Galdieria.  

Applying pH 

The cell growth dependent reduction in pH during cultivation of Galdieria (Oesterhelt et al., 2007), 

provides an interesting opportunity to utilise pH computer-controlled basic ammonium sources 

(ammonium hydroxide, ammonia gas) to maintain nitrogen levels in growth medium. As a key 

purported nitrogen storage compound (Eriksen, 2008), maintaining high nitrogen levels during the 

cultivation of Galdieria for phycocyanin production is an important process consideration. Due to the 

highly dynamic expression of phycocyanin during both physical parameter changes and growth phases 

it is presumed that the actual nitrogen requirement of the organism may vary during a cultivation. By 

investigating an automated system, controlled indirectly by the organism itself, we may be able to 

optimise the addition of nitrogen, and deliminate any effect on the production of phycocyanin.
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4.2  Nitrogen and pH requirements for the production of 

phycocyanin 
Whilst previous literature demonstrated lowered pH during the cultivation of Galdieria in both flask 

(Oesterhelt et al., 2007), and bioreactor scale (Schmidt et al., 2005), the relationship between pH and 

phycocyanin has not been studied. Uptake of ammonium by Galdieria is thought to be the main driver 

of growth dependent pH lowering, however it is not clear whether other mechanisms are also 

interacting. Ammonium is a critical medium component for the expression of phycocyanin by the cells. 

Carbon:nitrogen ratios in the medium were found to affect the expression of phycocyanin during 

heterotrophic cultivation at flask scale, positively improved with greater nitrogen availability.  A ratio 

of 10:1 C:N produced the most highly pigmented heterotrophic cultures at 8 ς 10 mg.g-1 on glucose in 

the literature (Sloth et al., 2006). Growth rates are also improved in autotrophic cultures with higher 

nitrogen availability, with Minoda demonstrating that doubling the concentration of inorganic 

medium compƻƴŜƴǘǎ ŦǊƻƳ ǘƘŜ ǿƛŘŜƭȅ ǳǎŜŘ ǾŀƭǳŜǎ ƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ !ƭƭŜƴΩǎ ƛƴƛǘƛŀƭ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ, 

improved doubling times from 32 to 24 hours (Allen, 1959, Minoda et al., 2004). However, five-fold 

increases in medium components did not demonstrate a positive influence on the growth rate of 

Galdieria (Minoda et al., 2004), and further evidence showed impaired growth as the total quantity of 

dissolved substrates in the medium exceeded 1 M (Schmidt et al., 2005). Higher relative uptake of 

nitrogen was also observed in heterotrophic cultures grown on glycerol compared to hexose or 

pentose sugars (Ys/N 11.6 ±0.8 vs 15.9 ±0.6 respectively), co-ordinating with differences in intracellular 

phycocyanin concentrations (4 vs 10 mg.g-1) (Sloth et al., 2006).  

 pH changes during cultivation of Galdieria affect phycocyanin 

expression and growth rates 

4.2.a.i  Flask cultivation using buffers suggests impaired phycocyanin at higher pH 
An experiment to assess differences in phycocyanin productivity at different culture pHs was intended 

to be investigated. Selection of a buffer system in order to provide pH stability, as pH is known to drop 

during cultivation, was challenging. Two options were determined potentially suitable for use in the 

high proton medium of Galdieria: HCl-glycine, with a pKa of 2.35 and working range of pH 2.2 - 3.6 

(Dawson, 1960), or for higher ranges, sodium acetate with a pKa of 4.76 and range of 3.6 ς 5.6 (Ruzin, 

1999). Both of these buffer systems are precluded for use during the cultivation of a heterotroph, as 

Galdieria may readily metabolise both glycine and acetate. Whilst glycine may be metabolised, it was 

found that ammonium is a preferred nitrogen source when in the presence of amino acids (Sloth et 

al., 2017). Glycine was able to support a growth rate of 0.43 day-1. As such, the simple dipeptide glycyl-

glycine was selected in an attempt to overcome this issue, as no known dipeptide transporters are 

thought to be expressed by Galdieria (Schönknecht et al., 2013, Jain et al., 2015). 
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A first experiment was planned in Erlenmeyer flasks at 100 mL working volume. The experiment was 

performed in the 37°C communal constant-temperature room and was forced to be halted after 3 

days due to fungal contamination (contamination in cultures is discussed further in section 4.3 ). 

In order to prevent contamination, the experiment was repeated with a different set up in order to 

cultivate at 42°C. Cultures were grown in 250 mL Duran flasks at 100 mL working volume in a water 

bath at 42°C with 160 rpm agitation (Figure 4.2-1). D-glucose (20 g.L-1) was used as the growth limiting 

substrate.  

Figure 4.2-1 - Cultivation of Galdieria in a shaking water bath using 250 mL Duran flasks 

A lack of appropriate equipment at certain stages of the project required some adaptation in 

order to provide the appropriate physical conditions to grow Galdieria. 
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Figure 4.2-2 - Hydrogen ion release correlates with uptake of NH4
+ from growth medium 

A ς Growth curves of 20 g.L-1 glucose flask cultures grown at 42°C in a shaking water bath. Cultures 

vary by initial pH. pH 2.0 control medium (blue circles ̧ ) and control + glycl-glycine buffer (red 

squares Â) were used to provide standards whilst starting pH of the other cultures was adjusted to 

pH  2.6 (green triangles p), pH 3.1 (purple triangles q), and pH 3.6 (orange diamonds Î). B ς 

hydroxyl concentration in the medium as measured by pH probe, reductions infer decreased pH and 

increased H+ in growth medium. C ς Total concentration of N in the medium as determined by the 

Berthelot reaction. 
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Table 4.2-1 ς Heterotrophic (20 g.L-1 glucose) pH study with 50 mM glycyl-glycine(GLYC) buffer  

  
pH 2.0 
No GLYC ± 

pH 2.0 
+GLYC ± 

pH 2.6 
+GLYC ± 

pH 3.1 
+GLYC ± 

pH 3.6 
+GLYC ± 

m˃ax (day-1) 1.01 0.05 0.92 0.08 0.98 0.09 1.03 0.08 1.01 0.10 
Final DCW 
(mg.mL-1) 8.97 0.27 9.23 0.48 8.97 0.12 9.60 0.17 9.60 0.06 
Intracellular 
phycocyanin 
(mg.g -1) 6.60 1.35 8.64 0.99 7.16 0.63 6.12 0.38 4.03 0.93 

Yx/ s 0.45 0.01 0.46 0.02 0.45 0.01 0.48 0.01 0.48 0.00 

Figure 4.2-3 - Increased hydrogen ions in culture medium correlate with intracellular phycocyanin 
concentration 

A ς Delta [H+] after 167-hour flask cultivation, with varied starting culture pH. B - intracellular 

phycocyanin concentration after 167 hours. Circles  ̧pH 2.0 control medium; Squares Â pH 2.0 

medium + 50 mM glycyl-glycine buffer (GLYC); triangles p pH 2.6 adjusted medium +GLYC; inverted 

triangles q pH 3.1 adjusted medium +GLYC; diamonds Î pH 3.6 adjusted medium +GLYC 
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 Growth rates ranged from 0.92 (glycylglycine control) to 1.03 (pH 3.1) day-1 reaching a highest OD800 

at day 5, followed by an expected decline (Figure 4.2-2). The final dry cell weights (day 7) indicated no 

significant difference from control as analysed by two-ǿŀȅ ǊŜǇŜŀǘŜŘ ƳŜŀǎǳǊŜǎ !bh±! ǳǎƛƴƎ ¢ǳƪŜȅΩǎ 

multiple comparisons test, suggesting the inclusion of glycyl-glycine had no or only limited metabolic 

effect (Table 4.2-1). Despite the use of the buffer, pH rapidly dropped in all cultures at comparable 

rates and magnitudes in accordance with growth, as the nitrogen content in the medium also reduced 

(Figure 4.2-2B, C). Measured nitrogen was increased compared to control in all cultures containing 

glycylglycine, suggesting the ammonium assay was also detecting nitrogen from the peptide as to be 

expected. Day 7 intracellular phycocyanin content was found to be significantly reduced despite 

comparable ammonium uptake, when compared to control for the culture starting at pH 3.1 (Figure 

4.2-3 B).     

In Figure 4.2-3, the concentration of protons added to the medium during cultivation correlates with 

the intracellular phycocyanin concentration, suggesting a relationship between protein production 

and acidification of the medium. Replicate cultures were grown at different initial pH values, with the 

controls at pH 2.0. Higher initial pH reduced the overall acidification of the medium, correlating with 

reduced phycocyanin production, despite no significant effect on growth rate as observed in Figure 

4.2-2-A. These differences are further demonstrated in Figure 4.2-5. 

It is unclear why an increased pH would inhibit the uptake of nitrogen and subsequent release of 

protons into the medium. It may be that the acid in the medium acts with the uptake transporter to 

promote nitrogen uptake, although no mechanism was observed at this time. Another possibility is 

that at higher pH values there is loss of nitrogen in the form of NH3(g), particularly at the high 

temperature of 42°C, although the pKa for the conversion of NH4+ to NH3 (9.26) is much higher than 

the highest pH used of 3.6.  

The implications of reducing phycocyanin expression led to the development of cultivation processes 

utilising more tightly controlled pH ranges.  
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Figure 4.2-4 - 2 L bubble column bioreactor 

0.000 0.005 0.010 0.015 0.020 0.025

0

2

4

6

0

5

10

15

D [H+]

D
ry

 c
e
ll
 w

e
ig

h
t 

(g
.L

-1
)

S
p

e
c
ific

 C
-P

C
 (m

g
.g

 D
C

W
-1)

Figure 4.2-5 - Relationship between phycocyanin expression and pH change of Galdieria medium 

Dry cell weight (black squares Â) is not influenced by variances in the change of pH during cultivation, 

whereas increased pH change, as monitored by the change in protons [H+] correlates positively with 

increased phycocyanin expression (blue circles )̧ .  
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4.2.a.ii  Continuous cultivation using high pH feed also demonstrates impairments in 

phycocyanin 
In order to further explore alterations in phycocyanin expression during cultivation at pH ranges higher 

than 2.0, a continuous culture was setup in the Infors stirred tank reactor at 2.0 L scale. Glycerol (5 

g.L-1) was selected in order to reduce influence of oxygen saturation or culture density, at a rate of 1.0 

day-1, whilst an air flow rate of 0.5 L.min-1 and impeller velocity of 425 rpm were set. Feed pH ranged 

from normal control 2x MAM (pH 2.0), to 1.5 and 8.5, adjusted by addition of 5 M H2SO4 or KOH as 

not to affect nitrogen concentration in the feeding solutions.  

Figure 4.2-6 demonstrates the changing parameters over time during the continuous cultivation. 

Overall biomass concentration was maintained between 2.55 ς 3.41 g.L-1 (mean between feeding 

solution conditions, see Table 4.2-2), representing quite variable yield on substrates from 0.51 ς 0.68. 

Whilst 0.51 is certainly within the expected range, 0.68 is much too high and cannot be reasonably 

explained, although it is possible that the amount of glycerol added to the feeding solution at pH 6.15 

was higher than intended. Intracellular phycocyanin varied in accordance with both pH of the feeding 

solution (and thus reactor pH) as well as detected glycerol in the medium. For example, a drop in 

phycocyanin is observed between days 8 ς 9, at which glycerol was detected at 1.1 g.L-1. Glycerol 

dropped during samples of the next pH condition at 6.15, whilst pH in the reactor increased from 1.78 

to 2.08, phycocyanin from 7.0 to 19.8 and nitrogen from 0.6 to a high of 1.6 g.l-1 at day 13. The pH 8.5 

feed had significant detrimental effects on the culture, and from days 16 ς 25 the dry cell weight 

dropped from 3.5 to 2.3 g.L-1, with glycerol also increasing towards the end of this phase. Reactor pH 

increased to a maximum of 3.2 at day 25, whilst nitrogen was fairly stable, and phycocyanin dropped 

to 2.6 mg.g-1.  

When the feed pH was decreased again, some recovery of phycocyanin was observed, however a lack 

of nitrogen in the reactor from day 29 seems to have impeded production of phycocyanin beyond that 

point. 

 

Table 4.2-2 - Investigating pH effects on phycocyanin in Galdieria with continuous cultivation 

Feed pH 

Period 
start 
(days) 

Period end 
(days) 

Duration 
(days) 

Biomass 
(g.L-1) ± 

Intracellular 
phycocyanin 
(mg.g-1) ± 

Reactor 
pH 

2.04 3 9 6 2.90 0.4 10.0 0.9 1.8 

6.15 9 16 7 3.41 0.2 13.4 1.4 2.0 

8.50 16 25 9 3.26 0.3 10.4 2.6 2.5 

1.50 25 32 7 2.55 0.1 4.6 1.0 1.5 

2.04 32 35 3 2.60 0.1 2.1 0.4 1.8 
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Figure 4.2-6 - Investigating pH effects on phycocyanin in Galdieria with continuous cultivation 

Galdieria (black squares Â) was cultivated in the 2 L Infors stirred tank reactor continuously on 5 g.L-1 glycerol at a dilution rate of 1.0 day-1, feeding solutions 

of which have a varied pH (orange diamonds Î). Oxygen was kept above 85 % throughout the experiment (not shown), whilst the nitrogen (purple crosses î), 

intracellular phycocyanin (blue circles )̧, and pH (grey open circles ¹) vary significantly during the study. Glycerol (red squares Â) was kept below 1.0 g.L-1 

during the continuous phase. 



Nitrogen and pH requirements for the production of phycocyanin Thomas Burns 

 

106 
 

  

0 2 4 6 8
0

5

10

15

0

500

1000

1500

25 g.L-1 glycerol batch / 200 g.L-1 glycerol feed pH 6.5

Experiment 20170822

D
ry

 c
e
ll
 w

e
ig

h
t 

(g
.L

-1
),

S
p

e
c
if

ic
 p

h
y
c
o

c
y
a
n

in
 (

m
g

.g
-1

)
F

e
e
d

 a
d

d
e
d

 (m
L

)

0 2 4 6 8
1.0

1.5

2.0

2.5

0

500

1000

Time (days)

p
H

N
H

4 -N
 e

q
u

iv
a
le

n
t (m

g
.L

-1),

T
o

ta
l fe

e
d

 a
d

d
e
d

  (m
L

)

Feeding

A

B

Figure 4.2-7 - pH 6.5 feeding solution unable to counteract growth mediated acidification 

25 g.L-1 glycerol (batch) cultivation of Galdieria in the 2 L column bioreactor with automated pH-stat 

feed (200 g.L-1) at pH 6.5. Batch phase growth proceeded exponentially over the course of 5 days at 

a rate of 0.97 day-1 (biomass, black squares Â), with automated feeding initiated at 4.86 days 

(orange diamonds Î). A large amount of feed was added over the course of two days as the feeding 

solution was unable to counteract growth mediated drop in pH (grey open circles ¹). Accordingly, 

intracellular phycocyanin (blue circles )̧ dropped as well as bioreactor nitrogen (purple crosses î) 

increasing, due to increased glycerol in the reactor (not monitored). 
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4.2.a.iii  pH 6.5 feed unable to be automated in semi-continuous cultivation 
A semi continuous culture with a high pH feeding solution was investigated in a 2 L jacketed bubble 

column reactor (Figure 4.2-4), selected as it was autoclavable following several contamination issues 

during studies. Batch growth proceeded exponentially at 0.98 day-1 on 25 g.L-1 glycerol (Figure 4.2-7 

A), and the pH dropped in an exponential manner accordingly (Figure 4.2-7 B). Using a higher feeding 

pH was intended to maintain a more stable pH, with feed added automatically as a pH-stat as the alga 

grows. In this case pH 6.5 was not sufficient to counteract the falling pH in the culture, and the system 

added 1 L of feed over the course of 48 hours, inhibiting growth, likely due to the high glycerol 

concentration after addition (feed is 200 g.L-1 glycerol). pH did rise from 1.63 at the end of the batch 

phase to 1.97 at day 7, and nitrogen from the feeding solution is also detected to rise.  

Batch phase growth further demonstrated a relationship between pH and growth (see also Figure 

4.2-2). Plotting change in biomass against change in H+ ion concentration (Figure 4.2-8) suggested 

0.0028 Y[H+]/X. Whilst expected, these data do not support the previous observations that ɲ [H+] was 

not related to biomass (Section 4.2.a.i ). It may be that any relationship is much less pronounced at 

lower biomass and intracellular phycocyanin concentrations observed at flask scale, as there is a good 

fit between the exponential cell growth in the batch phase, and exponential decay of pH (Figure 4.2-7 

A, B).   
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Figure 4.2-8 - Change in proton concentration is related to biomass  

Biomass and proton concentrations are plotted for the first 7 data points of Figure 4.2-7 and 

demonstrate a linear relationship. 
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4.3  Sterile nitrogen free heterotrophic medium for continuous 

and semi-continuous cultivation in non-autoclaved systems 
Extremophilic organisms are widely reported to have key benefits for industrial applications due to 

their specific environmental niches. Indeed, both organisms discussed here that produce phycocyanin 

have opposing niches: A. platensis is found in alkaline lakes of subtropical African and South East Asian 

regions, growing optimally around pH 9.5 (Chen et al., 1996); whilst Galdieria prefers low pH 

environments growing optimally around pH 2.0 (Gross and Schnarrenberger, 1995). These extreme 

pHs are purported to imbue resistance to contamination from competing organisms, and indeed A. 

platensis is able to be grown in effective monoculture outdoors in non-environmentally protected 

cultivation lakes (Pushparaj et al., 1997). 

At pH 2.0, it is widely reported that Galdieria should display at least the same level of resistance to 

contamination as Spirulina. The mode of cultivation becomes important however ς Galdieria has been 

demonstrated to be grown autotrophically outdoors (albeit in a sealed tube) on primary treated 

municipal wastewater at scale (Selvaratnam et al., 2014), whilst there is only limited literature 

addressing unsterile cultivations containing significant concentrations of organic carbon substrates. 

All reported hetero- or mixo-trophic cultivations have been performed in classical sterilisable glass or 

steel stirred tank reactors or autoclaved Erlenmeyer flasks at smaller scale however (Gross and 

Schnarrenberger, 1995, Minoda et al., 2004, Graverholt and Eriksen, 2007, Sloth et al., 2017). It is 

worth noting is that there are several species of fungus, for example the genus Aspergillus responsible 

for global production of citric acid, that may be cultivated at pH 2.0 with relative ease (Kwon-Chung 

and Sugui, 2013).   

Use of plastic reactors in this study precluded the opportunity to perform proper sterile technique at 

bioreactor scale so instead sterility was not adhered to in any way throughout most of the studies 

(particularly those in the airlift bioreactors) discussed throughout this Thesis. Looking towards low 

cost industrial applications of Galdieria in the future, having a greater understanding of, as well at 

strategies to avoid, contamination issues during the heterotrophic cultivation of this organism 

provided additional process design points and optimisations. 
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  Contamination of Galdieria cultures and medium at pH 2.0 
 Heterotrophic flask cultures of Galdieria were prepared using standard 2x MAM containing 10 g.L-1 

glycerol as the carbon source. Medium was not autoclaved and sterile technique was not used to 

prepare the cultures. pH was varied by adding 0.1 ς 0.5 % acid between 3 flask replicates for each 

condition using 5 M H2SO4, providing measured ranges from pH 2.0 (2x MAM) to 1.09. Flasks were 

cultivated in a dark communal temperature-controlled room in the department set at 37°C on a shaker 

set at 200 rpm, and incidence of contamination was monitored by both visual observations of the 

flasks as well as under the microscope. Flasks had standard foam bungs but no other protective 

measures during cultivation. Sterile technique was used between triplicate conditions only as to avoid 

experimenter induced cross contamination. Table 4.3-1 demonstrates the incidence of contamination 

during the experiment. During the 7 days of cultivation, no contamination was observed for cultures 

at pH 1.39 or 1.09 (0.3 or 0.5 % [H+]), whilst fungal contamination was observed after 3 days at pH 2.0 

and 4 days at pH 1.69. 

More anecdotally, several attempts of running continuous cultures also encountered problems with 

the feed medium becoming contaminated. Initial considerations were that the higher substrate 

concentrations (e.g. > 100 g.L-1 glycerol and > 25 g.L-1 ammonium sulphate), in combination with pH 

2.0, may be sufficient to prevent this. Over the course of many of these experiments feed blockages 

were occurring, and upon further investigation an unidentified white fungus was found to be growing 

in the (normally 20 L) continuous medium and becoming trapped in the tubing. 

Acid was found to negatively affect growth rate of the organism below 1.39, with the other culture 

conditions unchanged compared to the pH 2.0 control. These data are somewhat in accordance with 

the literature, however Oesterholt found no effect on growth rate for cultures grown at pH 1.0. It may 

be that the suboptimal temperature used here of 37°C compounded a negative effect on growth rates 

of Galdieria (Oesterhelt et al., 2007). These data provide relevant considerations for industrial use of 

Galdieria at scale, with more recent literature focussed on boosting phycocyanin productivities by 

cultivating at lower temperatures (Sloth et al., 2017). Cost of equipment for sterile cultivation of 

microorganisms at scale is significant, and usually must be offset by production of extremely high value 

products such as biopharmaceuticals (Doran, 2013c). As a bulk food ingredient phycocyanin does not 

represent such a high value product despite several authors suggesting otherwise (Eriksen, 2008, 

Perez-Garcia et al., 2011, Cuellar-Bermudez et al., 2015).  

 



Nitrogen free heterotrophic medium   Thomas Burns 

 

110 
 

  

 

Table 4.3-1 - Contamination of Galdieria flask cultures at 37C 

  Contaminated? 

pH (measured) 2.00 1.69 1.39 1.09 

+ % H2SO4 + 0.0 + 0.1 + 0.2 + 0.5 

0 N N N N 

1 N N N N 

2 N N N N 

3 Y N N N 

4 Y Y N N 

5 Y Y N N 

6 Y Y N N 

7 Y Y N N 

< m˃ax? N N N Y 
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 Semi-continuous and continuous cultivations of Galdieria with 

automated basic nitrogen sources 
In section 4.2 we found that phycocyanin expression in the cell interacts with medium pH, as well as 

total nitrogen available, and that there is a proportional drop in pH of the medium as nitrogen, in the 

form of NH4
+, is taken up by the cells. Furthermore, higher medium pH influenced the uptake of 

nitrogen and release of protons, negatively affecting phycocyanin expression. Section 4.3.a identified 

specific problems preparing glycerol based continuous and semi-continuous cultures for the 

cultivation of Galdieria, overcome by exploiting the acidophilic nature of the organism. In this section 

we apply these techniques for the high-density cultivation of Galdieria and production of phycocyanin 

and investigate how the kinetics of nitrogen uptake and proton release may be exploited.  

4.3.b.i  Semi-continuous cultures 
Figure 4.3-2 demonstrates a successful glycerol-based cultivation wherein ammonium hydroxide is 

used to maintain nitrogen levels in the reactor during feeding. Galdieria was cultivated in the MK III 

airlift bioreactor at 42°C with 7.0 g.L-1 glycerol as the starting carbon substrate and 425 g.L-1 glycerol 

in the feeding solution. The feed contained no nitrogen source which was instead provided by 

automated addition of 10 M NH4OH solution at a setpoint of pH 1.9.  

Balancing the pH of the feed and reactor is important, as shown by downward trending medium 

nitrogen throughout the study. It is thought that pH differences between feed (2.0) and bioreactor 

(1.9) contributed primarily to this reduction, as the feed would exert a diluting effect under semi-

continuous conditions. Nevertheless, nitrogen was maintained between 1.4 ς 0.6 g.L-1 in the reactor 

despite rapid growth to high cell density of 75 g.L-1 in 6 days and addition of 150 mL 10 M NH4OH 

during feeding. The yield of biomass on nitrogen (YX/N)  for glycerol was found to be higher than in the 

literature, reaching 15.4 g.g-1, compared to 11.6 g.g-1 reported (Sloth et al., 2006), although this is 

closer to the 15.9 g.g-1 found for sugars (Sloth et al., 2006). No contamination of the feed was observed 

following its unsterile preparation on day 2, during the 4 days it was maintained at room temperature 

stirred on a magnetic stirrer. It is likely that the high carbon concentration, lack of nitrogen and low 

pH contribute beneficially to this observation. 

Growth was considerably faster than that reported growth in the literature, the highest of which 

reached 109 g.L-1 dry cell weight after 16 days, indicating no detrimental effect to the process when 

using the automated nitrogen system. These data also further support the need for oxygen to promote 

production of phycocyanin as discussed in Chapter 3 ς oxygen reached a low of 28 % saturation at day 

5.5, and co-ordinates with a reduction of intracellular phycocyanin towards the end of the cultivation 

to 23 mg.g-1. This is similar to reported productivities, the highest of which is 26.7 mg.g-1 (Graverholt 
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and Eriksen, 2007). The reduction of oxygen in this MK 3 airlift bioreactor revealed problems with the 

oxygen transport, spurring the construction of the MK 4 airlift with an improved sparger (Figure 4.3-3). 

That experiment used NH3 gas, but importantly the oxygen does not reduce below 80%, and produced 

an intracellular phycocyanin of 45 mg.g-1 at the final sample.  
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Figure 4.3-1 - Change in biomass relates to change in protons 
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Figure 4.3-2 - Ammonium hydroxide based semi continuous cultivation 

A ς Cultivation of Galdieria over 6 days with 500 g.L-1 glycerol feeding addition from day 2.3 at 1.0 

day-1 intended growth rate in the MK 3 airlift bioreactor. Dry cell weight (g.L-1) Â ; Glycerol 

concentration (g.L-1) p ; Growth medium oxygen saturation (%) Î ; Specific phycocyanin 

concentration (mg.g-1) ̧ .  

B ς Maintenance of medium nitrogen concentration × through pH Î control. Nitrogen maintained 

between 0.5 ς 1.5 g.L-1 throughout the course of the study through the automated addition of 150 

mL 10 M NH4OH p . The downwards trend of medium nitrogen may be explained by the difference 

between the feeding solution (pH 2.0) and reactor (pH 1.9).  
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NH3 

Use of ammonia gas identifies as a more reliable technique of adding basic nitrogen to the system 

without generating high ς pH localised zones due to inadequate mixing, particularly important for 

scalability. Section 6.6 outlines the system setup for this type of control. Instead of a peristaltic pump 

to add ammonium hydroxide, a solenoid valve manages ammonia gas flow into the bioreactor, 

controlled by a pH sensing computer.   

By using ammonia gas instead of ammonium hydroxide, two process benefits are observed. Volume 

inside the reactor is not readily changed by addition of gas, compared to hydroxide solution, 

simplifying process kinetics, and particularly important when using airlift reactors as volume changes 

will affect mixing profiles more so than in stirred tank systems. Inadequate mixing is overcome, due 

to the much larger contact area of gas bubbles compared to a liquid hydroxide. As the airlift reactor 

has a slower mixing time than a stirred tank in order to prevent excessive shear being exerted on the 

cells, the high rate of gas exchange in the airlift design may be exploited.  

Indeed, the system performed as intended, being able to maintain a stable pH and medium nitrogen 

concentration between 0.5 ς 1.5 g.L-1, despite a total of 43 g of ammonia gas being added over the 

course of 7 days (Figure 4.3-3). pH is observed to drop at the start of the study until day 3, at which 

point the ammonia control system was activated. An increase in nitrogen concentration in the reactor 

is observed following the initiation of this system from days 3 - 5, coinciding with a drop in intracellular 

phycocyanin mediated by the slight increase of medium glycerol during the same period. As glycerol 

reduces in the reactor, phycocyanin increases and nitrogen becomes stable at 0.5 g.L-1 for the 

remainder of the experiment. These kinetic interactions support the evidence discussed in section 

4.2.a wherein phycocyanin production was affected by H+ release into the medium and nitrogen 

uptake. It is more likely therefore that it is the production of phycocyanin by the cell that is having 

direct effects on these parameters.  

A final YX/N of 8.3 g.g-1 was determined at the end of this study, significantly less efficient than 

previously shown in section 4.3.b.i (15.9 g.g-1). It may be that some NH3 gas did not dissolve fully into 

the reactor medium during its addition, compared to the other experiment wherein 10 M NH4OH(L) 

was used. Several effects contribute to explanations for this difference. NH4OH is highly volatile and 

as soon as the chemical bottle is opened begins to lose ammonia from its highly saturated form of 30 

% in water, as well as some lost during the preparation of the 10 M solution. The very high 

concentration of phycocyanin in this study is likely to have influenced this parameter, especially when 

comparing to the literature. Sloth found a YX/N of 11.6 compared to 15.9 g.g-1 for glycerol or sugars 

respectively, and phycocyanin expression was significantly different between the carbon substrates at 
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20 mg.g-1 for glycerol cultures and 4-5 mg.g-1 for glucose and fructose. Indeed the experiment 

described in this section has an even greater intracellular phycocyanin concentration at 45 mg.g-1, 

compared to that in section 4.3.b.i of 23 mg.g-1.      
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Figure 4.3-3 - Semi-continuous cultivation of Galdieria using automated NH3 gas as 
nitrogen source 

A ς Cultivation of Galdieria over 7 days with 500 g.L-1 glycerol feeding addition from day 3.5 

at 1.0 day-1 intended growth rate in the MK 4 airlift bioreactor. Dry cell weight (g.L-1) Â ; 

Glycerol concentration (g.L-1) p ; Growth medium oxygen saturation (%) Î ; Specific 

phycocyanin concentration (mg.g-1) ̧ . Biofilm buildup on dissolved oxygen probe 

contributed to drop in measured oxygen saturation around day 6. 

B ς Maintenance of medium nitrogen concentration ĉ through pH + control. Nitrogen 

maintained between 0.5 ς 1.5 g.L-1 throughout the course of the study, despite a total of 43 

g NH3 added. Volumetric productivity of phycocyanin (mg.L-1) Â increases exponentially 

with cell growth.  
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4.3.b.ii  Continuous cultures 

NH4OH 

In a continuous system, the relationship between pH and addition of basic nitrogen differs to semi ς 

continuous, due to material continuously being lost from the mass balance. Nitrogen is lost in two 

forms ς ƛƴǘŜƎǊŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ŎŜƭƭΩǎ ŀƳƛƴƻ ŀŎƛŘǎΣ ŀƴŘ ŦǊee ammonium ions in the medium.  In this case, 

additional acid is required in the continuous feed to replace that lost from the system, as well as 

facilitate the automated addition of basic nitrogen. Acid more readily dissolves in glycerol solutions 

than ammonium sulphate, and has the added benefit of inhibiting contamination of the glycerol feed 

solution, simplifying capital equipment and ensuring sterility. Mixotrophic outdoor / unsterile cultures 

are reported to have failed due to fungal contamination even at pH 1.5 (Carbone et al., 2020). During 

the experiments presented here, ammonium sulphate has been used to provide an initial nitrogen 

source upon inoculation. A more optimal strategy further minimising contamination risk, which is 

highest at the start of cultivation, would be to prepare starter batch medium with a very low pH and 

free of nitrogen. Following inoculation, the pH would be raised to 2.0 with basic nitrogen addition over 

the course of the first few days, at a rate relative to the growth exponent.   
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Figure 4.3-4 - Initial continuous glycerol culture with ammonium hydroxide automated nitrogen 

Continuous flow cultivation in the MK 2 airlift bioreactor at 0.5 dilutions per day and 75 g.L-1 glycerol 

preceded by a semi-continuous phase from day 3 to day 6. Nitrogen is added automatically to 

maintain a pH of 1.7 throughout the study Î. Dry cell weight (g.L-1) Â ; Glycerol concentration (g.L-1) 

p ; Growth medium oxygen saturation (%) q ; nitrogen concentration (g.L-1) ×, specific phycocyanin 

concentration (mg.g-1) ̧ .  



Nitrogen free heterotrophic medium   Thomas Burns 

 

117 
 

Using an acid concentration proportional to that of the carbon in the continuous feed, as would be 

done for nitrogen, ensures the correct stochiometric addition of balance basic nitrogen to support 

continuous growth and phycocyanin production in Galdieria.  

 

Figure 4.3-4 and Figure 4.3-5 provide two examples where the acidic, nitrogen free continuous 

medium is able to maintain stable nitrogen concentrations through automated pH control in the 

bioreactor for the cultivation of Galdieria. In Figure 4.3-4, 20 g.L-1 glycerol is used as the starting carbon 

substrate in the MK II airlift bioreactor at 3.5 L scale, 42°C, with 3.5 L.day-1 sparged air. 20 g.L-1 glycerol 

supported growth for three days at 1.18 day-1, at which point semi-continuous phase was initiated on 

600 g.L-1 nitrogen free glycerol feed at pH 1.7. Pump blockage prevented the addition of feed between 

days 5 and 6, so the continuous flow phase was started at day 6 on 75 g.L-1 glycerol feed. Continuous 

feed had acid at 1:10 C:H+ ratio, as the H+ replaces nitrogen. An initial spike of glycerol was observed, 

in tandem with reduced phycocyanin, which was alleviated at day 9 with intracellular phycocyanin 

recovering to a final of 23 mg.g-1. 

Nitrogen in the reactor is maintained around 5.0 g.L-1, except at day 7, where excess foaming in the 

reactor led to some culture loss through the exhaust port. Overall, the automated system was able to 

tightly control pH during the cultivation, maintaining nitrogen in the system despite zero being present 

in the continuously flowing feed. 

 

  



Nitrogen free heterotrophic medium   Thomas Burns 

 

118 
 

Figure 4.3-5 demonstrates an even more stable nitrogen concentration maintained under continuous 

flow conditions, around 1.0 g.L-1, using the MK 4 bioreactor. 50 g.L-1 glycerol feed contained 1:20 C:H+ 

(Table 4.3-2), and nitrogen was added automatically in the form of 10 M NH4OH in order to maintain 

a pH of 1.95 throughout the cultivation. Batch phase growth at a rate of 1.18 day-1 was observed until 

day 3. At day 4, continuous flow was initiated at 0.7 D-1 , and the cell concentration in the reactor 

increased to 25.5 g.L-1, at which point continuous flow rate was changed to 1.0 D-1 for the remainder 

of the experiment.  

pH and nitrogen were maintained at 1.95 and between 0.8 and 1.1 for the duration of continuous flow 

phase respectively until day 13. At the end of this experiment the lowered oxygen concentration had 

a positive feedback effect on the cells unable to grow quickly enough to maintain low glycerol 

concentrations at the high dilution rate of 1.0 D-1, leading to a rapid rise in glycerol from day 13 and 

further inhibition of growth. Before reduction of oxygen, the phycocyanin is very high for continuous 

flow cultures, above 25 g.L-1 even with the high dilution rate, as the oxygen is maintained near 

saturation throughout this period.  

 

Table 4.3-2 - 50 g.L-1 glycerol continuous nitrogen free medium 

First continuous Mr Conc (g.L-1) M 

Glycerol 92.09 50.00 0.543 

K2HPO4 97.994 2.5 0.002 

MgSO4.7H2O 136.09 2.5 0.018 

CaCl2.2H20 147.02 0.25 0.002 

Carbon   1.629 

Nitrogen at 20:1   0.081 

mL 5 M H2SO4   16.288 

mL conc H2SO4     4.426 
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Figure 4.3-5 - Continuous cultivation with nitrogen free medium maintained by automated pH 
control in MK 4 airlift bioreactor 

Continuous flow cultivation at 1.0 per day dilution rate in the MK 4 airlift bioreactor with 50 g.L-1 

glycerol as the growth limiting substrate. Oxygen is maintained at ~100% from days 4 to 9, at which 

point it was reduced to 50% by lowering air flow rate. The reduced mixing and high dilution rate 

exerted a washout effect and glycerol concentration in the reactor increased dramatically. Dry cell 

weight (g.L-1) Â ; Glycerol concentration (g.L-1) p ; Growth medium oxygen saturation (%) q ; Specific 

phycocyanin concentration (mg.g-1) ̧ ; nitrogen concentration ×  (g.L-1), pH Î. 



Summary and conclusions  Thomas Burns 

 

120 
 

4.4  Summary and conclusions 
In this chapter the relationships between pH, ammonium and phycocyanin during the cultivation of 

Galdieria were explored. Increasing the pH of heterotrophic growth medium was found to negatively 

affect the intracellular phycocyanin concentration of Galdieria under both batch (Figure 4.2-3), and 

continuous (Figure 4.2-6) cultivations. There is only one study in the literature to have investigated 

the effect of pH on the growth of Galdieria ((Oesterhelt et al., 2007)), which found no changes in 

growth rate up to pH 5.0, and demonstrated that the pH of a culture rapidly reduced as the organism 

grows. Phycocyanin was not investigated in that study however, and the mechanism by which 

reductions in phycocyanin are caused at higher pH cultures remains unclear. It may be that the 

ammonia gas uptake transporter in Galdieria is adapted to function more efficiently at the lower pH 

environments of its ecological niche.  

 

  

Figure 4.4-1 -Automatic nitrogen control 

A NH4
+ is deprotonated at the extracellular side of the presumed AMT-like transporter, allowing 

facilitated diffusion of NH3(g) into the cell. The extracellular proton concentration is detected by pH 

probe, leading to an automated addition of basic ammonium hydroxide / ammonia gas balancing 

NH4
+ concentration in the medium. 
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Figure 4.4-1 demonstrates how it is possible to exploit the actions of this uptake transporter in order 

to generate nitrogen free media. Ammonium is deprotonated on the outside of the cell, allowing 

ammonia gas to diffuse through the transporter into the cytoplasm where it may be incorporated into 

amino acids. The deprotonation increases the pH of the medium, which may be detected by a pH 

probe, which, if under computer control, may automate addition of basic nitrogen into the medium. 

Through this method it is possible to both maintain a stable pH in the culture medium, ensuring an 

optimal growth rate and ammonia(-ium) uptake, as well as providing a stable nitrogen concentration 

in the medium as demonstrated in experiments such as Figure 4.3-2 and Figure 4.3-5 during both semi- 

and continuous cultivations. 

This technique has an additional process benefit when cultivating a relatively slow growing alga under 

heterotrophic conditions. As demonstrated in section 4.3 , without proper sterile technique, even at 

pH 2.0 cultures of Galdieria may become contaminated. This is also true for feed medium used for 

continuous cultivations, which is normally prepared to last several days for consistency. Fungal 

contamination was primarily observed in cultures. Separating carbon from nitrogen through the use 

of the automated nitrogen addition system enabled the use of unsterilisable bioreactor vessels made 

out of plastic that would melt, or at least warp, if exposed to autoclave conditions.  

To our knowledge, the use of NH3 gas to support the growth of Galdieria is thus far unreported. NH3, 

as a gas, may be easier to handle during a larger scale process. Indeed, many farms use NH3 to supply 

nitrogen to crops rather than (NH4)2SO4. At larger scale, the higher nitrogen content of NH3 (70 %) 

compared to (NH4)2SO4 (21 %) may be of benefit in reducing process volumes and material inputs. 

Additionally, as there is a large amount of sulphate already present in the sulphuric acid based 

medium, reducing further sulphur addition may prevent the excessive formation of harmful sulphite 

(e.g. hydrogen sulphite) compounds. Whilst H2S is not currently detected at laboratory scale (by smell), 

further research would be required to ensure there is no small formation, which may accumulate in a 

manufacturing plant.  

When ammonia gas was used as the nitrogen source (Figure 4.3-3), a drop in the nitrogen utilisation 

efficiency was observed when compared to liquid 10 M NH4OH (YX/N
 8.3 versus 15.9 g.g-1). It is likely 

that some of the gas was lost from the system before it could dissolve into the medium, escaping 

through the condensed exhaust port of the bioreactor. This experiment was performed within a fume 

cupboard without NH3 detection equipment, so it not fully clear if this is the case. At larger scale, it 

would be expected that the residence time for the air bubbles from forming at the sparger to reaching 

the surface of the medium would increase (i.e. if the reactor was taller), however further investigation 

is required to determine the capabilities of NH3 use with Galdieria.  
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 ²ŀǎǘŜ ǊŜǎƻǳǊŎŜǎ 
5.1  Introduction 

The wide range of growth supporting substrates available to Galdieria presumes cultivation potential 

on carbon rich industrial streams, many of which comprise poorly defined mixtures of organic 

compounds. Thus far, authors have successfully identified a range of appropriate streams including 

sugar beet molasses (Schmidt et al., 2005), municipal waste water (Selvaratnam et al., 2014), food 

waste hydrolysate (Sloth et al., 2017), and milk whey permeate (Cagnac et al., 2018). These carbon 

sources proved successful in supporting heterotrophic growth of Galdieria, although impaired 

compared to purified lab grade substrates such as glucose or fructose. Sugar beet molasses (7.5 g.L-

1)were mixed with 45 g.L-1 glucose to support growth, and were found to significantly increase the lag 

phase of cultivation to 50 hours, even at this relatively low concentration, and produced a low 

phycocyanin content of 11.2 mg.g-1 dry cell weight (Schmidt et al., 2005). Similarly, food hydrolysates 

negatively affected growth rates without the addition of supplementary nutrients and nitrogen, but 

failed to produce significant levels of phycocyanin even with the additions (maximum of 5.5 mg.g-1 

phycocyanin for all tested conditions) (Sloth et al., 2017). 

Many of the streams described a lack of nitrogen, and this provides an interesting opportunity to 

utilise the nitrogen free medium / automated pH control systems described previously in Chapter 4.    

This chapter explores GaldieriaΩǎ ǇƻǘŜƴǘƛŀƭ ŀǘ ŜȄǇƭƻƛǘƛƴƎ ǘǿƻ ŀƭǘŜǊƴŀǘƛǾŜ ŀōǳƴŘŀƴǘ ƛƴŘǳǎǘǊƛŀƭ ŎŀǊōƻƴ 

sources ς biodiesel by product glycerol and lignocellulose. The process and bioreactor design 

learnings, pH, nitrogen and contamination aspects, from chapters 3 and 4, are applied and assessed 

to better understand GaldieriaΩǎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƘŜƴ ŦŀŎŜŘ ǿƛǘƘ ƭŜǎǎ ǇǳǊŜ ŎŀǊōƻƴ ǎǘǊŜŀƳǎΦ  
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5.2  Biodiesel derived glycerol 

 Introduction to biodiesel glycerol 
Purified carbon substrates can represent up to 50% of the cultivation costs of fast ς growing organisms 

(bacteria and yeast). As such, interest has moved towards cheaper carbon alternatives, at the expense 

of the diversity of organisms able to be grownΦ /ǊǳŘŜ ƎƭȅŎŜǊƻƭ όάƎƭȅŎŜǊƛƴŜέύ ƛǎ ƎŜƴŜǊŀǘŜŘ Ǝƭƻōŀƭƭȅ ŀǘ ŀ 

large scale as part of the production of biodiesel: vegetables oils and animal fats undergo 

transesterification with methanol or ethanol using an acid or alkaline catalyst at high temperatures 

generating 20 % glycerol by product and 80 % fatty acid methyl esters (i.e. biodiesel) (Figure 5.2-1) 

(Zheng et al., 2006). This crude by-product typically contains by weight 60 ς 70 % glycerol, 5 ς 10 % 

methanol, 10 ς 20 % water and 1 ς 10 % soap (Xiao et al., 2013). pH of the glycerol is high or low 

depending on the catalyst used ς 5 M NaOH and 5 M H2SO4 being the cheapest and most common.  

A wide variety of chemical and biochemical processes are able to effectively utilise the crude glycerol, 

and is extensively reviewed by όYƻƴǎǘŀƴǘƛƴƻǾƛŏ Ŝǘ ŀƭΦΣ 2016). Table 5.2-1 outlines the most common 

modes of production and is taken from (Gargalo et al., 2016).  The glycerol may be used as a solvent, 

and depending on the process, the other impurities promote or inhibit product formation (see table 

1, όYƻƴǎǘŀƴǘƛƴƻǾƛŏ Ŝǘ ŀƭΦΣ нлмсύύΦ !ǎ ŀ ǊŜŀŎǘŀƴǘΣ ƎƭȅŎŜǊƻƭΩǎ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǳǎŜǎ ŀǊŜ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ 

1,2- and 1,3-propanediol in the presence of a Cu, Rh or Pt catalyst, between 160 and 200°C, pressure 

ranging from 3 ς 8 MPa and a process time of 5 ς 24 hours (KonstantiƴƻǾƛŏ Ŝǘ ŀƭΦΣ нлмсύ.  

Biotechnological applications are more diverse, ranging from alcohols (1,3-propanediol, 2,3-

butanediol, and butanol) using Clostridium and Klebsiella, with good yields of around 0.60 gp.gglycerol
-1  

but low substrate concentrations from 20 to 40 g.L-1 glycerol. Several important organic acids are 

Table 5.2-1 - Glycerol-based biorefinery concepts (Gargalo et al. 2016) 
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produced including lactic, citric, succinic and propionic acid using bacteria and fungi. Of these citric 

acid is the most successful, with the filamentous fungi Yarrowia lipolytica able to utilise high glycerol 

concentrations ranging from 80 ς 300 g.L-1 and yields of 10 ς 30 %. Poly-hydroxylalkanoates (PHA/PHB) 

are a polymerised intracellular carbon storage for several prokaryotic organisms, with properties 

comparable to synthetic polymers yet possessing slight biodegradability. Production of PHA is 

uneconomical despite high demand due to the expense of the carbon substrates (Zhu et al., 2013). As 

such, crude glycerol is being investigated as a cheaper alternative.  The bacterium Cupravidius necator 

demonstrated a productivity of 26 g.L-1.day-1 of PHA using crude glycerol as a substrate (34 % yield on 

glycerol) (Cavalheiro et al., 2009).  

The economics of many of these processes remain unŎŜǊǘŀƛƴΦ ²Ƙƛƭǎǘ άŀŘŘŜŘ-ǾŀƭǳŜέ ǇǊƻŘǳŎǘǎ ŀǊŜ 

ǇǊƻŘǳŎŜŘΣ ǘƘŜȅ ŀǊŜ ƴƻǘ ǇŀǊǘƛŎǳƭŀǊƭȅ άƘƛƎƘ-ǾŀƭǳŜέΦ LƴŘŜŜŘΣ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ŀƴŀƭȅǎƛǎ ǎǳƎƎŜǎǘŜŘ ŀ ōƛƻǘŜŎƘ 

plant would require flexibility between producing the compounds described due to market volatility 

(Gargalo et al., 2016). 

In this section, crude biodiesel glycerol is used without purification or sterilisation and was kindly 

provided from two different sources, Brocklesby Ltd, East Yorkshire, UK, and Greenergy, Teesside, UK 

(Figure 5.2-2). Brocklesby is a waste management company that collects and distributes various 

industrial wastes around the northern regions of the UK. The glycerol sample is a result of a blend of 

different glycerine sources of differing quality and contained soaps, methanol, oil and ash. Greenergy 

directly operate two biodiesel plants on the east and west coasts of the northern UK with different 

transesterification processes. The eastern Teesside plant, which the sample was obtained from, 

operates an acid catalysed K2SO4 based process utilising waste cooking oils and produces 300 tonnes 

of biodiesel and 80 tonnes of glycerol per day. They have developed a technique of recycling and 

recovering almost all of the methanol catalyst, and as such the resulting glycerine was acidic and 

methanol free, but included other ash and inorganic components.  
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Figure 5.2-2 - Crude glycerol/glycerine samples 

Right ς Brockelsby, left ς DǊŜŜƴŜǊƎȅ р [ ŎǊǳŘŜ ƎƭȅŎŜǊƻƭ κ άƎƭȅŎŜǊƛƴŜέ ǎŀƳǇƭŜǎΦ 

Figure 5.2-1 - Methanol and acid or alkaline catalysed transesterification 

A 3:1 methanol:triglyceride molar reaction is typically catalysed by acid or alkaline compounds to 

form fatty acid methyl esters (biodiesel) and glycerol. The waste glycerol fraction typically contains 

high quantities of impurities and minor by products such as unreacted methanol, soaps, ash and 

metals. Adapted from ό±ŀǎƛŏ Ŝǘ ŀƭΦΣ нлнлύ.  
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 Initial glycerine growth studies 

An initial growth analysis was performed in order to identify any detrimental effects of the biodiesel 

glycerol (glycerine) compared to purified lab grade glycerol on the cultivation of Galdieria. This study 

used 10 % w/v glycerine to support growth in error, due to initial calculations of glycerol content being 

far lower as the monitoring reagent was out of date. The lack of growth (data not presented) of this 

first trial was assumed to be a consequence of potential soap content of the glycerine, so a purification 

technique was adapted for its removal (Xiao et al., 2013). 1 M (NH4)2SO4 was added to 100 mL of 

glycerine sample and heated under stirring at 70°C for 30 minutes, forming significant precipitation. 

This was left to settle for 30 minutes and the top fraction removed and filtered through a 

polyethersulphone 22 µm filter. Upon evidence of continued growth inhibition, the Brockelsby 

glycerine sample was re-analysed for its glycerol content using a new Free Glycerol Reagent (Sigma, 

UK) at between 10-4 to 10-6 dilutions in deionised water, and found to contain 577 ± 37 g.L-1 glycerol.  

Strain 141.DG was cultivated at 37°C heterotrophically in triplicate flasks at 100 mL scale in the dark, 

stirred at 125 rpm (Table 5.2-2, Figure 5.2-3). Lab grade glycerol (6.0 g.L-1) ǿƛǘƘ нȄ ƳƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ 

medium supported control growth, and was compared to 1 and 2% w/v soap precipitated glycerine or 

1 to 5 % untreated glycerine. Cultures contained 0.5 % H2SO4 in order to prevent contamination and 

no medium component was autoclaved. Growth was monitored using OD800 (Figure 5.2-3 A) and 

natural logarithm of the OD800 was used to monitor growth rate (B, C).   

Overall, growth rate of glycerine cultures was not severely impaired compared to control, with growth 

rates ranging from 1.12 to 0.68 and 0.8 day-1 respectively (Table 5.2-2). Growth yield on substrate 

decreased with increasing glycerol concentration, as well as growth rate and increased lag periods. 

Whilst the 1 % unrefined glycerol culture had the highest growth rate (Table 5.2-2 C), it also had a 

longer lag period compared to control and the precipitated glycerine cultures.  

Table 5.2-2 - Initial glycerine based 
cultivation of Galdieria 

Lab glycerol 
6.0 g.L-1 + 

0.5% H2SO4 

1 % 
precipitated 
Brockelsby 

sample 

2 % 
precipitated 
Brockelsby 

sample 

1 % 
untreated / 

raw 

    ±   ±   ±   ± 

Biomass concentration (mg.mL-1) 3.18 0.01 3.22 0.02 4.85 0.04 4.48 0.03 

Growth rate (day-1) 0.8 0.02 0.68 0.02 0.77 0.03 1.12 0.09 

Carbon concentration 6.00 0.00 5.77 0.00 11.54 0.00 5.77 0.00 

Specific C-PC concentration (mg.g-1) 27.12 1.03 28.91 0.69 22.74 2.54 22.99 0.73 

Yx/s 0.53 0.00 0.56 0.00 0.42 0.00 0.78 0.01 

C-PC sample purity (A620/A320) 6.42 0.75 5.27 0.23 4.89 0.28 4.31 0.18 
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Figure 5.2-3 - Initial glycerine based cultivation of Galdieria at flask scale 

Growth curves (A) and their natural logarithms (B, C) of Galdieria strain 141.DG are presented on 

pure glycerol (black squares Â), 1 M (NH4)2SO4 refined Brockelsby glycerine at 1% (red triangles p) 

or 2% w/v (blue circles ̧), or unpurified / raw glycerine at 1% (inverted green triangles q), 2% 

(orange diamonds Î), 3% (grey plus +), 4% (purple crosses ï) or 5% w/v (dark blue crossed circles 

UύΣ ǎǳǇǇƭŜƳŜƴǘŜŘ ōȅ нȄ ƳƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ ƳŜŘƛǳƳ ŀƴŘ ŎǳƭǘƛǾŀǘŜŘ ŀǘ от°C at 100 mL volume including 

0.5 % H2SO4.  
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 Testing component limits of biodiesel glycerine substrates 
 

The concentration of substrates within glycerine samples may vary significantly depending on the 

initial transesterification substrate as well as the specific process conditions. A response surface study 

was performed under BoxςBehnken design in order to investigate the effects of varying components 

within an artificially constructed άǿŀǎǘŜέ ƻƴ ǘƘŜ ƎǊƻǿǘƘ ǊŀǘŜ ƻŦ Daldieria.  

Glycerol was maintained at 300 g.L-1 for each waste condition, whilst methanol (20 ς 300 g.L-1), free 

fatty acids in the form of 49% fat margarine (20 ς 200 g.L-1), corn oil (10 ς 200 g.L-1), and sodium 

dodecyl sulphate as a detergent source (1 ς 20 g.L-1ύ ǾŀǊƛŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŘŜǎƛƎƴ ōƻȄΦ ¢ƘŜ άartificial 

ǿŀǎǘŜέ was added in 5% w/v (final concentration 15 g.L-1 glycerol, see Table 5.2-3)  to 80 mL flask 

ŎǳƭǘǳǊŜǎ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ нȄ ƳƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ ƳŜŘƛǳƳ ǘƻ ǎǳǇǇƻǊǘ ƎǊƻǿǘƘ ŀǘ пн°C with 200 rpm agitation.  

The 2-factoral design of Box-Behnken produced 29 distinct culture conditions (Appendix  Table 8.3-2), 

focused around the centre point concentrations (12 Mid conditions) with each High or Low condition 

(6 each) per variable. Growth rate data (µmax, day-1) was inputted into the model, terms are added 

sequentially to the model (i.e. start with a linear equation, adding sequential terms up to cubic 

equations) and the fit analysed for each set of terms. Quadratic terms were suggested to be significant 

(Appendix Table 8.3-1) for model selection, and analysis of variance identified free fatty acid content 

(p=0.023) and detergent content (p=0.002) of the waste to affect the growth rate of Galdieria beyond 

chance (appendix Table 8.3-1). In both cases increasing component concentrations negatively 

impacted growth rate (Figure 5.2-4). Methanol was not found to significantly support or inhibit growth 

at any concentration (1 ς 15 g.L-1 in cultures), only decreasing biomass yield (p=0.0002). 

 

 

Table 5.2-3 - Artificial waste components for response surface study 

 Condition Glycerol (g.L-1) Methanol (g.L-1) FFA (g.L-1) Oil (g.L-1) 
Detergent/ 
SDS (g.L-1) 

W
a

st
e 

High 300 300 200 200 20.00 

Mid 300 160 110 105 10.50 

Low 300 20 20 10 1.00 

             

F
in

a
l 

co
n
ce

n
tr

a
tio

n 

Flask High 15 15 10 10 1.00 

Flask Mid 15 8 6 5 0.53 

Flask Low 15 1 1 1 0.05 
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Figure 5.2-4 - Interactions of fatty acids and detergent concentrations on the growth rate of 
Galdieria 

One factor analysis (A, B) and interaction (C) graphs were constructed from the Box-Behnken design, 

with designated values of condition centre points for the other variables presented within or to the 

side of the graphs. Both free fatty acids (A) and detergent (Sodium dodecyl sulphate, B) decreased 

growth rate in accordance with increasing concentrations (x-axis). The interaction graph C 

demonstrates the overpowering effect of detergent concentrations on the other variables ς 

increased corn oil concentration decreased growth rate when detergent was 1 g.L-1 in the artificial 

waste (black squares Â), whilst growth rate is severely inhibited at 20 g.L-1 detergent for any 

concentration of corn oil (red triangles p).  
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These data further suggest good potential for GaldieriaΩǎ ƎǊƻǿǘƘ ƻƴ ƎƭȅŎŜǊƛƴŜΣ ŜǾŜƴ under relatively 

high concentrations of impurities. Indeed typical compositions of glycerine have a large range, with 

some studies reporting between 20 ς 60 % glycerol, 5 ς 15 % methanol, soap 0 ς 30 % and free fatty 

acids (Xiao et al., 2013, Zhu et al., 2013). Adding untreated glycerine at 1 % to Galdieria cultures (or 

an appropriate concentration to provide 5 ς 20 g.L-1 of glycerol) would provide impurity concentrations 

lower than those tested in the artificial waste. As such, in accordance with previous data (Section 3.4.c 

), as well as the failed cultures reported here at 10 % glycerine (0), the concentration of glycerol should 

be of primary concern for heterotrophic cultivations. 

These data highlight the potential for problems during high density semi- or continuous cultivations 

of Galdieria, due to the differences in metabolism of the substrates, as highlighted by differences in 

yield. It may be that during extended culture periods, impurities could build up to inhibitory levels, 

precluding certain modes of growth. 
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 Bioreactor studies using glycerine as a heterotrophic growth 

substrate 
In this section we explore the impact of impure glycerine during bioreactor based continuous and semi 

continuous cultivations of Galdieria ŀƴŘ ŦǳǊǘƘŜǊ ŀǎǎŜǎǎ ƎƭȅŎŜǊƛƴŜΩǎ ǇǊƻǇŜƴǎƛǘȅ ŀǎ ŀ ƭƻǿ-cost carbon 

substrate for heterotrophic cultivation.    

5.2.d.i  Semi-continuous 
Figure 5.2-6 and Figure 5.2-7 demonstrate cultivations of Galdieria strain 141.DG on the unrefined 

Teesside biodiesel (850 g.L-1 glycerol) in the Infors stirred tank reactor and the MK 3 airlift bioreactor 

respectively, at 2 % w/v (batch, 17 g.L-1) and 42°C.   

In stirred tank, exponential growth was comparable to studies using refined glycerol (1.15 ς 1.25 day-

1 at 15 g.L-1 glycerol) during the batch phase, proceeding at 1.17 day-1 up to day 3, at which point 20 % 

w/v (170 g.L-1 glycerol) glycerine feed was initiated at a rate of 0.6 day-1 following the observed 

increase in oxygen saturation. Carbon limited growth was not maintained at 0.6 day-1, most likely as a 

consequence of the dramatic decrease in oxygen saturation in the reactor, co-ordinated with 

increasing glycerol concentrations in the medium after day 3. Overall, the cultivation produced a 

biomass concentration of 25.5 g.L-1 after 6 days, during which the volume changed from 1200 mL to 

1582 mL, as 463 mL of feed was added. In total, 40.3 g of dry cell biomass were produced, 95 g of 

glycerol added and 80.5 g of glycerol taken up by the cells, for a yield of biomass on substrate of 0.50. 

This Yx/s is comparable to both the other (Brockelsby) glycerine sample (see Table 5.2-2), as well as 

refined glycerol studies described throughout this Thesis (0.39 ς 0.57, Table 3.7-1). This initial study 

suggested that high-density cultivation of Galdieria would not be gated by any potential impurities in 

the glycerine sample, with many of the problems in this study (lack of oxygen leading to carbon excess 

during semi-continuous phase) being associated more strongly with limitations of the stirred tank 

reactor described previously.   

Figure 5.2-5 - 50 % glycerine feed for MK 2 
Airlift bioreactor cultivation 
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Figure 5.2-6 - Stirred tank reactor cultivation of Galdieria on unrefined glycerine 

Galdieria was cultivated at 42°C under fed batch conditions from 1.0 ς 2.0 L working volume with 2 

% waste glycerine (17 g.L-1 glycerol, batch) and 20 % (170 g.L-1 glycerol, feed) as the heterotrophic 

carbon substrate. The impeller was maintained at a fixed velocity of 450 rpm with 3.0 L.min-1 air to 

supply oxygen (green inverted triangles q) to the respiring cells. Batch phase growth proceeded at 

1.17 day-1 (black squares Â), as glycerol (red triangles p) dropped. Feeding was initiated at 0.6 day-1 

from day 3.0 for a resultant rate of 0.51 day-1. 
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Figure 5.2-7 - MK 2 Airlift bioreactor cultivation of Galdieria on unrefined glycerine 

Galdieria was cultivated at 42°C under fed batch conditions from 2.5 ς 3.5 L working volume with 2 

% waste glycerine (17.0 g.L-1 glycerol, batch) and 50 % (425 g.L-1 glycerol, feed) as the heterotrophic 

carbon substrate. Air flow was fixed at 4.0 L.min-1 to supply oxygen (green inverted triangles q) to 

the respiring cells. Batch phase growth proceeded at 0.85 day-1 (black squares Â), as glycerol (red 

triangles p) dropped to day 3, at which point feed was initiated at 1.0 day-1. Feed was halted at day 

5 as well as the pH controlled addition of 10 M NH4OH as the nitrogen source (purple crosses ï, 

note units of mg.dL-1). 
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Following relative success in stirred tank, the MK 2 airlift reactor was used to cultivate Galdieria at 2.5 

ς 3.5 L scale (Figure 5.2-5, Figure 5.2-7, Figure 5.2-8). Batch phase growth was maintained for 3 days 

at a rate of 0.85 day-1, during which time glycerol decreased from 13 to 6 g.L-1 (initial measured glycerol 

concentration was slightly lower than the expected 17 g.L-1). It is important to also consider that 

glycerol samples from the reactor on days 6 ς 7 contained 1.0 ς 2.0 g.L-1 of glycerol, suggesting some 

background and or inconsistencies occurring in the assay, as no growth is observed and no glycerol 

was added to the reactor during this period. It is probable the enzymatic reagent was nearing its end 

of life. The exponential addition of 50 % w/v glycerine feed was initiated at day 3 at a rate of 1.0 day-

1, providing a semi-continuous growth phase at 0.92 day-1 for a final dry cell weight of 61.9 ± 2.13 g.L-

1 by day 7 (Figure 5.2-7 A, B). A total of 900 mL of feed was added, representing a total substrate 

addition of 405 g, which supported 198 g of biomass in a final volume of 3200 mL (some volume lost 

to evaporation) and a yield on substrate of 0.49 g.g-1.  

The feed was nitrogen free, with the automated addition of 10 M NH4OH providing nitrogen during 

the semi-continuous phase, of which 163 mL was added during the experiment. NH4-N equivalent 

decreased from an initial 1.1 g.L-1 consistently throughout the experiment (Figure 5.2-7). This graphical 

trend is somewhat misleading due to the large amount of NH4OH added, which has had an effect to 

counteract the decrease in concentration. As previously described (4.3.b.i ), this is thought to be 

caused by the pH disparity between the feeding solution (2.0) and the bioreactor (1.9) preventing the 

correct stoichiometric addition of base to the medium. When the feedback system was switched off 

on day 5.5, the nitrogen in the reactor quickly dropped to undetectable levels. 

Intracellular phycocyanin increased during the cultivation, to a maximum of 23.4 ± 0.35 at day 5.5, at 

which point, in accordance with the drop in nitrogen, its concentration decreased. This figure is lower 

than many studies presented so far, despite the oxygen having been maintained relatively high during 

the cultivation, and is likely a consequence of the glycerol in the reactor. Feed was started much before 

the culture became carbon limited, and the sharp drop of glycerol between days 4.5 to 5.5 leads to an 

increase in the phycocyanin during the same period as the glycerol concentration stabilised. The 

intracellular phycocyanin is only slightly lower than the highest reported figure in the literature for 

heterotrophic cultivation (26.7 mg.g-1, glucose), but significantly lower than the highest in our airlift 

system on pure glycerol of 45 mg.g-1. Productivities are improved however due to the rapid growth, 

doubling the literature value for biomass productivity (32.2 vs 17.5 g.L.day-1), and also improving on 

the phycocyanin productivity 984 vs 473 mg.L.day-1. The yield of biomass on nitrogen was close to 

expected for the concentration of phycocyanin at 11.7 g.g-1 at the final sample.    
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Overall, no impairments in growth or phycocyanin production were observed for the cultivation of 

Galdieria on unrefined glycerine obtained from Greenergy, Teesside in semi-continuous mode. No 

significant differences between yields from pure or unrefined glycerol are observed, and there is no 

suggestion of the build-up of impurities.   

Figure 5.2-8 - Heterotrophic high-density cultivation of Galdieria on waste 
glycerine in the MK 2 Airlift bioreactor 
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5.2.d.ii  Continuous 
The continuous study described here is the first half of the study introduced in section 3.5.c , wherein 

pigment population changes of Galdieria were investigated under continuous conditions in the second 

half. Biodiesel derived unrefined glycerine (Teesside) was used to support heterotrophic growth in the 

continuous phase up to day 12.3 and is looked at more closely henceforth (Table 5.2-4, Figure 5.2-9).   

The MKIII bioreactor was operated initially at 42°C and 3.5 L working volume, with an initial substrate 

concentration of 10 g.L-1 glucose. Batch phase growth proceeded for 2 days before initiation of a semi-

continuous exponential phase with a feed concentration of 540 g.L-1 glucose, providing a dry cell 

weight of 27.7 g.L-1 and 31.4 mg.g-1 intracellular phycocyanin at initiation of the continuous phase. 

Dilution rate varied slightly throughout the study, due to wear on the tubing, slight differences in the 

Watson Marlow pumps used, as well as changes in viscosity and entrapped bubbles in the culture. As 

such, outflowed culture volume was measured daily in order to calculate resultant dilution rates.  

Biodiesel glycerol at 9 % (90 g.L-1) was used over 3 days at a dilution rate of 0.43, followed by a period 

of rapid dilution at 1.04 day-1 for two days using 10 % biodiesel glycerol feed. The higher growth rate 

did initiate a downwards trend of intracellular phycocyanin (Figure 5.2-9, days 8-9), which recovered 

as the dilution rate was reduced to 0.7 day-1 (days 9 ς 10). Biodiesel feed at 20% proved to be a much 

too high glycerol concentration for continuous cultivation (230 g.L-1), leading to an increase in glycerol 

concentration in the medium (days 10 ς 12.5), and a reduction in phycocyanin to 23.6 mg.g-1, as well 

as a lowered yield of biomass of 0.2 (Table 5.2-4).  

These data do not necessarily preclude the use of such high carbon concentrations for continuous 

cultivation. Due to the growth rate sensitivities of Galdieria at glycerol concentrations above 10 ς 20 

g.L-1 (e.g. Figure 3.4-4), it is probable that an exponential feeding profile used in between significant 

changes in carbon concentration of the continuous feed would be able to keep glycerol low (i.e. 

increase the cell density whilst maintained carbon limited growth). For instance, if 200 g.L-1 continuous 

feed is desired, one could assume a stable phase cell density of around 100 g.L-1 (at a YX/s of 0.5 g.g-1). 

The culture density could be set to this concentration in another semi-continuous phase before re-

initiating continuous flow, at which point there should be enough biomass to take up the glycerol 

before its concentration becomes inhibitory. 

Overall, as in semi-continuous cultivation, there is no evidence of specific impairment to growth when 

using unrefined glycerine continuously over refined glycerol. Indeed, in this paradigm it would be 

assumed that the build-up of any unmetabolizable compounds would be less likely, as they would be 

removed due to the dilution rate associated with continuous cultivation  
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This experiment further demonstrates the success of the acidic feed / automated nitrogen strategy. 

Nitrogen in the reactor was maintained between 1.0 ς 2.5 g.L-1 during the periods of stable growth, 

up to day 10. As glycerol increased, we see that the nitrogen also increases to around 4.0 g.L-1 (days 

10 ς 12, Figure 5.2-9), as excess acid is added in combination with the glycerol, and the automated pH 

control set at pH 2.0 rectifies by adding NH4OH.  

 

 

 

Table 5.2-4 - Continuous cultivation of Galdieria on unrefined glycerine (BDG) 

Condition 

Interval 

time 

(days) 

Substrate So D (day-1) 

Dry cell 

weight 

(g.L-1) 

Px 

(g.L.day-1) 
YX/S (g.g-1) 

Phycocyanin 

(mg.g-1) 

Pphycocyanin 

(mg.L.day-1) 

        Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

Batch 1.82 Glucose 10 -  - 1.2 0.8 0.0 0.0 -  - 14.1 3.2 - - 

Fed-batch 2.94 Glucose 540 -  - 27.7 0.3 0.0 0.0 0.05 0.0 31.4 1.5 - - 

BDG 9% 3.05 Biodiesel glycerol 90 0.43 0.0 33.7 0.4 14.5 1.7 0.38 0.0 30.8 2.3 453 161 

BDG 10% 1.98 Biodiesel glycerol 115 1.04 0.1 42.8 2.1 41.7 5.4 0.37 0.0 27.5 3.2 1126 165 

BDG 20% 2.50 Biodiesel glycerol 230 0.70 0.1 53.0 2.6 36.9 4.8 0.20 0.0 23.6 1.2 1210 131 
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Figure 5.2-9 - Continuous cultivation of Galdieria on unrefined glycerine 

A - G. sulphuraria was cultivated in the MK 3 bioreactor at 3.5 L scale under continuous conditions 

from day 4.5 at a dilution rate between 0.5 ς 1.0 day-1 at 42°C. Oxygen (green inverted triangles q) 

was maintained above 75 % throughout this section of the study. Dry cell weight (black squares Â) 

increased as the continuous feed concentration increased, as denoted by the lines, and intracellular 

phycocyanin (blue circles ̧) remained relatively stable throughout the study showing interactions 

with glycerol, whilst glycerol (red triangles p) shows a spike between days 10 and 13. Nitrogen 

concentration in the reactor remained relatively stable throughout the study. Note that this is the first 

half of the temperature change study described in section 3.5.c.i . 
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 Summary and conclusions 
The data presented in this section provides good evidence that it is possible to grow Galdieria on 

unrefined biodiesel by-product glycerol to high biomass densities and maintain good production of 

phycocyanin without severe negative effect of any impurities found in the carbon substrate. The 

process strategies discussed in chapters 3 and 4 (maintaining high oxygen saturation and automating 

addition of nitrogen) are employed effectively, with the highest productivities of biomass and 

phycocyanin under continuous conditions demonstrated at 10 % v/v Teesside sample of 41.7 g.L.day-

1 and 1126 mg.L.day-1 respectively. Compared with waste stream mediated growth of Galdieria in the 

literature, these data are highly favourable in terms of the intracellular phycocyanin content as the 

main indicator for good phycocyanin productivity (Table 5.2-5).  

Glycerol is an extremely cheap and abundant source of carbon. Indeed, Greenergy stated that the 

biodiesel plant in Teesside generated 80 tonnes of glycerol per day, and was available to purchase for 

£300 + shipping for 1 tonne, or for larger quantities the market price at the time of writing ranged 

between £100 ς 155 per tonne. Much of the glycerol produced was sold to anaerobic digestion plans 

to produce methane. These data demonstrate a much higher value use for glycerol in the production 

of phycocyanin, although, as an animal by-product class 3 (typical for plants utilising waste cooking 

oils as is common in the UK) the use of the substrate for food production may be precluded. Food 

grade and Kosher glycerol is available however, but naturally has an increased cost. At the time of 

writing, a one-time purchase of 1 tonne of impure glycerol was £100 ς 150, whilst Kosher grade was 

£1200.   

 

Table 5.2-5 - Growth of Galdieria on waste substrates 

Substrate Mode Scale (L) S0 (g.L-1) Ycpc/X (mg.g-1) Xmax (g.L-1) Reference 

Sugar beet 

molasses 

Fed-batch 1.5-3.0 750 3.01 116 (Schmidt 

et al., 

2005) 

Food waste 

hydrolysate 

Batch 0.1 5 5.05 3.25 (Sloth et 

al., 2017) 

Milk whey 

permeate 

Fed-batch 

(mixotrophic) 

1.5-2.0 100 n.d. (1-250) 60 (Cagnac et 

al., 2018) 

Biodiesel 

glycerol 

Fed-batch 2.5-3.5 425 (50 %) 23.4 61.8 Figure 

5.2-7 

Biodiesel 

glycerol 

Continuous 3.5 90-115 (9-10 

%) 

23.6-30.8 53 Figure 

5.2-9 
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5.3  Lignocellulose 

 Introduction to lignocellulose and hydrolysis 
Lignocellulose represents a diverse and abundant feedstock comprised of agricultural plant material 

unsuitable for animal or human consumption. Traditionally, compost heaps or incineration techniques 

are used to degrade the biomass in order to dispose of the waste material. These options provide 

limited value and in the case of composting, long time periods. More recently, interest has gathered 

upon the use of (mostly bacterial) consortia of anaerobes which are able to degrade the biomass and 

produce methane in a form of accelerated composting known as anaerobic digestion (AD). Whilst 

effective, methane is a greenhouse gas and has limited value potential beyond energy generation in 

power stations, further releasing carbon dioxide into the atmosphere. Significant pre-treatment of the 

lignocellulose is required and include mechanical (milling / grinding), physiochemical (steam 

explosion), chemical (acid / base), or biological (microaerobic pre-steps) (Amin et al., 2017). Many of 

these treatments require significant inputs of energy reducing the efficiency of the overall process.  

GaldieriaΩǎ ŜŎƻƭƻƎƛŎŀƭ ƴƛŎƘŜ ŜȄǇƻǎŜǎ ǘƘŜ ƻǊƎŀƴƛǎƳΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ƘŜǘŜǊƻǘǊƻǇƘƛŎ ŀƴŘ ŜƴŘƻƭƛǘƘƛŎ 

conditions, to a wide array of simplified, and possibly hydrolysed, organic carbon substrates (Gross et 

al., 1998). It is not a dramatic leap of thought to suggest that fauna and flora unfortunate enough to 

find themselves in a hot volcanic spring would be broken down in a similar manner as the acid 

hydrolysis employed for AD pre-treatments. There are some specific drawbacks to using chemical pre-

treatments ς many use very strong acids and bases including, but not limited to, sulphuric acid, acetic 

acid, ammonium hydroxide, sodium hydroxide, and prolonged exposure of the lignocellulose to strong 

acids and bases produces growth inhibiting substrates having downstream effects on the efficiency of 

bacterial consortia in AD (Guo et al., 2011).  

Lignocellulose provides a challenge due to its stability in the form of polymerised D-glucose in a linear 

 ̡1-4 linkage (cellulose) coupled with additional strengthening compounds (hemicellulose and lignin). 

Hemicellulose is formed of shorter polysaccharide chains formed primarily of xylose, arabinose, 

galactose and mannose, whilst lignin is formed from a wide variety or aromatic compounds. Variations 

in the adjunctive component concentrations in comparison to cellulose, and their constituents, 

provide the wide variety of strengths, elasticity and rigidity observed in lignocellulose in the plant 

kingdom (Kumar et al., 2020).  Acid hydrolysis primarily affects the cellulose and hemicellulose 

fractions of lignocellulose through the nucleophilic attack on the polysaccharide linker resulting in the 

formation of water and a mono- or di-saccharide (Figure 5.3-1).    

Acid catalysed pre-treatment must be carefully controlled: too little exposure time or lower acid 

concentrations will leave untreated lignocellulose impairing AD efficiency, whilst excessive exposure 
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leads to downstream reactions and the formation of growth inhibitory compounds. In particular, 5-

hydroxymethyl-2-furaldehyde (HMF), is a dehydration product (e.g. from sulphuric acid catalysed 

dehydration) of several sugar hexamers and a highly growth inhibiting compound, with the potential 

for further dehydration into levulinic and formic acids (Jönsson and Martín, 2016). 

Galdieria may have developed a resistance to these hazardous forms of dehydrated sugars presumed 

to have some prevalence in its natural environment. This poses several options for the growth of 

Galdieria on lignocellulosic hydrolysate.  

¶ Does Galdieria tolerate the conditions one would expect to find during acid hydrolysis? 

¶ Will Galdieria grow on sugar rich hydrolysates or may inhibitory compounds impair growth? 

¶ Is it possible to avoid the build-up of inhibitory compounds by performing hydrolysis in situ 

with cultivation, allowing the organism to metabolise sugars before prolonged exposure to 

acidic conditions? 

The experiments presented in this section, besides the first few feasibility studies, were performed by 

the two Masters students I supervised during my PhD, Rita Moussa (RM) and Jesse Armstrong (JA). I 

would like to thank them again for their support and hard work with Galdieria. 

Figure 5.3-1 - Acid catalysed hydrolysis of lignocellulose 
Lignocellulose (in this case in the form of Timothy Hay) contains three main components: cellulose, 

hemicellulose and lignin. Hydronium ions (H3O+) perform nucleophilic attack on the ̡1-4 linker 

between D-glucose monomers of cellulose breaking the link, forming water and an OH group on C4. 

Several saccharide monomers (gold) may be formed depending on this reaction occurring to 

cellulose or hemicellulose, as well as further dehydration sugars. Acid hydrolysis weill also attack of 

aromatic compounds in lignin, leading to the formation of growth inhibitory compounds (red).  
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 Assessment of ex situ acid catalysed hydrolysis 

5.3.b.i  Acid tolerance of Galdieria 
Varying concentrations of concentrated (18 M) H2SO4 were added to 5.0 g.L-1 d-glucose heterotrophic 

cultures in combination with 2x modified Allens medium, with a control culture adjusted to pH 2.0, 

and growth was observed for 5 days at 100 mL working volume in 250 mL Erlenmeyer flasks. Increasing 

acid concentrations reduced the growth rate compared to control (1.20 vs 0.95 day-1 for control vs 2 

% H2SO4) (Figure 5.3-2, Table 5.3-1). Low specific C-PC values are observed as the strain had mutated 

into a C-PC non-producer (Yellow-green culture pigmentation of strain 141.G / Y compared to the dark 

green-blue of 141.DG, for more information please see section 3.5.c.ii ). 

These data demonstrate just how resistant to acid Galdieria ƛǎΦ wŜǇƻǊǘŜŘ ǇIΩǎ ŦƻǊ ƛǘǎ ƴŀǘǳǊŀƭ 

environment have been recorded down to pH 0 (Gross et al., 2001, Schönknecht et al., 2013). 

Nevertheless, growth at 4 % H2SO4, although with a significantly reduced growth rate at 0.45 day-1, 

remains impressive. No yield losses were observed for 1 or 2 % cultures, fully utilising the glucose 

substrate within 4 days. Phycocyanin productivity also remained unchanged compared to control. 

These data suggest potential for the cultivation of Galdieria on lignocellulosic hydrolysates at 

hydrolytic concentrations of sulphuric acid (Guo et al., 2011). 

  

Table 5.3-1 - Sulphuric acid tolerance of Galdieria 

Culture Control  ± 1% H2SO4   ± 2% H2SO4   ± 4% H2SO4   ± 

N (flasks) 3  3  3  3  
Glucose (g.L-1) 5.0  5.0  5.0  5  
(NH4)2SO4 (g.L-1) 2.62  2.62  2.62  2.62  
µmax (day-1) 1.20 0.01 1.04 0.02 0.95 0.00 0.45 0.01 

Xfinal (g) 2.82 0.10 2.87 0.05 2.80 0.03 1.08 0.36 

Yx/s 0.56  0.57  0.56  0.22  
Specific C-PC (mg.g-1) 6.62   7.28   7.55    n.d.   
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Figure 5.3-2 - Acid tolerance study in flask 

Strain 141.DG was cultivated at 42°C heterotrophically in the dark using 5 g.L-1 D-glucose as the 

carbon source with varying concentrations of 18 M H2SO4. The natural logarithm of OD800 was used 

to determine specific growth rates. Flask replicates are plotted (points) with a linear regression of 

the mean (line) of the exponential growth phase. Control set at pH 2.0 (blue circles )̧, and 1 (red 

squares Â), 2 (green triangles p), and 4 % (inverted purple triangles q) concentrated sulphuric acid 

added to other cultures.  
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5.3.b.ii  Initial assessment of 25°C ex situ hydrolysis 
50 and 80 % v/v hydrolysate cultures failed to promote growth 

Straw was obtained from Wilkinsons (UK) and cut into 1.0 ς 2.0 cm lengths using scissors, washed to 

remove the majority of the grit and dried in an oven at 80°C for several hours. Dried straw (50 g) was 

added to 500 mL 2 % (0.36 M) H2SO4 and allowed to hydrolyse for 8 days at 25°C. The liquid fraction 

was drained from the solid straw fragments and represented 300 mL of hydrolysate. Yields were 

calculated under the assumption of 100 g.L-1 initial straw.  Cultures were compared against 5 g.L-1 D-

glucose containing modified AllenΩs medium and grown at 50 mL flask scale, 37°C with 125 rpm 

agitation. 

As discussed previously, this study occurred during the period of a mutated strain with low 

phycocyanin production, however these data are comparable to the acid tolerance study (5.3.b.i ) 

ranging between 5.93 (50 g.L-1 straw) to 10.32 (glucose control) mg.g -1.  Hydrolysate growth rates 

were low (~0.65 day-1) and the final biomass yields very low, and there is no difference between 50 ς 

80 % v/v lysate cultures (Table 5.3-2, Figure 5.3-3 A). The lysate had a very sweet smell, it may be that 

there was too much carbon in the flasks, or the presence of dehydrated sugars, leading to an inhibition 

of growth. Additional grinding of the lignocellulose may be necessary, as the scissor cut straw volume 

was greater than the 2% acid. As such, it is unlikely that the hydrolysis occurred evenly during the pre-

treatment.  

The experiment was repeated (Figure 5.3-3, B) for lower lysate concentrations, as well as 0.5 % H2SO4 

added to control cultures. Hydrolysate growth was improved, reaching an OD800 of 5-6, compared to 

1 ς 2 ODs previously. No significant difference between 10 or 20 % v/v lysate cultures was observed 

in terms of yield however. Growth rates were determined over the first 3 days (exponential period of 

the control), but whilst they may look comparable (Table 5.3-2) between experiments, the severe lack 

of growth for the 50% / 80 % study should be kept in mind. 

  

Table 5.3-2 - Initial growth studies on room temperature hydrolysate 

First 
experiment 
(pH 2.0) (TB) Glucose 5 g.L-1 ± Straw 50 g.L-1 ± 

Straw 50 g.L-1 
no medium ± 

Straw 
80 g.L-1 ± 

µmax 1.25 0.1 0.63 0.1 0.67 0.1 0.67 0.1 

                  
Second 
(+0.5 % 
H2SO4) (RM) Glucose 5 g.L-1 ± Straw 10 g.L-1 ± Straw 20 g.L-1   ±     

 µmax 0.93 0.0 0.71 0.1 0.70 0.1     



Waste resources Lignocellulose Thomas Burns 

 

146 
 

 

Figure 5.3-3 - Initial growth of Galdieria on room 
temperature hydrolysate 

Straw was cut into 1 ς 2 cm lengths by hand and 

added to 2 % H2SO4 for 8 days. Resultant lysate was 

separated from straw (right) and added to flask 

cultures of Galdieria. A - 50 % plus 2x MAM (red 

triangles p), 50 % without additional medium 

components (blue circles ̧) or 80 % v/v (green 

inverted triangles q). MAM + 5 g.L-1 glucose was 

used as the control culture (black squares Â). 

Performed by TB. 

B ς 10 % (blue circles ̧) and 20 % (red triangles p) 

lysate flask cultivations compared to 5 g.L-1 glucose 

control (black squares Â) containing 0.5 % H2SO4. 

RM performed this experiment. 
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5.3.b.iii  Improving sugar release from hydrolysate 
Low yields compared to glucose for lysate supported growth of Galdieria were sought to be improved 

by increasing the duration of room temperature hydrolysis from 8 to 15 days, as well as pursuing an 

alternative strategy. Heat and pressure may also be used to catabolise the lignocellulose with 

reasonably wide occurrence in industrial settings of steam explosion techniques. Lignocellulosic 

biomass is heated above 150°C, in combination with pressure (5 ς 50 mPa is typical) in a vessel. Upon 

pressure release steam expands within the cellulose fibres exerting force and breaking down the 

structure. Interestingly, this may also be performed in combination with 1 % acid improving the 

ǇǊƻŎŜǎǎΩǎ ŘŜǎǘǊǳŎǘƛǾŜ ŎŀǇŀōƛƭƛǘȅ (Amin et al., 2017). Whilst not exactly comparable, autoclave induced 

caramelisation of sugar substrates, such as glucose, is a common occurrence in microbiology labs. In 

fact, this type of acid hydrolysis had been occurring towards the start of the Galdieria project, and 

impacted both the initial sterile cultivation techniques as well as hydrolysing agar at pH 2.0, preventing 

gelling of solid media (see section 2.1.a for the updated strategy to prepare solid media for Galdieria). 

As such, 1 % H2SO4 was used with the straw particulates in a standard autoclave cycle (15 minutes at 

121°C, 2 mPa) and the resulting hydrolysate used to support growth of Galdieria.  

Room temperature acid hydrolysis for 15 days produced similar growth characteristics as 8 days (Table 

5.3-3). Comparing growth curves Figure 5.3-3 B and Figure 5.3-5, a similar progression is observed, but 

with a slightly more rapid growth rate for the 15 day cultures (0.71 vs 0.84 ς 0.93 day-1 at 8 vs 15 days 

hydrolysis). The final biomass concentrations are comparable, and increased at both lysate culture 

concentrations for the 15-day hydrolysate by 10 ς 20 % compared to 8 days. The autoclaved hydrolysis 

culture was performed at 37°C in the communal temperature-controlled growth room. The growth 

rate is impaired at 0.43 day-1, however the yield on substrate is double that of the 15-day room 

temperature hydrolysate (5 % v/v of 100 g.L-1 lysate compared to 20 % 50 g.L-1 lysate). These data are 

supported by the differences in yield at 8 vs 15 days, suggesting incomplete hydrolysis at room 

temperature. Indeed, the low surface area to volume ratio achieved by cutting the straw by hand into 

1 ς 2 cm lengths almost certainly reduced the efficiency of this process compared to milled straw 

typically used. Overall, Galdieria seems to be quite well suited for growth on the lysates. It is worth 

Table 5.3-3 - Growth yields of Galdieria on hydrolysates  

Lysis duration 
(days) 

[Straw] 
(g.L-1) 

[Lysate] in 
culture 
(v/v) 

Growth 
temp 
(°C)  

µmax 

(day-1) Xfinal Figure 
Experi 
menter 

8 50 10 42 0.71 0.35 Figure 5.3-3 RM 

8 50 20 42 0.71 0.79  RM 

15 50 10 42 0.84 0.45 Figure 5.3-5 RM 

15 50 20 42 0.93 0.91  RM 

15 min @ 121°C 100 5 37 0.43 1.01  Figure 5.3-5 TB 
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noting there is a significant portion of unmetabolized material that was not degraded by the acid (see 

picture of Figure 5.3-3). 
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Figure 5.3-5 - Growth of Galdieria on 15 day room temperature hydrolysates 

Galdieria was grown at 42°C on 10 (red triangles p) and 20 % (blue circles ̧) 2 % H2SO4 + 50 g.L-1 

straw hydrolysate maintained at 25°C for 15 days, against 5 g.L-1 control (black squares Â). 

Cultures contained 0.5 % H2SO4 ŀǎ ǿŜƭƭ ŀǎ нȄ ƳƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ ƳŜŘƛǳƳΦ 
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Figure 5.3-5 - Growth of Galdieria on autoclaved straw hydrolysate 

Galdieria was grown at 37°C on 5 % v/v room temperature 8 day (red open triangles ɲ) and 

autoclaved (blue open circles ¹) 2 % H2SO4 + 100 g.L-1 straw, against 5 g.L-1 control (black squares 

Ã). Cultures contained 0.5 % H2SO4 ŀǎ ǿŜƭƭ ŀǎ нȄ ƳƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ ƳŜŘƛǳƳΦ 
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 Phycocyanin production from lignocellulose hydrolysate 
Following the initial observations on autoclaved hydrolysis, further investigations were performed (by 

Jesse Armstrong) in order to refine this technique. Once better growth conditions were established 

focus shifted to analysing the phycocyanin production of Galdieria on lignocellulosic hydrolysate. From 

ǘƘƛǎ Ǉƻƛƴǘ ŦƻǊǿŀǊŘ ¢ƛƳƻǘƘȅ Ƙŀȅ ό²ƛƭƪƛƴǎƻƴΩǎΣ ¦Yύ ǿŀǎ ǳǎŜŘ ŀǎ ǘƘŜ ƭƛƎƴƻŎŜƭƭǳƭƻǎƛŎ ǎubstrate (Figure 

5.3-6). The straw was milled using a knife mill by the Biorenewables Development Centre (York, UK) 

to pass a 0.5 ς 1.0 mm sieve. Increasing the surface area of the straw aimed to produce more 

consistent lysates as well as improve sugar release. When preparing cultures, hydrolysate-straw 

suspensions were centrifuged for 1 minute at 4000 x g in order to separate the bulk of particulate 

matter, and the top fraction used to support growth, typically at a 5 ς 30 % v/v concentration. All 

cultures were grown at 42°C with 200 rpm agitation, at 100 mL scale in 250 mL Erlenmeyer flasks. KOH 

(5.0 M) was used to adjust cultures to pH 2.0 after the addition of acidic hydrolysate, as it was found 

to not affect growth (data not presented) up to at least 0.4 % w/v. This is unlike sodium (and 

presumably NaOH), which was found to have a greater impact on the growth of Galdieria than any 

other common ion tested (Schmidt et al., 2005). 

Initially, a range of conditions were tested for autoclaved acid hydrolysate growth of Galdieria, ranging 

from 0.2 ς 2.5 % H2SO4 as the catalyst, and lignocellulose concentrations from 10 ς 40 g.L-1. Two key 

observations were made from this data set. Firstly, increasing pre-treatment acidity impaired µmax of 

cultures. Secondly, increasing lignocellulose concentration in the hydrolysate impaired growth 

independently of acid concentration (Table 5.3-4).  

 

 

Figure 5.3-6 - Knife milled 
Timothy hay used as a source 
of lignocellulosic biomass 
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5.3.c.i  Autoclaved hydrolysate studies 
Figure 5.3-7 provides an overview of the growth curves of Galdieria grown on the autoclaved milled 

straw hydrolysates. Initially, a comparison was made between 0.5, 1.5 and 2.5 % H2SO4 catalysed 

substrate with a lignocellulose concentration of 50 g.L-1 (Figure 5.3-7 A). Growth was severely impaired 

at both 1.5 and 2.5 % acid, whilst the 0.5 % culture grew, albeit fairly slowly, to a final cell density of 

2.6 mg.mL-1 at 0.35 day-1. Phycocyanin productivity was not impaired by the lysate for the 0.5 % 

culture, with an intracellular content of 34.7 mg.g-1, comparable with that achieved using refined and 

biodiesel derived glycerol presented previously (e.g. sections 3.5 and 4.3 ).  

Lower acid and lignocellulose concentrations were selected of 0.25 ς 0.75 % and 10 g.L-1 respectively 

for further investigation. All conditions grew to similar biomass concentrations from 0.89 ς 1.16 

mg.mL-1 with the growth rate at 0.5 and 0.75 % acid (0.49 and 0.41 day-1 respectively) impaired 

compared to the 0.25 % acid hydrolysate (0.89 day-1) (Figure 5.3-7 B). Phycocyanin was similar for all 

cultures ranging from 22.0 ς 22.4 mg.g-1. These data suggest the increased acid may be over-

hydrolysing the lignocellulose, and forming growth inhibiting compounds. All cultures were adjusted 

to pH 2.0 for cultivation, as the final yields and biomass concentrations are comparable, but growth 

rates are impaired with increased acid exposure of the lignocellulose. 

A tighter range of acid was chosen to catalyse hydrolysis of 0.4 and 0.5 %, and two lignocellulose 

concentrations compared of 10 and 20 g.l-1 (Figure 5.3-7 C). Both 10 g.L-1 cultures grew similarly, to a 

final optical density of 4.4 and 4.2 for the 0.4 and 0.5 % cultures respectively, at growth rates of 0.43 

and 0.51 day-1. Surprisingly, neither 20 g.L-1 condition was able to support growth at all. It is possible 

that the increased lignocellulose resulted in a greater release of inhibitory compounds, however this 

is not supported when compared to the initial 50 g.L-1 + 0.5 % acid culture in Figure 5.3-7 A. 

Phycocyanin was not monitored for these cultures.  

A final set of cultures aimed to select the optimal conditions from those investigated so far. Low acid 

concentrations (0.2, 0.25 and 0.3 %) were used in combination with a higher lignocellulose 

concentration of 40 g.L-1. All cultures displayed strong growth (Figure 5.3-7 D), with slightly increased 

biomass and final optical densities observed with increased acid suggesting the occurrence of 

additional hydrolysis. Growth rates were amongst the highest found on hydrolysate cultures, from 

0.93 ς 0.95 day-1, as well as displaying high phycocyanin concentrations from 28.9 ς 33.8 mg.g-1 (Table 

5.3-4). Yields on substrate are much lower than observed using purified carbon substrates (typically 

0.42 ς 0.52 g.g-1) , at 0.06 ς 0.07 g biomass per g lignocellulose, indicating a significant portion of either 

unhydrolysed or unmetabolised material even for the most optimal conditions tested. 
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Figure N 
[H2SO4] 
(%) 

[Hay] 
(g.L-1) OD800  ± X (mg.ml-1) ± µmax (day-1) ± YX/S (g.g-1) ± YC-PC/X (mg.g-1) ± 

Autoclaved acid hydrolysate studies 

Figure 5.3-5 A 1 0.50 50 12.7  2.60  0.35  0.05  34.7  

 1 1.50 50 1.4  n.d.  -  -  -  
  1 2.50 50 1.4   n.d.   -   -   -   

Figure 5.3-5 B 3 0.25 10 4.2 0.0 0.89 0.02 0.83 0.01 0.09 0.0 22.0 0.6 

 3 0.50 10 5.0 0.1 1.16 0.01 0.49 0.01 0.12 0.0 22.1 0.7 

  3 0.75 10 4.9 0.1 1.08 0.01 0.41 0.05 0.11 0.0 22.4 0.5 

Figure 5.3-5 C 3 0.40 10 4.4 0.1 - - 0.43 0.01 - - - - 

 3 0.50 10 4.2 0.0 - - 0.51 0.01 - - - - 

 3 0.40 20 0.7 0.0 0.00 0.00 - - - - - - 

  3 0.50 20 1.5 0.2 0.00 0.00 - - - - - - 

Figure 5.3-5 D 3 0.20 40 10.2 0.3 2.43 0.05 0.93 0.01 0.06 0.0 28.9 0.9 

 3 0.25 40 10.7 0.5 2.70 0.06 0.93 0.01 0.07 0.0 31.8 0.5 

  3 0.30 40 12.1 0.4 2.77 0.03 0.95 0.02 0.07 0.0 33.8 0.1 

In situ acid hydrolysis 

  N 
[H2SO4] 
(%) [Straw] OD800 Calc X Calc (mg.ml-1) µmax (day-1)   

YX/S Calc 
(g.g-1)   

Measured C-PC 
(mg.L-1) 

 3 0.10 40 8.1 0.2 1.03  n.d.  0.026  34.5  

 3 0.25 40 9.6 0.1 1.45  n.d.  0.036  48.3  
  3 0.50 40 9.7 0.2 1.52   n.d.   0.038   50.6   

Table 5.3-4 - Autoclaved and in situ hydrolysed lignocellulose supported growth and phycocyanin production 

Culture overview of Galdieria grown at 42°C in 250 mL Erlenmeyer flasks at 100 mL working volume at various milled Timothy hay (lignocellulose) hydrolysates.  

The concentration of lignocellulose ([Hay]) represents the final concentration of substrate in the culture, whilst the concentration of sulphuric acid represents 

the catalyst used for hydrolysis, as all cultures were adjusted to pH 2.0 using 5 M KOH at inoculation. Calc data used measured phycocyanin and assumed a 

specific phycocyanin content of 30 mg.g-1 to calculate biomass and yields. The standard error of the mean (±) is presented where there are culture replicates 

(N). The bolded data represents the most optimal culture conditions of those tested.
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Figure 5.3-7 - Growth of Galdieria on autoclaved lignocellulose acid hydrolysates 
Growth of Galdieria was explored on various autoclaved acid hydrolysates by Jesse Armstrong at 42°C in 100 mL working volume Erlenmeyer flasks. A - 50 

g.L-1 straw hydrolysate was unable to facilitate growth at 1.5 (red triangles p) or 2.5 % (blue circles ̧) H2SO4, whilst 0.5 % acid hydrolysate (black squares 

Â) supported growth. B ς No difference between different acid concentrations of 10 g.L-1 hydrolysates from 0.25 (black squares Â), 0.5 (red triangles p), to 

0.75 % H2SO4 (blue circles ̧ ). C - 20 g.L-1 straw (triangles p, r) shows impaired growth at both 0.4 (black filled) and 0.5 % H2SO4 lysate (red open) 

compared to 10 g.L-1 straw lysate (squares Â, Ã). D - 40 g.L-1 autoclaved acid catalysed lysate supports growth of Galdieria at 0.2 (black squares Â), 0.25 

(red triangles p), and 0.3 % H2SO4 (blue circles ̧ ).  
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5.3.c.ii  In situ hydrolysis study 
Many autoclaved hydrolysate cultures indicated at least some level of growth inhibition, particularly 

for higher lignocellulose and acid concentrations, thought to be a consequence of excessive hydrolysis 

of cleaved saccharides undergoing further dehydration into toxic compounds. Due to GaldieriaΩǎ 

naturally acidic growth environment, and resistance to hydrolytic concentrations of acid (Figure 5.3-2), 

exploitation of the organismΩs characteristics was sought. It was theorised that by performing in situ 

acid hydrolysis, wherein straw is added directly to flask cultures of Galdieria, instead of pre-treated 

beforehand, that this may overcome the formation of inhibitory compounds by reducing sugar 

residence times. If the alga is able to uptake and metabolise sugars at the rate they are cleaved from 

the cellulose and hemicellulose structures it may be possible to improve yields through the use of 

more concentrated acid without generating dehydration products.  

Adding straw directly to growing cultures is not without challenges however. Previously, following pre-

treatment hydrolysis, particulate matter was separated by centrifugation to clarify the hydrolysate. 

Once added to inoculated cultures, cells should be the only remaining particulates in suspension, 

allowing growth monitoring techniques including optical density and dry cell weight measurements to 

be performed. When cells are cultivated in combination with the finely milled straw, it becomes very 

difficult to separate the cells from the bulk particulate. Instead we may exploit a different property of 

Galdieria strain 141.DG discussed throughout this Thesis ς its propensity to retain pigmentation when 

grown in the absence of light. Were phycocyanin only expressed during autotrophic cultivation as for 

many strains, the straw would severely impede light penetration and add more complex dynamics to 

the expression of phycocyanin. For the delimination of growth parameters (presented in Table 5.3-4), 

a nominal phycocyanin concentration of 30 mg.g-1 was assumed at the end of cultivation.  

Jessie Armstrong also developed a chlorophyll biomass determination assay adapted from techniques 

used for the growth monitoring of Dunaliella salina (Hard and Gilmour, 1996), wherein chlorophyll is 

extracted using dimethylsulphoxide and its quantity determined spectrophotometrically.  

0.1 (pH 2.0), 0.25 (pH 1.6) and 0.5 % (pH 1.3) H2SO4 ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ нȄ ƳƻŘƛŦƛŜŘ !ƭƭŜƴΩǎ ƳŜŘƛǳƳ 

and 40 g.L-1 milled Timothy hay was prepared at 100 mL scale in 250 mL Erlenmeyer flasks and 

inoculated with 1 OD800 of Galdieria. Cultures were allowed to grow at 42°C for 7 days at which point 

Galdieria had observably grown to a high cell density (Figure 5.3-8). 5 mL culture samples were taken, 

cells disrupted, and the phycocyanin content analysed. The 0.5 % culture had the highest content of 

phycocyanin at 50.6 mg.L-1, compared to 34.5 and 48.3 mg.L-1 for the 0.1 and 0.25 % acid cultures 

respectively. The biomass concentrations were calculated assuming 30 mg.g-1 intracellular 

phycocyanin concentrations of the cells, resulting in 1.03 ς 1.52 mg.mL-1 cells. These concentrations 
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are about half that of the final autoclaved cultures using 40 g.L-1 hay (2.43 ς 2.77 mg.mL-1). Overall, 

the in situ hydrolysis strategy succeeded in supporting cultivation, and led to a trial of this growth 

paradigm in the MK 4 airlift bioreactor.  

Figure 5.3-8 - In situ lignocellulose hydrolysate supported growth of Galdieria 

Left ς post inoculation in situ hydrolysis culture with 0.5 % H2SO4 and 40 g.L-1 milled Timothy 

hay. Right ς the same culture 7 days later. Photographs taken by Jesse Armstrong. 
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 Bioreactor scale cultivation of Galdieria on in situ lignocellulosic 

hydrolysates 
Following the demonstration at flask scale of successful cultivation of Galdieria on lignocellulose 

added directly to cultures without pre-treatment (in situ acid hydrolysis), an assessment was 

undertaken to understand the viability of this technique at bioreactor scale. Adding straw particulate 

directly to a continuous culture is not without challenges in terms of process design. In order to ensure 

enough carbon was available to support growth of Galdieria a high concentration of straw was 

required, and selected at 54 g.L-1. The bioreactor was operated at a pH of 1.3 in order to hydrolyse the 

straw in the culture, whist the continuous feed medium was pH 1.2 (0.5 % H2SO4). This difference in 

[H+] ensures the addition of the automated 10 M NH4OH at a 10:1 C:N ratio, if the carbon molarity of 

the straw is assumed to be equivalent to glucose. Peristaltic pumps are incapable of pumping medium 

containing 54 g.L-1 ǎǘǊŀǿ ǇŀǊǘƛŎǳƭŀǘŜΣ ŀƴŘ ŀǎ ǎǳŎƘ ŀ άŘƛǎŎƻƴǘƛƴǳƻǳǎέ ŎǳƭǘƛǾŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘΦ Lƴ ǘƘƛǎ 

paradigm, nitrogen and carbon free acid medium flows at a constant rate into the reactor, but straw 

is added daily. There is no outflow of cell and particulate suspension from the reactor, and the total 

volume is allowed to increase daily. Large diameter silicone tubing was used to siphon excess medium 

before the daily addition of straw, in order to bring the bioreactor volume back down to 4.0 L.  

Glucose (20 g.L-1) was used as the starting batch phase growth substrate at 42°C, in order to bring the 

cell concentration high enough to be able to take up acid hydrolysis products quickly, preventing the 

accumulation of inhibitory compounds in the culture. Glucose supported biomass up to 8.2 g.L-1 at day 

7. On day 10 54 g.L-1 of straw was added and the continuous flow of medium into the reactor initiated. 

Biomass concentration measured after the addition of straw increased to 13.4 g.L-1, suggesting straw 

particulate adding mass to the dry cell weight samples. Problems with the feed pump led to variable 

volumes being added each day, as expressed by the changing volumes of the bioreactor (Figure 5.3-9, 

orange triangles p). To compensate for this, the total optical densities are presented, identifying 

washout of the biomass over the course of the continuous phase as both biomass concentration and 

total optical densities decrease. Some phycocyanin production was observed however, with a maximal 

culture phycocyanin concentration of 319 mg occurring on day 12. This coincides with the minimal 

dilution of the culture as only 500 mL of medium was added between days 11 and 12, further 

suggesting washout characteristics. 

Overall, from this experiment, it cannot be stated that this in situ hydrolysis techniques is optimal for 

producing phycocyanin from Galdieria, however with more research, and considering the extremely 

low cost of lignocellulose, could show some promise.    
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Figure 5.3-9 - Discontinuous cultivation of Galdieria on in situ Timothy hay hydrolysate 

! άŘƛǎŎƻƴǘƛƴǳƻǳǎέ ŎǳƭǘƛǾŀǘƛƻƴ ƻŦ Galdieria was performed in the MK 4 bioreactor on an initial 20 g.L-1 

glucose at 42°C at an initial culture volume (orange triangles p) of 4000 mL. At day 10 milled 

Timothy hay was added to the culture at a concentration of 54 g.L-1, and the pH altered to 1.5. Acidic 

carbon free medium was added at a dilution rate of 0.6 day-1, with no exit pump. Instead culture was 

manually removed back to 4000 mL daily, and additional lignocellulose added. Due to the volume 

changes in the reactor, the total OD (black squares Â) is presented, as well as the total phycocyanin 

(red open circles ¹). Dry cell weight samples were taken from the sample before initiation of 

continuous phase for offline monitoring of biomass (black open squares Ã), as well as determination 

of the specific phycocyanin concentration (blue circles ,̧ please note the units of mg.g-1/10 in order 

for clearer representation on the graph).  



Thesis summary Summary and conclusions Thomas Burns 

 

157 
 

5.4  Summary and conclusions 
Two interesting carbon rich waste resources were explored in this Chapter for their ability to support 

growth of Galdieria for the production of phycocyanin. Overall, biodiesel derived, unrefined glycerol 

was demonstrated to be well suited for this task. No severe impairments in growth or phycocyanin 

production was observed using impure glycerol compared to lab grade, and productivities were still 

higher than those reported in the literature for heterotrophic growth on glucose (1210 mg.L-1.day-1 

under continuous conditions versus 861 mg.L-1.day-1 on glucose) (Graverholt and Eriksen, 2007). This 

improvement in productivity is a direct result from the improvements in bioreactor design and 

process parameters adapted for cultivations of Galdieria on glycerol discussed throughout this 

Thesis, rather than any particular effect of the biodiesel derived glycerol substrate itself. As such a 

cheap and abundant resource (~£100 ς 150 tonne-1), industrial use of Galdieria in this manner may 

be commercially viable.  

Galdieria was found to grow reasonably well on lignocellulosic biomass, in both pre-treated acid 

hydrolysate, and in situ hydrolysis paradigms, and retained high intracellular concentrations of 

phycocyanin when grown heterotrophically in this manner. Most interesting is the capability for 

Galdieria to survive in the highly acidic environments and be able to at least partially hydrolyse the 

ǎǘǊŀǿΣ ŀ ŘƛǊŜŎǘ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƻǊƎŀƴƛǎƳΩǎ ŜŎƻƭƻƎƛŎŀƭ ƴƛŎƘŜΦ Lƴ ǘƘƛǎ ƳƻŘŜΣ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ǘƘŜ 

formation of inhibitory hydrolysis products could be overcome is exciting for further research on 

Galdieria, despite some difficulties in the technical application of including particulate matter in the 

cultivation of microorganisms.    
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 !ƛǊƭƛŦǘ ōƛƻǊŜŀŎǘƻǊ ŀƴŘ ŎƻƴǘǊƻƭ 
ǎȅǎǘŜƳ ŘŜǾŜƭƻǇƳŜƴǘ 

6.1  Introduction  
As discussed in Chapter 3, high oxygen saturation is desired in heterotrophic cultivations of Galdieria 

in order to improve phycocyanin productivities. The parameter was unable to be achieved in 

conventional stirred tank bioreactors, which rely on exerting shear into cell suspensions in order to 

reduce bubble size and improve oxygen mass transport, owing to the fact that Galdieria is a relatively 

large eukaryotic cell compared to most organisms (i.e. bacteria and yeast) for which stirred tanks are 

used. As such, excessive shear was found to damage Galdieria, forcing a maximum impeller rate of 

around 500 rpm, which was unable to maintain high oxygen saturations during high-density 

cultivations. Building on previous research in the Gilmour laboratory (Bangert, 2013), a series of low 

shear, high oxygen transport airlift bioreactors were developed specifically for use with Galdieria. In 

this Chapter, these reactors, their fabrication, and associated control systems for automated pH 

control / nitrogen addition (Chapter 4), are outlined.   
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6.2  The Bangert airlift bioreactor 
As discussed in Chapter 3, oxygen is vital for the heterotrophic production of phycocyanin in Galdieria. 

A series of experiments were performed in a stirred tank bioreactor (Minifors 2, Infors, Switzerland) 

and it was found that impeller velocities above 500 rpm induced cellular damage as characterised by 

increased observable cell envelopes and reduced growth rates (Section 3.4.d ). Unfortunately, at 500 

rpm and 3.0 L.min-1 air flow oxygen became limited at around 10-20 g.L-1 dry cell weight during 

heterotrophic cultivation, severely impairing phycocyanin production.  

In order to improve KLa and oxygen tension of the culture, an airlift bioreactor designed by a previous 

student, Krys Bangert in our lab, was used (Figure 6.2-1) (Bangert, 2013). This reactor was initially 

designed for Dunaliella salina in autotrophic cultivations and is made out of cast acrylic, rendering it 

unsuitable for heterotrophic cultivations of many organisms as it is unable to be autoclaved. The low 

pH of DΦ ǎǳƭǇƘǳǊŀǊƛŀΩǎ medium reduces the incidence of contamination, and may be applied according 

to the nitrogen free techniques discussed in Chapter 4, allowing cheaper materials (acrylic) to be used 

for processes.  

 Problems with previous design 

.ŀƴƎŜǊǘΩǎ ǊŜŀŎǘƻǊ ǿŀǎ ŘŜǎƛƎƴŜŘ ŦƻǊ ǳǎŜ ǿƛǘƘ Dunaliela salina, and possesses limited depth to aid light 

absorbance by the alga when grown under autotrophic conditions (75 mm). As such, the two baffles 

reach from one face to another, in order to provide some direction to the airlift flow. The rise velocity 

of the bubbles exiting the two spargers displaces fluid in the middle to produce a dual countercentric 

flow regime. For D. salina, this was found to me more than sufficient to provide adequate mixing even 

at low air flow rates of 100 mL.min-1 (0.033 VVM), due to low biomass (~1.0 g.L-1) and self-motility of 

the organism (Bangert, 2013).  

 Mixing 
As demonstrated in Figure 6.2-1, the Bangert reactor suffered from several non-ƳƛȄƛƴƎ όάŘŜŀŘέύ ȊƻƴŜǎΦ 

Upon observation, down and inwards liquid flow from the outside edges of the baffles pushes towards 

the centre of the bubble column, and dragged upwards by the drag exerted by the bubbles on the 

liquid. Most of the fluid moves in this way, however, two swirls were identified on the inner edges of 

the baffles in a downward motion (Figure 6.2-1 A). This turbulence disrupted the flow of liquid 

travelling under the baffles towards the spargers (Figure 6.2-1 B). The slowing down of cell suspension 

in this corner zone caused significant settling of biomass during cultivations. Indeed, this was most 

obvious at the point of inoculation ς it was found that if the cell density in the reactor was too low, 

the increase in biomass due to growth was unable to keep up with loss of cells to the settling zones. 

Above a critical biomass concentration (around 0.5 ς 1.0 g.L-1), biomass productivity overcomes loss 
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of cells from the bulk medium, and exponential growth may proceed. Indeed, many of the cultivations 

performed with this reactor were found to have an lowered observed µmax, around 0.9 day-1, and the 

settling of cells is likely to be a key contributor, particularly in the earlier stages of a cultivation. Whilst 

lack of growth may be observed for many different types of microorganisms when inoculated into low 

density liquid cultures, in our experience Galdieria is more than capable of growing in a 300 mL liquid 

culture from just a single colony over the course of a few weeks. 

Galdieria, as an endolithic organism, has no problem generating stable biofilms in areas of low mixing, 

and after a cultivation was finished, biofilms were found in the corners of the reactor, underneath and 

in between the spargers, as well as in the pores of the spargers. 

 

Settling zones 

Eddie currents 

Dead mixing 

zone 

Figure 6.2-1 - Mixing problems with the Bangert airlift bioreactor 

A -Schematic diagram of the 3.0 L Bangert reactor (adapted from (Bangert, 2013)). B ς Swirling 

flow regimes below the baffles. C ς Swirling flow regimes adjacent to the baffles. 

A 

B 

C 
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 Foaming 
Several issues arose when attempting fed-batch cultivations of Galdieria when using the Bangert 

reactor. As shown by Figure 6.2-1 A, the working volume of the reactor (3.0 L) is very close to the 

headplate (3 cm). Addition of medium would be difficult with such little room, typically in a stirred 

tank reactor the starting volume may be 50 % of the maximum capacity (e.g 1.0 L in a 2.0 L reactor). 

Baffled airlift reactors inherently do not tolerate volume changes, as starting a cultivation, for instance 

at 50 % working volume, would mean that the liquid level would be below the top of the baffles. In 

this scenario, no mixing would occur whatsoever. As demonstrated by Figure 6.2-1 C, cultivations were 

initiated at 2.5 L, allowing the addition of up to 500 mL of feeding solution. In order to reach high cell 

densities, access to only relatively small volumes of feed required much more concentrated solutions 

to be prepared. As such, the lack of ammonium sulphate in the feed medium as discussed in Chapter 

4, enabled nitrogen free solutions containing up to 800 g.L-1 glycerol to be prepared ς a direct 

adaptation of the media for use in airlift reactors. 

Including these process adaptations enabled high cell densities to be achieved in the Bangert reactor, 

revealing another problem. The viscosity of the medium increased as biomass concentration 

increased, leading to more stable air bubbles in the medium, observed as foam (Figure 6.2-2 B). This 

foam was not fully dispersed by the inclusion of antifoaming compounds in the medium, leading to a 

Figure 6.2-2 - Stable foam in the Galdieria 
bioreactor 

A ς Stable system at >50 g.L-1 biomass of Galdieria 

sulphuraria. B ς Foam close to the lid in the 

Bangert reactor. 

A 

B 
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άƘŜŀŘέ ƻŦ ŦƻŀƳ ƻŎŎǳǊǊƛƴƎ ŘǳǊƛƴƎ ŎǳƭǘƛǾŀǘƛƻƴǎ ǳǇƻƴ ǊŜŀŎƘƛƴƎ ŎŜǊǘŀƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ōƛƻƳŀǎǎΦ Lƴ ǘƘŜ 

Bangert reactor, with its lack of headspace, foam would reach the top of the reactor, and be expelled 

through the condenser and exhaust port, leading to severe loss of culture towards the end of high cell 

density cultivations (Figure 6.2-3). 

Following several such incidences, the decision was made to fabricate an airlift reactor specially 

adapted for the high cell density cultivation of Galdieria.    

 

 

 

 

  

Figure 6.2-3 - Excessive foaming leads to culture loss in the Bangert reactor 






































































































